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Samenvatting

Een specifieke klasse vloeistoffen wordt beschreven door niet-lineaire ver-
gelijkingen die buiten de context vallen van de Newtoniaanse vloeistofme-
chanica, die nogal wat (lokale) lineaire parametereigenschappen veronder-
stelt:

• homogeniteit,

• causaliteit,

• herhaalbaarheid,

• constante parameters in tijd en ruimte,

• lineaire dynamica, enz.

Modelleren en regelen van een niet-Newtoniaanse vloeistof dynami-
sche omgeving heeft een vrij groot aantal interdisciplinaire toepassingen.
Nauwkeurige karakterisering van de eigenschappen van dit type vloeistof-
dynamica is van fundamenteel belang op gebieden zoals:

• voorspellingen van klimaatverandering,

• analyse van bloedeigenschappen,

• dynamica van grondwater transportsystemen,

• positionering van deeltjes in elektromagnetisch aangedreven vloei-
stoffen (productie van vloeibaar staal),

• nano-sensor geleiding voor structurele veranderingen in arteriële
bloedwanden,

• navigatie van onbemande onderwatertuigen in water- en ijsmengsels
voor verschillende opmetingen (petroleumlekken, vervuilingsgraad,
in kaart brengen van de oceaanbodem, enz.).

De meeste eigenschappen van niet-Newtoniaanse vloeistoffen overlap-
pen met die van visco-elastische materialen, zoals polymeren, longweefsel,
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gel-achtige substanties, rubber, enz. Specifieke eigenschappen zoals ge-
heugen, kruip en schuifspanning volgen Newton’s klassieke wet van dyna-
mische viscositeit niet. Ze kunnen gekarakteriseerd worden door combi-
naties van machtswetten met exponentiële functies. Dit zijn niet-rationele
uitdrukkingen van gecombineerde niet-lineaire effecten in materiaalkruip
en -rek en ze staan voor een veralgemening van differentiaalvergelijkingen
van gehele orde naar differentiaalvergelijkingen van fractionele orde.

Veralgemeende-orde vergelijkingen zijn krachtige wiskundige hulpmid-
delen die uit fractionele calculus voortkomen en met succes geïntroduceerd
werden in technische en interdisciplinaire toepassingsgebieden. Tot nu toe
blijft het gebruik van fractionele calculus tools voor het modelleren en re-
gelen van niet-Newtoniaanse omgevingen zeer beperkt en de meeste theo-
retische ontwikkelingen bouwen verder op de bekende, volwassen, klassieke
Newtoniaanse theorie.

In deze verhandeling worden de huidige beperkingen die opduiken bij
het modelleren en regelen van niet-Newtoniaanse vloeistofdynamica on-
derzocht teneinde originele oplossingen te vinden om de overvloed aan toe-
passingen die hierin worden beschreven aan te pakken. Het proefschrift
richt zich op het uitbreiden van de modellering van niet-Newtoniaanse
vloeistofdynamica voorbij de stand van het huidig onderzoek, met veel-
belovende resultaten die geboekt worden door het gebruik van fractionele
wiskunde. Veralgemeende contextbewuste concepten op basis van fractio-
nele calculus theorie worden gebruikt voor industrieel geschikte oplossin-
gen in het kader van Industrie 4.0-paradigma’s.

Naast nieuwe niet-Newtoniaanse modelontwikkeling en experimentele
studies omtrent de invloed van variërende parameters op verschillende
fractionele-orde modellen, bevat het proefschrift ook relevante casestudies
en waarnemingen.

Het proefschrift krijgt een strategische en industriële connotatie, beli-
chaamd door meerdere casestudies geïnspireerd door concepten rond ge-
richte medicijnafgifte:

• positioneren van een duikboot in een niet-Newtoniaanse, op bloed
lijkende vloeistof,

• modelleren en regelen van het vloeibaar staal debiet in de continu-
gieterij van ArcelorMittal te Gent en

• ConSigma fabricage van pillen in farmaceutische processen.

Verder bestaat het fysieke resultaat van het proefschrift uit het ontwerp
en de bouw van een contextbewuste, zeer veelzijdige experimentele proef-
opstelling, die een goedkope, laagdrempelige en leerzame oplossing biedt
voor de problematiek van modellering, identificatie en regeling van ob-
jecten in niet-Newtoniaanse vloeistoffen. De opstelling is bedoeld als een
toegankelijk hulpmiddel die een systematische analyse van het dynamisch
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gedrag van zwevende objecten in niet-Newtoniaanse vloeistoffen mogelijk
maakt. Dankzij het pragmatisch en schaalbaar ontwerp kan deze opstel-
ling op een eenvoudige manier herbouwd worden teneinde een veelvoud
aan toepassingen die verband houden met niet-Newtoniaanse vloeistof-
stroming te analyseren.

Het proefschrift is opgebouwd uit 9 hoofdstukken, gericht op diverse
aspecten van de niet-Newtoniaanse vloeistofstroming.

Hoofdstuk 1 situeert het hoofdonderwerp van het proefschrift in de
algemene onderzoekscontext, met betrekking tot de stand van het onder-
zoek. De belangrijkste doelstellingen, persoonlijke bijdragen en innova-
tieve resultaten zijn opgenomen om de lezer kennis te laten maken met de
huidige uitdagingen en beperkingen van niet-Newtoniaans gericht onder-
zoek en met de voorgestelde originele oplossingen.

Het volgende hoofdstuk 2, presenteert de relevante wiskundige achter-
grond van fractionele calculus. De voordelen van dit krachtig hulpmiddel
worden toegelicht voor zowel modellering als regeling. Er wordt aange-
toond dat fractionele-orde modellen complexe dynamica omvatten binnen
een transfertfunctie, met een verminderd aantal parameters maar met
een grotere veelzijdigheid om complexe fenomenen vast te leggen. Dit
rechtvaardigt de onderzoekshypothese dat niet-Newtoniaanse vloeistoffen
van nature via hun specifieke eigenschappen het gebruik van fractionele-
calculus tools vereisen. Verder wordt ook fractionele-orde regeling geana-
lyseerd en de toegevoegde waarde ten opzichte van klassieke gehele-orde
regelaars wordt aangetoond door middel van performantie, stabiliteit en
intrinsieke robuustheid. De meest populaire afstellingsprocedures worden
kort gepresenteerd als startpunt voor de regelstrategieën die verder in dit
proefschrift worden gebruikt.

Niet-Newtoniaanse vloeistofstroming wordt kort geïntroduceerd in
Hoofdstuk 3. Verschillen tussen Newtoniaanse en niet-Newtoniaanse dy-
namica worden geïllustreerd, waarbij de bevindingen van Hoofdstuk 2
worden gelinkt aan de complexe dynamica aanwezig in dit soort vloeistof-
fen. Een beknopte classificatie die relevant is voor het huidige proefschrift
wordt gepresenteerd, gebaseerd op tijdsafhankelijke en -onafhankelijke
criteria. Algemene Navier-Stokes vergelijkingen worden voorgesteld, die
veelvuldig worden gebruikt bij het modelleren van niet-Newtoniaanse ge-
relateerde verschijnselen. Van het eerder genoemde model wordt een
fractionele-orde veralgemening uitgevoerd met behulp van snelheidspro-
fielen in de pijpleiding, waarbij ook rekening wordt gehouden met opvoer-
hoogteverlies door wrijving. Het resultaat is een theoretisch kader voor
het modelleren van snelheidsprofielen en zwevende (infinitesimale) objec-
ten in een niet-Newtoniaanse vloeistofomgeving, met behulp van frac-
tionele constitutieve vergelijkingen voor snelheidsprofielen en stroming.
Deze theoretische analyse wordt uitgevoerd onder veronderstelling van
stabiele en pulserende stromingsomstandigheden, met onsamendrukbare
eigenschappen.
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Hoofdstuk 4 presenteert contextbewuste regelparadigma’s om de voor-
delen van gebeurtenis-gebaseerde regelmethodes - zoals resource optimali-
satie en bandbreedte toewijzing - te combineren met de superieure presta-
ties van fractionele-orde regeling. Theoretische en implementatie aspecten
worden gepresenteerd die leiden tot een veralgemening van gebeurtenis-
gebaseerde regeling naar het fractionele-calculus gebied. Verschillende nu-
merieke voorbeelden valideren de voorgestelde methodologie en bieden een
nuttig hulpmiddel, vooral voor industriële toepassingen waar gebeurtenis-
gebaseerde regeling het meest nodig is. Deze strategie zal verder gebruikt
worden voor energiezuinige en contextbewuste implementaties met be-
trekking tot niet-Newtoniaanse vloeistoffen.

