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ABSTRACT

PRESSURE PROBE WITH BUILT-IN TEMPERATURE SENSOR AND
CONDUCTIVITY CELL DESIGN AND REALIZATION OF THE PROTOTYPE
[brahim Tiifekci
Department of Electrical and Electronics Engineering
Supervisor: ASSOC. PROF. DR. MAHMUD YUSUF TANRIKULU
January 2021, 61 pages

In this thesis, a monolithic three-parameter sensor that can measure the pressure, Electrical
Conductivity (EC), and temperature values of any liquid and send the measured values with

universal data outputs has been designed and prototyped.

In this context, different pressure measurement methods have been investigated. It has been
found appropriate to use piezoresistive pressure sensors using the gauge measurement
method. Different temperature sensors have been tested for temperature measurement and PT-
100 temperature sensor has been decided to be used.

Different materials and different cell models have been tried for electrical conductivity
measurement. For these measurements, 2 active and 2 passive graphite electrodes have been
used to obtain the cell with a wider EC measurement range. In addition, single-pole / double-
throw (SPDT) switches have been used to send smooth square waves to active electrodes. An
adjustable voltage is applied to active electrodes of EC cell with the help of microcontroller.
Furthermore, the frequency of the voltage to be applied can be controlled by the
microcontroller. These controls allow the sensor to be used in different liquids.

Two ADCs of the microcontroller are used to measure the temperature together with pressure

and EC. This helps to reduce the influence of temperature on EC and pressure measurement.

The three parameter sensor is designed to have industrial norms in the framework of this

thesis. In this context, the parts of the PCB and sensors that do not come into contact with



water are coated with electronic gel for sealing. The outer cover of the sensor, which will

remain in liquid continuously, is made of corrosion resistant 316 stainless steel.

Since the prototype sensor has a diameter of 22 mm, a 4-layer PCB is designed. Due to the
low usable area of the PCB, the PCB is designed in such a way that materials can be placed
on both surfaces.

The sensor can read the pressure, temperature and EC raw values with the microcontroller it
contains, and record it in the desired range to the flash memory. When the request to read data
IS received, it can convert the raw values into readable format and send them over RS-485.
The completed prototype sensor was kept in the trial pool for 20 days and the accuracy of the
results has been observed. In addition, the sensor was sent to an independent accredited
laboratory and tested, so the accuracy of the measurement values was proven. It has been seen
that the designed sensor can operate more accurate than most of the sensors of same type.

Keywords: pressure measurement, electrical conductivity measurement, temperature

measurement, MEMS ,4 pole EC cell design, water quality



OZET

SICAKLIK SENSORU VE iILETKENLIK HUCRESI GOMULU BASINC PROBU
TASARIMI VE PROTOTIPIN GERCEKLENMESI
[brahim TUFEKCI
Elektrik ve Elektronik Miihendisligi Anabilim Dali
Danigman: Dog. Dr. Mahmud Yusuf TANRIKULU
Ocak 2021, 61 sayfa

Bu tezde herhangi bir sivinin basing, Elektriksel Iletkenlik (EC), ve sicaklik degerlerini
Olcebilen ve Olctiigii degerleri evrensel veri c¢ikislar1 ile gonderebilen yekpare bir fi¢

parametreli sensor tasarlanmis ve prototipi ger¢eklestirilmistir.

Bu baglamda farkli basing 6l¢iim yontemleri arastirilmig ve gauge 6l¢iim methodunu kullanan
piezorezistif basing sensorlerinin kullanilmasi uygun bulunmustur. Sicaklik 6l¢limii ig¢in yine
farkli sicaklik sensorleri denenmis ve PT-100 sicaklik sensoriinin prototip sensorde

kullanilmasina karar verilmistir.

Elektriksel iletkenlik 6l¢timii i¢in gerekli olan hiicre tasariminda farkli materyaller ve farklh
modellemeler denenmistir. Elektriksel iletkenlik oOl¢iimiintii icin 2 aktif 2 pasif grafit
elektrotlar kullanilarak daha genis EC 6l¢tim araligina sahip hiicre elde edilmistir. Ayrica aktif
elektrotlara diizgiin kare dalgalar gonderilebilmesi i¢in single-pole / double-throw (SPDT)
anahtarlar1 kullanilmistir. Mikroislemci yardimi ile aktif uglara uygulanan Eksitasyon kare
dalga voltaji (=VEXC) yazilim vasitast ile ayarlanabilir hale getirilmistir. Ayrica yine
uygulanacak voltajin frekans1 mikroislemci vasitasiyla kontrol edilebilmektedir. Bu kontroller

sensoOriin farkl sivilarda da kullanilabilmesine olanak saglamistir.
Mikroislemcinin iki ADC'si, basing ve EC ile birlikte sicaklig1 6l¢gmek icin kullanilmustir. ki

farkli ADC kullanilmasi ile veri akisindaki zaman kaybi azalacagindan sicakligin, EC ve

basing Ol¢limii iizerindeki etkisinin azaltilmasi planlanmastir.

Vi



Tez konusu ii¢ parametreli sensdr endiistriyel normlarda tasarlanmistir. Bu baglamda
sizdirmazlik icin PCB ve sensorlerin suya temas etmeyen kisimlart elektronik jel ile
kaplanmistir. Siirekli olarak sivi igerisinde kalacak olan sensoriin dis kilifi korozyona

dayanikli 316 paslanmaz ¢elikten iiretilmistir.

Prototip sensoriin 22 mm. ¢apta olmasi sebebiyle 4 katmanli bir PCB tasarlanmistir. PCB’nin
kullanilabilir alaninin az olmasindan dolayi, tasarim her iki yiizeyede entegreler

yerlestirilebilecek sekilde tasarlanmistir.

Sensor basing, sicaklik ve EC ham degerlerini icerisinde barindirdigi mikroislemci ile
okuyarak flash memorye istenilen aralikta kayit yapabilmektedir. Veri okuma istegi
geldiginde ham degerleri okunabilir hale doniistiirerek RS-485 tlizerinden gonderebilmektedir.
Tamamlanmis olan prototip sensér deneme havuzunda 20 giin siire ile bekletilmis ve
sonuglarin dogrulugu gozlemlenmistir. Ayrica sensdr bagimsiz bir akredite laborotuvara
gonderilierek teste tabii tutulmus ve 6lgiim degerlerinin dogrulugu ispatlanmigtir. Tasarlanan

sensoriin ayni tipteki cogu sensdrden daha dogru calisabildigi gozlemlenmistir.

Anahtar Kelimeler: basing 6l¢iimii, elektriksel iletkenlik 6l¢iimii, sicaklik 6l¢timii, MEMS, 4

kutuplu EC hiicre tasarimi, su kalitesi
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1. INTRODUCTION

Water level tracking is extremely important to countries with limited water reserves and
agriculture dependent economies. Measuring water level is mainly performed by water level
tracking stations based on pressure measurement principles. Considering the value of drinking
and irrigation water; measuring simply the water level is not enough to perform efficient
tracking, water temperature and electrical conductivity (EC) of water are also important since
irrigation water with high EC may be detrimental to agriculture in terms of affecting the
quality and quantity of products. Water temperature is linked to EC value of water since as
water temperature increases, solubility of water also increases and hence EC value increases.
Therefore precise measurements of EC value, water temperature, and water level in irrigation
wells on agricultural fields are crucial to authorities and to farmers who plan irrigation

accordingly.

All of those important parameters are measured via different types of sensors. From an
economical point of view, purchasing different types of sensors is not very cost effective
especially considering how few sensor companies produce stationary EC sensors and due to
lack of producement how expensive they are. Instead measuring three different parameters
with three different sensors, only one sensor can be used. Such sensor may be very practical
since EC measurement is performed by frequent visitations of employees and requires a lot of
labor and time.

Developing a sensor which requires less maintenance and calibration; that can operate by
solar panel and battery, ergonomic, energy efficient and can be designed accordingly to fit
even small irrigation wells is the main goal of this thesis. Similar products are made by
European and American companies but considering the need of water level tracking in
Turkey, it is important to produce a local, cost effective sensor with high sensitivity on level
and EC measurements of water. Such sensor may also be marketed to foreign countries as a
contribution to economy of Turkey. The designed sensor has been prototyped by a local
company and may become a gain for the country. It is anticipated to be very profitable

considering the number of sensors bought yearly.



Probes required for the parameters planned in sensor design have been provided from
different companies. For pressure measurement, the products of three different companies
have been compared with their price performance and measurements. The raw data obtained
from the cells have been made more sensitive and able to exchange faster by software
transmission. The water point was processed mathematically by software, the temperature was

minimized in the pressure diaphragm and the water level information was obtained.

PT 100 and PT 1000 probes are used as temperature sensors. The third parameter, which is
temperature measurement, has a direct effect on EC. Since the temperature change will alter
the resolution value, the temperature information received from this sensor is used in EC
value calculations. In addition, the water temperature information that the user will need is

provided by this sensor.

As a result of the researches for EC measurement, it has been observed that generally three
different materials are being used for electrodes. These materials are graphite, titanium
palladium alloy and type 316 stainless steel. Electrode prototypes of different sizes, shapes
and areas have been created and tested using graphite and type 316 stainless steel materials.
Details of materials and sensors that have been used are elaborated in the following sections
of this thesis.

