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Abstract

The objective of this thesis is to analyse and correct the effect of hysteresis in
micro-sensors. Hysteresis is a non-linear phenomenon commonly observed in
various physical systems. This hysteresis poses significant challenges for signal
modelling and system control. This thesis focuses on the identification, modelling
and mitigation of the hysteresis effect in a gas micro-sensor. The standard score is
used for normalisation. For filtering, we use wavelets with a filtering threshold and
a Savitzky-Golay filter. For curve modelling, sigmoids are used and for hysteresis
simulation a Taylor expansion is used. The model achieves good result. It cancel
the hysteresis effect on the trained data, with an MSE of 0.074.
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Introduction

Hysteresis is a phenomenon discovered in 1890 by the physicist Sir Alfred Edwing.
This phenomenon was initially studied in the context of magnetic hysteresis, but
also manifests itself in many other areas of physics such as the plasticity of materials,
friction, ferroelectricity and superconductivity. It was then developed in various
fields such as biology and economics.

Hysteresis represents the mismatch between the input excitation and the re-
sulting output, causing a non-linear, non-bijective and often complex relationship
between the two. This non-linearity complicates the modelling and prediction of
system behaviour, particularly in microsensors where accuracy is paramount.

Various methods have been developed in the last century and this one to model
the hysteresis effect. This is becoming increasingly well known and understood for
common hysteresis effects such as magnetic hysteresis or the hysteretic behaviour
of piezoelectrics. For the less analyze hysteresis effects, these are poorly modelled
and there is still much unknown about them.

This master’s thesis focuses on the analysis and correction of the hysteresis
effect in gas microsensors. The main objective is to develop robust methods for
identifying, modelling and mitigating this effect in order to improve the accuracy
of microsensors.



Chapter 1

State of Art

1.1 Hysteresis effect

The aim of this master’s thesis is to analyse and to model the effect of hysteresis in
a micro-sensor. The hysteresis effect appears in various physical phenomena,mainly
in the electrical and mechanical fields. The best known of these phenomena is
the magnetisation of ferromagnetic materials [4][5][22] but it is also found in other
ones like the plasticity of materials [24], the piezoelectric [6] and the supercon-
ductivity [2][9]. The hysteresis effect can be identified in a system which takes
as input an excitation signal (magnetic field, force, etc.) and returns as out-
put the input signal altered by the hysteresis effect. This effect causes non-linear
relationship between output and input, making its modelling complicated to realize.

The hysteresis effect in a system is defined by two characteristics, the memory
and the branching [5]. The memory is the capacity of the system to remember past
states of itself and to be influenced by them. The branching describes the ability
of the system to react differently when the input signal decreases or increases. In
other words, depending on the previous state of the system and the sign of the
derived input signal, the output value will take on different values. For example, in
the case of a ferromagnetic element, the flux density (B) does not vary linearly in
relation to the magnetic field (H) and varies differently when the magnetic field
increases or decreases, as shown in the figure 1.1.

This curve shown in the figure 1.1 is also known as the hysteresis loop or cycle.
This is because we are no longer dealing with a transfer function where, for a certain
value of the field H, we have a unique value of the flux density B. Here we have
several values of flux B possible for a single value of field H. These different values
depend on the memorization and the branching characteristics of the hysteresis
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effect.

We will describe this hysteresis effect step by step on this example. Initially,
before the magnetic field (H) is applied, the ferromagnetic material has no induced
magnetic flux (B). This starting point is represented by the point 0 in figure 1.1.
When the field H is increased, the element becomes charged (magnetised). This
charge is represented by the dotted line in blue, the curve between 0 and a. At a
certain value of applied magnetic field, the material reaches magnetic saturation
and the magnetic flux can no longer circulate and saturates (point a). If the
magnetic field (H) is reduced after saturation is reached, the magnetic flux (B) also
decreases, but it follows a different path than that of the field increase. It follows
the upper path of the curve from a to b. When the magnetic field (H) returns to
zero, the magnetic flux (point b) is not zero as it was initially (point O). There is
now a certain level of residual magnetic flux, represented by the offset in the curve.
This means that even when the magnetic field is null, the material retains some
residual magnetisation. Inversely, when the magnetic field increases starting from
the minimum value at point d, a residual magnetic flux is also detected on point e.
The light blue area represents thus all the possible values of the magnetic flux in
relation to the increase and decrease of the magnetic field.
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Figure 1.1: Diagram showing the magnetic hysteresis loop within a ferromagnetic
core. Image borrow from the publication "Electronics Tutorials - Magnetic Hys-
teresis" [4]
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1.2 Modelisation of hysteresis

Hysteresis is a fairly well-known phenomenon by now and several types of model
exist for the different types of hysteresis. The majority of these models have been
designed for the effect of hysteresis due to the magnetisation of ferromagnetic ma-
terials, the electrical charge of piezoelectric actuators or the strain energy density
in materials.

Modelling the effects of hysteresis is important, as it allows us to better un-
derstand the physical phenomena, to predict their behaviour and consequently to
better control the media where this effect is present [6][8][9].

Modelling hysteresis is not a straightforward task. The hysteresis effect is a
non-linear phenomenon that cannot be represented by a function. For this reason,
there are various models, each with different qualities depending on their use. We
will look at the different approaches and characteristics of these models.

1.2.1 Rate-Dependent and Rate-Independent hysteresis
model

A first way of differentiating models is according to the response of the model to
the input. There are two types:

Rate-independent The most basic models depend only on the magnitude of
the input and not its frequency. These models are called rate-independent and are
often used for low-frequency models. They are expressed as follows:

dy(t) , dx\\ dz
“a 9 (x,y,mgn (dt)) di (1.1)

Here the hysteresis model g(...) depends only on the magnitude of x and not on
its derivative. The most usual models are the Preisach model, the Prandtl-Ishlinskii
model and the Maxwell model.

Rate-dependent : Rate-dependent models take into account the frequency
of the input signal when parameterising the system. The shape of the hysteresis
curves therefore depends on the time derivative of the input. These models take
the following mathematical form:
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dy(t) de . dx\\ dx
WY _ 4 ) 1.2
dt g(dt’y’SIgn<dt>> dt (1.2)

This type of model is more complex than the Rate-Independent models. You
need a lot of data in the different frequencies to capture the full hysteresis behaviour.
However, this type of model is increasingly being studied and used because it is
much more accurate for high-frequency applications and is closer to reality.[3].

1.2.2 Phenomenological and Physical Models

There is also another way of differentiating hysteresis models into two categories
either by the physics behind the curve or by the behaviour of the hysteresis. In the
case of a physical model, this is based on the equations that attempts to describe
the physics behind the phenomenon. Whereas a phenomenological model simply
tries to fit a curve onto the experimental values of the hysteresis without really
explaining it. Figure 1.2 categorizes the different existing models following the
criteria described here above.
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Figure 1.2: Chart of different existing hysteresis models, image borrowed from the
paper [6]

1.2.3 Asymmetry, Pinching and Inversible

The four other main characteristics of the models are asymmetry, pinching, degra-
dation and inversibility. They will be described briefly:

Asymmetry : Most basic models focus on hysteresis that is symmetrical with
respect to the origin (as in magnetisation phenomenon) or with respect to the
y = x line (as in elasticity phenomenon). An asymmetric hysteresis can be seen in
figure 1.3. For the rest of the hysteresis curves, most are not symmetrical, such as
piezoceramic [8].