Het effect van wisselende eigenschappen in niet-Newtoniaanse vloei-
stoffen wordt in Hoofdstuk 5 vanuit een experimentele benadering aan-
gepakt. Impedantiespectroscopie wordt gebruikt in een laboratorium-
opstelling die in staat is om te experimenteren met de eigenschappen van
verschillende niet-Newtoniaanse vloeistoffen: glucose, honing, handzeep,
shampoo, avocado-/maïs-/olijfolie, zachte/standaard wasmiddelen. Een
fractionele-orde impedantiemodel om vloeistofmechanische eigenschappen
vast te leggen wordt voorgesteld en dan verder gevalideerd via de experi-
mentele waarnemingen.

Hoofdstuk 6 richt zich vanuit experimenteel oogpunt op objecten die in
niet-Newtoniaanse vloeistoffen zijn ondergedompeld. Deze studie houdt
verband met toepassingen zoals gerichte medicijnafgifte. De proefopstel-
ling is ontworpen en gebouwd om niet-Newtoniaanse vloeistofstroming
te illustreren. Een miniatuur duikboot wordt beschouwd als het onder-
gedompelde object. Dit hoofdstuk richt zich op het modelleren van de
bewegingsdynamica van deze onderwater robot, uitgaande van reeds be-
kende Newtoniaanse interacties tussen de duikboot en de vloeistof. Voor
het resulterende niet-Newtoniaans fractionele-orde procesmodel wordt een
fractionele-orde regelstrategie gebruikt om de positie van het onderwa-
ter object in de visco-elastische omgeving te beïnvloeden. De voorge-
stelde modellering- en regelmethodologieën worden geconsolideerd met
experimentele gegevens die worden gebruikt om de betrouwbaarheid van
de gepresenteerde concepten te valideren. De robuustheid van de regel-
strategie wordt experimenteel gevalideerd in zowel Newtoniaanse als niet-
Newtoniaanse omgevingen. Verder wordt contextbewustzijn geëxploreerd
met behulp van de paradigma’s die geïntroduceerd werden in Hoofdstuk 4.

Vloeibaar staal wordt gemodelleerd als een niet-Newtoniaanse vloei-
stof in Hoofdstuk 7 op basis van geregistreerde procesgegevens binnen
ArcellorMittal Gent. Alle bestaande studies modelleren de stroming van
gesmolten metaal in de gietvorm van een continugieterij met behulp van
gehele-orde differentiatie; dit beperkt het vermogen van de verkregen mo-
dellen om de visco-elastische fysische verschijnselen nauwkeurig te om-
schrijven. Een nauwkeuriger model voor de vloeistofsnelheid wordt ver-
kregen door middel van fractionele calculus op basis van procesgegevens
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en van bevindingen uit Hoofdstukken 3 en 5.
Het resulterende fractionele-orde model wordt vergeleken met een vorig

gehele-orde model teneinde de verbeteringen te evalueren die door de ge-
neralisatie worden bekomen. Bovendien wordt een gebeurtenis-gebaseerde
fractionele-orde PI-regelaar afgesteld via specificaties in het frequentiedo-
mein en uitgetest onder verschillende werkomstandigheden. De imple-
mentatie is gebaseerd op Hoofdstuk 4, met het oog op het verbeteren van
oppervlaktedefecten in de geproduceerde staalplaten. Realistische proces-
omstandigheden zoals verstopping en sensorruis worden gebruikt om de
verkregen modellen en regelstrategie te valideren.

Hoofdstuk 8 volgt in de farmaceutische industrie de paradigmaver-
schuiving van batch naar continue productie bij de fabricage van pillen.
Sommige subprocessen in de productie van pillen brengen veranderin-
gen teweeg in poeder- en vloeistofmengsels, granulatie, dichtheid, waar-
door de stromingsomstandigheden van de grondstof veranderen en niet-
Newtoniaanse karakteristieken opduiken tijdens het productieproces. Met
behulp van impedantiepectroscopie (zoals eerder vermeld in Hoofdstuk 5)
in een continue detectie- en monitoringcontext, is het mogelijk om online
identificatie uit te voeren van gegeneraliseerde (fractionele) orde parame-
trische modellen waarbij de coëfficiënten gecorreleerd zijn met verande-
ringen in materiaaleigenschappen. De modelparameters zijn dan deel van
een zelfafstellende regelversterking die wordt gebruikt in verhoudingsre-
geling als onderdeel van de lokale procesregellus. De hier voorgestelde
oplossing is eenvoudig te implementeren en vormt een belangrijke toege-
voegde waarde in de huidige stand van zaken op gebied van farmaceutische
productietechnologieën.

Ten slotte, Hoofdstuk 9 sluit het proefschrift af. Onderzoeksrichtingen,
vooruitzichten en algemene bevindingen worden kort weergegeven.
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Summary

A particular class of fluids are those governed by nonlinear equations out-
side the context of Newtonian fluid mechanics theory, which assumes a
manifold of (local) linear parameter properties: homogeneity, causality,
repeatability, constant variables in time and space, linear dynamics, etc.
Modeling and control of non-Newtonian fluid dynamic environment has
quite a plethora of cross-disciplinary applications. Accurate characteriza-
tion of properties in this type of fluid dynamics has a wide relevance in
fields such as:

• climate change predictions,

• blood properties analysis,

• dynamics of ground water transportation systems,

• positioning particles in electro-magnetic actuated fluids (liquid steel
manufacturing),

• nano-sensor guidance for structural changes in blood arterial walls,

• unmanned underwater vehicles navigation in water and ice mixtures
for various surveys (petrol leaks, pollution levels, ocean floor map-
ping, etc.).

Most properties of non-Newtonian fluids overlap with that of viscoelas-
tic materials, such as polymers, lung tissue, gel-like substances, rubber,
etc. Specific properties as memory, creep and shear stress do not follow
classical Newton’s law of dynamic viscosity and has been proven to be well
characterized by combinations of power-law with exponential functions.
These are non-rational expressions of combined nonlinear effects in ma-
terial creep and strain, and they represent a generalization from integer
order differential equations to fractional order differential equations.

Generalized order equations are powerful mathematical tools emerg-
ing from fractional calculus and successfully introduced in engineering
and cross-disciplinary application fields. Hitherto, the use of fractional
calculus tools for modeling and control of non-Newtonian environments
has been very scarce, while most of the theoretical state of art relies on
the well-known, mature, classical Newtonian theory.
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Consequently, this dissertation aims at overcoming the current limi-
tations encountered in modeling and control of non-Newtonian fluid dy-
namics, by searching for original solutions to resolve the plethora of ap-
plications described herein. The thesis focuses on extending the modeling
of non-Newtonian fluid dynamics beyond the state of art, with promis-
ing results obtained through the usage of fractional calculus. Generalized
context-aware concepts based on fractional calculus theory are used for
an industrially suitable solutions with respect to Industry 4.0 paradigms.