1.1.  Pressure sensors review

Centuries after Galileo and Toricelli introduced the fact that pressure is a measurable
phenomenon; C.S.Smith developed a new measurement when he had found silicon based
piezo resistance in 1954 (Smith, 1954, s. 42-49). The discovery greatly contributed to the
development of pressure measurement using micro electro mechanical systems (MEMS)
technology. As an another contribution in 1970, Pfann and Thurstan discovered unique
electronic and mechanical properties of nanotubes can be used in this field by developing
MEMS based pressure sensor using two vertical and two longitudinal piezoresistives in
Wheatston Bridge (Pfann W.G., 1961).

Liu (C. Liu, 1999) and Dai (Dai, 2001) developed the first piezoresistive pressure sensor
using carbon nanotubes (CNT) in 1996. As a result of their work on membranes, they have

seen that when pressure is applied to membranes, a change of resistance has occurred in



single walled nanotubes (SWNT). As the applied pressure had lifted off, they have realized
that membranes had returned to its original form and so the value of its resistance had
returned to its original value too. This discovery has laid the foundation of pressure sensors

which are used today.

Since pressure sensors are used widely in many different fields such as automotive,
biomedical, aerospace, hydrology and meteorology; various pressure sensors with different
MEMS technologies, outer body structures, measurement ranges and manufacturing materials

are developed to fit in those various industry areas.

Figure 1.1 shows the different measurement methods that are used in pressure sensors

("Measurement Air Pressure”, 2016).

REF REF

Absolute pressure Differential pressure Gauge pressure
Figure 1.1. Different types of pressure measurement methods. ("Measurement Air Pressure”,
2016)

Absolute pressure is defined as the pressure of having no matter inside a space, or a perfect
vacuum. Measurements taken in absolute pressure use this absolute zero as their reference

point (Difference Between Gauge and Absolute Pressure Measurement, 2013).

Differential pressure is simply the difference between two applied pressures. For example, if
the pressure at point A equals 100psi and the pressure at point B equals 60psi, then the

differential pressure is 40psi (100psi — 60psi) (Differential Pressure Gauges Measure).

Gauge pressure is measured in relation to ambient atmospheric pressure. The output of gauge
pressure sensor is directly influenced by the changes of the atmospheric pressure which can
be changed by whether conditions or altitude (Difference Between Gauge and Absolute

Pressure Measurement, 2013).



Gauge pressure sensors usually have just one pressure port. The ambient air pressure is
directed through a vent hole or a tube to the back of the sensing element. A vented gauge
pressure transmitter allows outside air pressure to be exposed to the negative side of the
pressure sensing diaphragm so it always measures according to ambient barometric pressure

(Difference Between Absolute and Gauge Pressure).

Therefore, a vented gauge pressure sensor reads zero pressure when the process pressure
connection is kept open to atmospheric air. Since the use of vented gauge pressure in sensors
Is affected by atmospheric changes, it is important to in eliminate the effects due to these
changes, the sensor operating with the vented gauge method has been used in this study.

1.1.1. Pressure sensors sensing principles

As mentioned before, sensors with different designs have been developed and manufactured
for the use of pressure sensors in different sectors and conditions. However, the main purpose
of each sensing principle is to provide measurement by converting the external mechanical

effect into an electrical signal. There are mainly five types of sensors as described below.

Resistive sensors: Resistive pressure sensors utilize the change in electrical resistance of a
strain gauge bonded to the diaphragm that’s exposed to the pressure medium (Pressure
Sensors: The Design Engineer's Guide ). The strain gauges often include a metal resistive
element on a flexible backing connected to the diaphragm, or can be manufactured by using
thin-film processes. The metal diaphragm yields on high over-pressure and also burst-pressure
ability.

Capacitive sensors: Capacitive sensors can show capacitance change as a plate deviates under
applied pressure and such sensors can measure below 10 mbar, can be highly sensitive and
can stand against large overloads. However usage of capacitive sensors is limited since it

requires special joining and sealing requirements.

Piezoelectric: Piezoelectric pressure sensors utilize the property of piezoelectric materials like
quartz, to generate a charge on the surface when pressure is applied. The charge magnitude is

proportional to the force applied, and the polarity shows the direction of change. The charge



accumulates and is distributed quickly as pressure changes, and this leads to measurement of
dynamic pressures which change fast.

Optical: Optical sensors, which utilize interferometry to measure pressure-induced changes in
optical fiber, are undisturbed by electromagnetic interference, allowing use in noisy
environments or near sources such as radiography equipment. Optical sensors are mainly
developed using tiny components or MEMS technology, and they can be medically safe for

implantation since they can measure the pressure at multiple points along fibers.

MEMS: Microelectromechanical systems (MEMS) devices combine small mechanical and
electronic components on a silicon chip. MEMS can be used to manufacture different parts of
an integrated circuit (IC) such as transistors, interconnection parts on IC and other mechanical

components with electronical properties.

1.1.2. Types of MEMS pressure sensors

MEMS technology can be used to make various sensors including several types of pressure
sensor. Two types of pressure sensors manufactured by MEMS technology are piezoresistive
and capacitive. In both sensors, a flexible layer is developed which performs as a diaphragm
that deflects under pressure but they differ in terms of measuring the displacement caused by

this deflection (Pressure Sensors: The Design Engineer's Guide ).

1.1.2.1. Capacitive pressure sensors
In order to create a capacitive sensor, conducting layers are deposited on the diaphragm and

the bottom of a cavity. Usually a capacitance is a few picofarads.

Capacitance changes because of the changes of spacing between conductors due to
deformation of diaphragm. This change can be measured by placing the sensor in a tuned

circuit which changes its frequency when pressure changes.

Capacitive pressure sensors can be used with electronic components on a chip to make an
oscillator that generates an output signal. Since fabricating large inductances on silicon is

difficult, sensors will usually be based on a RC circuit. This method is very suitable for



wireless readout since it can generate a high frequency signal which can be detected with a

suitable external antenna.

Also a capacitance may also be measured directly by calculating the time taken to charge the
capacitor from a current source. This can be compared with a reference capacitor to account

for manufacturing tolerance and to reduce thermal effects.

In both cases, the proximity of the electronics and the sensor element decreases possible

errors caused by noise and stray capacitance.

1.1.2.2. Piezoresistive pressure sensors

Piezoresistive strain gauges are among the most common types of pressure sensors. They use
the change in electrical resistance of a material when they stretch to measure the pressure.
Piezoresistive sensors are convenient for many applications because of their simplicity and
sturdiness. They can be used to perform many measurements such as absolute, gauge, relative

and differential pressure measurement, whether its high or low-pressure applications.

1.1.2.2.1. Working Principle

The basic principle of the piezoresistive pressure sensor is to use a strain gauge made from a
conductive material that changes its electrical resistance when it is stretched. The strain gauge
can be attached to a diaphragm that recognizes a change in resistance when the sensor element
is deformed (Piezoresistive pressure sensors). Then the change in resistance is transformed to
an output signal.

Three different effects contribute to the change in resistance of a conductor. These are

summarized below.

* Since the resistance of a conductor is proportional to its length, any stretching to increase the

length, also increases its resistance.

« When a conductor is stretched its cross-sectional area is reduced hence the resistance

increases.

* When some materials stretch, its connatural resistivity increases.



Piezoresistive effect differs between materials. The sensitivity is shown by the gauge factor
that is formulated as the relative resistance change divided by the strain where strain (g) is
defined as the relative change in length which can be calculated as can be seen in formula

below:

GF = (AR/R) /¢ 1)

e =A4L/L 2)

Figure 1.2. shows the wheatstone bridge circuit which is usually used to measure the change
in resistance in the piezoresistive strain gauge sensor. By using this method, small changes in
the resistance of the sensor can be transformed to an output voltage (Piezoresistive pressure

Sensors).

STRAIN GAUGE

DIAPHRAGM

1
APPLIED PRESSURE

Figure 1.2. Wheatstone Bridge used in pressure sensor

The bridge is provided by an excitation on the voltage. If there is no strain and all the resistors
in the bridge are balanced then the output will be zero volts. When there is a change in
pressure, resistances on bridge will also change and this will lead to a corresponding output
voltage or current. Formula below shows the equation of the calculation (Strain Gauge
Measurement — A Tutorial, 1998).

V0 = [(R3/(R3 + R4))- R2/(R1 + R2))] x Vex (3)

To increase the output signal and to minimize the effects of temperature; using two or four
sensing elements, where the each pair of elements being subject to equal and opposite strain,

in bridge can improve performance.



1.1.2.2.2. Fabrication process

As explained above, piezoresistive strain gauge measurement is obtained by using a

Wheatstone bridge circuit which is essentially a MEMS technology product. Figure 1.3.

shows the fabrication which is made by six steps:

Wafer is depositioned with silicon nitride.

Photoresistive material is applied to the substrate surface.