Pinching : Pinching is the flattening or crushing of the hysteresis curve, usually
in its most linear part (as shown in figure 1.4). This gives an hysteresis curve
more of a "lobe" shape than an S shape. This type of hysteresis is often found in
memristors [28].
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Degradation The degradation effect in hysteresis refers to a drift in the hys-
teresis curve caused by cycling or reaching saturation. This drift can create either
a linear shift or a rotational change in the hysteresis loop [3].

Inversibility : The inversibility of a model is essential to compensate the
hysteresis effect and control such a system[6][8][9][11]. Models are mathematical
expressions which are not all invertible or very difficult to invert.
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Figure 1.3: Asymmetrical characteris- Figure 1.4: Pinching characteristic of
tic of hysteresis hysteresis

Figure 1.5: Characteristics of hysteresis, image borrowed from the paper (3]

1.2.4 Data-driven and model-driven

There are two approaches to the hysteresis effect, either a model approach or a
data approach [3]. The model-driven approach consists of choosing a model based
on the shape of the experimental data and then identifying the model parameters
using these data. For this approach, the choice of model is crucial and must have
the key hysteresis factors.

In the data-driven approach, a mathematically universal model is trained using
a convergence method [26]. Data is a much more important factor for this type of
model.

With the emergence of machine learning and deep learning algorithms, the
data-driven approach has become more interesting. Indeed, using neural network
techniques [7] or support vector machine techniques [27], it has been shown that it
is possible to simulate correctly an hysteresis.

7
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1.3 Hysteresis model

There is a large number of hysteresis models. We will briefly review the most
commonly used without aiming to build an exhaustive list.

1.3.1 Prandtl-Ishlinskii

The Prandtl-Ishlinskii model is one of the most widely used models for simulating
magnetic hysteresis. The great advantage of this model is its invertibility [17]. In
fact, this model assembles several linear mathematical expressions into a non-linear
function. These expressions are called [9] operators and there are two of them:

o the play operator :

FrJz(t)] = max (min (z(t) + i, Fr,[x(te-1)]) , x(t) — 13) (1.3)
with the initial condition :
F,[2(0)] = max (min (x(0) + r;, Mo) , x(0) — ;) (1.4)
Where

x(t) is the input signal
r; is the operator threshold
ti the time step

M, the initial condition

o the stop operator :

Fr[z(t)] = min (r;, max (—r;, () — 2(0) + F., [x(tx—1)])) (1.5)

with its initial condition :

Fr.[£(0)] = min (r;, max (—r;, My)) (1.6)

These two operators are assembled by each other by weighted addition:

TOED WMD) (1.7)

where p; is the weight for the operator with a threshold 7;.
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By stacking different operators with different thresholds r; and weights p;, this
model is able to recreate the non-linear behaviour of hysteresis. This function
is easily invertible, making it very interesting for the purpose of compensating
for a system subject to hysteresis. The basic model is symmetrical, although
asymmetrical variants exist. Similarly, the basic model is rate-independent but
rate-independent variants exist [18][19].

1.3.2 Duhem model

Duhem’s model is widely used for modelling hysteresis with little known physical
phenomena (‘black box’)[22]. The great advantage of this model is that it has a
clear mathematical expression and that an appropriate adjustment of the model
parameters can accurately reflect the various non-linearity of the hysteresis [20].
Its general form is expressed as follows :

y(t) = fx(t), u(t))g(a(t)) (1.8)

where:
y(t) is the output,
x(t) is the state vector variable,
u(t) is the input signal,
f and g are functions that describe the system’s behavior.

This model is fairly general. Everything depends on the form of f and the
parameters we give it. For asymmetry, all you need is an asymmetric f function.
For rate-dependence, all you need is @(t) in the state vector of the f function [21].

1.3.3 Artificial Intelligence (AI) and Machine learning model

There are more and more models using various Al and machine learning techniques.
Most of these are added to an existing model.

The Particle swarm optimization algorithm is used to optimise a Duhem
model [12].

In machine learning, a hysteresis Duhem model has also been developed in a
neural system, allowing the weight of the neural network to be linked to the
parameter of the Duhem model [13].

The same applies to a Prandtl-Ishlinskii model and a [14] neural network.

9
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In deep learning, a neural model that has been successfully applied to rate-
dependent and rate-independent hysteresis is the Elman neural network

(ENN).

A convolution neural network (CNN) has also been tried for hysteresis mod-
elling [16].

There are lots of different Al and machine learning techniques. They generally give
a better result than classical models but require a high volume of data.

10



Chapter 2

Problem statement

2.1 Context and objective

This master’s thesis is being carried out with VOCSens. VOCSens is a company
developing a new micro-sensor technology: ‘CMOSEnvi. The aim of this technol-
ogy is to measure the presence and concentration of different gases with a single
micro-sensor. To measure the concentration of these different gases, VOCSens uses
different chemiresistive materials such as rGO-PEI to measure CO,, PAni:PSS-
MWCNT-Fe to measure C'O or PPy for ammonia. In our case, the hysteresis effect
was observed on the ammonia sensor.

These chemiresistive materials give a resistance value and these are converted
into concentration by this formula R;i—fo. R is the resistance of the sensor and R
is the resistance of the sensor at 20°C and 50% relative humidity. As the values of
Ry are not available for now, the values will be expressed in terms of resistance
(Ohm) and not concentration (%) throughout this master thesis.

The ammonia micro-sensor is therefore a chemiresistive gas sensor composed
of a gas-sensitive conductive polypyrrole polymer (PPy). This polymer has been
modified to be more sensitive to ammonia. It is deposited as a thin film, ideally less
than 1 pm thick, completely covering interdigitated electrodes. The gas absorption
process on this surface, although complex, can be simplified: the gas molecules
form hydrogen bridges with the polymer surface.

When a target gas comes into contact with the sensitive material, it inter-
acts with the surface, causing chemical reactions such as adsorption (where gas
molecules bind to the surface) and, in some cases, redox (reduction-oxidation)
reactions with ions present on the surface. These interactions modify the concentra-

11
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tion of charge carriers (electrons or holes) in the material. For example, reducing
gases (such as CO) supply electrons, thereby increasing the concentration of free
electrons and reducing the resistance of the material. On the other hand, oxidising
gases (such as NOy) capture electrons, reducing the concentration of free electrons
and increasing resistance. Modelling this physical phenomenon is quite complicated.

The aim of this master thesis is to study and understand this hysteresis effect.
Indeed, during tests in a climatic chamber, an hysteresis effect caused by the
temperature and the relative humidity of the resistance of the micro-sensor has
been detected. The first step is to determine how temperature and relative humidity
affect the resistance behaviour. Based on this result, we modelize the hysteresis
effect and finally we look after solutions for counteracting the effect. Given that
the hysteresis effect in the sensor is a new problem, the possible solutions are not
yet known.

2.2 Data and Analysis

For this analysis, I was provided with data sets from two experiments carried
out in a climatic chamber. In these experiments, only two parameters change,
temperature and relative humidity. The composition of the air inside the climatic
chamber is not modified, f.i. no other gases are added to the air. The result is the
evolution of the value of the electrical resistance of the micro-sensor during each of
the experiments.