Apart from novel non-Newtonian model development and experimental
studies on the influence of varying parameters on different fractional order
models, the thesis also includes relevant case studies for stepping beyond
current state of art.

The thesis is given an industrial connotation, epitomized through mul-
tiple case studies inspired by targeting drug delivery concepts, i.e., po-
sitioning of a submersible in a non-Newtonian, blood-resembling fluid,
modeling and controlling the liquid steel flow inside the continuous caster
from ArcelorMittal Ghent and ConSigma tablet manufacturing in phar-
maceutical processes.

Furthermore, the physical outcome of the dissertation is the design
and execution of a context-aware, highly versatile experimental bench-
mark, offering a low-cost, approachable, and instructive solution to the
problematic of modeling, identification, and control of objects in non-
Newtonian fluids. This is meant to be an accessible tool that enables
systematic analysis of dynamic behavior of suspended objects in non-
Newtonian fluids. The benchmark can be easily recreated for a manifold
of applications related to non-Newtonian fluid flow.

The thesis is structured into 9 chapters, focusing on various aspects of
non-Newtonian fluid flow.

Chapter 1 places the thesis’s main topic into the general research con-
text, with respect to the state of art. Main objectives, personal contri-
butions and innovative results are included to introduce the reader to
current challenges and limitations of non-Newtonian focused research and
proposed solutions.

The next chapter, Chapter 2, presents the relevant mathematical back-
ground associated with fractional calculus. The benefits of this powerful
tool are highlighted for both modeling and control. It is shown how frac-
tional order models encompass complex dynamics within a transfer func-
tion that has a reduced number of parameters, but an increased versatil-
ity to capture complex phenomena. This justifies the research hypothesis
that non-Newtonian fluids require naturally via their specific properties
the use of fractional calculus tools. Furthermore, fractional order con-
trol is also analyzed, proving its superiority over classical, integer order
controllers, through performance, stability and intrinsic robustness. The
most popular tuning approaches are briefly presented as starting point for
the control strategies employed throughout the thesis.
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Non-Newtonian fluid flow is briefly introduced in Chapter 3. Differ-
ences between Newtonian and non-Newtonian dynamics are illustrated,
connecting the findings of Chapter 2 with complex dynamics present in
this type of fluids. A brief classification relevant for the current thesis
is presented, based on time dependent and independent criteria. Gen-
eral Navier-Stokes equations are provided, widely used in modeling non-
Newtonian associated phenomena. From the previously mentioned model,
a fractional order generalization is performed using velocity profiles in the
pipeline, while also considering frictional head loss. The result is a frame-
work for modeling velocity profiles and suspended (infinitesimal) objects
in non-Newtonian fluid environment, using fractional constitutive equa-
tions for velocity profiles and flow. The theoretical analysis is performed
under assumptions of steady and pulsatile flow conditions, with incom-
pressible properties.

Chapter 4 presents context-aware control paradigms, to combine ben-
efits of event-based control such as resource optimization and bandwidth
allocation with the superior performance of fractional order control. The-
oretical and implementation aspects are presented to provide a general-
ization of event-based control into the fractional calculus field. Different
numerical examples validate the proposed methodology, providing a useful
tool, especially for industrial applications where the event-based control
is most needed. This strategy will be used further for energy efficient, and
context aware implementations related to non-Newtonian fluids.

The effect of varying properties in non-Newtonian fluids is tackled
in Chapter 5 from an experimental approach. Impedance spectroscopy
is used in a laboratory setup able to experiment on the properties of
various non-Newtonian fluids: glucose, honey, hand soap, shampoo,
avocado/corn/olive oils, soft/standard detergents. A fractional order
impedance model is proposed to capture fluid mechanical properties which
is further validated on the experimentally acquired data.

Chapter 6 focuses on objects submerged in non-Newtonian fluids from
an experimental perspective. This case study is connected to targeted
drug delivery applications. The experimental benchmark is designed and
built to demonstrate non-Newtonian fluid flow. A transiting submersible
is considered the submerged object. This chapter focuses on modeling
the motion dynamics of the submersible, starting from already known
Newtonian interactions between the submersible and the fluid. For the
obtained non-Newtonian fractional order process model, a fractional or-
der control approach is employed to sway the submerged object’s position
inside the viscoelastic environment. The presented modeling and control
methodologies are solidified by real-life experimental data used to vali-
date the veracity of the presented concepts. The robustness of the control
strategy is experimentally validated in both Newtonian and in non- New-
tonian environments. Furthermore, context awareness is explored using
the paradigms introduced in Chapter 4.
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Liquid steel is modeled as a non-Newtonian fluid in Chapter 7 based
on real-life plant data from ArcellorMittal Ghent. All existing studies
model the flow of molten metal inside the mould of a continuous caster
using integer order differentiation, limiting the ability of obtained models
to accurately encapsulate the viscoelastic physical phenomena. A more
accurate model is obtained for the fluid’s velocity through fractional calcu-
lus based on real data and the findings of Chapters 3 and 5. The resulting
fractional order model is compared to a previous integer order model to
evaluate the improvements offered by the generalization. Furthermore, an
event-based fractional order PI controller is tuned based on frequency do-
main specifications and tested under different operating conditions. The
implementation is based on Chapter 4, with the main goal of improving
surface defects of the produced steel slabs. Realistic process conditions
such as clogging and noisy sensor data are used to validate the obtained
models and control strategy.

Chapter 8 follows the paradigm shift in the pharmaceutical industry
from batch to continuous production in tablet manufacturing. Some of
the sub-processes involved in tablet manufacturing perform changes in
powder and liquid mixtures, granulation, density, therefore changing flow
conditions of the raw material, exhibiting non-Newtonian traits along the
production process. Using impedance spectroscopy (as in the case study
from Chapter 5) in a continuous sensing and monitoring context, it is
possible to perform online identification of generalized (fractional) order
parametric models where the coefficients are correlated to changes in ma-
terial properties. The model parameters are then part of a self-tuning
control gain used in ratio control as part of the local process control loop.
The solution proposed here is easy to implement and poses a significant
added value to the current state of art in pharmaceutical manufacturing
technologies.

Finally, Chapter 9 concludes the thesis. Research directions, perspec-
tives and general findings are briefly presented.
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1
Introduction

1.1 Problem Formulation

A particular class of fluids are those governed by nonlinear equations
outside the context of Newtonian fluid mechanics theory, which assumes
a manifold of (local) linear parameter properties (homogeneity, causal-
ity, repeatability, constant variables in time and space, linear dynamics,
etc) [1, 2]. Modeling and control of non-Newtonian fluid dynamic envi-
ronment has quite a plethora of cross-disciplinary applications. Accurate
characterization of properties in this type of fluid dynamics has a wide
relevance in fields such as:

• prediction of glacier movement (mixture of ice and water - non-
Newtonian fluid) [3]

• prediction of blood properties as a result of medication and or arte-
rial disease progress (blood - non-Newtonian fluid) [4]

• evolution and dynamics of ground (muddy) water transportation
systems (muddy water - non-Newtonian fluid) [5]

Among vast applications of (model based) control are worth mentioning:

• positioning particles in electro-magnetic actuated fluids such as in
liquid steel manufacturing in the continuous casting process [4]

• guiding nano-sensors for detection of structural changes in blood
arterial walls [6, 7]

• unmanned underwater vehicles navigation in water and ice mixtures
to perform surveys such as mapping the ocean’s floor, detecting
high levels of pollution, petrol leaks, vessel obstructions or tracking
marine currents and fauna migrations [8].



