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Resumen

Este proyecto tiene como objetivo principal el desarrollo e implementacién de las diferentes
etapas involucradas en un sistema de sensado, en particular para sensores de gas. Se trabajaran
nuevas técnicas para alimentar sensores resistivos, asi como la aplicacién de diferentes métodos
para el acondicionamiento de la sefial que actualmente no se utilizan en estos sensores. Se
realizard un estudio de la influencia de la alimentacion del sensor con la deriva térmica, el
offset, y parametros similares. Para llevar a cabo este proyecto, se llevara a cabo un estudio de
los diferentes métodos de acondicionamiento de los sensores de gas. Ademas, se realizara un
analisis y disefio de un sistema de suministro de energia para tales sensores, que son compuestos
de un calentador resistivo y un elemento resistivo.

Abstract

This thesis consists in developing and implementing of different stages involved in gas sensor
technology. New techniques and application of different methods for conditioning the signal not
currently used in MOS-type gas sensors are going to be worked to power that sensors. A study of
the influence of the sensor supply with thermal drift, offset, energy consumption parameters,
among other parameters. A study of the different conditioning methods of the gas sensors will be
carried out in this work. In addition to this, an analysis and design of a power supply system for
such sensors has been done. This analysis depends on resistive heater and sensor heater.
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1. State of the art
1.1. Electronic nose

Electronic noses are electronic systems which can detect some substances in different gases, in
other words they are devices which can detect some odours, using normally arrays of sensors with
the aid of a computer or a microcontroller that allows to classify sensor data. In recent years,
electronic noses are being used in different areas of study such as food and drink industries [1],[2],
or health industry [3], among others. These electronic systems can be made with different kind of
sensors that are sensitive to different types of substances and these sensors present different
behaviours (resistive sensors, capacitive sensors, optical sensors, among others) [4, pp. 79-104].
This work covers Metal Oxide Semiconductor (MOS) gas sensors, in order to improve the
analysis of current electronic noses.

1.1.1. MOS-type gas sensor

Metal Oxide Semiconductor type gas sensors are made of SnO;, ZnO, FE2O3; or WQOj3, which
increase their conductivity in presence of some reducible gases such as Hz, CO or H,S, at
temperatures of 200-500 °C

Inside the atmosphere (with air clean, that mean approximate 21% of the air is O2), some oxygen
atoms are adsorbed by the metal oxide surface of the sensor, these atoms trap free electrons from
the semiconductor surface, because their high electron affinity, that reaction creates a potential
barrier at the grain boundaries, this potential barrier work as the scattering centre for conducting
electrons as can be seen in the Figure 1, in other words, resistivity of the sensor increases.
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Figure 1: Grain boundary in air clean [5]

In presence of some combustible gas or reducing gas oxidation of these gases is created with
oxygen occurs at the surface of sensor. This makes the density of adsorbed oxygen on the metal
oxide surface decreases, and the potential barrier is reduced, making that electrons flow through
the potential barrier more easily than before, that means the sensor decreases its resistance
proportionally to the concentration of those combustible gas or reducing gas, as it is show in the
Figure 2 [4, Sec. 4.3.1], [5].
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Figure 2: Grain boundary in air with some combustible or reducing gas [5]

As | said before, MOS type gas sensors need to work at temperatures of 200-500 °C, this is
achieved thanks to a resistance which acts as a sensor heater, this heater has different terminals
than the sensor, as Figure 3 shows, for that reason, two different power sources are needed, one
for the heater resistance and another for the sensor resistance.
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Figure 3: Structure of the sensor TGS2610 by Figaro [6]

This heater resistance normally is powered by a DC voltage, but it can be powered by AC voltage
according to the datasheet, in addition, one of the problems is that these sensors need period before
use it. this time normally is around 24 hours, that makes difficult use these sensors in a mobile
device or a quickly turn on device with that sensors with good results.

Other problem of this type of sensors is the value of the resistance given by datasheet is unprecise
(normally between 10 kQ — 100 kQ in air clean) [7], [8] to get a general reference, due to the
temperature of the sensor is changing, because normally there are not any control of the
temperature of the heater, for this reason the value of the resistance of the sensor can change each
measure when the sensor is measuring air clean [9]. Although these changes of temperature are
not fast, due to that a reference resistance value is needed to get it occasionally (when a measure
is taken, a reference with air clean normally is taken before and after) [10]. These changes make
that electronic circuits which are used to adapt the signal of these type sensors are simple and
range of values choose to the sensor resistance are not optimized to a small range, for this reason,
resolution of the signal given by measure normally are not good enough.

Last problem is low power that sensors are able to withstand, (which is about 15 mW), for this
reason, this type of sensor is not able to use currents greater than 0.38 mA in the worst case (100
kQ) making that noise in the signal has some importance.
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1.2.  Signal conditioning circuits
1.2.1. Voltage divider

The main electronic circuits used to MOS type gas sensors and recommended by the companies
that market these sensors is to use a voltage divider with the resistance of the sensor such as Figure
4 [7], [8]. Where Ry is the heater resistance, Rs is the resistance of the sensor, and Vg is the
output voltage.

Ve

Figure 4: Voltage divider [7]

The drawback of this circuit is the low range of the output voltage give a low precision in the
results obtained. Second problem of it is the output signal is not linearly proportional to the
resistivity of the sensor changes, as equation 1 shows.

R,
VeL = Ve (RS n RL> (1)

1.2.2. Wheatstone bridge

Another common conditioning circuit for resistive sensors is the Wheatstone bridge. This
electronic circuit is formed for two voltage dividers, one of that, with only resistors and the other
as showed in section 1.2.1. In this case, output voltage is a differential voltage between both
voltage divider as Figure 5 shows, where Rs is the resistance of the sensor.
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Figure 5: Wheatstone bridge

The behaviour of the output voltage of this circuit has the following equation.

R3 R,
_ _ 2
Vour = Vec (RS +R; R+ R2> @
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The advantage of this circuit versus voltage divider is that the offset voltage create by voltage
divider is deleted, making that a bigger gain of the output using an amplifier than in voltage
divider can be used doing that the precision of Wheatstone bridge is bigger than in voltage divisor
as Figure 6 shows [4, Sec. 5.2.1.2].

Furthermore, in this topology can be provided temperature compensation, to sensors which their
resistances change by temperature.
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Figure 6: Output of Wheatstone bridge vs Output of voltage divider [4, Fig. 5.2]

1.2.3. Generalized Impedance Converter

Generalized Impedance Converter (GIC) is an electronic design which is able to simulate different
frequency-dependent resistances as inductors or capacitors. This design is implemented using two
operational amplifiers and five passive electronic components as it can be seen in figure 7.

A

(]

Figure 7: Generalized Impedance Converter [11, Fig. 4.13]

The behaviour of this circuit depends on the impedance of all passive electronic components,
which is presented in equation 3. Depending on the position of these components and the values
of impedance of them an inductor can be simulated using only resistances and capacitors, as
Figure 8 shows [11, Sec. 4.3].

_ 242325
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Figure 8: Inductance obtained using resistors and capacitors [11, Fig. 4.15]

With the aid of this design, a variable capacitance depending on a variable resistance can be
simulated with the circuit which is in figure 9, this together with the astable operation of the timer
555 is able to make an output square wave depending of value of a resistance [12]. The simulation
of the capacitor is presented in Figure and it has a capacity obtained in equation 4.
Vce
R1 ]

Gas sensor U1

R2 <

U2 C3 —
Q *
R4 =

RS =

Figure 9: Capacitance simulated with a GIC

C3RyR,
Crjp = ——F—"— 4)
Gle Rl,sensorRS

The goal of this design is to replace the capacitance in a design to use the astable operation of

timer 555, that is show in Figure 10, which give an output square wave frequency dependent of a
capacitance following equation 5 [13].

1.44

fout = Rr T 2R,)C )
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Figure 10: Astable operation of timer 555 [13]

This circuit has some advantages over previous signal conditioners. First advantage is that the
frequency of the output signal is linearly dependent of changes in the sensor resistance, as
equation 6 shows.