In the first experiment, six temperature steps were tested, each of five Celsius
degrees, between twenty-five and fifty Celsius degrees. Each step lasts for six hours.
During each step, the humidity rises and falls in steps, giving the shape of an
‘Aztec’ pyramid, as shown in figure 2.1. The rate of change of relative humidity is
around 5% per minute. The abscissa is expressed in mm-dd hours.

For the second experiment, they used the same parameters in the climate
chamber as for the first. This time, the humidity did not rise and fall in steps but
in a constant manner, giving a triangle shape signal. The relative humidity and
temperature parameters are displayed on the graph 2.2. This time the changes in
humidity are slower, of the order of 0.6 % per minute

12
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Figure 2.1: Temperature and relative humidity parameters for the first experiment
inside the climatic chamber
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Figure 2.2: Temperature and relative humidity parameters for the second experi-
ment inside the climatic chamber
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The variation in resistance of one of the micro-sensors during the second experi-
ment can be seen on the graph 2.3. You can see that the resistance value is influenced
by temperature and relative humidity but the effect of hysteresis is not really visible.

1.4+
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1.01

Resistance (MQ)

0.6 1
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11-28 12 11-28 18 11-29 00 11-29 06 11-29 12 11-29 18 11-30 00 11-30 06
Time (mm-dd hh)

Figure 2.3: Hysteresis effect on the micro-sensor for the second test

If we now plot the resistance as a function of relative humidity and temperature,
we obtain this figure 2.4

14
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2.2. DATA AND ANALYSIS
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Figure 2.4: Hysteresis effect on the micro-sensor for the second test

On figure 2.4 we can see the hysteresis effect. There are several different output
value paths depending on the sign of the input signal derivative. The effect is most
visible on a video showing the evolution of the resistance with time. This video is
available HERE!. Similar hysteresis curves are obtained for the first experiment,
which can be seen in the appendix 6.2.

We start the analysis with the shape of the hysteresis and its behaviour. The
first step is to define the parameters of the hysteresis system. In the experiments,
for each period of 6 hours, the temperature is fixed and the relative humidity

thttps://youtu.be/5NH7nt8qhUU
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changes. The temperature will be a state parameter of the system and will not
change as a function of time. Humidity will be our system input signal. We will
therefore have a time-invariant system and each modelling of the system will be
done at a constant temperature.

Assumption 1 The temperature is time-invariant, leading to the following system:

y(t) = f(T.y(t — 1), h(t), h(t), sign(h(t)) (2.1)
where,
y(t) is the the resistance of the micro-sensor
T s the constant temperature
y(t — 1) is the previous value of the resistance

h(t) is the relative humidity varying with time

Next, we need to determine whether the system is influenced by the frequency
of the input signal. For both experiments, the humidity changes very slowly. We
assume that the frequency is low and that our system is Rate-Independent. This
gives us :

Assumption 2 The system is Rate-Indenpendant :

y(t) = f((T,y(t — 1), h(t), sign(h(t)) (2.2)

For the shape of the hysteresis, we are dealing with a pinched and asymmetric
hysteresis. Before 70%, the hysteresis curve is flat and thin. After 70%, the
resistance decreases and plunges asymptotically. On the way back (humidity goes
back down), the hysteresis takes a different, wider path, creating a lobe.

For asymmetry, it depends on how we represent our hysteresis. In the case of
relative humidity, this is expressed as a percentage. It ranges from 0 to 100 %. If
we now decide that, hypothetically, our hysteresis goes from -100% to 100%, we
would have a ‘phantom’ part to our hysteresis in the negative domain of the x-axis.
This phantom part would be the symmetrical image of the positive part. Figure
2.5 represents a schematic view of a potential symmetrical hysteresis in our case.
The case of symmetry or non-symmetry is therefore ignored.

16
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Figure 2.5: Symmetrical representation of hysteresis

When the hysteresis curve returns (the relative humidity drops again), it tends
towards a resistance value that is slightly different from the starting value. This
type of phenomenon can be likened to ageing or degradation. We don’t know
whether this phenomenon comes from the hysteresis or from another part of the
micro-sensor. To facilitate initial modelling, this degradation will be neglected.

Assumption 3 The degradation is neglected.

We concentrate now on the influence of the parameters on the hysteresis
curve. The first thing we can determine is the shift in hysteresis as a function
of temperature. For a relative humidity of less than 70%, the resistance of the
micro-sensor is considered constant. This constant decreases almost linearly with
temperature. It is assumed that the constant depends only on temperature and
not on relative humidity.

Assumption 4 The horizontal asymptote (H,) depends only on temperature and
follows this relationship with temperature.

y(t) = Ha(T) + g(T, y(t — 1), h(t), sign(h(?)) (2.3)

with,
Ha(T> = @HaT + bHa (24)

and,
lim y(t) = Ha(T) (2.5)

17
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Then, at relative humidity levels above 70%-75%, the resistance begins to
decrease. The value at which this inflection occurs is fixed and depends on neither
temperature nor relative humidity. We will call this value the decreasing point of
our model (P,r).

Assumption 5 The decreasing point does not depend on relative humidity or
temperature and is therefore constant.

Py = Constant (2.6)

Finally, as the humidity increases and passes a certain threshold (85%-90%),
it decreases steadily. The slope of this oblique asymptote (O,) seems to depend
solely on temperature. The greater the temperature, the smaller the slope. This
leads to a new hypothesis :

Assumption 6 At around 100 relative humidity, the curve tends asymptotically
(obliquely) as a function of temperature.

Jim (4(0) = (@0.T + bou)) = 0 (2.7

2.3 Model Characterization

When relative humidity increases, the path is almost always the same. So when
relative humidity falls, the path seems to depend very much on the initial relative
humidity (the start of the descent). For the rest, we assume that there are two
different expressions of the path, one for the upward path and one for the downward
path.

Assumption 7 The parameter value of the hysteresis system depends on the sign

of the derivative

The aim of this thesis is therefore to cancel out this hysteresis effect. The model
must not be invertible but predictive. Indeed, we have access to the value of the
hysteresis thanks to the value of the resistance. We need to be able to predict the
next value of hysteresis as a function of temperature, previous state and relative
humidity and subtract this prediction from the value of our resistance with the
objective to have a minimal error..

18
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Assumption 8 The absolute difference between the resistance value and its pre-
diction should be as close as possible to zero.

~

Err=1ly(t) —y()] =0 (2.9)

To continue further the hysteresis analysis, the data must be cleaned. In the
next chapter, we’ll look at filtering and slicing the data. Then, in another chapter,
we will apply various methods to model the hysteresis. Finally, we will discuss the
results.

19



Chapter 3

Data analysis and processing

In this chapter, we concentrate on the processing of the data. For good modelling,
we need clean, non-intrusive data. In fact, data processing is important to improve
the information in the data and to obtain better quality models. We need to remove
spurious data and reduce noise in the data. As mentioned in the previous chapter,
two experiments were carried out. This gives us two sets of data. The raw data
can be found in the appendix 6.2.