Photoresist is exposed using a light source, such as Deep UV (ultraviolet), Near UV or
X-ray. It is important to place a suitable mask between photosensitive layer and the
light source before application. UV light passes through the gaps on mask hits to the
photosensitive layer.

Bathed in tetra methyl ammonium hydroxide to dissolve areas where the
photoresistive material contacts with UV light.

Etching with reactive ion. On this stage the silicon without top photoresistive layer
disrupts.

Photoresist strip (piranha clean). On this step photoresistive layer decompose

completely.
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Figure 1.3. Fabrication process of piezoresistive strain gauge sensor (Modeling a Micro
Pressure Sensor Activity, 2017)

Table 1.1. Advantage and disadvantages of the piezoresistive pressure sensor (Piezoresistive
pressure Sensors)

Piezoresistive  strain  gauge  sensors | Piezoresistive  strain  gauge  sensors

advantages: disadvantages:

Most widely used type of pressure sensor. Since the resistive elements are bonded to the

diaphragm, adhesive problems may occur due
to high temperature and pressure.




Construction is simple meaning low cost and
durability.

Limitations on scaling, since scaling down
the sensor decreases the sensitivity and
increases the power consumption.

Good resistance to shock, vibration, and
dynamic pressure changes.

Temperature dependent sensor output.

The readout circuits are basic and enable
high-resolution measurement.

Sensor has to be powered — This considered
as the main disadvantage since sensors are
not suitable for low power or battery operated
systems.

The output is linear with pressure and the
response time is very fast.

Can be wused for a wide range of
measurements (from 3 psi and up to 20000
psi) with a stable output.

Can be very small and hence be fabricated as
MEMS

Table 1.2. Advantage and disadvantages of the capacitive pressure sensor (Pressure Sensors:

The Design Engineer's Guide )

Capacitive sensors advantages:

Capacitive sensors disadvantages:

The capacitive element is mechanically basic
and durable.

The output is inversely proportional to gap
between parallel electrodes — means
nonlinearity.

Can operate over a wide temperature range,
also very tolerant to short term overpressure
situations.

Sensitive to vibration.

Can measure a wide range of pressure (from
250 Pa up to 70 MPa) which makes them
ideal for lower-pressure applications and
severe environments.

Electronics as close as possible to the sensor
for minimizing stray capacitance

Low power consumptions since there are no
DC current flows through the capacitor.

1.2. Temperature sensors

Temperature sensors are basically electronic devices to measure temperature of surrounding

environment and convert the input into electronic data as output to observe or record

measured changes.

The history of thermometer should not be considered as a single invention but considered as a

development of ideas. The principle of certain substances such as air, expand and contract had




been known by Hero of Alexandria (10—70 AD) and he have performed a demonstration with
a closed tube which is partially filled with air and the end of the tube leading to a container
filled with water (McGee, 1988).

Galileo Galilei have used the same mechanism in 16™ century to demonstrate the temperature
of air by using a tube which the water level is controlled by the expansion and contraction of
air (Doak, 2005, s. 36).

First thermoscope with a scale which can be considered as a thermometer has been developed
by Santorio Santorio in 1625 (Bigotti, 2018, s. 73-103). His invention was simply a vertical
tube with a bulb of air at the top and a container of water at below. The water level in this
design has been controlled by expansion and contraction of the air, same as the air

thermometer that we use today.

The word thermometer first used in 1624 in La Récréation Mathématique by J. Leurechon,
who defined thermometer with a scale of 8 degrees (Benedict, 1984, s. 4). The word comes
from the Greek words Oepuodg, thermos, meaning “hot” and pétpov, metron, meaning

“measure”.

Despite being used, there was no standard scale of thermometer in such years since each
inventor had developed different and unique thermometers. Christiaan Huygens first
suggested using the melting and boiling points of water as a standard in 1665 followed by
Carlo Renaldini suggesting using fixed points on a universal scale. Isaac Newton proposed a
scale of 12 degrees between the melting point of ice and body temperature in 1701

(Thermometer).

Sir William Siemens suggested using electrical conductors to increase electrical resistance
with rising temperature in 1871. Construction methods are determined between the years
1885 and 1900 by Callendar, Griffiths, Holborn and Wein between 1885 and 1900 (Siemens,
1871).
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1.2.1. Temperature sensor types
Four types of temperature sensors are widely used today (4 Most Common Types of

Temperature Sensor):

e Negative Temperature Coefficient (NTC) Thermistor
A thermistor is a thermally sensitive resistor that displays a perpetual, small and incremental
change in resistance related to changes in temperature. NTC thermistors maintain high
resistances at low temperatures. According to thermistor’s R-T table, as temperature
increases, the resistance decreases incrementally. A small change in temperature results in a
large change in resistance and as a benefit of this property, NTC thermistor measurements are
more accurate and sensitive. Because of its exponential nature NTC thermistor’s output is non
linear but it can be made linear depending on its application. Operating range varies from -
50°C to 250 °C for glass encapsulated thermistors but it is usually around 150°C for standard

thermistors.

e Thermocouples
A thermocouple is basically two wires made from different metals that are electrically linked
at two points. The changing voltage provided between these two distinct metals reflects
changes in temperature, proportionally. Thermocouples require a lookup table when they are
used to control temperature and compensation. They have the widest temperature range from -
200 to 1750 °C. But their accuracy is low (from 0.5 °C to 5 °C).

e Semiconductor-based temperature sensors
Semiconductor-based temperature sensors are generally adjoined into integrated circuits
(ICs). These sensors utilize two identical diodes with temperature-sensitive voltage vs current
characteristics that are used to monitor changes in temperature (Temperature Sensors). Such
sensors’ responses are linear but their accuracy is the lowest comparing to other basic sensor
types. Their temperature ranges are also the narrowest that is from -70 °C to 150 °C, and have

the slowest response times.
e Resistance Temperature Detector (RTD)
A resistance temperature detector changes the resistance of the RTD element in related to

temperature. An RTD is made of a film or a wire, to provide more accuracy, wrapped around
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ceramic or glass. Another material can be used is platinum which provides most accurate
RTDs but increases cost. Alternatively nickel and copper may be used to reduce cost but they
are not stable or repeatable like platinum. Platinum RTDs also offer a highly accurate linear
output which varies from -200 °C to 600 °C.

1.3. EC Measurement
Quality of any liquid whether its used in daily life or industrial areas is undeniably important
and can be defined using their chemical and physical properties. Electrical conductivity is one

of those properties and naturally needs to be measured.

Electrical conductivity of a liquid arises from the dissociation of soluble salts, acids and bases
to form positively charged cations and negatively charged anions. These ions cause charge

transportation in electrical field and current flow.

Friedrich Kohlrausch developed the first conduct meter to measure electrical conductivity in
1869 by using alternative current (Friedrich Kohlrausch). In that measurement, two electrodes
are placed opposite from each other and when the excitation square wave voltage (tVEXC) is
applied; electrodes generate a current in the medium, that causing the cations and anions
move to negatively and positively charged electrodes. If there are more free charge carriers in
liquid, current flow and the electrical conductivity of liquid increases. As an example to this
situation 10% acid is a great conductor since it has many ions and pure water is considered as
a bad conductor because it contains few ions. However too much ion concentration does not
necessarily means better conduction. If the ion concentration in liquids becomes excessive,
increased electrostatic force leads to a mutual repulsion of ions and results in a decreased
current. This situation occurs in highly concentrated media and is called polarization (Stern &
Geary, 1957, s. 59).

Conductance’s electric resistance is calculated by ohms law from the measured current.
Electrical resistance reflects the distance of electrodes related to surface and is based on the
geometry of electrode arrangement. It varies depending on electrode design and influences a
suitability for different applications. Conductivity is also dependent on the medium
temperature. Therefore the temperature also must be measured. Conductivity values are

referred to a reference temperature of 25°C.
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The inductive measuring principle uses inductive conductivity sensor containing an
electromagnetic transmission and reception coil in protective coating. An alternating magnetic
field induces the electrical voltage of liquid which is generated in transmission coil.This
magnetic field causes positively and negatively charged ions to move and to form an
alternating current. This current again induces an alternating magnetic field and thus a current
to flow in the reception coil. The intensity of the current is evaluated by the transmitter and

the conductivity is calculated.

1.3.1. Four electrodes EC measurement

For applications requiring a wide measurement range, precise measurement of connectivity is
often challenging. Electrical conductivity of liquids can be determined using the two or four
electrode conductor measuring principal or the inductive measuring principle.

The advantage of two electrode conductor principle is the high measuring sensitivity it has
that makes it suitable for media with low conductivity as shown in Figure 1.4. such as ultra
pure water to drinking water. On the other hand, inductive conductivity measurement is more
suitable for media with a high conductivity such as acids and bases.

Applications such as fermentation or chromatography require wide measuring range so four
electrode conductivity method is more effective to measure. In this measurement, two
electrodes are placed oppositely and applied +VEXC voltage generates a current in the

medium.

Inductive

/ D) Conductive (2 electrodes)
l/

Conductive (4 electrodes)

Ultrapure and drinking water ] Brine, acids and bases

0,1 1,0 ;! 100 1000

Figure 1.4. Comparison of the measuring range of 2-electrode conductive, 4-electrode
conductive and inductive electrical conductivity measurement cells (Digital 4-electrode
conductivity sensor).