_ 1-4'4'R1,sensorR5
fOut -
(R4 + 2Rp)C3R;R,

(6)

1.2.4. Anderson loop

Anderson loop is a measurement circuit topology which is based on active subtraction of two
differential voltages created by one current, which pass through by the sensor resistance and
reference resistance. Normally it is made using a current source that power the sensor and
reference resistances in serial, to both resistors have the same current, and their differential
voltages are subtract with a dual-differential subtractor [13], [14], which is six-terminal (4 inputs
terminal and 2 output terminal) to obtain a new voltage that depends of equation number 7.

Vour = A1v1 — Az (7)

Where A; and A are gains apply by the dual-differential subtractor and v; and v, are voltages
between its inputs. The basic schematic of the Anderson loop is shown in Figure 11.
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Figure 11: Anderson Loop [14, Fig. 2]
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This circuit has some benefits against other circuits, one of principal benefits against others is this
circuit can be implemented to more than one sensor as Figure 12 shows.

Differential half-

Current looj
P subtractors

A v
——-
B vg
i Sensor * v3
electrical Z3 + AZ3
current /L
source
Sensor ' Va
Zy+AZy V4 . i -
Instrumentation
amplifiers
Vee!
T
p Vref Relerence Analog
input
reference - Commen
impedance ]- 6

Figure 12: Anderson Loop to four sensors [14, Fig. 4]

Furthermore, this topology has an output voltage which is a linear function of sensor resistance
changes, and this output is not affected by random changes in wire and connecting resistance.
Moreover, power dissipation of that circuit is divided by 4 to obtain similar outputs voltages in a
Wheatstone bridge. As Wheatstone bridge this circuit can be provided temperature compensation.

However, a current source is needed to power the loop of the circuit, when the other topologies
only need a voltage source which is easier to find than a current source, In addition to this, in this
circuit is needed an active subtractor which is made with differential amplifier or with
instrumentation amplifier, which make this topology more expensive than a Wheatstone bridge
or a divisor voltage.
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2. Heater resistance

This section addresses how sensor respond to different kind of power in the heater of the sensor,
which function is explained in the section 1.1.1.

To carry out this study, the system of data acquisition, is made up of a computer with LabVIEW
software installed to control and save data obtained from a multimeter Agilent 34401A, which
are connected by GPIB, and the multimeter is connected with the sensor in study. The heater of
the sensor is powered by a function generator Agilent 33120A. This system was connected in two
ways, one to measure the resistance of the sensor, when is powered only the heater resistance of
the sensor, and the other way to measure the current which flows though the heater, how Figure

13 shows.
(@)
AGILENT 33120A 7 SensoR 3
FUNCTION GENERATOR 4% : Rs
GPIB 1[RH L\
AGILENT 34401A
MULTIMETER
(b)
£ LaVIEw AGILENT 33120A PR
FUNCTION GEMERATOR
= =Rs
GPIB R :
o AGILENT 34401A | L =
MULTIMETER

Figure 13: a) System to measure the resistance of the sensor. b) System to measure the current of the heater

T LabVIEW
o)

To manage this system a program in LabVIEW has been developed, that is the development
environment and system design platform for a visual programming language from National
Instruments, because this language is fast and simple to develop programs using the GPIB
connection and in this case the device Agilent 34401A has a library to manage the device from
this platform easily.

In computer, the program developed in the environment of LabVIEW, or also called vi file, was
running which capture the data through the Agilent 34401A each approximately 2 seconds and
these data are stored in a .csv file, that can be read by different programs such as Excel or Matlab
to process all data taken, and this data is plotted in a graph. Furthermore, what type of measure h
taken can has been selected in this program, in a dropdown menu in the program all that
characteristics can be shown in Figure 14 and in the code program in the Annex I.

As it has been said before, all data are stored in a .csv file, this type of file was chose because
create and write this type of files are very easy and can be read with the program from the
Windows Office package excel, although are not very optimized in size, but in this case the size
of each measure has about 3600 sample the longest measure taken, which is acceptable for this
type of files.
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Figure 14: User interface of the program in LabVIEW

In this study was selected two sensors of Figaro company, which are called TGS2600 and
TGS2610, these sensors will be used to all the measures that are made in this study. These sensors
were selected because some volatile substances make react to both sensors, and with that
characteristic is easier make some samples to measure with both sensors than if sensors have not
any substance which make react them.

With this system, different powers to the heater are going to be studied, these different powers
are going to be studied just when the power starts in the heater resistance, and with, at least, 24
hours applying some power in the heater resistance. First power which has been studied is
constant power at 5 volts, which is the used by the fabricant to test these sensors. The other powers
which are going to be studied are power the heater resistance with a square wave or with a sine
wave both with 5 volts peak to peak and with 2.5 volts of offset, with different frequencies. In
any power are negative voltages because in the cautions of these sensors [6] is indicated that the
sensors have polarity, and an incorrect polarization of the power may cause deterioration to the
sensor.

2.1. Results

In this section the transient behaviour of each sensor resistance. That transient starts when the
power on its heater sensor is turn on, until the sensor resistance starts to arrive to its working
resistance value when is measuring air clean, has been studied. Besides, the current which flows
through the heater resistance has been measured too. Moreover, the stability of the value of the
resistance was measured before waiting at least 24 hours since the heater was turn on, but after
taking these measures, the type of the waveform of the heater of the sensor do not increase or
reduce the stability of the sensor resistance, only affect in the value of the resistance which
increase when a square waveform is used.

DEFARTAMENTOQ

ELECTRONICA
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2.1.1. TGS2600

«10% Sine waveform in heater resistance of TGS2600
4

Sensor resistance (£2)

Time (s)
Figure 15: Transient behaviour of sensor TGS2600 when a sine waveform is used in the heater resistance

s 10 Square waveform in heater resistance of TGS2600

Sensor resistance (Q)

Time (s)

Figure 16: Transient behaviour of sensor TGS2600 when a square waveform is used in the heater resistance

10
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Figure 17: Transient behaviour of sensor TGS2600 when the heater resistance is powered by different type of
waveform

The behaviour of the sensor resistance is presented in the above figures, when the heater resistance
was powered by different waveform. Figure 15 shows the resistance sensor when the heater
resistance is powered by a sine waveform with 5V peak-to-peak and with 2.5V of offset, because
the company that made the sensor indicates that in the sensor there is a polarity in both resistances.
In this case, there are not any logical correlation between the frequency and the slope of the change
of the sensor resistance. The same happens in Figure 16, which shows the value of the sensor
resistance when the heater resistance of the sensor is powered by a square waveform with different
frequencies. Nevertheless, Figure 17 shows a that the slope of the change of the sensor resistant
when the heater has been powered. In this way, the sensor resistor increases its value faster when
a square waveform is used instead of a sine waveform or a continuous voltage. This fact allows
that the sensor is ready to use faster than in other cases. that means that when square waveform is
used in the heater resistance, the sensor will be ready to use faster than using a sine waveform or
a constant voltage.
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4.

Figure 18: Transient behaviour of the heater resistance of the sensor TGS2600 it is power by a square waveform
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Figure 19: Transient behaviour of the heater resistance of the sensor TGS2600 it is power by a sine waveform
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Figure 20: Transient behaviour of the heater resistance of the sensor TGS2600 it is power by different type of
waveform

In last 3 figures the current of the heater resistance using different waveforms types and different
frequencies do not give much information, only from this data the value of the heater resistance
can be calculated. Besides in the Figure 20 is confirmed that the value of the heater resistance do
not change caused by the power chosen.

12
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2.1.2. TGS2610

o 10* Square waveform in heater resistance of TGS2610
T T T T

Sensor resistance ()

Time (s)

Figure 21: Transient behaviour of sensor TGS2610 when a square waveform is used in the heater resistance

«10° Sine waveform in heater resistance of TGS2610
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Figure 22: Transient behaviour of sensor TGS2610 when a sine waveform is used in the heater resistance

13
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Figure 23: Transient behaviour of sensor TGS2610 when the heater resistance is powered by different type of
waveform.

In the sensor resistance of the TGS2610 happens a similar situation than in the sensor resistance
of the TGS2600, but a new characteristic appears in the Figure 23, which is that in the beginning,
the transient of the changes of the sensor resistance has a less slope when the heater resistance is
powered by a sine waveform, but there are a moment when the slope when the heater resistance
is powered by a continuous voltage decrease before arrive to the final value, and in this moment
the slope of the sensor resistance using the sine waveform in the heater resistance is greater than

the other, and for this reason the this slope of the sine waveform made arrive faster to the sensor
resistance to its final value.