During the experiments, eight sensors were placed in the climate chamber but
only three worked correctly. These three sensors are #102, #107 and #108. On
each sensor, there are eight channels of measurements. As shown on the raw data
in appendix 6.2, all these channels did not work correctly and did not give valid
measurements. In total, with the three selected sensors, resistance measurements
from ten channels are valid.

For the analysis of the data, we concentrate on experiment 2 because it provides
continuous data which makes it easier to understand and to model the hysteresis
effect. Indeed, in the first experiment, as the temperature and humidity change in
steps, clouds of points are obtained for a certain temperature and relative humidity:.
Whereas in the second experiment, the continuous change in relative humidity
gives a continuous change in sensors resistance. Therefore we use experiment 2 for
modelling and experiment 1 for validation of the model.

3.1 Normalization

First, we need to align the data from the various micro-sensors with each other.
For each channel of each sensor, the value of the initial resistance is different, as
shown in Figure 3.1.

20



CHAPTER 3. DATA ANALYSIS AND 3.1. NORMALIZATION
PROCESSING
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Figure 3.1: Resistance evolution for each sensor

To bring all the resistance measurements down to a consistent set of values,
we’ll apply a normalisation process to the data. There are various methods for
performing this standardisation. We test several of them and select the best one.

3.1.1 Min-max normalization

A first normalisation technique is to use the min-max normalization [29] method.
This method is expressed as follows:

A min(x) (3.1)

max(x) — min(x)

Where x is the resistance measurement of one of the sensor’s channels. Using
this formula, we first subtract from each measurement value, the minimum value of
the data set to reduce the data offset, then we divide by the total range of sensor’s
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channels resistance values. All resulting data 2’ are thus in the interval between 0
and 1. Figure 3.2 shows the results of the formula when applied to the data.

1.04 —— Capteur 102 #1
—— Capteur 102 #2
—— Capteur 102 #3
08 | —— Capteur 107 #1
_ —— Capteur 107 #2
78' —— Capteur 107 #3
£ —— Capteur 107 #4
4 067 —— Capteur 108 #1
ﬁ Capteur 108 #2
3 Capteur 108 #3
2 0.4+
@©
£
-
o
=
0.2 1
0.0 1
0 10 20 30 40
Time (h)

Figure 3.2: Min-max normalization

For high resistors, the resistance values match well. However, for low resistors,
there is a shift in the resistance values.

3.1.2 Mean normalization

This second way of normalising is very similar to the first. Instead of subtracting
the minimum value from the data, we subtract the average value:
r — mean(x)

T = (3.2)

max(x) — min(x)

After applying the formula to the sensors resistance values, we obtain the figure 3.3
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Figure 3.3: Mean normalization

The data are a little closer together, but the gap is still large for low resistances.
Subtracting x by the mean and not by the minimum value creates a smaller offset.
The average takes into account the whole dataset and not just one (minimum)
value of the data.

3.1.3 Standard score

The last standardisation tested is the Standard score. For this standardisation,
we use the same formula than for the Mean normalization but we divide by the
standard deviation of the dataset in place of the difference between the maximum
and minimum value of x. The results 2’ are again either positive or negative in an
interval that varies following the dataset values.

oo mean(x)
= ot (3.3)

This gives us figure 3.4.
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Figure 3.4: Standard score normalisation

The standard score gives the best result. There is yet a small offset between
the different data but the offset is almost constant for any level of resistance. This
level of standardisation is satisfactory. For the remainder of this thesis, we use thus
data normalised by the standard score.

3.2 Filtering

Once the data have been normalised, we now need to filter them to enhance the
quality of the information conveyed by the signal. The data comes from 3 mea-
surements: resistance (output), temperature (system state) and humidity (input).
Each of these 3 measurements will be filtered differently.

Resistance : For resistance measurements, there is much more ripple than for
the other measurements. This can be seen in figure 3.5. We need to determine
whether these are normal system response or noise. As we know that the tempera-
ture doesn’t change and that the relative humidity changes slowly, we conclude
that the system response, which depends on the input, also changes slowly. We
conclude that our signal is in the low frequency range and that some noise has
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been added.
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Figure 3.5: Zoom on resistance values with no filtering

Temperature : The temperature is not filtered out. In fact, when the tem-
perature is constant, it doesn’t vary more than +/-0.3 degrees Celsius. It will be
therefore considered as constant during modelling, and only the average will be
used. Consequently, it is not useful to filter it.

Humidity : Humidity is given with a resolution of 1. It does not have a
decimal point, as can be seen in figure 3.6. A filter is used to smooth the signal.
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Figure 3.6: Zoom on relative humidity data with no filtering

For the rest of this section, we look at two filter methods and we evaluate the
quality of these filters on the experimental data.

3.2.1 Savitzky-Golay filter

The first method is the use of a Savitzky-Golay filter. The Savitzky-Golay filter is
a digital filter used to smooth the data. It reduces ripples while maintaining the
shape of the signal. The Savitzky-Golay filter behaves like a moving average. For
each of the points, a moving average takes the average of a certain number of its
neighbouring points.

Instead of taking an average, we take a polynom of degree n over the neighbouring
points. A moving average is in fact a specific case of a Savitzky-Golay filter where
the degree of the polynom is 1. This filter uses two parameters, the number
of neighbouring points and the degree of the polynomial. After trying different
parameters, a window of 30 neighbouring points and a polynomial of degree 5 gave
the best filter as shown in figure 3.7.
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Figure 3.7: Resistance before and after the Savitzky-Golay filter, with the windows
w = 30 and the polynom n = 5

And for humidity, we used the same parameters, giving this figure 3.8.
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Figure 3.8: Relative humidity before and after the Savitzky-Golay filter, with the
windows w = 30 and the polynom n = 5
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We want a filter that smoothes the data as much as possible without changing
the shape of the filter. In the figure 3.7, there are still ripples on the top of the
signal. We’d like something perfectly smooth at the top. To achieve this, we’ll look
at another method, Wavelets.

3.2.2 Wavelet

Data can also be smoothed using another technique, called Wavelets. Wavelets
are a signal processing method that can be used to replace the Fourier transform
for analysing complex signals. Unlike the Fourier transform, which uses sines and
cosines to represent frequencies, the wavelet uses finite wave functions that start
and end at zero. Wavelets can accurately capture local variations in the signal at
different frequency scales because of this characteristic.

The ability of wavelets to provide a selective low-pass filter is a key advantage, as
it allows only high-frequency components with significant amplitude to be retained.
This helps to retain the overall shape of the signal while suppressing the small
amplitude variations that can be caused by noise. For the wavelet filter, we used a
level 5 decomposition and 16-coefficient Daubechies wavelets (‘db8’). The threshold
values are different between the two signals. The result of applying the wavelet
filter can be seen for resistance in figure 3.9 and relative humidity in figure 3.10.
To see the effect of thresholds on coefficients, they are shown in the appendix 6.2.
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Figure 3.9: Resistance before and after the wavelet filter, with a level 5 of decom-
position and array threshold = [0,4,2,30,30]
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Figure 3.10: Relative humidity before and after the wavelet filter, with a level 5 of
decomposition and array threshold = [0,0.05,0.05,0.05,10]

For the resistance, the wavelets give us a very good result. We manage to
smooth out the small and large ripples while keeping the original shape of the
signal. For humidity, the Savitzky-Golay filter gives better results. In fact, we can
see from the figure that the wavelets filter tends to cut the shape of the signal short.
Based on this shape criterion, we will use the wavelet filter for channel resistance
and the Savitzky-Golay filter for relative humidity.