2 Introduction

Most properties of non-Newtonian fluids overlap with that of viscoelas-
tic materials, such as polymers, lung tissue, gel-like substances, rubber,
etc [9]. Specific properties as memory, creep and shear stress do not follow
classical Newton’s law of dynamic viscosity and has been manifold proven
to be well characterized by combinations of power-law with exponential
functions [7, 10]. These are non-rational expressions of combined nonlin-
ear effects in material creep and strain and they represent a generalization
from integer order differential equations to fractional order differential
equations. Their local solution is the Mittag-Leffler function [11, 12, 13].
Such generalized order equations are mathematical tools emerging from
fractional calculus and successfully introduced in engineering, medical,
and interdisciplinary application fields [6,7,14]. Hitherto, the use of frac-
tional calculus tools for modeling and control of non-Newtonian environ-
ments has been very scarce, while majority of theoretical state of art relies
on the well known, mature, classical Newtonian approach.

Existing state of the art related to accurate non-Newtonian modeling
based on the highly suitable fractional calculus paradigm is scarcely avail-
able. In [15] it is proposed a complex model to describe time-dependent
flow in non-Newtonian fluids by means of a fractional order differ-integral
equation for muddy clay. This is a generalization of classic Newtonian
fluid flow theory following the fractionalisation rationale. The idea has
been extended in [16] for Maxwell elements in mechanical models of vis-
coelasticity. Further on, these mechanical models are then the basis for
electrical model analogous [17]. The physical basis for this non-uniform
velocity gradient can be the non-uniformity of fluid particles (e.g. mix-
tures of solid and liquid particles), molecular interaction, biological and
chemical effects.

Similarly, previous in-house work at UGent-DySC Research Group on
generalizing the time constants for accommodating anomalous diffusion
in compartmental models for drug concentration gradients in blood and
tissue has indicated that each gradient can be expressed in terms of its
kernel and integral form of mass transfer [18]. This thesis is a natural
continuation on using fractional calculus emerging tools to model physical
systems in order to investigate the development of a fractional derivative
constitutive equation for the velocity gradient in non-Newtonian fluid.

A manifold of applications in specialized literature deal with design,
material properties, manufacturing and functioning of nanorobot objects
for motion in non-Newtonian fluids. An exponential success was received
in nanomedicine and other application fields [19]. Analysis of existing
state of the art provides a set of theoretical problems open for being
resolved:

• Lack of established know-how on motion of suspended objects in
non-Newtonian fluids;

• Lack of know-how on the closed loop control of velocity, position or
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other functionality of suspended objects in Non-Newtonian environ-
ments;

• Powerful emerging tools from fractional calculus are not yet acknowl-
edged by the community and studies are limited and scarce;

• Optimal natural solutions are replaced by linear approximations of
high order and high numerical complexity.

Similarly, a set of practical problems are also identified as:

• A general lack of (affordable) lab scale setups mimicking the main
properties of non-Newtonian fluids;

• Missing efficient numerical procedures/functions for computer im-
plementation tailored to the industrial/practical use.

• Lack of systematic analysis tools;

Consequently, this dissertation aims at overcoming the limitations en-
countered in modeling and control of non-Newtonian fluid dynamics, by
searching for original solutions to resolve the plethora of applications de-
scribed herein. This thesis focuses on extending the modeling of non-
Newtonian fluid dynamics beyond the state of art, with promising re-
sults obtained through the usage of fractional calculus. A context-aware,
highly versatile experimental benchmark is designed and built, offering
a low-cost, approachable and instructive solution to the problematic of
modeling, identification and control of objects in non-Newtonian fluids.
The resulting benchmark is used as a tool to enable a systematic analysis
of dynamic behaviour of suspended objects in non-Newtonian fluids. It
provides a manifold of possibilities associated to validation of the obtained
models, development and real-life testing of control strategies related
to position, velocity while also embedding functionalities such as non-
Newtonian environmental assessment and decision making algorithms. All
of these are embedded in a small-scale, highly customizable submersible
which is capable of transiting both Newtonian and non-Newtonian envi-
ronments, offering also experimental environmental data for comparing
models and testing robustness of control loops. Furthermore, the the-
sis also tackles industrial approaches to non-Newtonian fluids related to
liquid steel manufacturing and pharmaceutical tablet production using
wet/dry granulation. The findings suggest that non-Newtonian fractional
order models enable suitable representation of the physical phenomena
and suitable control strategies.



4 Introduction

1.2 Main Objectives

The research hypothesis is that non-Newtonian fluids require naturally via
their specific properties (i.e. viscoelasticity), the use of fractional calculus
tools i.e. distributed parameter, fractional order, differential equations
which lead to lumped fractional order impedance models. Such gener-
alized order models can better describe experimental data than classical
rational transfer function models, while being minimal in the number of
parameters, yet allowing a more accurate representation of complex phys-
ical phenomena.

The ultimate goal is to fully understand and capture the effects of non-
Newtonian fluids on transiting objects, enabling suitable control strate-
gies. In addition, the aim is to overcome current limitations associated
to non-Newtonian modeling and control through innovative mathematical
formulations in terms of fractional calculus and suitable advanced control
strategies.

The main objective of the dissertation unites theoretical contributions
in the field of non-Newtonian fluid dynamics, the mathematics branch of
fractional calculus with its manifold of applications and control engineer-
ing through modelling, identification and control tools.

A set of intermediary subgoals can be enumerated:

1. Develop a fundamental theoretical framework for non-Newtonian
fluid environment based on system properties: explore the suitabil-
ity of fractional calculus and develop an analytical model based on
known non-Newtonian fluid dynamics (i.e. Navier-Stokes general
equations) and lumped compartmental fractional order impedance
models.

2. Design, build and implement an operational benchmark setup for
testing non-Newtonian fluid properties and dynamics. The devel-
oped setup should be highly versatile and easily built using afford-
able and on the shelf components in order to enable its translation
to academic and research purposes enabling a better understanding
of non-Newtonian fluid dynamics.

3. Validate the developed framework through experimental tests using
the benchmark and fluids with different properties.

4. Develop a suitable control strategy for position or motion control of
a submerged object in non-Newtonian fluids. Test and validate the
control strategy on the experimental benchmark.

5. Develop and implement a decision making algorithm for better
non-Newtonian environmental assessment with respect to context-
awareness. The purpose of this step is to easily implement the
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findings of this research to various applications that require non-
Newtonian properties monitoring. Provide a scalable solution for
various applications related to cyber-physical systems.

Additionally, the project has exploratory objectives related to indus-
trial use cases:

6 In collaboration with ArcelorMittal Gent (AMG), validate the pro-
posed framework on the continuous casting plant through modeling
and control of non-Newtonian molten steel flow. The main objective
of this step, apart from further validation of the developed frame-
work, is to improve surface defects of steel slabs - economic context.

7 A feasibility study on using impedance spectroscopy sensing to mon-
itor material properties

8 Employ lumped fractional order parametric models for online esti-
mation of material properties. This will enable a self-tuning function
for ratio control of material flows in manufacturing processes.

All the previously mentioned goals are realized through original so-
lutions, well beyond the current state of the art. As can be observed,
the focus of the objectives have both a theoretical and a practical com-
ponent. The industrial objectives (no. 6,7,8) earns the thesis a place in
the real world, showing that the chosen theme is relevant for the cur-
rent socio-economic context, providing incentives for further analysis and
applications thereof.
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1.3 Innovative Results

This project’s innovative results with respect to state of art are listed as
following:

• A general overview related to fractional calculus, focusing on its
suitability to model complex physical phenomena. The relevance of
fractional order models in non-Newtonian fluid interactions is ex-
plored from time and frequency domain perspectives. In addition, a
state of the art focusing on works from the last decade justifies the
usage fractional calculus for viscoelastic phenomena. Control strate-
gies of these complex models are also analyzed, emphasizing on the
necessity of fractional order controllers for increased performance,
robustness and stability.