The graph of the currents is not here because is similar to Figure 18, Figure 19 and Figure 20,
and they do not contribute to add any information. Others graphs that could have been interesting,
are the transient of the behaviour of the sensor resistance when is in its working value when is
measuring air clean, but to both sensors do not contribute to add information too, because there
are not significant changes in the behaviour of the sensor resistance between use different type of
waveform in the heater resistance.

14
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3. Sensor resistance

This section has been studied four different topologies to power the sensor resistance of a generic
MOS gas sensor as TGS2600 and TGS2610, among others. The first topology, which has been
studied, is a voltage divider, that is the test topology of the manufacturer. Following with the most
used topologies to measure resistive sensors, the Wheatstone bridge is another topology which
has been studied. Another topology is based in the Anderson Loop above explained. Last topology
which has been studied is based in a paper [12], that consist in create a simulated capacitate which
varies linearly with the variation of the sensor resistance with a Generalised Impedance Converter
and using a timer 555 create a circuit that detects changes in the sensor resistance.

3.1. Voltage divider and Wheatstone bridge

Voltage divider is the simplest topology to create a sensor system to a resistive sensor, how is
explained in the section 1.2.1 how works, and the Wheatstone bridge is an evolution of voltage
divider, as can be seen in the section 1.2.2 Wheatstone bridge use a voltage divider to works, for
this reason are going to be designed together.

3.1.1. Design

In the case of the design of voltage divider to these sensors only needs choose a load resistance
(RL in Figure 4). To choose that resistance, first is take into account was datasheets of different
sensors which have been used [7], [8], where indicates that the load resistance used to a voltage
divider with one of these sensors should be greater than 0.45 kQ. Another thing important to
choose this resistance was the sensor resistance when detect clean air, in this case this resistance
can be from 10 kQ to until a little more than 100 kQ, that range is very big, for this reason if the
load resistance is close to 100 kQ and the sensor has a sensor resistance with clean air close to 10
kQ, the output signal change is going to be small when the sensor resistance changes, and that
made that the resolution of the measure will be worst. Consequently, the load resistance should
be close to the small values of that range.

As result of the above ideas, the chosen value for the load resistance for the generic voltage divider
for these sensors is 10 kQ. Furthermore, power voltage of the circuit is going to be five volts as
is indicated in datasheets of the sensors. Therefore, the behaviour of the output signal of that
voltage divider is going to be as equation 8 shows, where Rs is value of the sensor resistance and
Vour is the output voltage of the voltage divider.

10.000 )

—_— (8)
R + 10.000

Vour =5 * (
In this case the Wheatstone bridge is going to implement together with the divider voltage. As a
result, to design the Wheatstone bridge balanced, another divider voltage must be made with the
same resistance value that when the sensor is detecting clean air. If the Wheatstone bridge is
balanced, when the sensor of the system is detecting clean air, the output voltage of the system
must be 0 volts, but the resistance value when the sensor is detecting clean air is unknown,
consequently, in the second voltage divider, a potentiometer of 100 kQ will be placed in the same
position of the sensor in the first voltage divider, which is going to modify the value of the
resistance manually, before take any measure, to balance the Wheatstone bridge. The equation 9
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shows the behaviour of the Wheatstone bridge, where Vour is the output voltage, Rca is the
resistance value of the sensor when is detecting clean air, and Rsen is the value of the sensor
resistance.

10.000 10.000 )

Voyr = 5 ( -
OUT = 2 *\10.000 + Vegy _ 10.000 + Rey

9)

Vee

.

Vee

P1 100k

SENSOR SENSOR

o

+
R1 10k R1 10k
Vout R2 10k

-

Figure 24: Final design of the voltage divider and of the Wheatstone bridge

In this design, to store the measure is necessary use to an Analog to Digital Converter (ADC), and
in this case is chosen the ZSSC5101, which normally is used to measure two magnetoresistive
bridges sensors. As Figure 25 shows, the typical application [16] of this integrated circuit one of
their magnetoresistive bridge sensors is rotated 45 °© than the other to obtain how many degrees is
rotated the magnetic field measured to respect this sensors, this is because with this position of
the sensors is obtained, with one of theirs, a measure correlated with the sine of the angle of the
magnetic field, and with the other sensor, its measure is correlated with the cosine of the angle.
For this reason, the output of the ZSSC5101 is the angle created with the sine and the cosine
measured. Furthermore, this integrated circuit separates the power from the digital part of the
analog part, that is important, because if both powers are together, the digital part can add noise
to the analog part and that worsens the measure.

Senzor Bridges
voDsS
VSINP
j VSN & VDDE
in
vouT
——vcose O
[72]

VCOSN ﬁ VSSE

V555

Figure 25: ZSSC5101 typical application circuit [16]

This integrated circuit has been chosen because the similarity between the gas sensor system in
deigned before with a magnetoresistive bridge sensors, furthermore ZSSC5101 has two channels,
being able that can measure two sensors at the same time only replicating the Wheatstone bridge.
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3.1.2. Simulation

OrCAD Capture has been used to simulate these circuits. The behaviour of both circuits has been
confirmed using Bias Point simulations. The value chosen to the potentiometer resistance is 100
kQ. From these simulations, output voltage is obtained, and with these data are created a graph
with Excel by Microsoft Office and they are compared with the equations 8 and 9.

VCC
o

PARAMETERS:
rvariable = 40K

SENSOR
{rvariable}

<
9]

C

VCC
avdc

1.000V]|

R1
10K

A

Figure 26: Schematic of simulation of both circuits

Simulations made with different value of the sensor resistance confirms that both circuits work
as equations show. With the data obtained in the simulations is made a graph, which shows the
main characteristic of the Wheatstone bridge, that is delete the offset voltage when the sensor is
detecting clean air (in this case the value of the sensor resistance taken to the sensor when is
detecting clean air is 100 kQ). Figure 27 shows this graph.

Voltage Divider

3,5
\\ — \Wheatstone bridge
3

25 LA

Output voltage (V)
>
H~ v
=

1,5 A

~F
05 \ e
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0 15000 30000 45000 60000 75000 90000 105000 120000 135000 150000

Sensor resistance (Q)

Figure 27: Graph with simulation data
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3.1.3. Implementation

The design layout is created using the free software EAGLE 8.6.0 by Autodesk. This is the
program most used for making Printed Circuit Boards (PCB) of two layers, with Altium Designer
Program.

The first step to make the layout of the design is make a list with all components, that are necessary
to make the design and looking for they in the distributor who are you going to buy them, because
shape and package of each component must be known.

Once the components for the design have been chosen, their pin pads and model of each package
must be in any library of the program, for this reason, all models will be looking for in all libraries
of the software and models which are not in, they will be stored in a library which will be created.
In this case only three components are not in any library of the software, these are the model of
potentiometer, the model of ZSSC5101 and model of the socket SR6 by Figaro to family of
TGS24XX and TGS26XX gas sensors.

To create any component in a library of Eagle is needed create a symbol to use it in the schematic
of the design and the model of the package to use it in the layout of the design, Figure 28 shows
three models of the package creates to the three components which did not have any model in any
library of the software. In Figure 28, the potentiometer which is show is a rotatory potentiometer
which can withstand much power this is because is the only type of potentiometer that was
founded in the distributor.

Figure 28: a) Model of the package of the potentiometer. b) Model of the package of the socket SR6. ¢) Model of the
package of the ZSSC5101

With all models of components necessaries to build the PCB in some library, the schematic of the
design is made. Figure 29 shows the schematic of the design, where jumper JP1 and JP2 is to
choose which design wants measure between the voltage divider or Wheatstone bridge, besides it
shows that the power of the heater resistance is separate from the whole design (HEAT pins),
moreover a capacitor is between the digital signal wire and digital power of digital part, that is
because is needed to correct behaviour of the ZSSC5101. In addition, the digital wires cross each
other because a position of the digital connections is needed to connect this design to SSC
Communication Board V4.1 by IDT. This Communication Board (SSC CB) is needed to
communicate with the ZSSC5101 because this integrated uses a digital communications calls
OWI, which is a communication through only one wire, and to create the communication between
the integrated and one computer is needed this interface.
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Figure 29: Schematic of voltage divider and Wheatstone bridge design

Last step with Eagle software is make the layout of the PCB, in this case, a PCB with two layers
is chosen to make easier the routing of this. Figure 30 shows the result of the layout of the PCB.
As the layout shows, the digital part has a ground plane surrounding the digital signal of the
ZSSC5101, this is done to improve the integrity of the digital signal, creating a return path with
low impedance.