If we take our figure 2.4 and apply the Wavelet and Savitzky-Golay filters, we

get figure 3.11 :
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Figure 3.11: Hysteresis effect in the resistance of the micro-captor, filter by the
wavelet and the Savitzky-Golay

3.3 Data split

For this last stage, we need to remove the parasitic data. You can see in figure 2.1
and figure 2.2 that the start and end data are very messy. In addition, between
each temperature step, the climate chamber has difficulty keeping the relative
humidity constant. As the analysis is carried out at constant temperature, the

data are separated for each sensor by temperature step.
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Chapter 4

Methodology

Up to now we've identified and defined the characteristics of the hysteresis that
describes the behaviour of our system. We have also cleaned up the data. We move
now to the modelling step. In our case, the physical cause and explanation of the
phenomenon is unknown. Indeed, as seen in chapter 2, the physical operation of
the sensor is fairly complex and cannot be described in equation form. Therefore
we consider it to be a black box. The shape of the hysteresis is known but not its
exact expression. For our modelling, a model-driven approach is used for which
there are various methods in the literature.

The first model that has been tested is the Prandtl-Inslinskii. This model
consists of stacking different linear operators (play and stop operator) which
together create a non-linear system. This model is often used in the literature
[9][11]. It has the advantage of being invertible, making it possible to improve the
control of systems under the effect of hysteresis. After matching the model, it failed
to converge towards the curve. In fact, this model can only simulate S-shaped
hysteresis as it is designed to work correctly on magnetic hysteresis. This method
is thus put aside and the modelling effort concentrates on mathematical function
that describe the shape of the hysteresis.

4.1 Sigmoid function

For the second approach, I have tried to describe hysteresis is by mathematical
functions. For mathematical expression, the best candidates are sigmoid functions.
These curves tend towards a horizontal asymptote at * = +o00 and * = —oo,
often between y = —1 and y = 1 or between y = 0 and y = 1. They also have
an inflection point which is generally at the origin. There are several types of
mathematical expression for sigmoids, as shown in figure 4.1.
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Figure 4.1: Representation of various sigmoids, image borrowed from Wikipedia :
https://en.wikipedia.org/wiki/Sigmoid_function

4.1.1 Modelisation of Sigmoid

A sigmoid model needs to be selected. The general form of hysteresis is known but
its exact form is not. We need a model that can take various amplitudes. For this,
the Richardson curve seems a good choice :

K—-A

flz)=A+ (C+Qxc by

(4.1)

where
A is the left asymptote
K and C are parameters for the right asymptote
Q is related to the inflexion point
b is the growth rate
v is symmetric growth parameter

This equation has many parameters. This allows greater freedom of shape for
the curve and therefore a better fit. But the problem with too many parameters is
the risk of not converging quickly enough toward a solution when fitting.
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To make the function fit our problem, the assumptions made in Chapter 2 needs
to be applied.

The first assumption Al is that the resistance changes as a function of the
relative humidity and that the temperature is only a parameter of the system :
K- A
(C 4 Q * e~ bh(H)=ho) v

y(h(t)) = A+ (4.2)

where
h(t) is the input signal, the relative humidity
ho is the shift operator of or model

The next assumption we apply is A4: when z tends towards —oo, f(t) tends towards
a horizontal asymptote. This asymptote depends on the temperature H,(7T) :

K — H,(T)
T CT Qw0

(4.3)

The next assumption we consider is A6: f(¢) has an oblique asymptote at
around 100% relative humidity. This means that the inflection point of the sigmoid
must be at 100% relative humidity. To achieve this, the second derivative must be
equal to 0 at this point. The first thing to do is to set x¢g = 100 :

K — Ha(T>
(C’ + Q * e—b(h(t)—IOO))v

y(h(t), T) = Ha(T) + (4.4)

Then we have the second derivative :
y”(h(t), T) — bQQvef%(h(t)fE')O) (H . K) (Qefb(h(t)floo) + C)fv72<cebh(t) . QU€100b>

y"(100,T) = b*Que™ ™ (H — K)(Q + C)""*(C' = Qu)e!™ =0
(4.5)

For the second derivative to cancel, either ) = —C or C' = Quv. In the S-shaped
configuration, Q and C are positive. The first solution is therefore not possible.
We will use the second one by replacing ) by % :

K — Ha(T)

y(h(t),T) = Ho(T) + Cv(1+ % x e b(A(D)—100) )

(4.6)
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The problem with this formula is that the parameters K and C have the same
role. They both define the value towards which the horizontal asymptote tends
in +00. We want the parameter K to be the value that defined the horizontal
asymptote in +00. We will replace K as a function of L :

lim y(h(t),T) = Ha(T) + K-HD _, (4.7)
h(t)—+o0 Cv
Which gives us :
K =C"L - H,(T))+ H,(T) (4.8)

and in the main equation :

CY(L — H,\(T))

y(h(8), T) = Ha(T) + C(1 + L % e bh-100))0 9
The term C" cancels out and gives:
(L — Ha(1))
y(h(t),T) = Ha(T) + (1+ L # e bAO-100))0 (4.10)

The last assumption to take into account for the mathematical model is A7.
Our hysteresis has two forms, one when the derivative of humidity is negative and
one when it is positive:

L —Ha(T -
o y1 = Ho(T) + (H%ielfbﬂh((t)z)loonvlv if G >=0
y(h(t), T, sign(h(t)) = Y (Lo— Ha(T)

. (4.11)
Yo = Ho(T) + (1.;,_%*6*172%(0*)100))”2’ if % <0

This sigmoid function gives the relationship between the resistance and the
relative humidity, the temperature and the sign of the derivative of the relative
humidity. We now need to incorporate the memory dependence factor in our
system.

4.1.2 Taylor expansion

As stated in Chapter 1, hysteresis is not a mathematical function. We have a
function that describes the curve of the hysteresis but now we need an algorithm
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that simulates the complete hysteresis cycle.

Under the assumption A2, we have that y(t) depends on the past response,
the temperature, the relative humidity and the sign of the derivative of relative
humidity. The past response needs thus to be integrated into our model. The rest
of this section is heavily inspired by the article [5].

Our model is of the rate-independent type A2. Consequently, our sigmoid
function depends only on the sign of the derivative and not on the amplitude of
the derivative. This allows us to write our problem in this differential form :

dy  dydh

4 dhd (4.12)

Where

dzfd—g) is the time evolution of the resistance,

dy

o 1s the slope of the sigmoid curve,

dh

< 1s the time evolution of humidity.

In fact, we are still using a rate-independent model because our j—% factor does
not depend on the signal derivative but only on the value of h(t). The change
dy(t)

in resistance as a function of time =7= is equal to the change in humidity as a
d

function of time % along the 5 curve.