Because of his generated current, cations start to move towards to negatively charged

electrode and anions move towards to positively charged electrode. In this method, more free

charge carriers means higher electrical conductivity in current flow.
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However, if the ion concentration becomes too much, mutual repulsion of ions occurs and

current becomes reduced. Figure 1.5. shows this phenomenon which is called polarization.

Figure 1.5. Polarization realized in conductive ec measurement with 2 electrodes (Digital 4-

electrode conductivity sensor)

Figure 1.6. shows to compensate the polarization affect, two additional electrodes which act
as passive observers are used in the four electrode measurement. Conductivity dependent
potential difference in the medium is measured via these currentless electrodes. The
connected transmitter uses the measured potential difference in the given current to calculate

the conductance and finally the electrical conductivity.

Figure 1.6. Four electrode conductivity measurement (Digital 4-electrode conductivity

sensor)

For these reasons, it has been thought that the four-electrode sensor would be more suitable
for this thesis and the design was carried out by researching four electrode conductivity

measurement.
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2. MATERIALS AND METHODS

This section presents the selection process of pressure sensor and temperature sensor together
with the design of EC cell, all of which are the parts of the prototype studied throughout this
thesis. Pressure and temperature sensors are used as purchased from the manufacturer while a

new design is needed for EC sensor.

2.1. Pressure sensor selection

As explained in the previous sections, the type and measurement methods to be used for
pressure sensor, temperature sensor, and EC cell for three parameter sensor prototype
manufacturing have been determined. In this context, two piezoresistive pressure sensors with
gauge pressure measurement method were determined and the datasheets of these sensors
were examined. In this study, especially the pressure measurement range, material, sensitivity,
linearity, size, operating temperature range, temperature compensation range and power

consumption were investigated and compared.
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Figure 2.1. PS-01 and technical drawing (CYX19-32 series oil injection core pressure sensor)
Figure 2.1. shows the technical drawing and itself of the first sensor PS-01 planned to be

purchased from Hua Tian company and the technical data of the sensor are shared in Table
2.1.
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Table 2.1. Technical details of the PS-01 (Hua Tians CYX19) (CYX19-32 series oil injection

core pressure sensor)

PS-01 (Hua Tians CYX19)

Min. Typ. Max. Units
Linearity +0.15 +0.20 %FS,BFSL
Repeatability +0.05 +0.075 %FS
Hysteresis +0.05 +0.075 %FS
Zero output +2 mV DC
FS output 70 mV DC
Zero thermal error +0.75 +1.0 %FS,@35°C
Span thermal error +0.75 +1.0 %FS,@35°C
f;‘r’]rgfensated temp. 0~70(7kPa,20kPa,35kPa -10~80 ) °C
Working temp. range -40~125 °C
Storage temp. range -40~125 °C
Stability error \ +0.1 +0.2 %FS/year

Pressure range

0...0.2 barto 0...1000Bar

Diameter x height

019 mm x 11.5 mm

Housing and
diaphragm

316 L stainless steel

Temperature
compensation

-10°C ~80°C

Long term stability

+ 0.1%FS/year

Power supply

<2.0mA DC; <10V DC

Pressure transducer oil

-~ silicone
filling
Overpressure 1.5 times FS
Net weight 169

Input impedance 2kQ~6kQ
Output impedance 3.5kQ~6kQ
Response(10% - 90%) <lms
Insulation resistor 100MQ, 100VDC
Temperature resistant 220°C ~250°C

range

The measurement range of the Ps-01 pressure sensor is far above what is expected to be
which is up to a maximum of 1000 bar. It was found to be extremely compact and useful in
size. Temperature resistance range is quite satisfactory. + 0.1% FS / year long term stability

value is sufficient for the sensor to work correctly for a long time.

Figure 2.2. shows the technical drawing of the PS-02 sensor planned to be purchased from

Keller company. The technical data of the sensor are given in Table 2.2.
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Figure 2.2. PS-02 Technical drawing (Series 10L)

Table 2.2. Technical details of the PS-02 (Keller Series 10L) (Series 10L)

PS-02 (Keller Series 10L)

Accuracy @ RT (20...25 °C)

+ 0,25 %FS typ. Non-linearity (BFSL),

pressure hysteresis, non-

V)
020 P X repeatability
. <+25 mV/mA Uncompensated
Offset @ RT (20...25 °C) <+2mV/mA Compensated with R3 or R4
Calibrated in vertical
Position dependency <2 mbar installation position with

metal diaphragm facing
downwards

Vacuum resistance

Pressure ranges
0,1/0,2/0,3/0,5 bar abs. are
vacuum-optimized as
standard.

Temperature coefficient zero
Tczero pre-compensated with
R1 or R2

<=+0,015 %FS/K For pressure ranges > 2 bar

<=+ 0,3 mbar/K For pressure ranges < 2 bar

Temperature coefficient
sensitivity TCsens

<+ 0,06 %/K For pressure ranges > 3 bar

<+0,12 %/K For pressure ranges < 3 bar

Pressure range

0...0.1 barto 0...200Bar

Diameter x height

o 19 mm X 15 mm

Housing and diaphragm

316 L stainless steel

Temperature compensation

-10°C ~80°C

Long term stability

+ 0.15%FS/year

Power supply

<3.0mA DC; <10V DC

Pressure transducer oil filling silicone
Overpressure no data

Net weight 259

Bridge resistance 3,5kQ+20 %
Output impedance 160 Q
Response no data
Insulation resistor > 100 MQ @ 500 VD
Temperature resistant range -40...125 °C
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PS-02 sensor can measure up to a maximum of 200 bar. Even though this value is not as high
as PS-01, it is sufficient to be used in the sensor to be prototyped. The PS-02 sensor, which is
3.5 mm higher in size, has a length difference that will affect the outer shell design. It falls
behind PS-01 with + 0.15% FS / year long term stability value. It can operate at lower
temperatures than PS-01, but cannot work at high temperatures. Temperature compensation,
essential for pressure measurement, is the same in both sensors. Also both sensors are made
from the same material that is 316 stainless steel. In terms of power consumption, the PS-01

sensor is slightly better than a PS-02 sensor with a value of 2.0 mA.

As a result of examining all documents of the PS-01 sensor, no accuracy information was
found. No information about linearity could be found in the PS-02 sensor. When the
datasheets were examined, it was observed that the sensors were sufficient to be used in the

prototype sensor. For this reason, it was decided to purchase, test and examine the sensors.

Apart from these sensors, Kistler brand 4260A and ES system brand ESCP-MIS1 pressure
sensors were also examined. As a result of these examination, the sensors were eliminated
before they were purchased due to the high energy consumption of the 4260A sensor and the
low sensitivity and high energy consumption of the ESCP-MIS1 sensor.

2.2. Temperature sensor selection

For the selection of the temperature sensor, potential sensors that can be used are determined
first, as it is done with the pressure sensor. After this determination, it has been predicted that
PT-100, PT-1000 and NTC temperature sensors from different brands can be used.

The datasheets of these sensors are considered to be used. Also examinations and
comparisons were made. Table 2.3. gives information on TS-01 Elimko brand A grade pt-
100, TS-02 Gaimc brand B grade pt-1000, TS-03 jingpu brand NTC sensors.

Table 2.3. Technical details of temperature sensors (Thermistor Probes and Assemblies)
(Rezistans Termometreler) (Platinum Resistance Temperature Sensor)

Sensing Element TS-01 (PT-1000)

Accuracy Grade B(+0.3°C)

Temp Range Grade B: -70 ... +500°C

Shell Size Diameter: ¢ 3 ... ¢ 9mm, length: 3mm ... 1000mm
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shell Material

stainless steel

Heat-shrinkable sleeve

Teflon tube

Wire

3 Wire

Sensing Element

TS-02 (PT-100)

Accuracy Grade A (x0.15°C)

Temp Range Grade B: -200 ... +650°C

Shell Size Diameter: ¢ 3mm, length: 30mm
shell Material stainless steel

Heat-shrinkable sleeve Teflon tube

Wire 3 Wire

Sensing Element

TS-03 (NTC 10k +% 1 3950)

Accuracy 3
Temp Range -30...+120°C
Shell Size Diameter: ¢ 5, length: 25mm

shell Material

stainless steel

Heat-shrinkable sleeve

Teflon tube

Wire

2 Wire XH (2,54) -2Y

The TS-02 sensor is the best in terms of sensitivity, but studies have shown that the PT-1000
sensor operates more precisely than the PT-100 sensor. TS-03 sensor is the worst in terms of

temperature measurement range and sensitivity among three.

While the diameters of TS-01 and TS-02 sensors are equal to each other, the length of the PT-
1000 sensor is selectable. The TS-02 sensor is again the best option with a temperature
measurement range of -200 °C to + 650 °C It has been observed that the three sensors whose
datasheets have been examined have the potential to be used in the sensor to be prototyped.
These three sensors were purchased to be tested in temperature cabinet on the designed

electronic card. Results related to these tests are given in the Results & Discussion section.