Figure 30: Layout of voltage divider and Wheatstone bridge design

With the layout finished, the PCB layout is printed in copper clad double sided FR4 fiberglass
board with a milling machine. After that all components are welded by hand to the PCB. Figure
31 shows the result of the PCB of the design.
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Figure 31: PCB of design of voltage divider and Wheatstone bridge

3.1.4. Problems and solutions

In this design, there was a problem with the communication between the ZSSC5101 and the
computer trough the SSC CB. This communication was tried to do using first a LabVIEW
example to the D2XX drivers created by FTDI chip! which communicates with SSC CB, but did
not detect the ZSSC5101, for this reason it was impossible make the communication with
LabVIEW. Owing to this program did not work, the communications between the computer and
the ZSSC5101 was tried using commands that are given in a spreadsheet called “SSC CB
Command Syntax for V4.x Communication Boards” in the official web page of the SSC CB?, in
this case, the supply voltage to the ZSSC5101 was turned on, but the communications with it was
not possible did it. After testing these methods to create the communications, this topic was asked
to the IDT company, but they did not answer it, due to this, the solution taken was use another
platform to take the data. This platform will be the same for all and it will be discussed in the
section 3.4 to use this data acquisition board is needed have a wire in points which are going to
be measured, and to use a power supply which are not from the ZSSC5101 is needed other two
wires, for this reason wires needed are soldier to the PCB where are necessaries.

3.2.  Anderson loop

This second design is based on the Anderson loop that has been explained in the section 1.2.4,
but a current power supply is needed to use this topology, and in the laboratory only are voltage
power supply, for this reason a voltage-controlled current source has been created to power the
Anderson loop.

3.2.1. Design and simulation

The first part to design is the voltage-controlled current source that has been based in a
characteristic that the Generalized Impedance Converter (GIC) have when all passive elements
of it are resistors, which is that the current that flows through the resistor Rs is the same than the

! http://www. ftdichip.com/Support/SoftwareExamples/CodeExamples/LabVIEW.htm
2 https://www.idt.com/products/sensor-products/sensor-signal-conditioners/ssc-cb-ssc-communication-
board
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current which flows through the resistor R4, and the voltage between the pins of the resistor Rs is
the same than the reference voltage of the GIC such Figure 32 shows [17], [18].

8 T
D
.

<1,
R%’/,

Figure 32: Constant current source to resistive elements create with a GIC [18, Fig. 3]

The first step to design this GIC is to selecte how many currents should be provided by the current
source. In the first instance, 1 mA is chosen. To choose resistance Rs and voltage reference of the
GIC are some restrictions which are found in different paper, in the equation 6 of the paper [18]
appears the first restriction. The first restriction is the equation 11 of this document.

(10)
R, Rsensormax
VsatOp.Amp. > (1 + R_S) *Nn * Iref = (1 + —RS ) * IO
Where — R, = Rsensormax & Iref =1,

R *1

Ry > —SemsOrmax ” 0 (11)
VsatOp.Amp. —1Io

Where Viat, amp. IS the saturation voltage of the operational amplifiers of the GIC, Rsensoryqy 1S

the maximum value of the sensor resistance, which is placed in the same position of R,, and the
others variables are those shown in Figure 32. The second restriction is the equation 13 in [18],
and it is the equation 13 of this work.
Vs
R

atop.amp. _ R4— (12)

<
m «1, R

Smax Smax

Where >m=*Rs ~=Rs & Ry = Rsensormay

Vsatop_Amp_ - Rsensormax * 10

(13)

5max IO
The last restriction is obtained combining equation 12 and 13 such as is presented in equation 14.

Vsatop_Amp_ > Io * (Rsensormax - 1)

(14)

With above restrictions and the output current chosen is time to make the design. First of all,
knowing the maximum value of the sensor, that is of 100 kQ, this produce a maximum value of
100 V. Obviously this voltage is very huge to the power supply that are in the laboratory, the
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range of the values of the sensor resistance is decrease to from 0.5 kQ to 40 kQ and for that values
the restriction are as follows.

Vsatopamp. > 40V = Vsargy o = 45V
0.889Q < Rs < 5k - Rs = 4.7k (16)
Vies = Rs * I, = 4.7V (17)

The other resistors are selected using the tool of simulation OrCAD Capture to obtain values
which make the circuit works properly, but taking into account that Rs must have a high value to
assure good efficiency between the upper operational amplifier output current and the current
source [18]. With a R; with a resistance value of 47 kQ, this is because is close to the maximum
value of the resistance sensor, the value of resistances of R and R» have been modified to achieve,
in the lower values of the range, a properly behaviour of the GIC.

Before selecting the value of R; and R, the operational amplifier (Op. Amp.) of the GIC is
selected. In order to select the Op. Amp. the equation 15 is considered and, if it is possible, an
Op. Amp. with a small input offset current or with a high input resistance value should been
chosen. In this case, the Op. Amp. selected is the OPA454 by Texas Instruments which can
withstand from 10 V until 100 V of power voltage, and the input offset current can be up to 0.1
WA at 25 °C [19] which is an input offset current sufficiently low to the properly work of the GIC.

After the Op. Amp. to the GIC was selected, the schematic is created of the GIC in OrCAD
Capture with the PSpice models of components of the GIC. With the method above mentioned
the values of resistances of R; and R: are obtained, and these values are 3.3 kQ to both, as Figure
33 shows.

FARAMETERS:

reriable = 500

Figure 33: Results of simulation of GIC with the value of the sensor resistance equal to 5000Q

This design was not implemented because two reasons, it does not accomplish with the range laid
before of the values of the sensor resistance, which is from 500 Q to 100 kQ, besides this type of
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sensors only can dissipate 15 mW of power, and with this current in the worst case the sensor
dissipates 40 mW. Owing to this, the current supply was decreased until 0.1 mA, and the range
of the value of the resistance of the sensor was restored to the first values between 500 Q until
100 kQ. With this change all restrictions were recalculated with the following results.

v, >10 - V, = 15V (18)

atop.Amp. atop.Amp.

0.66Q < Rs < 50kQ — Rg = 33kQ = Vyop = Rg * I, = 3.3V (19)

For this design the value of resistances Ri, R, and Rs were not changed, because keeping these
values, in the lower part of the range of the values of the sensor resistance the design continues
working properly. Nevertheless the Op. Amp. of the design was changed by the OPA202 due to
this last Op. Amp. has less input offset current and less input offset voltage, which can be up to
150 pA and 200 uV respectively, and its supply voltage in single supply is from 4.5 V to 36 V
[20].

Once the current source is designed, it is time to design the Anderson loop. In this topology, the
differential voltage of the sensor resistance is subtracted to the differential voltage of a reference
resistor. Both are powered by the same current to obtain a voltage which only depends on the
variation of the sensor resistance, as equation 21 shows

(20)
Vo =A1xv; — Ay 1, =A1*Io*Rsen_A2*Io*Rref=Io*(A1*Rsen_A2*Rref)

If Rgen = Rseno *(1+a) & Ay * Rseno = Ay * Rref

Vo = I * A1 * Rgen, * @ (21)

But in this case the sensor resistance decreases its value, this produces a negative a and make that
the output voltage lead to a negative voltage, this makes that a negative power supply to the Op.
Amp., on account of this, in this design the value of the reference resistor is subtracted to the
value of the sensor. After this change in the Anderson loop the equations of the circuit are the
following.