• An analysis of non-Newtonian fluid flow based on material theory
with varying properties, resulting in a generalized fractional order
mathematical framework to characterize the time-space variability
of fluid flow dynamics properties. The starting point of the concep-
tual mathematical model consists in Navier-Stokes models, on which
Fractional Order Impedance Models (FOIM) are developed to cap-
ture and link the model parameter structure to the existence of
specific properties in non-Newtonian fluids. An experimental proto-
col is designed and applied to a series of time independent and time
dependent fluid classes. Variations of FOIMs are presented and val-
idated on the dataset. The original contribution of this work is the
motivational background information and systematic analysis of the
FOIM structure versus the fluid properties. A set of recommenda-
tions are given for the future use of FOIMs in capturing material
properties.

• Development of FOIMs to capture non-Newtonian material mod-
els on different fluids: honey, glucose, shampoo, oils, etc. based
on real-life impedance spectroscopy. This is an experimental lab-
oratory validation of the fractional order framework developed for
non-Newtonian interactions.

• Design, construction and implementation of a laboratory setup to
mimic non-Newtonian fluid flow under pulsatile flow conditions. The
rationale is to mimic dynamic flow with non-Newtonian properties
and control the velocity of suspended objects. The experimental
benchmark is highly versatile, easy to use for both education and
research purposes and can be easily built using low-cost, widely
available components. It consists of two parts: the circulatory sys-
tem and a transiting submersible. Non-Newtonian fluid is recir-
culated through two tubes with different diameters and contrac-
tion/expansion possibilities. The robot is submerged in the fluid
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and can be used to asses fluid properties (with added sensors) and
also to analyze the effect of the non-Newtonion fluid on the posi-
tion/velocity of the submersible.

• Modeling fluid object interaction based on non-Newtonian FOIMs
and experimental data from the benchmark during free and con-
trolled motion of the object. Validation of the obtained models on
the experimental platform.

• Development of a fractional order control strategy for the object’s
position and velocity through the non-Newtonian fluid. Robustness
is a key design specification for varying properties of the fluid. Ex-
perimental validation of the control strategy for both position and
velocity using the laboratory setup. Analysis of the obtained perfor-
mance for steady state errors, settling time, robustness and stability
of the closed loop system.

• Integration of context-awareness paradigms and operation protocols
to transform the experimental setup in a highly versatile platform.
Implementation and validation of decision making algorithms on
the submerged robot for environmental assessment, extending the
possible applicability of the platform in a manifold of domains (i.e.
surveillance tasks in non-Newtonian fluids such as climate changes
in ice/water mixtures, targeted drug delivery with experimental glu-
cose detection, etc.). A novel concept of fractional order event-based
control with respect to environmental changes is also developed,
tested and validated on the platform.

• Modeling of non-Newtonian fluid flow in the continous casting pro-
cess at ArcelorMittal Gent, Belgium based on the previously defined
FOIM models and experimental plant data. A connection between
the applied current to the elctromagnetic stirrer (EMA device) and
the molten steel’s velocity is realized through fractional calculus.
The complex model is validated on multiple datasets to confirm the
veracity of the concepts and the obtained model. The obtained
model is compared to a previously determined integer order flow
model that does not take into account the non-Newtonian nature of
liquid steel. Experimental results suggest that fractional calculus is
more suitable for the task in favor of integer order models because
it better captures the real-life dynamics of the fluid.

• A fractional order control strategy is employed to control the molten
steel’s velocity inside the mold. The obtained controller is validated
through simulations and compared to a previously determined inte-
ger order PI controller. It is shown that fractional order control de-
veloped for fractional order models that accurately capture material
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properties outperforms other approaches, less focused on capturing
physical compositions and interactions.

• Use of FOIM models in the pharmaceutical industry in tablet man-
ufacturing. Changes between powder, liquid mixtures, granulation
and density exhibit non-Newtonian fluid properties among the pro-
duction process. FOIM models are employed to encapsulate changes
in material properties, further enabling a ratio control strategy to
improve the manufacturing process.
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1.4 Thesis Outline

The structure of this thesis is organized as follows.

Chapter 2 introduces the state of art on fractional calculus with a fo-
cus on modeling and control. General definitions and theoretical aspects
are presented from both time and frequency domains. The effects of frac-
tional order integration and differentiation are analyzed, concluding that
the increased flexibility provided by any arbitrary order of differ-integral
operations is highly suitable to capture complex physical phenomena. Fur-
thermore, fractional order control strategies through the generalization of
the widely popular integer order Proportional Integral Derivative (PID)
controller are analyzed, showing that this type of advanced control leads
to improved closed loop system performance. A recent literature overview
focusing on the last decade related to fractional calculus in modeling phys-
ical phenomena and controller tuning strategies is also provided in this
chapter.

Chapter 3 introduces the reader with the dynamics of non-Newtonian
fluid flows together with classifications and examples. Navier-Stokes rela-
tions are employed followed by fractional constitutive equations for veloc-
ity profiles and flow. Theoretical analysis is performed under assumptions
of steady and pulsatile flow conditions, with incompressible properties.
The fractional derivative model for velocity and friction drag effect upon
a suspended object are determined.

Furthermore, laboratory experiments are performed for different
classes of non-Newtonian fluids: pseoduplastic/shear-thinning fluids,
visco-plastic fluids, dilatant/shear-thickening fluids. Impedance measure-
ments are performed for varying properties such as glucose, honey, hand
soap, shampoo, engine oil and food oils: avocado, corn and olive oils. Frac-
tional Order Impedance Models are identified using various algorithms
(Genetic Algorithms, Particle Swarm Optimization and Nonlinear Least
Squares Algorithms) to characterize non-Newtonian varying properties.

Chapter 4 presents context-aware control paradigms, to combine ben-
efits of event-based control such as resource optimization and bandwidth
allocation with the superior performance of fractional order control. The-
oretical and implementation aspects are presented to provide a general-
ization of event-based control into the fractional calculus field. Different
numerical examples validate the proposed methodology, providing a useful
tool, especially for industrial applications where the event-based control
is most needed. This strategy will be used further for energy efficient, and
context aware implementations related to non-Newtonian fluids.

Chapter 5 studies the effects of varying properties in non-Newtonian
fluids from an experimental approach. Impedance spectroscopy is used
in a laboratory setup able to experiment on the properties of vari-
ous non-Newtonian fluids: glucose, honey, hand soap, shampoo, av-
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ocado/corn/olive oils, soft/standard detergents. A fractional order
impedance model is proposed to capture fluid mechanical properties which
is further validated on the experimentally acquired data.

Chapter 6 focuses on objects submerged in non-Newtonian fluids.
An experimental benchmark is designed and built to demonstrate non-
Newtonian fluid flow. A transiting submersible is considered the sub-
merged object. The chapter focuses on modeling the motion dynamics
of the submersible. The mathematical model is developed starting from
already known Newtonian interactions between the submersible and the
fluid. The obtained model is therefore altered through optimization tech-
niques to describe non-Newtonian interactions on the motion of the ve-
hicle by using real-life data regarding non-Newtonian influences on sub-
merged thrusting. For the obtained non-Newtonian fractional order pro-
cess model, a fractional order control approach is employed to sway the
submerged object’s position inside the viscoelastic environment. The pre-
sented modeling and control methodologies are solidified by real-life ex-
perimental data used to validate the veracity of the presented concepts.
The robustness of the control strategy is experimentally validated on both
Newtonian and non-Newtonian environments.

Context awareness paradigms are encapsulated in this chapter through
autonomous decisions performed by the submersible. An event-based con-
trol law is implemented to offer various advantages such as energy effi-
ciency, while environmental measurements trigger the robot to perform
context-relevant decisions. The platform provides high versatility and the
results presented throughout the study can be adapted to a manifold of
multidisciplinary fields.