2.3. EC cell design and manufacture

As explained in introduction, conductive EC measurement can be performed in two ways.
The first one is two electrodes measurement while other is four electrode measurement. Since
the desired measuring range cannot be reached with a two-electrode cell, researches have

been made for the production of four-electrode cells.

EC measurement is basically performed by measuring the resistance of liquid. The resistivity
of a material (p) is described as resistance of a cube of the material with conductive contacts

on opposite surfaces. The resistance (R) is calculated for other shapes by:
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R = pL/A 4)

where:
L is the distance between the contacts

A is the area of the contacts.

In electrode manufacturing, usually 316 degree type stainless steel, titanium palladium alloy
or graphite are used. Such materials’ sizes are adjusted to obtain a known cell constant.
Theoretically, a cell constant of 1.0/cm defines two electrodes, each 1 cm2 area size and 1 cm
apart. The constants for a known working range must be in accordance with the measuring
system. For instance, when a sensor with a cell constant of 1.0/cm is considered, conductivity
of pure water should be 1 puS/cm and the cell resistance should be 1 MQ. If such cell was in
sea water, the resistance would be 30 Q. Since the resistance ratio is very broad, ordinary

instruments are inefficient to measure excesses with just one cell constant.

A solution of 1 pS/cm is used in measurements with the cell constructed with large-field
electrodes with a small gap between them. For example, a cell with 0.01/cm cell constant
results in a approximately 10,000 Q cell resistance instead of 1 MQ. Since 10.000 Q is easier
to measure precisely than 1 MQ; the meter can function in the same cell resistance range for

ultrapure water and high conductivity seawater (Resistivity and Conductivity).

Below is the equations where K is defined as the cell constant which is calculated as the ratio
of the distance between the electrodes (L) to the area of the electrodes (A) (Resistivity and

Conductivity) :

K=L/A (5)

The instrumentation then measures the cell conductance, Y:

Y=I1/V (6)
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Then the conductivitiy of the liquid (YX) is calculated as:

YX=KxY (7)

It has been predicted that the K coefficient should be between 2 / cm and 3 / cm in order to
achieve the desired measurement range during the production phase. In this prediction, the EC
values of the fluids which the sensor will be used in, are taken into account. By using a four-
electrode sensor, it allows a wider range of EC measurement with lower cell constant as well
as reducing polarization. The reason for this is that the current is measured with two passive

observers.

2.3.1. EC cells designs
In its simplest form EC cell consists of two active and two passive electrodes. +VEXC
voltage is applied in square waves to the active electrodes of the cell, while voltage and

current are measured from the passive electrodes.

Cell constant is important for a large scale EC measurement. Also the size and location of the
electrodes are important. In this context, different EC cells have been designed at different
times. The EC cells, which were produced as prototypes, were tested comparatively with the

calibrated WTW Universal multi-parameter portable meter pH/Cond 3320 device.

2.3.1.1. First phase EC cell designs

In these designs, 316 stainless steel was used for the cells and polyoxymethylene material was
used for the cell outer shell. 3D images of the products were drawn with the autocad program
for sizing and cell constant determination before production. Figure 2.3. shows these
drawings.
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Figure 2.3. Autocad drawings of EC cells to be produced

Since there is no soldering on stainless steels, the cables are packed in the spaces created in

the cells as shown in Figure 2.4. After the cable connection, the conductivity was tested

between the cable ends and the electrodes.

Figure 2.4. Produced versions of EC cells with different cross-section, size, cell constant and
spacing.
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The EC cells shown in Figure 2.4. were individually inserted into the development board and

tested.

Table 2.4. The produced EC cells were tested using a WTW EC measurement device.

15 50 100 500 1000 3000 10000 20000 50000
WTW | pS/cm | uS/cm | uS/ecm | uS/ecm | uS/ecm | uS/ecm | pS/cm uS/cm uS/cm
ECOL 75 | 562 | Readvalues are not stable. Constantly high changes were observed.
EC-02 68 128 165 418 2400 3890 5670 18270 28000
EC-03 1.2 15 132 889 1520 4210 12850 17530 39850
EC-04 45 86 211 621 2050 3750 1540 22000 32900
EC-05 38 62 125 558 1290 3390 1190 18740 45720
EC-06 127 95 169 633 5850

As shown in Table 2.4, when EC-01 exceeded 100 uS / cm and EC-05 exceeded 3 mS / cm,
they started not to give stable values. Although different voltage and frequency trials were

carried out, they continued to fail. The measurement values of the other four sensors remained

well below the desired measurement accuracy. It has been observed that any of these sensors,

since they all have very high error rates, are not suitable for the final prototype. Among these

six sensors, EC-05 was the sensor that could follow the desired values closest. This sensor,

which is shaped like a ring and rod in design, formed the basis for the next sensor design.

2.3.1.2. Second phase EC cell design
Based on the design of the EC-05 cell tested in step one, a new design of EC-07 shown in

figure 2.5 has been designed with the autocad program.

Figure 2.5. Autocad drawing of EC-07. The first design in which active and passive

electrodes face each other.
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Figure 2.6. shows the EC-07 design which has two circular passive electrodes that are placed
inside the ring-shaped active electrodes, just like in the EC-05 cell design. In the trials, a 5
mm diameter hole was drilled into a 7 mm diameter 316 stainless steel bar. A rod with a
diameter of 3 mm was placed inside this ring and a deep material with a diameter of 5 mm
and a hole of 3 mm inside was placed between the two electrodes. As shown in figure 2.7., a
ring groove is opened to provide cable connection to the side wall of the ring active electrode
of 7 mm diameter. Since soldering cannot be done to the passive electrode with a diameter of

3 mm, the cable connection was provided by welding.

Figure 2.6. active passive electrode before assembly.

Ring groove

Figure 2.7. Active passive electrodes assembled.

A 5 mm wide and 25 mm high slit was cut into the cylinder made of polyoxymethylene
material with a length of 90 mm and a diameter of 40 mm. Holes with a diameter of 7 mm
were drilled on both sides of the cylinder to accommodate the EC cells. Then, 3 mm wide and

12 mm long slots were opened to pass the EC cells cables.

The EC cells, which were created using 316 stainless steel and polyoxymethylene, were then
placed in the places opened on the polyoxymethylene cylinder as in figure 2.8. Than hot
silicone was applied to prevent contact with the liquid from the side opening of the

polyoxymethylene cylinder.
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Figure 2.8. EC-07 cell, the first design in which the electrodes face each other.

Cell constant value of cell EC-07:

K=L/A (7

K=0.5cm/(0.35cm x 0.35cm x 7) — (0.25cm x 0.25¢cm X 7)
K=0.5cm/0.1885 cm2
K =2.6525/cm

The EC-07 was connected to the development board and tested by putting it in the same
liquids as the WTW device. In order to compensate the temperature affecting the EC
measurement during the test phase, the pt-100 temperature sensor was also connected to the

development board. The test results of the EC-07 cell are shown in Figures 2.9 and 2.10.
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1200
1100
1000
// 1000
S 800
S~
[7;)
c
. //
kT 53
o 500
(%]
S 400 /
200 135
28 50 100
0 15 25
1 2 3 4 5
—WTW 15 50 100 500 1000
e EC-07 28 25 135 532 1100

Figure 2.9. Comparison of EC-07 cell with WTW EC measuring device at low S/cm values.
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Figure 2.10. Comparison of EC-07 cell with WTW-3320 at high S/cm values.

The EC-07 cell has been the most successful cell among the cells that have been tried so far.
For this reason, the EC-07 cell was decided to be used in design. However, due to the fact that
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the design has not achieved the desired precision, trials have been continued with different
materials and different cell constants.

2.3.1.3. Third phase EC cell design

In line with the results obtained from EC-07, the EC-08 cell design was carried out using
graphite material instead of 316 stainless steel. In addition, it was observed that the material
of Polyoxymethylene placed between active and passive electrodes in cell EC-07 could not
provide sufficient liquid insulation. For this reason, the space between active and passive
electrodes was filled with polyethylene which is suitable for use in electronic materials during

the experiments with graphite.

Graphite is basically the transformation of carbon atoms into crystal form. Carbon atoms are
arranged to form a hexagonal ring, and carbon atoms are linked to each other with covalent
chemical bonds to form plate-like planes.

Graphite cylinders with 7mm and 3mm diameters are used for the design of the EC-08 cell.
The inside of the 7 mm diameter graphite cylinder was drilled 5 mm in diameter and a ring-

shaped active electrode was formed as shown in Figure 2.11.

Figure 2.11. Active and passive electrodes made of graphite material for use in EC-08 cell.

In order to make cable connections to the walls of both active and passive electrodes, ring
grooves were opened and cable connections were made. Figure 2.12. shows active and
passive electrodes with completed wiring to these ring groove and their conductivity was
tested.
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Figure 2.12. Active and passive electrodes with completed wiring.

Figure 2.13. shows the passive electrodes centered with respect to active electrodes. Centering
performed with the help of silicone. After this centering, the space between the two electrodes

is filled with polyethylene.

Figure 2.13. Passive electrodes are centered with respect to active electrodes.