(22)
Vo =A,%v, — Ay *vq :AZ*IO*Rref_Al*Io*Rsen:Io*(AZ*Rref_Al*Rsen)

If Rgen = Rseno *(1+a) & Aq * Rseno = A, * Rref

Vo = —Ip x Ay * Rseno *a (23)
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As it is indicated in equations 10 and 12 the sensor is placed in the position of R4 of the GIC, and
to the reference resistor has been place a characteristic of this GIC has been considered. This
characteristic is that R4 and Rs have powered by the same current because of the reference resistor
has been place in the position of Rs. The differential voltage of the reference resistor is currently
a single-ended voltage, due to this a differential voltage measure is not necessary in this case and
to apply the gain A; is only necessary to create a non-inverter amplifier which has been created
with the same Op. Amp. of the GIC (OPA202), with a gain between 1 to 4.5 which is controlled
by a potentiometer in the position of Ry in the circuit (Figure 34). The behaviour of the voltage
output of this circuit follows the equation 24 [21], for that reason the resistance selected to R2 has
a value of 1 kQ and the potentiometer R; position have a maximum value of 3.5 kQ.

Figure 34: Non-inverter amplifier

=R1+R2 (24)

Anon—inverter
R,

The differential voltage of the sensor has been measure with an instrumentation amplifier which
must have a small input bias current to the GIC continues working properly. For this reason, the
instrumentation amplifier selected to measure the differential voltage of the sensor is the INA188
with a maximum value of input bias current of 2.5 nA, and it is a Rail-to-Rail allowing a values
close to 0 V in the output [22].

the INA188 has been used to compose the active subtractor, mainly due to it is a Rail-to Rail
instrumentation amplifier, which is powered by the same voltage than all Op. Amp.

The last step of this design is to create a differential Low Pass Filter with a cut-off frequency close
to 50 Hz, because the sensor changes slowly, and the noise should be deleted by the grid circuit
in the measure. This design filter is created, in the software TINA by Texas Instrument for
drawing a schematic and using the tool to make the diagram bode, the behaviour of the filter in
differential mode and common mode has been studied. This filter has been designed following a
paper focus on the design of differential filters of first and second order. To simplify the filter,
and because is enough to this application, the filter is a first order passive filter. Using the
equations of the paper [23] the values to the filter are showed in the schematic of the Figure 35,
and this filter has a cut-off frequency of 48.04 Hz in both modes such as show the Figure 36.
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To zimulate differential mode put VG1 between R1 & R2
A2 1k To simulate common mode put VG1 between R1 & GND
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Figure 35: Schematic to get bode diagrams of the filter
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Figure 36: Bode diagram of common mode and differential mode of filter

The last step of this design to check that this works properly. All stages of the design are put
together in the same simulation in the software OrCAD Capture as Figure 37 shows. Results of
simulations are compared with the equation 23 to check the correct behaviour, and in Figure 38
can be observed the results are correct for the range of working. The range of the sensor resistance
can increase up to 300 kQ only growing the voltage which power Op. Amps. and instrumentation
amplifiers up to 36 V and growing the gain of the reference resistor amplifier.
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Figure 37: Schematic of design made in OrCAD Capture
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Figure 38: Results of simulation compared with the values of the equations of voltage output and current output of
GIC

3.2.2. Implementation

The layout of this design has been made using the same software than the voltage divider and
Wheatstone bridge design, that is Eagle 8.6.0 by Autodesk. As in the before design, the first step
is to make a design of the components which are not in any library. In this design, five components
are not in any library, these five components are the OPA202, the INA188, two different terminal
bocks that are going to be used, and the potentiometer.
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Figure 39: a & b) Model of the package of different block terminals. ¢) Model of the package of the INA188 and
OPA202. d) Model of the package of the potentiometer.

With all models of all necessaries components, the schematic of the design has been made. As
Figure 40 shows the block of two terminals is to power the heater of the sensor, and in the block
of four terminals are both voltage inputs (3.3 V and 15 V), the ground of the circuit, and the output
voltage. In the Figure 40 is indicated each stage of the design with different colours to make is
easy to understand.
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Based on this schematic, and with the same software, the layout of the design is made with two
layers.

.
@)

O i O

!
1,

Figure 41: Layout of Anderson loop design

Once the layout was made, the PCB is fabricated, and all components are welded by hand

obtaining the PCB of the Anderson loop design finished. Figure 42 shows the finally results of
the PCB of this design.

Figure 42: Both sides of the PCB of Anderson loop design

3.3.  Timer 555 and pseudo capacitance

This design is based on a paper [12], and it consists in creating a pseudo capacitance which has a
linear variation with the sensor resistance using a GIC explained in the section 1.2.3. With this

pseudo capacitance, the astable mode of a timer 555 is used to create a square signal whose
frequency depends on the sensor resistance.
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3.3.1. Timer 555

Timer 555 is an integrated circuit whose principal function is to create pulses of temporization
with a great precision, also it can be an oscillator as it has been used in this application. This
integrated circuit (IC) has three working modes, which are monostable, bistable and astable
modes [24].

+— Reset
Threshold

Control

Trigger

Discharge

3
Inverter [ Qutput

1
I7J7 7 Ground

Figure 43: Block diagram of 555 Timer IC

In this design only the astable mode has been used, and this mode consist on charging and
discharge a capacitor between 1/3 Vcc and 2/3 Vcc. The time of charge and discharge depends
on two resistances and a capacitor. To implement this mode is necessary use the circuit which is
presented Figure 10. In this design the capacitor “C” has been the GIC circuit simulating a
capacitor. The output signal of this circuit is a square wave whose frequency follows equation 5.

3.3.2. Design

The circuit presented in paper [12] has been rendered to study this mode of working, the timer
555 has been used as an integrated circuit, and the operational amplifier OPA202 compose the
Anderson loop design in the section 3.2. Another change between this design and the design of
the paper is the range of the sensor resistance, in the paper the range is between 0.5 kQ to 30 kQ,
but in this design is between 0.5 kQ to 100 kQ, changing the maximum output frequency which
is around 20 kHz following the equation 25.

_ 1.44 « Rsensor * RS
OUL T 3 %R, *C3 %R, * R,

(25)
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Figure 44: Design made in the paper [12, Fig. 3]

As it is a design from a paper, any simulation of it was not made. For this reason, the following
step of this design is to make the PCB with the paper’s design.

3.3.3. Implementation

The first step to the implementation is to choose all components necessaries to the design,
founded in the distributor have a package model all of them in the PCB design software which in
this case as in the above designs is the EAGLE 8.6.0. In this case, only is needed to create a
package model of a block of three terminals, all other components were made for using in the
other designs.

Figure 45: Package model of block of three terminals

Second step of the implementation is to create the schematic of the design in the EAGLE, because
this has been a route to follow when the layout of the design will be made. As it is shown in this
design the 555 timer selected is the TLC555 by Texas Instrument which has very low power
consumption [13] besides the TLC555 has the output maximum frequency 2 MHz which is
enough to this design. Moreover, in the block of figure 45 the three terminals are the input voltage,
the ground of the circuit and the output voltage of the circuit, and as similarly to the above design
the power of the heater of the sensor is separated from the others.
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Figure 46: Schematic of the 555 timer design

Once the schematic had been made, the layout of the PCB of the timer 555 design was created
based on this schematic.

Figure 47: Layout of PCB of 555 timer design

To finalize the implementation of the design, the PCB was routed, and all components were
welded by hand, obtaining the result, that is showed in the Figure 48.
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Figure 48: Final result of PCB with the 555 timer design

3.3.4. Problems

In this design, some problems were founded. First was that the voltage to power the Op. Amp.
and the timer 555 with the GIC were different in the design of the paper because of a
misunderstanding they are together in the design. This problem was solved separating both
sources cutting the power plane by the centre and welding a wire in the subplane which does not
have any terminal, as Figure 49 show.

Figure 49: Cut made in the power plane

With both power planes separates the following problem was that the integrated circuit TLC555
needs a minimum input voltage of 5 V, and in the paper a PSoC simulating the behaviour of a
timer 555 is used, whose input voltage is 3.3 V. This problem is easy to solve by increasing both
voltages, the voltage of the GIC and the TLC555 to 5 V and the voltage to power Op. Amps. to a
value greater than 6.043 V following the equation 2 of the paper [12], due to the value of the
voltage power to Op. Amps. selected is 10 V.