Chapter 7 gives a concrete real-life applicability of the developments
of this dissertation through a case study performed at ArcellorMital Gent
(AMGent), Belgium, the second largest company in the world for steel-
making. Rheology studies performed on flow behavior and viscosity anal-
ysis proves that liquid steel exhibits shear thinning and time independent,
non-thixotropic flow for all shear rate regimes. Hence, molten steel is a
non-Newtonian fluid. The first part of the chapter presents the continuous
caster at AMGent and justifies the need of accurate modeling and control
of the molten steel’s dynamics through product defects. The flow of liquid
steel in the mould of the continuous caster is modeled using real-life plant
data. The obtained fractional order models are successfully validated on
different datasets and compared to existing integer order models. The
developed fractional order model also takes into account non-Newtonian
characteristics of the steel, whereas the integer order model does not con-
sider the fluid type when modeling the flow. The chapter proves that
taking into account fluid properties leads to a more accurate model which
further enables proper fractional order control strategies. A fractional
order PI controller is tuned to control the velocity of the steel in the
continuous caster which is validated on the fractional order model. Re-
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alistic process disturbance and operating conditions are considered when
performing the validation and assessment of the results. The chapter is
concluded with an event-based control strategy that uses process intrinsic
events to further reduce product faults.

Chapter 8 follows the paradigm shift in the pharmaceutical industry
from batch to continuous production in tablet manufacturing. Some of
the sub-processes involved in tablet manufacturing perform changes in
powder and liquid mixtures, granulation, density, therefore changing flow
conditions of the raw material, exhibiting non-Newtonian traits along the
production process. Using impedance spectroscopy (as in the case study
from Chapter 5) in a continuous sensing and monitoring context, it is
possible to perform online identification of generalized (fractional) order
parametric models where the coefficients are correlated to changes in ma-
terial properties. The model parameters are then part of a self-tuning
control gain used in ratio control as part of the local process control loop.
The solution proposed here is easy to implement and poses a significant
added value to the current state of art in pharmaceutical manufacturing
technologies.

Finally, Chapter 9 concludes the dissertation with general findings and
proposes some future research directions.
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2
Fractional Calculus

Concepts

2.1 Introduction

This chapter lays down some of the basic notions from fractional calculus
which are necessary for the reader to understand the background for the
solutions proposed in this thesis. The notions introduced are limited to
those concepts and definitions further employed in the remainder of the
book.

The differential operators d
dx ,

d2

dx2 , etc. are widely studied and used as
classical tools. While being commonly used by many, some few wonder
whether the order of the differentiator must always be an integer num-
ber. The first person to raise questions regarding the integer order of the
differentiator was Leibniz in a letter to L’Hopital written in 1695. The
response of L’Hopital was that non-integer order differentiators "will lead
to a paradox, from which one day, useful consequences will be drawn".
320 years later, the question raised by Leibniz received its answer through
fractional calculus, a generalization of ordinary differentiation and inte-
gration to non-integer order [20].

The accurate term for "fractional order" is actually "non–integer or-
der" since the order of the differentiation can also be irrational, but all
the specialized literature refers to the concept as "fractional". There is
still an open battlefield when it comes to terminology, as the concept is
fairly a new comer in the engineering field.

Among the years, many well-known scientists contributed to the math-
ematical development of non-integer order differentiation: Euler and La-
grange (theoretical contributions in the 18th century); Riemann, Liouville
and Holmgren (systematic studies at the beginning of the 19th century),
Liouville (function expansion in series of exponentials and definition of n
order derivative by operating term-by-term); Riemann (definite integral
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applicable to power series with non-integer exponents); Grünwald and
Krug (unified the results of Liouville and Riemann); Abel (first applica-
tion of fractional calculus, 1823); Heaviside (symbolic methods for solv-
ing linear differential equations of constant coefficients); Weil and Hardy
(differ-integral operator properties); Riesz (multivariable functions), etc.
A comprehensive description of all these definitions can be found in the
textbook [21].

In the last decades, the number of applications for fractional order
calculus has grown exponentially, mainly in the fields of control engineer-
ing, signal processing and system theory. The main advances were made
by: Bode (Bode’s ideal loop transfer function); Manabe (frequency and
transient response of the non–integer integral and its application in con-
trol), Oustaloup (demonstrated the superiority of CRONE – Commande
Robuste d’Ordre Non Entier) and Podlubny (the PIλDµ controller) [20].

The number of applications with solutions based on fractional calcu-
lus tools has seen a rapid growth over the last decade, thanks also to
increasing number of specialised scientific events. Fractional calculus can
be easily defined as a generalization of classical integer-order calculus with
the particular feature that the order of the differ–integral operator is frac-
tional. Its versatility in modeling and control theory has received a lot of
attention recently, although it is still a concept insufficiently understood.
This limits the wide acceptance of fractional calculus in industrial use,
especially for PID control applications, despite its close relation to com-
monly used PID-type of control. Fractional calculus has been regarded
as a much better way to cover the dynamics of certain type of phenom-
ena, such as anomalous diffusions [22], viscoelasticity [7], epidemic spread-
ing [23], etc. At the same time, fractional calculus tools used to design
and tune parameters in various types of controllers has indicated a large
versatility and performance robustness [24,25]. For an overview, some re-
cent review papers on the use of fractional calculus in control engineering
are [23,26,27,28].

2.2 Mathematical Background

The fractional operator is denoted by aD
α
t f(t), with t, a 2 R, where

(t > a) are the upper and lower limits of the differintegral, represent-
ing a generalization of integral and derivative operations to any arbitrary
order, ↵ 2 R.

The most widely used definitions of aD
α
t f(t) have been introduced by

Riemann–Liouville (RL), Grünwald–Letnikov (GL) and Caputo (C) [29].
Fractional-order control strategies are mainly developed based on the

Riemann–Liouville definition given as

RL
a Dα

t f(t) =
1

Γ(m0 � ↵)

dm
0

dtm0

Z t

a

f(⌧)

(t� ⌧)α�m0+1
d⌧, (2.1)
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where m0 � 1  ↵ < m0, with m0 being the smallest integer greater than
↵ and Γ(m0 � ↵) is the Euler gamma function [30]. The upper and lower
bounds, t and a, need to be established in the case of the RL definition.

Another popular representation of the fractional differ-integral oper-
ation is the Caputo fractional derivative, introduced in 1967 by Michele
Caputo [31]. The advantage of this definition is that the fractional-order
initial conditions do not have to be defined as in the RL case. Discussions
on the issue of initial conditions are ongoing in the applied mathematics
and physics community, but are out of the scope of this work.

C
a D

α
t f(t) =

1

Γ(m0 � ↵)

Z t

a

f (m0)(⌧)

(t� ⌧)α�m0+1
d⌧, (2.2)

with m0 � 1 < ↵ < m0 and ↵ > 0.
Grünwald-Letnikov (GL) defines aD

α
t f(t) as:

GL
a Dα

t f(t) = lim
h!0+

h�α

[ t�a
h ]
X

m0=0

(�1)m
0

✓

↵

m0

◆

f(t�m0h), (2.3)

where ↵ 2 R and ↵ > 0.
A numeric approximation of the GL definition from Equation (2.3) has

been proposed by [32] as:

GL
a Dα

t f(t) ⇡ T�α
s

M(t)
X

m0=0

(�1)m
0

✓

↵

m0

◆

f(t�m0Ts)

⇡ T�α
s

M(t)
X

m0=0

c
(α)
m0

✓

↵

m0

◆

f(t�m0Ts),

(2.4)

where Ts denotes the sampling time and L is a memory length chosen to
satisfy:

L � 1

�20Γ(↵)

�0 =
|GL
a Dα

t f(t)�GL
t�L Dα

t f(t)|

P
P = max

[0,1]
|f(t)|

. (2.5)

M(t) is the minimum between t/h and L/h, while c
(α)
m0 are binomial

coefficients defined as:

c
(α)
m0 =

✓

1� 1 + ↵

m0

◆

c
(α)
m0�1 (2.6)

with c
(α)
0 = 1.
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Another important piece in fractional calculus theory is the Mittag-
Leffler (ML) function

Eα(t) =
1
X

m0=0

tm
0

Γ(↵m0 + 1)
(2.7)

that connects the pure exponential and power-law behavior, characterizing
both integer and fractional-order phenomena [33], resulting in:

L {Eα(±atα)} =
sα�1

sα ⌥ a
. (2.8)

A major advantage associated with the RL definition is that f(t) does
not have to be continuous at the origin, nor differentiable. Another ad-
vantage of RL is that there is no singularity at the origin for all functions,
such as ML. Modeling physical phenomena with the RL definition is a te-
dious process since the RL derivative of a constant is different than zero.
Furthermore, a constant f(t) at the origin leads to a singularity in its
fractional derivative, reducing its field of applications [34].