After the polyethylene is cured, the electrodes are removed and the surfaces that will touch
liquid are smoothed by sanding. As shown in figure 2.14. the centered electrodes are then

placed in the EC cell outer shell.

EC cell outer
shell

Active and passive
electrodes

Figure 2.14. Wired and centered electrodes placed in the polyoxymethylene material.
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The electrodes whose conductivity test has been performed for the last time were placed in
their outer shell similar to the outer shell produced in the EC-07 cell.

The slot in the outer shell used here has a width of 4 mm. Therefore, the Cell Constant value
of EC-08 cell is:

K=L/A

K=0.4cm/(0.35cm x 0.35 cm x ) — (0.25 cm x 0.25 cm x 1)

K= 0.4 cm/0.1885 cm®

K =2.1220 /cm
1200
10
1000
£ 1000
£ 800
2
£
£ 600 r
3 500
5 400
s ‘/,,¢f"
200
95
20 42 100
0 1Bl .ty
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——WTW 15 50 100 500 1000
—@—EC-08 20 42 95 513 1027

Figure 2.15. Comparison of EC-08 cell with WTW ec measuring device at low S/cm values.
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Figure 2.16. Comparison of EC-08 cell with WTW ec measuring device at high S/cm values.

Figure 2.15 and 2.16 show the comparison of EC-08 with WTW EC measuring device at low
and high S/cm values respectively, it is observed that the EC-08 cell works more accurately
than the previous designs. However, due to design deficiencies, the sensitivity was lower than
expected. It is thought that the reason for this is that the diameter and height values of the
produced electrodes do not match exactly. The liquid insulation between the electrodes is
satisfactory but the cable places of the electrodes are covered with hot silicone. At this point,
there is liquid contact to the back of the electrodes. This situation reduces the sensitivity of the
EC-08 cell. This problem was prevented in the final design which is EC-09 cell. The test

results of EC-09 cell are given in the Results & Discussions section.

2.4. Outer shell design
Figure 2.17. shows the autocad drawing of the scaled outer shell. In order to be resistant to
water corrosion and impacts, 316 stainless steel material has been chosen. The part number 1

is made of Polyoxymethylene material.
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1 2 3 4 5 6 7
Figure 2.17. Autocad drawing of the outer shell.

The diameter of the outer shell, which consists of 7 parts in total, is 22 mm and its length is

320 mm. These measures were determined for 4 main reasons:

1- outer diameter of selected pressure sensor

2- length of the designed PCB

3- minimum inner diameter of the wells where the sensor will be used
4- length of EC cell to be used

O rings are placed on all 2, 3, 4, 5, 6 parts for waterproofing. Especially in the part where the
EC cell will be placed, double o rings are used because this point is the most likely to contact
with liquid. The reason for this is that the EC cell outer shell made of polyoxymethylene
material fits directly into the stainless steel outer shell. These two materials have expansion
differences against heat. For this reason, the contact point of both is the most vulnerable point

of the sensor.

In addition to the o-rings to prevent liquid contact, the inside of the sensor outer shell is
completely filled with electronic gel which is shown in figure 2.18. Thanks to this jelly-like
gel, it is predicted that it will not touch the PCB or the pressure sensor, even if there are liquid

leaks into the sensor.
Apart from these, after the cable connections are made, the space inside the 7" part is covered

with polyethylene. Having a strong adhesive feature, polyethylene both prevented the cable
from moving and reduced the possibility of liquid contact.
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Figure 2.19. The gasket used at the main cable connection point. Thanks to this gasket, both
sealing is provided and the load does not get on the cable connection point.

Figure 2.19. shows the gasket in the middle of the 6™ and 7" parts. When these parts are
thighten, this gasket is squeezed and expanded. It has been produced and used to prevent
liquid contact and cable movement.

The 1% part is made of Polyoxymethylene material which is used to avoid direct physical
contact with the diaphragm of the pressure sensor. The liquid passed through the holes on the
material and made contact with the diaphragm of the pressure sensor, thereby measuring the

pressure.

Lock tide adhesive is applied on the gears before each piece is mounted together. The
possibility of parts separation from each other is prevented since this adhesive has metal-
metal adhesion. In addition, the possibility of liquid leakage between the parts has been

reduced.
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2.5. PCB design

In the preliminary research for this thesis, development board for PCB design was examined
and the appropriate development board was sought. As a result of the researches made in this
context, it has been observed that the NUCLEO-FO91RC development board has the
necessary infrastructures to be used in the thesis. In this context, it has been found appropriate
to make the trials on this development board as a priority. The fact that most of the hardware
elements required for EC and temperature measurement are available on the development
board has formed the basis for PCB design. The schematics of the designed PCB have been
drawn with the changes made on the schematics of this development board. The major
changes have been made to the development board schematic are pressure sensor integration,
4... 20 mA, SPI-12 data outputs, hardware gain buffer integrations, and single-pole / double-
throw (SPDT) additions.

Figure 2.20. shows the block diagram of the station type three parameter sensor with
microcontroller control, compatible with different pressure, temperature sensors and EC cells,
suitable for use in the field of hydrology. Two 32-bit X-A ADCs on the precision analog
microcontroller is used. For accuracy and easy operation the peak to peak amplitude of

excitation voltage and current were converted to a DC value.

33



losuas ainssald

118D O3

b1

apouo3[3 ¥

f

N a2Inos
7 WALND YWG'T
L4
nduj gV
L
2 < =
Vi
ik w b (Y m
— Jm:_zwm uresy > m L e | m
28 g = » o
N N N 0
”~ sayydwy ~ anpoy ues wawafnseapy abejon -] b
18|14 feubis . » Jayng X s &
” .o wawafnseap wannd
> 2
h rd ndu| Dy wod <
N\
-4 induj Aauanbaiy LLzezsy
13yng A 0T
|  ®Adousnbaiy
Y N
18UaAu0D 2a/0a i eleq 10} ..Im
WOAEE ~ uoneaz anaubeyy $=e el
Hod SBYSYH g
ndu| v
135 abejjoa AN
aND
g _m__w>:mnw,wmmo o JauaALoD 5a/ad 5 JBUBALOD \W3 ¥ uonoalold
< < HOAST 1+ < 20Q/00 Paie0Z] =8  afeyjop ybiH
D0A+

34

Hod S8vSYH

A8Z"'8

ndul DA
Figure 2.20. Block diagram of station type three parameter sensor



There are four cables in the main connection of the PCB. Two of them (VCC and GND) are
used for power and the other two for data transfer (RS-485). A DC voltage in the range of §...
24 volts is applied through the power input. The applied power reaches the isolated DC / DC
converter by passing through high voltage protection (36 volt Varistor and TVS diode) and
EMI. With the help of this DC / DC converter, the input voltage is reduced to 5 volts. This
voltage is delivered to step up and step down DC / DC converters. 3.3 volt output is obtained
with a step down DC / DC converter. It is delivered to microcontroller and zero drift op amp.

With a step up DC / DC converter, +15 volts are obtained with the help of diodes.

Figure 2.21 shows the schematic drawing of the integrators and microcontroller connections
required for EC measurement. With +15 volts, the necessary supply source for the active
electrodes of the EC cell is provided. The voltage value to be applied to the active electrodes

can be regulated by the microcontroller. Op amp amplifier circuit is used for this regulation.

An adjustable 0-10 volts is obtained by controlling the DAC output of the microcontroller.
The excitation square wave voltage (+VEXC) in the set range 0 - 10 volts is inverted through
the op amp and creates the voltage -VEXC. The microcontroller generates square wave
switching signal for the SPDT switch. It also generates synchronization signals for
synchronized sampling stages. As shown in figure 2.21. the resulting + VEXC and - VEXC
are applied to the active electrodes of the EC cell. Here, a single-pole / double-throw (SPDT)

switch is used to send symmetrical square waves to active electrodes.
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Figure 2.21. Schematic of EC module.

As shown in Figure 2.22. VOUTL (differential output voltage channel) is applied to the AIN2
and AIN3 inputs of the microcontroller. VOUT2 (The differential output of the current
channel) is applied to the AINO and AIN1 inputs. The impedance of the liquid in which the
EC cell is located is calculated with the voltage and current values. The reading range of the
EC is extended by using the low voltage hardware gain buffer integrations read from the
passive electrodes of the EC cell. Pre-filter op amp buffers are used in passive electrodes to

reduce the noise caused by environmental factors.

Figure 2.22. shows general pin connections of the microcontroller and the connection between
the pt-100 temperature sensor and the microcontroller. The current source ADC input of the
microcontroller and the pt-100 sensor are measured together with the reference voltage of the
microcontroller. Since the impedance value changes due to the temperature change of the

liquid, the EC value is rectified by using the temperature value from pt-100 while reading EC.
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Figure 2.22. Schematic of the main connections of the microcontroller and the PT-100
temperature sensor.

The schematic drawings related to the pressure sensor are shown in Figure 2.23. For the
pressure sensor operating with a current source, an external current source of 1.5 mA is
obtained by passing +15 volts over a potentiometer. The reason for using a potentiometer is
the minimal difference in the internal resistances of each sensor. With the help of
potentiometer, a current source of 1.5 mA can be provided to each sensor even if the internal
resistances are different. The resistance outputs of the wheatstone bridge, which vary
depending on the pressure, are connected to the ADC of the microprocessor. Since the output
of the sensor is in the order of mV, by using the hardware gain within the microcontroller

itself, the range of the ADC is expanded and at the same time noise reduction is achieved.
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Figure 2.23. Schematic of the pressure sensor connection.