What is important to know is not the rate of change of the resistance y but the
amount of change in the resistance y as a function of a change in humidity. A new
assumption based on Maxwell’s relations is therefore needed. We consider that our
model can be separated into two terms, one that reacts to a change in humidity
and one that reacts to a change in temperature :

Assumption 9 The differentiable model of the hysteresis is expressed in two terms:

dy dy
dy=|-=| dh dTr 4.13
/ (dh>T " (dT>h 19

In our case, as the temperature is constant, the dT" temperature is 0. The

Z—Z is therefore the derivative of the sigmoid for a constant temperature.

Therefore the following expression :

term (
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dy
dy=|-21| d 4.14
Y ( lh) h ( )

The sigmoid curve describes thus the evolution of the resistance as a function
of a small change in humidity. For very small shifts, the first derivation of the
slope is enough to find the next point. In our case, the smallest known displace-
ment of the relative humidity is 1 %, since the resolution of the relative humidity is 1.

To move along the curve, we need to choose a way of predicting the next point,
based on the current relative humidity. In this thesis, we propose to perform
a Taylor expansion for the calculation of the next point. Although this Taylor
algorithm is not mentioned in the reference literature, it seems to be a good choice
for the accuracy of the result. We therefore perform a Taylor expansion around
the current relative humidity to predict the next point :

fla) = fla)+ DD T Eal Ao

Xdf(x —a) (z—a)" (4.15)
B = da" n!
with © = h(t) and a = h(t — 1) :
& dy(h(t — 1)) (h(t) —h(t —1))" X dy(h(t — 1)) (AR)"
y(hD) = n; dhn (1) nl - n; dhn(t)  nl
= (bt = 1)) + o/ (bt — 1D)AR + 5 (h(e — 1) B2 (4.16)
(Ah)" |

+ .+ y™(h(t - 1))

n!

Using a Taylor expansion of a function is used, it’s not necessary to apply a chain
rule : we are working around the point h(t) and not with the function of time. It
would give the same result because, if we did it as a function of time, we would find
our humidity value for that time in the second term of our chain rule. For the ini-
tial condition, this is the evaluation of the resistance for the initial relative humidity.

For the simulation, the first three derivatives have been taken :

(4.17)

e—b(h—100)\ ~17v
y'(h) = be "h=100(1, — H) (1 + >

v
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b2v2(eb(h—100) _1)(H-1L)
L+ M)U (1 + veb(h—100)>2

y"(h) = ( (4.18)

bY(L — H)? (v -+ ve (=100 — (3y 4 1)ebh=100))

"

y (h) = —b(h—100) v B 3 (419)
((67 + 1) ) (1 + veb(h=100))

(%

The 4th derivative becomes too complex and adds very little precision. Calcu-
lating the accuracy and error depends on the point at which the approximation is
applied. A visual assessment should be enough to confirm this.

At this point, the resistance of the past y(t — 1) is integrated in our model. To
be complete, the function of the forward path y; and the function of the return

path ys needs to be matched at the change of sign of %(tt).

4.1.3 Matching

The last part of the model is the crossing of the two functions. In fact, when taking
the return path, the second curve y, must start again from the point where the
forward function ¥, arrived. As the parameters b, and v, are kept for matching
the curve to the data. The parameter L, is used for forcing the crossing :

U1 (hcross) = Y2 (hcross)

(Ln — Ha(T))
H,o(T) + (14 L s g b1(heross—=100) o1 = Ha(T) +
U1

(Ly — H,(T))
(1 + i *k e_bQ(thoss—].OO))’UQ

Wlth Al = (1 + i * e—bl(hcross—loo))’ul and A2 — (1 + % % e_bZ(hcross—IOO))U27

(Ll - Ha(T)) (L2 - Ha(T))

1, A,
A Ay
I, =L, (A1> n (1 _ A1> H.(T)

(4.20)

L, is replaced in the equation 4.11.
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4.2 description of the hysteresis model

We’'ll see how our model responds to a simple function before fitting it to the
data. For the first test, a sinusoidal signal 4.2 with a period of 4800 seconds and a
triangular signal 4.3 with a period of 9600 seconds are used. Both signals start at
a relative humidity of 20%. The relative humidity rises to a maximum of 95% and
then falls back to the starting value.
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Figure 4.2: Sine wave Figure 4.3: Triangle wave

Figure 4.4: Two input signals with different frequencies, a sinusoidal signal with a
period of 4800 s and a triangular signal with a period of 9600 s
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The result of the algorithm with the two signals 4.4 gives the figure 4.5. In blue
we have the result of the algorithm for the sine wave function 4.2 and in dotted
orange the result for the triangle wave function 4.3. It doesn’t matter what the
shape or frequency of the input signal is, only the amplitude has an impact on the
result. In terms of accuracy, the figure 4.6 shows a zoom on the start and return
of the hysteresis. The accuracy is of 0.1%. This deviation is due to the Taylor
series approximation but the precision is good and justifies taking only the first 3

derivatives for the Taylor series.
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Figure 4.5: Result of the algorithm for two different input signals with H = 2, =

—6,b1 = 0.5,b2 = 0.3,1}1 = 0.8,U2 =0.8
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Figure 4.6: Zoom in on the start and return of hysteresis

Finally, for the last test, an input signal similar to that in Experiment 2 (see
figure 4.7) is used. Figure 4.8 and Figure 4.9 show the results of our model for this
input signal. This corresponds to the analysis carried out in Chapter 2. The shift in
hysteresis at low relative humidity is not due to the accuracy of the approximation
but to the speed of convergence of the return path towards the horizontal asymptote.
In the next chapter, we apply our model to the experimental data and determine
the parameters of our model.
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0.3,u1 = 0.8,u9 = 0.8
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Result

The mathematical model being built, we need to determine now the parameters of
the model. To fit the model to the data, the Levenberg-Marquardt algorithm is
used. This algorithm minimises the least squares of non-linear problems [33] which
is perfectly suited to this problem.

Concerning the data, we have two experiments results. The first with a step
change in humidity and the second with a continuous change in humidity. Due to
the gradual change in humidity in the second experiment, the resistance changes
continuously also. For training the model, the data from experiment 2 are thus
easier to use because, with continuity, the model is easier to fit to the data. For this
experiment 2, we have 6 temperature levels for 10 sensors. This gives 60 sub-sets
of data.

5.1 Parametrization

The first results can be seen in figure 5.1 and figure 5.2. The first figure shows the
best result obtained, so with the smallest mean squared error (MSE) (Err = 0.144)
and the second figure shows the worst result obtained with the largest MSE
(Err =5.12).
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Figure 5.1: Best fit of the hysteresis model (channel = 102-33-1, T" = 49.789°C,
H = —1.253,L = —4.416, b; = 0.098, by = 0.165, v; = 8.035 ,uy = 1.123) with an
error of 2.5 x 107° (MSE)
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Figure 5.2: Worst fit of the hysteresis model (channel = 102-33-3, T' = 24.315°C,
H = —-1.7L = —147.626, by = 1.717, by = 0.055, v; = 0.313 ,uy = 563.642) with an
error of 0.97 %« 10~ (MSE)
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To determine the influence of the parameters in the sigmoid equation, the
relations between them are identified by the correlation matrix 5.3.