After these changes were made, other problem appeared, when the design was tested. If in the
position of the sensor are a resistor bigger than 80 kQ, a glitch appears in the output signal. For
example with a resistance of 82 kQ, the signal oscillates at 240 kHz during 70 ps, and after that
output signal does not oscillate during 36 us, and it starts to oscillate again during 70 us repeating
this process all the time. For this reason, this design has been redesigned.
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3.3.5. Redesign

This design should work, because is made with the equations given in the paper [12], this redesign
has been made with the help of the electronic simulation software. This design first was simulated
in OrCAD Capture, but in this simulator the behaviour of the TLC555 did not work properly
every time, because sometimes when the output signal is low the pin of discharge of the TLC555
did not make a short circuit with ground such as Figure 50 shows. Consequently the electronic
simulation software is changed by the Tina by Texas Instruments due to all integrated circuits that
are used in the design are from the same company, and this simulator has especial models to the
timer 555 of the company.

12. Bans
U(U9:0UTPUT) v U(R10:1)

Figure 50: Simulation where the discharge voltage (Red) do not go to ground when the output signal (blue) is low level

When a simulation with a value of the resistance sensor 82 kQ is made, the results confirm that
the circuit do not works properly, and that the equation 2 of the paper [12] is not correct to all
cases, because they only take into account the Op. Amp. of the GIC which have between its input
the gas sensor and the Rz to calculate this equation, but as Figure 51 shows the other Op. Amp has
in its output a value close to 10 V.

10.00 —

I I ! ! I ! |
100.00u 200.00u 300.00u 400.00u 500.00u 600.00

Timn (el

Figure 51: Simulation of the design with 82k as value of sensor resistance

The first test that was made to correct the error was changing the Rs by the Cs of the circuit of the
Figure 44, with this change the behaviour of the circuit should not change, due to the impedance
of the GIC did not change, as equation 3 shows. With this change, the output voltage of the Op.
Amps. decrease as Figure 52 shows, yet the frequency of the output signal is to high.
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Figure 52: Simulation of the design with Rs and Cs changed position and with the value of the sensor resistance as
82kn
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Figure 53: Simulation of modify design using 3 different values of sensor resistance

Figure 53 shows that the frequency of the output has increased very fast between the value of the
sensor resistance of 40 kQ to 50 kQ. That is corrected when the value of the capacitor Cs is grow
at the same time that the value of the Rs is grow too. Finally, the solution obtained is to change
the positions of C; and Rs and to grow their values until 33 nF and 15 kQ as Figure 54 shows.
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Figure 54: Final schematic of the timer 555 design

The last step is simulating different values of sensor resistance, to see if the design works properly,
Figure 55 shows that meanwhile the value of the resistor is lower 40 kQ, the output frequency has
the same behaviour than the equation. If the sensor resistance has a value greater than 40 kQ, the
frequency in lower in the simulation than the calculated by equation 25, this is due to that the Op.
Amps. have single supply but considering this error the design can be used.

— 7,00E+04
T 'Y
g 6,00E404 ®
g @ Simulation °®
O
I_?Lj 5,00E+04 @® Equation ®
5 ® Ps
2 4,00E+04 o o O O
>
o °
3,00E+04 .
e ® °
2,00E+04 g o
[ )
1,00E+04 ®
(]
°
0,00E+00 @
0 20000 40000 60000 80000 100000 120000 140000

Rsensor (Q)
Figure 55: Comparation of the simulation of the output frequency of the new design, with its equation

As before the design did not work properly, the new design is implemented in the same PCB that
the previous one. It was only needed to change two components with the same package model. In
this test was discovered that if the GIC and the TLC555 are powered by 5 V another glitch, which
is not in any simulation, appears as Figure 56 shows.
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Figure 56: Output signal and output voltage of Op. Amp.U2 of Figure 45 of new design when the GIC and the

TLC555 are powered by 5V, with value in the sensor resistance of 82kQ (left) and 100kQ (Right)

This glitch was avoided by increasing the voltage which powers the GIC and the TLC555.
Consequently, the voltage that power Op. Amps. was increased in order to Op. Amps. do not
saturate. This design starts to work properly when the voltage of GIC is greater than 6.1 V, as

Figure 57 shows.
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Figure 57: Output signal and output voltage of Op. Amp.U2 of Figure 45 of new design when the GIC and the

TLC555 are powered by 6.1V, with value in the sensor resistance of 82k (left) and 100k (Right)

Finally, the voltage to power the GIC and the TLC555 has been 9 V and the voltage to power the
Op. Amps. has been 15 V, because both voltages are standard voltages. With these voltages the

behaviour of the design is showed in the Figure 58.
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Figure 58: Real behaviour of the design

As Figure 58 shows the behaviour of the design is lineal with the sensor resistance between 500
Q to 40 kQ as the paper [12] shows. But when the sensor resistance is bigger than 40 kQ, the
output frequency is not enough to maintain the linearity of the system. This could be because of
two reasons: firstly, the Op. Amps. need negative voltage, and secondly Op. Amps. do not have
a linear response in this frequency. But although the linearity of the system is breaking in the
higher frequency response, the behaviour of this sensor can be represented with the equation
which is in the figure with an acceptable error.

3.4. Data acquisition system

To compare these different designs are needed any system to record the output signal of each
design, for this reason a digitalization of the output signal is needed. This digitalization of the
signal has been made with the integrated circuit ZSSC5101 in the beginning. This integrated
circuit is used as signal conditioner to magnetoresistances bridges, which are similar to the
Wheatstone bridge made with this kind of sensors. But the communications with this integrated
circuit was difficult and it could have been used only to the first design because it provides a
power voltage to the analog circuit of 5 V. If this circuit was used, it would needed to weld this
component to each design. For that reasons this integrated circuit was not used.

A system which does not need to be weld was looking for, besides this system must measure
voltages greater than 10 V because the Anderson loop design needs it. Furthermore, this system
must to have a sample rate greater than 50 kHz to measure properly the output signal of the timer
555 design. Taking all these terms into account, and looking for a cheap system, the Red Pitaya
STEMIab 125-14 board was selected. It is a board that is managed by a processor dual core ARM
cortex A9 inside of a FPGA Xilinx Zyng 7010 SoC, moreover it has two Analog to Digital
Converter (ADC) of 14 bit, which each one can work in two different ranges of voltage
measurements, one voltage range is between -1 V to 1 V with a minimal voltage sensitivity of
0.122 mV and, and the another is between -20 V to 20 V with a minimal voltage sensitivity of
2.44 mV [25]. These ADC are connected with a FIFO memory using the protocol AXI which
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write the FIFO when an trigger event occurs. These ADC can work with different sample rates
that Figure 60 shows [26].

POWER
SUPPLY
Ethernet
E WEW or WiFi POWER
Ethernet D U T
o out

Figure 59: Acquisition system used

Sampling Rate Time scale/length of a buffer
125 MS/s 131.072 us

15.6 MS/s 1.04% ms

1.9 MS/s 8.389 ms

122.0 MS/s 134.218 ms

15.2 kS/s 1.074 s

7.6 kS/s 8.590s

Figure 60: Sampling rates available to each ADC of the Red Pitaya board

Unfortunately. this board has a problem. The board works like an oscilloscope, which means that
ADCs write a memory buffer when a trigger event occurs. However, to use it in this project, this
board should work like continuous acquisition system. This problem was solved using the project
made by Nils Roos which made a new configuration of the FPGA to create new channel that
connects the ADC directly with the main memory, and to create a Direct Memory Access (DMA)
which is used to allow that user will be able to read the main memory [27]. This project was
created to the Operative System (OS) of Red Pitaya 0.92v or 0.94v but when the Red Pitaya
STEMIab 125-14 board was received it works with the OS of Red Pitaya 0.96v, for this reason in
a new microSD card the old OS was installed, this old OS was founded in the repositories of Red
Pitaya®. In this case the OS chosen was the version 0.94-RC8, all these OS are based on a linux
OS using the Linaro Proyect. Using this OS, and using software WinSCP, files given by Nils
Roos are copied into the memory of the Red Pitaya, these files are two, the first modify the FPGA
creating the changes previously indicated, which is stored in the folder ~/tmp, and the another file
is a program which can store in a file all data of ADCs or can create a communication TCP or
UDP with another computer and send all data through it like the user wants. The following step

3 http://downloads.redpitaya.com/downloads/
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is to modify the FPGA configuration using the first file, the software PuTTy was used to send
commands to the processor of the Red Pitaya board through an SSH communication and using
the following commands the FPGA is configurated to work as is wanted.