The main advantage brought by the Caputo derivative is that it allows
the specification of initial and boundary conditions in a traditional manner
and the derivative of a constant is also zero. This is the reason why Ca-
puto is considered the most appropriate definition for modeling real-world
problems [35]. However, the Caputo derivative requires the computation
of the derivative of f(t) to compute its fractional-order derivative. There
is also the limitation that Caputo defines the differ-integral only for differ-
entiable functions, and arguably, functions that do not have a first-order
derivative could have fractional derivatives of all orders [36].

2.3 Suitability for Modeling Complex Phe-

nomena

Several definitions of the fractional operator have been proposed, as
seen in the previous subsection. All of them generalize the standard
differential–integral operator in two main groups: (a) they become the
standard differential–integral operator of any order when n is an integer;
(b) the Laplace transform of the operator Dα

t is sα (provided zero ini-
tial conditions), and hence the frequency characteristic of this operator is
(j!)α. The latter proves the versatility of the fractional operator in the
frequency domain.

A fundamental Dα
t operator, a generalization of integral and differen-

tial operators (differ-integration operator), is introduced as follows:

Dα
t =

8

<

:

dα

dtα , ↵ > 0
1, ↵ = 0

R t

0
(d⌧)α, ↵ < 0

9

=

;

, (2.9)
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where ↵ is the fractional order and d⌧ is the derivative function. Since
the entire work will focus on the frequency-domain approach for fractional
order derivatives and integrals, we shall not introduce the complex math-
ematics for time domain analysis. Instead, focus will be given to Laplace
and Fourier domains. The Laplace transform for integral and derivative
order ↵ are, respectively:

L
�

D�α
t f(t)

 

= s�αF (s), (2.10)

L {Dα
t f(t)} = sαF (s), (2.11)

where F (s) = L {f(t)} and s is the Laplace complex variable. The Fourier
transform can be obtained by replacing s by j! in the Laplace transform
and the equivalent frequency-domain expressions are:

1

(j!)α
=

1

!α

⇣

cos
⇡

2
+ j sin

⇡

2

⌘

�α

=
1

!α

⇣

cos
↵⇡

2
� j sin

↵⇡

2

⌘

. (2.12)

(j!)α = !α
⇣

cos
⇡

2
+ j sin

⇡

2

⌘α

= !α
⇣

cos
↵⇡

2
+ j sin

↵⇡

2

⌘

(2.13)

From the frequency domain perspective, the magnitude of the fractional
order operator (j!)α is:

|sα|dB = 20 log10 !
α, (2.14)

while the phase is given by:

∠sα = atan
sin απ

2

cos απ
2

=
↵⇡

2
. (2.15)

Drawing the magnitude in the Bode diagram gives a straight line for the
plot of sα with a fixed slope of 20↵dB/dec, whereas the phase plot depicts
a constant phase value for the entire frequency range ! 2 (0,1). The
slope variation as well as the fixed phase values are shown in Fig. 2.1 for
any ↵ 2 (0, 2]. Note that for the integer order differentiation correspond-
ing to ↵ = 1 and ↵ = 2 the slope is 20dB/dec and 40dB/dec, respectively.
For the same values of ↵, the phase is a constant value equal to 90� and
180�, respectively.

Another fractional order transfer function relevant for the present
study is:

G1(s) =
k

Tsβ + 1
, (2.16)

where k 2 R is the gain and T > 0 is the time constant. The fractional
order is again denoted by � 2 (0, 2]. Fig. 2.2 shows the response of G1(s)
for k = 1, T = 1 and different values of �.
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Figure 2.1: Correlation between the slope of the magnitude plot and phase of
sα for different values of α in sα

The piecewise linear asymptotic approximation of the magnitude Bode
diagram for the transfer function from (2.16) is given by [37] as:

|G1(s)|dB =

(

20 log10 |k|,! <
�

1
T

�1/β

20 log10 |k|� 20� log10 !,! �
�

1
T

�1/β . (2.17)

From (2.17), it can be observed that the slope of the asymptotic mag-
nitude plot of (2.16) is 0dB/dec for low frequencies and �20�dB/dec for
high frequencies. Hence, the magnitude slope variation shown in Fig. 2.1
is also valid for G1(s) at high frequencies.

The phase of the frequency response of (2.16) is given by

∠G1(s) = � arctan
T!β sin

⇣

βπ
2

⌘

T!β cos
⇣

βπ
2

⌘

+ 1
. (2.18)

The phase representation is an arctangent having the value 0 at low fre-
quencies and converging to �βπ

2 for high frequencies.
Another important aspect in the graphical representation of the fre-

quency response of G1(s) is the corner frequency. In a piecewise lin-
ear asymptotic representation of the magnitude response, the corner fre-
quency is considered the point where the slope changes. In the phase
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representation, it is considered that this is the frequency at which the arc-
tangent’s inflection point is present. For an integer order transfer function
of (2.16), � = 1, the corner frequency is approximated to !c =

1
T . Fig. 2.3

shows the approximated corner frequencies of G1(s), for k = 1, T 2 (0, 1]
and different fractional orders �.

Another example to be considered is based on the classical second order
transfer function, whose denominator orders are scaled by a non-rational
factor denoted by ↵

G2(s) =
1

s2α + sα + 1
. (2.19)

The response of (2.19) at a unit step signal is simulated in Fig. 2.4
for ↵ 2 [0.25, 0.5, 0.75, 1, 1.25]. It can be observed that the overshoot
increases with the value of ↵. However, for small values of ↵ 2 [0 1] the
settling time decreases if ↵ increases. The Bode diagrams for the same
fractional scaling factors are shown in Fig. 2.5. It can be observed that
the magnitude peak is more prominent and the magnitude slope at high
frequencies increases with greater values of ↵. From the phase plot, one
can see the high frequency asymptote also increasing with ↵.

Figure 2.2: Bode diagram of G1(s) from (2.16) for k = 1, T = 1 and different
values of β
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It has been proven that integer order calculus cannot accurately de-
scribe complex diffusion processes due to the limitations brought by the
constant order, while a generalized order of differentiation is a natural
solution to determine diffusion patterns [38,39].