Figure 2.24. includes schematic drawings of RS-485 and SDI-12. The RS-232 port, which is
the TTL output of the microcontroller, is used for the RS-485 port. The enable pin of RS-485
is controlled from the digital output port of the microcontroller. TTL ports are connected to

the RS-485 IC by passing through the magnetic isolator IC.
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Figure 2.24. Schematic of the RS-485 and SDI-12.

In PCB design which is shown in figure 2.25., height is determined according to the inner
diameter of the sensor, which is the final product. Since the inner diameter of the designed
sensor is fixed, the height of the PCB is constant. For this reason, the width of the PCB has
been increased. Again, due to the small size of the PCB, it is designed as four layers. In
addition, the PCB drawing was made so that electronic elements can be placed on two

surfaces.

Srssssssssssssssdssasaias

Figure 2.25. Final PCB design.

During the PCB design, a drawing was made especially with the input of one op-amp close to
the output of the other op-amp. Thus, the path between op-amps was kept as short as possible.
In addition, the connections were kept close to the microcontroller to reduce the error rate of
temperature measurement with pt-100. The second layer is covered with GND to prevent

possible noise.
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2.6. Firmware
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Figure 2.26. Firmware flowchart

As shown in Figure 2.26. the flowchart has been designed to provide the most stable and

general structure possible.
It will be applicable regardless of the MCU used. It will be sufficient to make changes in

coding according to the hardware design. C ++ language was used in firmware development.

The same flowchart can be implemented in C or Assembly language.

2.6.1. General steps and description of units
The following adjustments are made respectively when the hardware is powered up;

1. Processor Clock Frequency
The CPU Clock Frequency can be selected in the most appropriate range for the MCU used.

In this application, 16 MHz has been chosen.

2. Flash memory
Flash Memory is used to store required parameters and read raw values.
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The MCU reads and sets the required operating parameters from Flash Memory at startup.
Raw values are changed only by the ADC. All other units and functions access stored values

read-only.

3. Communication

There are many standards for communication to the sensor. The three most widely used in the
thesis protocol is preferred. These are RS-485 and SDI-12 as digital protocols, 4-20 mA as a
analog protocol. The selected protocols can generally be used with any system. Rarely, a
converter or additional hardware may be required. MCU basically uses UART protocol for
digital communication. UART output has been converted to RS-485 and SDI-12 protocol
with additional hardware. From now on, only UART name will be used for digital

communication in firmware description.

4. DAC

The voltage to be applied to the EC unit is set with high precision amplifier. The DAC unit is
connected to the + IN input of the amplifier and is used to adjust the voltage to be applied to
the EC cell.

5. ADC
The MCU provides 2 24 Bit 12 Single (6 Differential) input ADCs. The first of these ADC
units is used to read the EC and Pressure values and the second to read the Temperature

values.

2.6.2. Algorithm

1. Set Clock Frequency

2. Prepare the message infrastructure

3.Set and Run Hardware Units

3.1. Set Flash Memory Volume

3.2. Read parameters from flash Memory
3.3. Set UART settings

3.4. Set up and run UART Interrupt settings
3.5. Configure DAC settings

3.6. Set it to the voltage setting specified in the parameters and run
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3.7. Configure ADCO and ADC1 settings

3.8. Configure SingleShot timer for ADCO and setup for 50ms

3.9. Configure SingleShot timer for ADCL1 and setup for 50ms

4. Create an infinite loop and check the message queue every loop. If there is a message in the

queue, it comments the next message.

2.6.3. Operation of Units and System

A Message package is defined as follows;

struct app
int (*fun)(int argc, char *argv
int argc = ©
char **argv

A package contains the following values in order;

1. A pointer to the function to be called by the package.

2. The number of parameters the function will take

3.A pointer to char ** type that holds the parameters that the function will take.

The functions that packages will run are defined in a general way similar to a C / C ++ main
function in order to be suitable for every request. In this way, commands that will meet every
need can be written and new commands can be added later if necessary. A function prototype

is as follows;

int function_name(int argc, char **argv

Each function has at least one parameter. This parameter is the name of the function itself.
When needed, the desired function and parameters to be sent to the function are assigned to a
message packet and added to the message queue. The infinite loop in the main function
processes a packet every time it rotates. Thus, all consecutive command requests are
processed sequentially. Message generation is usually done only by the UART unit. If
different communication or similar units are added to the sensor, these new units can also be

integrated into the message structure. A sample message package is created as follows;

app msg

msg.fun = cmd_poll
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msg.argc = 1

msg.argv = new char*[1
msg.argv(@]| = new char[9
strcpy(msg.argv|0 "cmd_poll”

post_message(msg // post_message function adds the message to the queue.

2.6.4. ADC units

ADC units read SingleShot which means it will read once and stop unless a new reading order
is received. Two timers are set up for ADCO and ADC1. The timeout is set to 50ms for each
timer. 50ms is considered long enough for the sensor to detect ambient changes, but also short

enough for reading accuracy.

The ADC values read are kept in a structure named adc_file defined as follows.

struct adc_file
float p_curt
float p_volt
float n_curt
float n_volt
int pressure_raw
float temp

When the timer set for ADCO is timeout, it calls ADCO read function. ADCO reads the
positive current value of EC unit at the first reading. Writes the read value to the adc_file
structure where ADC read values are kept. Then it sets the timer again for 50ms. The next
reading is the Positive Voltage value of the EC unit. After saving the value, it sets the timer
again. EC Negative Current, EC Negative Voltage and Pressure Sensor raw values are read
respectively and finally returns to the beginning. When the time set for ADC1 is timeout,
PT100 reads the raw value and converts it to the real temperature value and saves the
calculated value in the adc_file structure.

2.6.5. UART units

The UART unit runs Event Dirven. When data is written to the UART RX line, the interrupt
function is triggered and a byte of data from the UART RX line is written to the buffer. If the
written data is a line break (Ox0a), then the data read from the beginning of the buffer is sent
to the command interpreter function and the buffer is cleared. The command interpreter

function breaks the data transmitted to it with a space (0x20) character. The first segment is
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considered to be the RS-485 address. The following parts are considered to be the command
name and the parameters belonging to the command, respectively.

The command interpreter only checks if the command name is valid. It does not control the
number and content of parameters. Parameter control is the task of the respective function. An
example RS-485 command is as follows;

1 poll\r
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3. RESULTS AND DISCUSSIONS

This section includes tests and comparative test results of pressure and temperature sensors
whose datasheets have been examined. The compatibility and sensitivity of the appropriate
sensors with the PCB and software that have been considered for integration are examined in
this section. The results that effect the selection of the appropriate sensors for use in the
prototype have been reached. The design and test results of the EC-09 cell, which is the last
step of the EC cell design, are also given in this section.

In addition, the prototype sensor, the subject of this thesis, which has been fully completed
and placed in its outer shell, has been placed in the trial pool. The sensor was connected to a
data logger and the measured values were recorded and analyzed.

3.1.  Pressure sensor tests

In this section, two pressure sensors with determined measurement methods for pressure
measurement were supplied and connected to the Druck brand DPI-610 pressure calibrator.
Figure 3.1. shows the pressure test setup. Different pressures were applied and the results

were compared.

Figure 3.1. DPI 610 pressure calibrator and testing of purchased pressure sensors.
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Table 3.1. Observed values as a result of different pressures applied to PS-01 and PS-02.

PS-01 (HUA TIAN CYX19) / AppliedP. O 50 100 200 400 800 1000
test-1 0 49.5 993 199.2 399 799.8 1000.1
test-2 0 48.7 99.1 199.8 397.8 799.8 999.8
test-3 0 499 98.8 198.7 397 800.2 999.2
test-4 0 479 99.8 198.7 398.8 800.42 998
test-5 0 48.8 99.7 200.2 400.2 797.5 999.54
test-6 0 50.1 98.2 200.4 400.85 798.6 1000.2
PS-01 AVG 0 49.15 99.15 199.5 398.94 799.38 999.47
PS-02 (KELLER SERIES 10L) / Applied P. 0O 50 100 200 400 800 1000
test-1 0 499 101 199.5 398.2 799.12 9954
test-2 0 49.2 100.8 199.54 397.5 797.54 997.5
test-3 0 49.2 100.1 198.78 399.6 797.25 997.56
test-4 0 48.65 98.8 200.1 397.85 796.8 996.9
test-5 0 48.56 99.75 200.15 399.21 796.52 998.8
test-6 0 50.4 98.32 200.1 397.45 796.89 997.12
PS-02 AVG 0 49.31 99.79 199.7 398.3 797.35 997.21
Pressure Test Results
1200
999.47
1000 997.21
1000
799.38
800 797.35
o 800
3
o 600
o
T 398.94
g 400 398.301
o 400
% 199.5
200 199.695
200 99.15
49.15 100 99.79
50 49.31
o L 2" —— S
1 2 3 4 5 6 7
B Applied Pressure 0 50 100 200 400 800 1000
B PS-01 AVG 0 49.15 99.15 199.5 398.94 799.38 999.47
W PS-02 AVG 0 49.31 99.79 199.695 398.301 797.35 997.21

Figure 3.2. Comparison of the observed values as a result of different pressures applied to

PS-01 and PS-02.