systemctl stop redpitaya nginx.service
cat ~/tmp/ddrdump.bit > /dev/xdevcfg
systemctl start redpitaya nginx.service

The program which creates the communication with another computer is knowing how execute
following the help of it that Figure 61 shows.

ault empty)

file -k 4 .—c:. 1 4 -f /tmp, T
Figure 61: Help of the program created by Nils Roos

This help command shows some different options of the program: how can be choose the input
channel of the board, or store the data into a file, among others. In this case a TCP communication
has been created with different sample rates depending on the design. All these data have been
read in another computer and stored in a file using different .vi in LabVIEW which are showed
in the Annex Il and the Annex I1l. Depending on the design, one .vi or another have been used.
The common part of these .vi are the TCP connection, the changing of type of data, because the
data received by the .vi are 16 bites signed integer in little endian ordering, but the data which are
in double precision format. Due to this a conversion is needed, to obtain the gain and the offset to
convert 16 bits data to double precision. The least square method [28, Ch. 14] was used to convert
data, creating two vectors with different voltages of reference measured, and following the
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equation 26. Where ‘a’ are the values of the conversion equation, X is a 2 x N matrix where the
first row are the values in 16-bit signed integer and the second row is full of ones, and the Y is a
vector with the value of the voltages of reference.

a=XTx(X*XT)1xy (26)

With this method, the equation to convert data in this case is the equation 27.

Datagoupe = 0.000722 x Data,gp;e + 0.2665 @7)

20

LS method
15| C  Reference voltage

Double precision format
=]

3 2 1 0 1 2 3
16 bit signed integer «10*

Figure 62: Graphic comparing the equation obtained with the reference points

After the conversion equation is getting, the sample rate to each topology is selected. The design
that has the timer 555 needs a sample rate bigger than 50 kS/s to avoid the aliasing effect, as the
Nyquist equation indicates. It is needed the double of the sample rate than the maximum
frequency, and in this case, the maximum frequency that can be created by the design is close to
25 kHz. For this reason, the sample rate chosen to this design is 122 kS/s, that means that the
decimation of the Red Pitaya board has been 1024 to obtain this sample rate. Consequently, the
command to execute the program in the Red Pitaya has been “./rp_remote_acquire -m 1 -a
192.168.10.101 -p 1234 -k 0 -c 0 -d 1024 --scope-HV”. Others designs have a very slow frequency
response, for this reason is not needed a fast sample rate, but this system does not send data to the
computer until the buffer of 16 kB is full. Therefore a frequency of 15.2 kS/s is chosen to get data
each second. But in the .vi a down sample of this data is created making an average of each 512
points. This make that the sampling rate of the data stored are 29.6875 S/s. the command to
execute in the Red Pitaya board the program necessary to these design is “./rp_remote_acquire -
m1-a192.168.10.101 -p 1234 -k 0 -c 0 -d 8192 --scope-HV”.

Due to each design works different a different .vi have been made. The first was the design which
has the timer 555, this circuit needs store all points because Fourier transform of different parts
of this signal has been made to know the main frequency of the signal, that depends on the
resistivity of the sensor. This resistivity depending directly on the concentration of the substance
that has been measured. Therefore, in this .vi all points measured are stored in .TDMS file which
is a file created by National Instruments in order to store high quantity of data. This file is easy to
convert to an Excel file and it is loadable in Matlab using a free library created by Jim Hokanson
too [29]. Moreover, a Fast Fourier Transform (FFT) of 1024 points is made in the program and it
is showed in a graphic as control tool that the system works properly. Furthermore, some metadata
about the measure is saved in the . TDMS file such as the sensor used or the temperature of the
measure, among others.
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Figure 63: User panel of .vi to the design with the timer 555

The other designs are very slow as it is mention above. in this case their .vi is similar to the other
.vi but the FFT is not in this one. Furthermore, a down sample is performed by the average of 512
point. All the data is stored in a . TDMS file as in the other .vi. The block diagram of both .vi are
in the Annex Il and in the Annex IIl.

Graph Channel 1 m |

2,5+
2,25-
-
1,754

file path
% C\Users\.._Sat\T652610_15m_2000ppm_Prueb2.tdms | =

Decimation Sensor

o 8192 TG52610

Ln
|

Amplitude

T s
&
|

075 Stop take data Temperature

STOP J, 23

0,5-1

(=]

Sample

Figure 64: User panel of .vi to designs with output voltage slow changes

As Figure 65 shows, to measure with all the designs, there are some steps to follow. Firstly, the
sensor needs be switching-on at least 24 hours, because it needs to be warmed up to a stable
temperature. Once the sensor has a stable temperature, a measure of air clean is taken because the
resistance can change for different factors such as the humidity or the ambient temperature, among
others. the following step is to start the measurement of sample during at least 3 minutes, because
this type of sensors are very slow, and they need some time to the sensor stabilizes. The last step
iS measure again air clean to the sensor goes to the rest state.
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4. Results

The results have been getted by two sensors: TGS2600 and TGS2610. These sensors react to
different substances, but some of these substances are the same for both sensors such as methane
or hydrogen, among others. Considering this characteristic, a substance which both sensors react
to it has been chosen to take the results, for this reason the substance chosen to measure is the
ethanol absolute of Scharlau which have a density of 0.79 g/cm3. Samples that have been
measured were made by creating a dissolution of this ethanol in water with different
concentrations between 500 mg/L up to 6000 mg/L of ethanol in water. The samples measured
were of 2 mL of each concentration, in different vials. When the sensor was put close of the
sample that vial was opened and the sensor was put into the vial, as Figure 66 show.

Figure 66: Position of the design when it is measuring a sample

One important data to each measure was the ambient temperature of the measure, this temperature
was measured using a digital thermometer TES-1302 with a thermocouple type K.

Figure 67: Complete gas sensor system working
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41. TGS2600

All these measures were taken with a temperature between 23 to 24 °C, the followings figure
shows how the output voltage changes with respect to time following the measurement process
described in the section 3.4.

Voltage divider TGS2600
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Figure 68:Voltage output of voltage divider design with the sensor TGS2600
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Figure 69: Voltage output of Wheatstone bridge design with the sensor TGS2600
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Figure 70: Voltage output of Anderson loop design with the sensor TGS2600

In the design with the timer 555 the output voltage is always in the same values, because is a
digital output, the important data in this design is the frequency of this output voltage, for this
reason the Figure 71 shows the output voltage during 2.1 ms when was measuring each sample
and the sensor resistance was stable.
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Figure 71: Voltage output of timer 555 design with the sensor TGS2600
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The  Figure 72 shows, in the timer 555 design, how the frequency of the output voltage change
depends on the sample measured, besides it shows how the output voltage of the others designs
changes depends on the sample measured too. In that figure it is confirmed the properly working
of each design, because all of them are able to detect different concentrations of ethanol in the air.

TGS2600
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Figure 72: Magnitude of output voltage measured versus the concentration of ethanol in each sample

Another magnitude which is able to be used to detect the quantity of the substance in the air is the
slope of the change of the output voltage when the sensor starts to measure a sample. However
this magnitude can not measure in the timer 555 design. In this case, slope measure is the straight-
line between the moment when the measure starts and the 60% of the slope, and another slope
measure is the straight-line between the 60% of the slope and 90% of the slope. Figure 73 shows
how obtain these slopes.