Correlation Matrix
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Delta Y
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0.00

Features
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b2
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vl

—0.50

-0.75

Err

T Delta ¥ H L bl b2 vl V2 Err
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Figure 5.3: Correlation matrix of the parameters T, Delta Y, Err and the model
coefficients

where
T is the temperature (mean per split)
AY is the spread between the largest and smallest resistance values.

H, L, by, by, vy, vy are parameter of the model
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Err is the sum of square error of the model on the filtered data

This matrix shows the links between the different parameters and state variables
of the model. The strongest link is between the temperature and the parame-
ter H,(T). Indeed, the variation of the parameter H,(7) as a function of the
temperature is shown in the figure 5.4

1.5
1.0 J
2 051
4 8
=
[\F]
S 0.0
* Q
_0.5 -
q
o
107 o H
RANSAC regressor ll
T T T T T T
25 30 35 40 45 50

Temperature (°C)

Figure 5.4: RANSAC approximation of the coefficient H,(T")

This relationship is not exactly linear, contrary to what is supposed in A4.
We apply the RANSAC (Random sample consensus) method to approximate our
function. The RANSAC method is used because it approximates a function on
the closest points and ignores the most distant points (i.e. the outliners that are
excluded) [34]. It is a non-deterministic alogrithm and needs to be rerun several
times until a satisfactory approximation is obtained. In our case, there are no
outliners between H,(7T) and the temperature. The following relationship is found :

H,(T) = 0.00147T% — 0.223T + 6.2845 (5.1)

This approximation by a quadratic function only works for the interior values
of the estimate. In fact, the true function of H,(T) is of the form -5. A simple
quadratic function is used in this thesis because a more precise function requires a

wider range of temperatures than the one used in the experiments.
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In the correlation matrix above, two other major correlations are observed
: one between the temperature and the error and one between the temperature
and the factor b;. As far as the error is concerned, the figure 5.5 shows that the
error is large for the low temperatures and even larger for the lowest temperatures.
Determining the cause is not straightforward, as we don’t know whether it’s the
model that doesn’t work very well at low temperatures or whether the data is of
poorer quality at low temperatures. If we compare figure 5.2 and figure 5.1 which
are respectively showing data obtained at T' = 24.315°C' and T' = 49.789°C, there
are more variation in the data of 5.2. But it is also known that the MSE of the
result of figure 5.2 is the worst one.

5] @ —— Mean Error
4_
L]
— 37
5
=
L

T T
25 30 35 40 45 50
Temperature (*C)

Figure 5.5: Sum of square error of the model fit to the data for each temperature

The second correlation is between temperature and the coefficient b;. In the
correlation matrix, this parameter b; is also correlated with H,(T"), which is
normal because both are linked by temperature. Figure 5.6 shows the coefficients
b, as a function of temperature and the original channel. This relationship is
less discernible. Indeed, for certain channels, the b; coefficient is quite volatile.
Excluding the extreme values, only the values of the b; coefficients between 0.7 and
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2.0 are kept. The figure 5.7 shows the results of the application of the RANSAC
algorithm with this range of values. The following relationship for the coefficient b,

is then deducted:

by (T) = 0.000778T2 — 0.087T + 3.386
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Figure 5.6: Coeflicient by for each channel and temperature
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Figure 5.7: Average and RANSAC approximation of b; coefficients
Next, I decided to re-run the model while imposing the value of the coefficient
by following the formula 5.2 for reducing its volatility. H,(T) is not fixed because

it is stable and fixing it could prevent a better solution. Imposing the coefficient b,
increases the error when fitting the model, as shown in figure 5.8.
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Figure 5.8: Sum square error of the model fit to the data for each temperature for
the re-run

For the rest of the parameterization, all the fits with an MSE error greater than
10 are removed. The number of data sub-sets decreases then from 60 to 39.

A new correlation matrix is also obtained and shown in figure 5.9.
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Figure 5.9: Correlation matrix of the parameters T, Delta Y, Err and the model
coefficients for the re-run

On this matrix, a significant relationship between v, and the temperature

appears. The variation of v, as a function of the temperature is shown on figure
5.10.
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Figure 5.10: RANSAC approximation of the coefficient v,

In the same way as above, the RANSAC algorithm is applied for finding a
correct fit. A polynomial of degree 4 was chosen for a better representation of the
curve, following the formula :

vy(T) = 0.00517T* — 0.885T" + 56.4997* — 1595.089T + 16802.37 (5.3)

The problem of this function is that it is a polynom that can variate unexpectedly
out of the considered interval of temperature . The shape of the curve is a decreasing
exponential. A new fit of this type gives the following formula that is more exact:

vy (T) = 7 037(1'=40) 4 9 5 (5.4)

The same process is applied to all other parameters of the model.

For vy the result is shown in figure 5.11.
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Figure 5.11: RANSAC approximation of the coefficient v,

And the following relationship is found:

vi(T) = 0.00278T + 0.0352 (5.5)

For L, the result is shown in figure 5.12 :
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Figure 5.12: RANSAC approximation of the coefficient L
And the following relationship is found:

L=—4772 (5.6)

And finally for by, the result is shown in figure 5.13.
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Figure 5.13: RANSAC approximation of the coefficient b,

And the following relationship is found:

by(T) = 0.00067T + 0.039 (5.7)

5.2 Model confirmation

Finally, we analyse the reaction of the model for a complete humidity signal, for
the 6 temperature steps. This implies that we are no longer temperature invariant
and that we need to modify our model slightly. We return to equation 4.13. For

the term that changes as a function of temperature, we replace it with the function
H.(T) :

dy = (ﬁ)T dh + Hy(T) (5.8)

The term g—z which is expressed by the Taylor expansion remains the same

except that the initial condition is no longer the resistance but the difference
between the measured resistance and H, (7).
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The model being complete, the figure 5.14 shows the evolution of the model
for the entire humidity signal from experiment 2. Overall, the model’s response
matches correctly the shape of the data. It conforms to expectations.
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Figure 5.14: Result of the model for the relative humidity of experiment 2 and a
channel resistance signal during this one

In figure 5.15 the difference between the response of our model and the raw
micro-sensor data, is plotted. The MSE of has a value of 0.0769. There are still a
few small peaks but the signal remains close to 0 overall. This is convincing and
validates our model.
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Figure 5.15: Subtraction of the model from all the resistance signals in experiment
1

To complete the validation of our model, our model is applied on the humidity
values of experiment 1 and compared with the raw micro-sensor data of this exper-
iment. The evolution of the resistance value can be seen in figure 5.16.

96



CHAPTER 5. RESULT 5.2.

MODEL CONFIRMATION

Resistance (/)
(=]

—— Ending
Raw data

0 10 20 30 40
Time (hours)

50 60

Figure 5.16: Result of the model for the relative humidity of experiment 1 and a

channel resistance signal during this one

To obtain this result, the relation for v; has been changed to :

v (T) = 0.00034 * T + 0.0842 (5.9)

This shows that the model lacks robustness, probably because of the low number of
data sets and the diversity of the signal between the two experiments. The model
works well for low temperatures and less so for high temperatures. However, the

model can fit correctly the curves.

Finally, the difference between the model result and the raw data is shown on figure
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Chapter 6

Discussion

The hysteresis effect has been analysed and modelled even if the parameterization is
not yet complete. Indeed, more experiments than realized were planned originally.
This is due to issues with the climatic chamber in which the experiments are
conducted. More experiments data sets would have allowed to better determine
the behaviour of certain coefficients in the model and to improve the robustness of
the model.