46




Table 3.1. shows the pressure sensors were tested six times in total at the same pressure
values. Then the average values corresponding to each pressure value were recorded. Figure
3.2. shows these average values are plotted and compared. When the values of the pressure
sensors of PS-02 (Keller series 10L) and PS-01(Hua Tian CYX19) have been examined, it is
concluded that the PS-01 sensor gave better results at high pressures, while the PS-02 gave
better results at low pressures. The PS-01 sensor has lower power consumption and is smaller
in size, making the PS-01 sensor stand out. The response time of the PS-02 is faster than the
PS-01. As a result of these observations, it was decided that the two sensors were suitable for

prototype manufacturing in terms of performance.

Considering the price and procurement processes, it is more appropriate to choose the PS-01
sensor of the Hua Tian company, considering the mass production of this thesis subject
prototype in the future. Offers received from companies, it was seen that the price of the
Keller company was approximately six times the price of the Hua Tian company. Considering
the sensor sensitivity and price difference, the PS-01 sensor of Hua Tian company was

determined as the sensor to be used in prototype.

3.2. Temperature sensor tests

NTC and RTD sensors, which are suitable for price performance ratio that can be used in
accordance with the prototype, have been tested on the development board. The products
which are shown in Figure 3.3. used in this trial are waterproof 2 wire NTC, 3 wire PT-100
and PT-1000 from RTD group.

In the experiments, Hira Laboratory brand HR-C021T / SP model -40 °C to +80 °C heat

cabinet was used and the results were recorded and evaluated comparatively.

T-100 PT-1000

Figure 3.3. NTC, PT-100, PT-1000 temperature sensors.
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Figure 3.4. shows the result obtained is that all sensors are suitable for use, considering the

error rates. It is predicted that each sensor will work properly with the necessary firmware

revisions. It was decided to use the PT-100 sensor, which was considered appropriate in

design, size, and price, in the prototype to be produced.
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Figure 3.4. Comparison of data read from temperature sensors.

3.3. EC cell tests

In order to improve the measurement values of the EC-08 cell, the cell outer shell design and

EC electrodes dimension details were given and produced by a professional manufacturer.

According to these shared details EC-09 cell and EC electrodes has been manufactured with

computer numerical control (CNC). Figure 3.5. shows assembled of the outer shell and EC

electrodes. EC electrodes and outer shell have been combined and tested. Figures 3.6. and

Figure 3.7 gives test results of EC-09 cell.

Figure 3.5. EC-09 Cell.
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Figure 3.6. Comparison of EC-09 cell with WTW ec measuring device at low S/cm values.
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Figure 3.7. Comparison of EC-09 cell with WTW ec measuring device at high S/cm values.
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EC-09 cell values have 1.23% error on full scale as shown in figure 3.8. The EC-09 cell

continuously measures lower values than the WTW sensor. This error rate is acceptable for

the prototype to be realized.

.
\

Figure 3.8. Comparison ec measurement of cell EC-09 with the WTW sensor.

3.4. Assembly and testing of prototype sensor
Figure 3.9. shows mounting steps of sensors, PCB and cable to the outer shell. In the three-
parameter sensor, which is the subject of this thesis, piezoresistive atmospheric compensated
(Gauge) pressure sensor is combined using a three-wire PT-100 temperature sensor and a
four-electrode EC cell. The PCB is designed and produced in four layers that can fit into the
outer shell. The design and production stages of the EC cell used were carried out in three
phases in connection with each other. Since the tests performed in these phases effect the next

design, the tests of this process are given in the materials & methods section.

1 2 3 - 5 6 T
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Figure 3.9. Prototype sensor overview.

Figure 3.10. shows the monolithic sensor was connected to a suitable data logger and put into
the test pool. The data of the data logger, which was set to collect data at 5-minute intervals,
was recorded for 20 days. Table 3.2. gives the daily average measurement values of the
recorded data.
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Table 3.2. Level, temperature and EC data of the prototyped sensor.

2020-11-07 83.1940 18.0727 2.3117
2020-11-08 82.8915 17.6970 2.3174
2020-11-09 82.4906 17.5727 2.3142
2020-11-10 82.0703 17.8037 2.3038
2020-11-11 81.8211 18.0004 2.2938
2020-11-12 81.6348 17.9942 2.2888
2020-11-13 81.4240 17.1444 2.2985
2020-11-14 81.1470 16.3321 2.3059
2020-11-15 80.9013 15.8113 2.3139
2020-11-16 80.7167 15.2839 2.3237
2020-11-17 80.6034 15.0780 2.3298
2020-11-18 80.3967 14.7232 2.3401
2020-11-19 80.5591 15.1929 2.3430
2020-11-20 80.0607 14.7815 2.3533
2020-11-21 79.8898 14.6858 2.3620
2020-11-22 79.6785 14.8434 2.3667
2020-11-23 79.4840 14.0351 2.3818
2020-11-24 79.3199 12.7427 2.4001
2020-11-25 79.1271 12.3902 2.4102
2020-11-26 78.9364 13.2833 2.4090
2020-11-27 78.4194 13.6238 2.4262

As can be observed in the table, the level of the pool decreases day by day in mm level
depending on the evaporation. Due to evaporation, the percentage of salt dissolved in water

increases and the EC value increases accordingly.

Since the pool is located in an open area and the test was carried out in November, the water
temperature decreases day by day depending on the season. Comparing the daily measured
water level temperature and EC values with the results in the table, it was decided that the
sensor's measured values were satisfactory. For this reason, the sensor was sent to an
accredited laboratory approved by Tiirkak in order to be tested independently. The results of
these tests are shared in APPENDIX section.
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Figure 3.10. The prototype sensor that was put into the test pool and the data logger it is
connected to.
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4. CONCLUSIONS AND FUTURE WORK

This thesis work presents the development a three parameter sensor for measuring
the level, temperature, and electrical conductivity of the water. Circuits were
built to detect these parameters and were tested through simulations as well as
experimentally after full implementation on PCB and the outer body. Four electrodes are used
to measure the electrical conductivity and a piezoresistive pressure sensor is used for
measuring level of the water. Finally The pt-100 sensor was used both to measure the
temperature of the water and to compensate for the effect of temperature on EC and pressure

measurement.

The maintenance requirement of the sensor whose prototype is completed is very low. EC
measurement, which is generally made by taking water sampling, is automated with this
sensor. Sampling can be taken at desired time intervals via the data logger to which the sensor
will be connected. The sensor with RS-485, SDI-12 and 4 ... 20 mA outputs will be able to
work in harmony with different recording devices. When the measurement ranges and
sensitivity of the companies that currently sell three-parameter sensors are examined, it is

seen that the sensor we have prototyped is more successful.

4.1. Future work

This sensor, which has been designed and prototyped, can be reduced in size. Thus,
measurements can be carried out even on very small diameter pipes. If a data logger is built
into it, it may not need an external data logger. Wireless data transfer capabilities (Bluetooth,
Wi-Fi or GSM / GPRS) can be added to the sensor. Thus, it can be equipped with the ability
to record and send data by hiding it in the pipe it was thrown into, without needing any
protection structure in the field. If the power consumption can be reduced, it can be made
operable with a small solar panel and battery in order to maintain these capabilities. Thus, by
adding only an antenna and a small solar panel outside the pipe, a self-sufficient measurement
station may be created.

Electrode designs from different materials can be tried to avoid the cleaning and calibration
required by EC measurement. In addition, the electrodes can be coated with a suitable

material to prevent salt water corrosion and polarization.
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Figure 5.1. Sensor calibration documents taken from an accredited laboratory.

Comparing the test results obtained from the accredited laboratory with the parameters of

competitors sensors are shown in table 5.1.
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Table 5.1. Comparison of commercially available sensors with prototype sensor.

Prototype OTT PLSC (OTT Keller 36XiWCTD | Insitu AquaTroll-
PLS-C) (Series 36XiW- 200 (Aqua
CTD) TROLL® CTD
Data Loggers)

Pressure 0...35 Bar 0...10 Bar 0...30 Bar 0...7.6 Bar

measurement

range

Pressure 0.01% 0.05% 0.05% 0.1...0.3%

Accuracy

Pressure SS316L Ceramic SS316L Ceramic

mambrane

Temp. -50...100 C -25...70 C -10...80 C -5...50C

measurement

range

Temp. Accuracy | +/- 0.05 0.1 +/- 0.3 +/- 0.1

Temp Sensor Pt-100 NTC Silicon Based Fixed

EC 0...100 mS 0...100 mS 0...200 mS 0...100 mS

measurement

Range

EC Accuracy %0.1 %0.5 %2.5 %0.5

EC Cell 4 graphite 4 graphite 6 Titanium Titanium
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