Measure
First slope
f Second slope
.f ® 0% of slope
i ®  §50% of slope
L . 90% of slope

Figure 73: How obtain slopes measured
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Slope of change in voltage divider with TGS2600
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Figure 74: Slopes of voltage divider design with the sensor TGS2600 where are markers in the 60% and 90% of each
slope
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Figure 75: Slopes of Wheatstone bridge design with the sensor TGS2600 where are markers in the 60% and 90% of
each slope
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Figure 77: Slopes versus Ethanol of each design with the sensor TGS2600

As Figure 77 shows, the slopes of the voltage divider and the Wheatstone bridge design have a
linear correspondence with the quantity of ethanol in the sample, especially the second slope of
both. However, the first slope of the Anderson loop design has a logarithmic shape, its second
slope the correspondence does not have any sense to use it.
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Below FFT of all designs are shown, these graphics show the noise in each design. One data to
consider is that the SNR of the ADC used is around 86.04 dB which was calculated using the

equation 28 [30], where N

is the number of bits of ADC.
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Figure 78: FFT of voltage output of voltage divider design with the sensor TGS2600
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Figure 79: FFT of voltage output of Wheatstone bridge design with the sensor TGS2600
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Figure 80: FFT of voltage output of Anderson loop design with the sensor TGS2600
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Figure 81: FFT of voltage output of timer 555 design with the sensor TGS2600

In the figures Figure 78, Figure 79 and Figure 80 the FFT are similar, they show the noise floor
cause by the ADC, but in the Wheatstone bridge close of 9.5 Hz has a peak power around -55
dB. This peak power is in the FFT of the voltage divider and in the Anderson loop too but it has
less power. In both cases it is around -80 dB. This peak power gets worse the measure taken,
because in this case the signal which is measuring is considering that is a DC level. Even though
this noise peak can be attenuated using a Low Pass Filter (LPF). In the case of the Figure 81, noise
is bigger than in the others, but that is because the voltage output is a digital signal, in other words
a square waveform. For this reason the odd-integer harmonics frequencies of the main frequency
of the signal have significant power.
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Power consumed

Design Air clean Sensor saturated
Voltage divisor & 1.35mW 2 28mW.
Wheatstone bridge ' '

Anderson loop 114.77mW 114.91mW
Timer 555 41.85mW 21.56mwW

Table 1: TGS2600 power consumed

In above table is shown power consumed by each design, where the heater resistance is not
considered to calculate on this power. The Anderson loop is the circuit which most power
consume. This is because the current selected is bigger than the current which flows through the
Voltage divider. Moreover, in the Anderson loop design and in the timer 555 design, the
conditioning stage is more complex than in the voltage divider and in the Wheatstone bridge,
where only passive components were used.

4.2. TGS2610

As with the sensor TGS2600, all these measures were taken with a temperature between 23 to 24
°C, and the followings figure shows how the output voltage changes with respect to time
following the measurement process described in the section 3.4.
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Figure 82: Voltage output of voltage divider design with the sensor TGS2610
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Figure 83: Voltage output of Wheatstone bridge design with the sensor TGS2610
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Figure 84: Voltage output of Anderson loop design with the sensor TGS2600
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Figure 85: Voltage output of timer 555 design with the sensor TGS2610
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Figure 86: Magnitude of output voltage measured versus the concentration of ethanol in each sample using the

TGS2610

The Figure 86 confirms that with the sensor TGS2610 all designs continues working properly. In
this case can be confirmed that the design with the timer 555 has a linear change in a range of
sensor resistance. This is because its shape of its results is similar to the shape of the result of the
Anderson loop design changing the magnitude which is measured and making a vertical mirror
in one of shapes.
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Slope of change in voltage divider with TGS2610
25 T T T T
X: 27.86 [ S S S U
Y2422
s X: 63.49
- Y: 1.968
2 P n —
y
X 4.817 /
Y:1.634 / X:17.58
= o Y: 1.539
roi L . .
g 8 X: 9.903 i I . X: 106.7
> Y: 1.281 - - . X: 108.
| R Y:1.227
| / RN L=
|‘I o ——
1 X 3368 o — 500 mglL | |
Y: 1107 X:16.88 ——1000 mg/L
R N Y:1.024 3000 mg/L
S T_ ,JJ —6000 mg/L
05 1 | I | I |
o 20 40 60 80 100 120

Time (s)

Figure 87: Slopes of voltage divider design with the sensor TGS2610 where are markers in the 60% and 90% of each

slope
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Figure 88: Slopes of Wheatstone bridge design with the sensor TGS2610 where are markers in the 60% and 90% of

each slope
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Figure 89: Slopes of Anderson loop design with the sensor TGS2610 where are markers in the 60% and 90% of each
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Figure 90: Slopes versus Ethanol of each design with the sensor TGS2610

Figure 90 shows how each design works if the magnitude measured are the slopes, but in these
graphs are different problems. First problem is the same than using the sensor TGS2600, which
is that the Anderson loop can not use the second slope to find the concentration of ethanol.
Another problem is in the voltage divider there is some slopes with high noise, as Figure 87 shows.
For this reason, the results obtained of this design are not correct. But taking into account that the
voltage divisor should has the same behaviour than the Wheatstone bridge, because the behaviour
of its output voltage is the same but in the Wheatstone bridge is deleted the offset voltage, could
be confirmed that with the slope of the change in the output voltage can be measured the quantity

of ethanol in a dissolution.
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Figure 91: FFT of voltage output of voltage divider design with the sensor TGS2610
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Figure 92: FFT of voltage output of Wheatstone bridge design with the sensor TGS2610
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Figure 94: FFT of voltage output of timer 555 design with the sensor TGS2610

The above figures have similar information than the FFT of the measure with the sensor
TGS2600. In Figure 91, Figure 92 and Figure 93 appear the floor noise created by the number of
bits of the ADC used, but in Wheatstone bridge appears noise close of 9.6 Hz with a power of -
54 dB. This peak of noise appears in the others two circuits but with lower power. In the voltage
divider it appears with a power of -77 dB. In the Anderson loop appears only in one measure with
a power of -75 dB. In contrast, in the FFT of the design with the timer 555 appears a higher noise
but this is because the type of the output. The odd-fundamental harmonics have high importance

in this FFT due to the voltage output is a square waveform, where the important data is the
fundamental frequency of the output voltage.
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Design
Voltage divisor &
Wheatstone bridge

Anderson loop

Timer 555

Power consumed
Air clean

1.275mW

119mW

50.67TmW

Table 2: TGS2610 power consumed
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Sensor saturated

2.015mwW
120.53mW

49.34mW

Last data obtained of each design was power consumed, without the heater sensor. With this
sensor the results were similar to the results obtained with the sensor TGS2600, and that are for
the same reason explained in the section 4.1.
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5. Conclusions and future works

Considering all results obtained, in the gas sensor type MOS, the type of the power in the heater
resistance only affects to the time of ready of the sensor, although in all cases this time is very
high (at least 24 hours recommended). Due to this the power to the heater recommended by the
author of this thesis is use or a continuous voltage or a square waveform, because these types of
power are the easiest of find to put to any circuit.

In the part of the sensor resistance, each circuit has benefits and problems, in the case of the
voltage divisor is the topology which less power consumption, and the noise is enough small to
obtain good results, this made to this topology, the best to implement in a portable device. The
Wheatstone bridge in this case is very difficult to implement using this type of sensor, due the big
range which can be the value of the resistance of the sensor, for this reason, this topology is not
recommended to use with this circuit. The Anderson loop have some benefits, as the output
voltage is linear dependent of the changes of the resistance sensor, and in the case of the design
made the resistance can have big range of values to the resistance sensor and can be redesigned
to has more than one sensor easily. But it is the design which has the higher power consumption,
and it needs at least two different voltage sources, for this reason is the topology recommended
to use in designs which are connected to the power in long time and it uses an array of sensors.
The last topology is which use the GIC with the timer 555, this is recommended to use it when
the voltage output can not be measured with a good ADC, because the voltage output of this
circuit is a digital output, and a controller can measure its frequency using a clock with higher
frequency than the voltage output, and a counter which count the cycles of the faster clock which
are in one cycle of the slower signal.

— Period —
| | Input Signal

I J
“Il ”H ”II l “en l | | | l | ”Il l "o Ill I ”I Internal Timebase

Figure 95: How measure a frequency of a signal with a fast clock [31]

A paper to the IEEE sensor journal is going to be written about the results obtained in this thesis,
this article is going to have as title ‘Comparations of different topologies to MOS-type gas sensor’.

The future works of this thesis is study different techniques of power in each topology studied,
such as the lock in technique [32], [33] among others, To try to improve the precision of the
measures.
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Annex I: Block diagram of the program developed in LabVIEW to
acquire signals for the heater resistance study of each sensor
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Annex Il: Block diagram of the program developed in LabVIEW
to acquire the signal of the voltage divider, Wheatstone bridge and

Anderson loop
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Annex I1I: Block diagram of the program developed in LabVIEW
to acquire the signal of the design with the timer 555
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