The special feature of this thesis is the use of a Taylor expansion to simulate
a rate-dependent hysteresis. As the sigmoid curve describes the path of the
hysteresis, we follow this curve with small approximate steps. It offers a simple and
efficient way for matching the experiments data. However, we must take care of a
potential inconvenient when, for many small relative humidity steps, the model
could accumulate inaccuracy. This has not been met in our thesis up to now.

6.1 Assumption

In this section, the efficiency and value of the assumptions are evaluated:

A1 : The assumption that the temperature is time invariant was useful for
modelling the hysteresis curve even if it is finally out of date. Indeed, under the
new assumption 9 and in the model used for the section 5.2 our model is no longer
temperature invariant.

A2 : To find out whether our model is Rate-Independent or Rate-Dependent,
we need to carry out experiments with variations in relative humidity of different
frequencies. It was planned to carry out experiments but the experiments data sets
are not available for now.
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A3 : To find out if there is degradation, we also need to do an experiment
with a constant temperature and relative humidity in the climate chamber. This
experiment was also planned but not available for now.

A4 : The hypothesis that the horizontal asymptote H, depends on temperature
is verified by the result in Figure 5.14. However, the relationship with temperature
is not linear but quadratic. The best approximation for this function is a decreasing
exponential or a function of the form %

A5 : The decrease point is difficult to calculate. Indeed, with the lack of
precision in the coefficients equations, this point is not precise enough. A more
robust model would be needed to confirm this hypothesis.

A6 : The assumption that hysteresis is flat at 100% relative humidity was
useful for defining and constraining the mathematical model. It could plunge
exponentially or tend towards a vertical asymptote at 100% relative humidity. An
experiment would be needed to verify the truth of this hypothesis, but it would
be complicated as reaching 100% relative humidity in a climate chamber is almost
impossible. The one used in our lab is limited to 95%.

AT : The fact that our hysteresis is expressed by two curves, a return curve
and a forward curve, is worth checking. We have different coefficients for the
functions y; and y5. One avenue to explore is to use other types of function. For
high temperatures, the return path is quite slow when changing resistance, as can
be seen in figure 5.2. Choosing a different function for each way (upward and
downward) will also allow more precision in the slope of the return path.

A8 : This assumption which mentions that the absolute difference between the
raw data and the model must be equal to 0 is rather an objective. This is respected
and demonstrated in the section 5.2.

A9 : The expression in two terms is correct and used to the end. For the
term Z—Z, it’s our Taylor expression and for the term % it’s the derivative along

the curve H,(T) as expressed on the equation 5.8 For the temperature term, new
experiments would allow to be more precise in the approximation of the H, curve.
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6.2

Further research

Several areas for improvement were not part of the scope of this thesis and can be
considered as way to enrich and improve the model:

Data As mentioned above, increasing the amount of data will increase the
robustness of the model. In addition, more experience with different relative
humidity and temperature changes will improve also the model. However, we
are limited by the number of experiments. The experiments take a long time
to run (over 40 hours) but a limited number (10-12) would greatly increase
the robustness of the model.

Other Sigmoid function

During the thesis, only one sigmoid was used. As mentioned above for the
assumption 7 ;| we could use other sigmoid models as well as other functions
and evaluate their performance.

Machine Learning

The machine learning track could be interesting, more and more scientific
articles use machine learning algorithms to analyse and simulate hysteresis
as seen in section 1.3.3 . If we manage to accumulate a lot of data, this could
be a very interesting avenue.

Memristor

The hysteresis analysed in this brief is pinched. A pinched hysteresis effect is
also observed in Memristors. The advantage is that the differential equations
are known for these [28]. We could adapt them and test them on our case.
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Conclusion

This thesis explored the analysis and correction of the hysteresis effect in gas
micro-sensors, a major challenge in the field of measurement and control systems.
Hysteresis, as a non-linear phenomenon, creates significant difficulties for modelling
and predicting system behaviour, particularly when accuracy is essential.

In addressing this problem, we have developed and implemented robust methods
for the identification, modelling and mitigation of hysteresis.

The quality of the data used for modelling has been improved by the use of
data processing techniques:

— Standard score normalisation,

— Wavelet and Savitzky-Golay filtering.
A significant reduction in the hysteresis effect has been achieved by the
application of modelling approaches:

— Richardson type of sigmoid,

— Taylor expansion for the simulation of consecutive values.

The result is a good fit of the model on the experiment data with a mean square
error (MSE) of 0.074 on the training data.

The results obtained demonstrate the effectiveness of the proposed hysteresis
compensation methodology. This approach is not only applicable to gas microsen-
sors, but can also be generalised to other types of sensors and applications, opening
up new prospects for improving the accuracy of measurement systems in various

fields.

However, further work is needed to confirm the robustness and generalization
of these methods under a variety of conditions and with different types of sensors.
Further research in this area could include the exploration of new modelling tech-
niques based on machine learning and artificial intelligence, which could offer even
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better solutions for hysteresis compensation.

In conclusion, this research makes a contribution to the understanding and
correction of the hysteresis effect in gas microsensors, offering practical and effective
solutions for improving the accuracy and reliability of measurement systems. Future
developments in this important area of electromechanical engineering are identified
for improving yet the acuracy and precision.
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Apendix

Appendix A : raw data
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Figure 6.1: 1-4 channel of sensor #102 for the first experiment
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Figure 6.2: 5-8 channel of sensor #102 for the first experiment
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Figure 6.3: 1-4 channel of sensor #107 for the first experiment
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Figure 6.4: 5-8 channel of sensor #107 for the first experiment
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Figure 6.5: 1-4 channel of sensor #108 for the first experiment
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Figure 6.6: 5-8 channel of sensor #108 for the first experiment
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Figure 6.7: 1-4 channel of sensor #102 for the second experiment
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Figure 6.8: 5-8 channel of sensor #102 for the second experiment
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Figure 6.9: 1-4 channel of sensor #107 for the second experiment
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Figure 6.10:

5-8 channel of sensor #107 for the second experiment
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Figure 6.12: 5-8 channel of sensor #108 for the second experiment
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Appendix B : Hysteresis curve experience 1

1.0
0.9

0.8

o
~J

Resistance (MQ)

o
w

0.4+

0.3+

o
o

il
11
T RN
il"l .
R |
Thans? . '
|:| I"| . :li‘!;'l: LT
1hpes ITTS
v x .Ille -
. ) AR v, !i
! RN X N II
L I 3 [ T Y | [ ---||||;- .;.‘.
.“!..
L Ly
[ R Vi . I
Ceng,,
BAY e ewigga, . e ___T_'“_ .|=| |
e,
30 40 50 60 70 80 90

Relative humidity (%)

Figure 6.13: Hysteresis curve for the first experience
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Appendix C : Threshold

Filter coefficents details of wavelet decomposition for the humidity signal
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Figure 6.14: Coefficient threshold of the humidity wavelet filter
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Filter coefficents details of wavelet decomposition for the resistance signal
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Figure 6.15: Coeflicient threshold of the resistance wavelet filter
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