Fractional order models are extensively used to incorporate physical
properties that overlap the ability of accurate physical representation of
the surrounding world using classical, integer-order, differentiation [40].
The viscoelastic nature of non-Newtonian fluids makes fractional calculus
the ideal candidate to accurately represent the real life dynamics of such
an environment [41]. Specific properties of non-Newtonian fluids such as
memory properties and nonlinear dynamic viscosity make fractional dif-
ferentiation a powerful tool to model non-Newtonian dynamics [42]. Some
approaches use power-law and exponential functions [43]. Other interpre-
tations are based on Mitag-Leffler functions [10, 11, 12]. The well known
Hagen-Poseuille equation in the field of fluid dynamics is generalized using
fractional order differentiation in [44] for accurate modeling of viscoelastic
flow. Navier-Stokes models are also employed by [45] to capture specific
non-Newtonian context properties.
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Figure 2.3: Approximated corner frequency of G1(s) from equation (2.16) for
k = 1 and different values of β
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2.4 Fractional Order PID Control

The connotations of equations (2.9) in control engineering consists in
extending the integer order PID (Proportional-Integral-Derivative) con-
troller to its fractional order generalization. The classical textbook PID
transfer function is

CPID(s) = kp

✓

1 +
1

Tis
+ Tds

◆

, (2.20)

where kp is the proportional gain, Ti is the integral time and Td stands
for the derivative time. The transfer function of the fractional order PID
controller (FOPID) is given by

CFOPID(s) = kp

✓

1 +
ki
sλ

+ kds
µ

◆

, (2.21)

where kp is, again, the proportional gain, ki and kd are integral and deriva-
tive gains, respectively. � is the fractional order of integration and µ the
fractional order of differentiation. For particular cases of � = 1 and
µ = 1, the controller (2.21) is equivalent to the classical textbook defini-
tion (2.20).

In order to define and exemplify fractional order controller we shall
use Fig. 2.6 which shows a classical negative feedback control loop. R(s)
is the input signal, while Y (s) is the output. The process to be controlled
is shown as G(s). The considered controller is a fractional order Ksµ,
which encapsulates both integral and derivative actions, depending on µ.
For µ = 0, the controller is proportional. If µ = �1, the action is a pure
integral, while µ = 1 gives a classical derivative effect. Fractional calculus
appears for cases when µ is generalized to any arbitrary order, usually
µ 2 [�2, 2] for the controller to have physical relevance, as shown by [46].
For negative values the controller is a fractional order PI (FOPI), while
for positive values of µ, the controller is a fractional order PD (FOPD).

Figure 2.6: Closed loop negative feedback system with fractional order control
actions

In order to illustrate the fractional order integral control effects, the
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error signal is analyzed:

e(t) =

N
X

k=0

(�1)ku0(t� kTp), k = 0, 1, 2, ... (2.22)

where u0(t) is the unit step signal. The Laplace transform of the error
signal results as:

E(s) =

N
X

k=0

(�1)k
e�kTps

s
. (2.23)

The control signal is denoted as:

u(t) = L
�1U(s) = L

�1

(

K

N
X

k=0

(�1)k
e�kTps

s

)

, (2.24)

resulting in

u(t) = K

N
X

k=0

(�1)k

Γ(1� µ)
(t� kTp)

�µu0(t� kTp). (2.25)

Figure 2.7: Fractional order integral action [20]

Fig. 2.7 depicts the control signal u(t) for varying µ = 0,�0.2,�0.5, 1,
T = 30 and N = 4. As observed in the plot, the error signal varies
between proportional actions (for µ = 0 - rectangular signal) and a pure
integrative effect (µ = �1 - straight line). For intermediary values of µ,
the control signal increases for a constant error, resulting a null steady



28 Fractional Calculus Concepts

state error. Furthermore, the control value decreases when the error is 0,
showing increased stability.

The frequency domain magnitude equation is:

20 log10 |s
µG(s)|s=jω = 20 log10 |G(j!)|+ 20µ log10 !, (2.26)

whereas the phase is given as:

∠sµG(s)|s=jω = ∠G(s) + µ
⇡

2
. (2.27)

For µ 2 [0, 1], the magnitude plot has a variable slope between 0 and
-20 dB/dec, whereas the phase is a constant value between 0� and �90�.
The slope values are a mirror image of Fig. 2.1 from Subsection 2.3, with
respect to the ! axis.

Differentiating the error signal leads to an increased system stability,
but amplifies high frequency noise. Performance improvements related to
settling time and overshoot can be observed in the transient regime. In the
complex plane, a derivative control action adds a zero at the origin, moving
the root locus toward the left half plane. In the frequency domain, an
integer order differentiator adds a constant phase at 90� and a magnitude
plot with fixed slope of +20 dB/dec.

In order to illustrate the fractional order derivative effect, let us con-
sider a trapezoidal error signal:

e(t) = tu0(t)�t(t�Tp)u0(t�Tp)�t(t�2Tp)u0(t�2Tp)+t(t�3Tp)u0(t�3Tp).
(2.28)

The Laplace transform of (2.28) is:

E(s) =
1

s2
� e�Tps

s2
� e�2Tps

s2
+

e�3Tps

s2
, (2.29)

resulting in the time domain control signal u(t) as:

u(t) = L
�1

⇢

K

✓

1

s2
� e�Tps

s2
� e�2Tps

s2
+

e�3Tps

s2

◆�

=
K

Γ(2� µ)
[t1�µu0(t)� (t� Tp)

1�µu0(t� Tp)

� (t� 2Tp)
1�µu0(t� 2Tp) + (t� Tp)

1�µu0(t� 3Tp)].

(2.30)

The magnitude and phase equations are similar with the fractional
order integral action from equations (2.26) and (2.27). The derivative
action influence on the Bode plot has been already plotted in Fig. 2.1
from subsection 2.3.

Additionally, Bode plots of fractional order PID controllers with dif-
ferent orders of differ-integration are compared to the frequency response
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Figure 2.8: Fractional order derivative action [20]

of the classical PID controller in Fig. 2.9. Here, time constants and pro-
portional gains are considered equal to 1 for numerical simplicity. The
Bode plots show that fractional order controllers remove the limitations
of the integer order PID controller, offering increased versatility in tuning
an increased number of design parameters.

2.5 Fractional Order Tuning Methodologies

Fractional order control actions such as proportional, integral and deriva-
tive, add more flexibility to the set of performance specifications the closed
loop system is able to fulfil. This is mainly due to the extra tuning param-
eters of the fractional order PID (FOPID), namely the fractional order of
integration and the fractional order of differentiation. Even though the
FOPID represents the most common fractional order control algorithm,
other types of fractional order controllers have been designed. Review
papers focusing on the use of fractional calculus in control engineering
have been published recently in [47,48,49,50] and provide an insight into
different algorithms of fractional order control.

Classical tuning algorithms are used in the design of fractional or-
der controllers, such as the Ziegler-Nichols rules [51], Hermite-Biehler
and Pontryagin theorems [52, 53], linear programming formulation [54],
AMIGO and F-MIGO optimization [20]. Alternative tuning methods
based on optimizing a certain performance index were developed [55,56].

However, the most popular method for tuning the fractional order PID
controller is based on determining the controller parameters by solving a
system of nonlinear equations expressing specifications related to phase
margin, gain crossover frequency, sensitivity functions and robustness to
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Figure 2.9: Bode plots of integer and fractional order controllers with kp =
ki = kd = Ti = Td = 1 for variable values of differ-integer orders

gain changes in a limited frequency interval. The particularities of the
system to be controlled dictates the requirements the controller needs to
fulfil, determining the choice of tuning specifications. Several works such
as [20,26,57,58,59] approach the tuning of the fractional order PID con-
troller through frequency domain specifications, which is a highly relevant
method for any process with time delay, regardless of the time delay values
with respect to time constants.

The constraints related to the imposed phase margin, denoted by �m,
and gain crossover frequency !cg influence the damping ratio of the closed
loop system, the settling time, as well as the overall robustness. The math-
ematical representations of the phase margin and gain crossover frequency
are given by the following equations:

∠(C(j!cg)G(j!cg)) = �⇡ + �m (2.31)

and
|C(j!cg)G(j!cg)| = 1. (2.32)

The robustness to gain variations requires a flat phase for the open
loop. Also known in literature as the time response iso-damping property,
this specification ensures a constant overshoot within a certain frequency
range. The range of gain variations for which the system exhibits robust-
ness is limited by the frequency characteristics of the controlled plant and
the obtained controller parameters. A flat phase translates in specialised
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terminology into a constant phase, with the derivative always zero, creat-
ing the mathematical interpretation of the robustness characteristic:

d(∠(C(j!cg)G(j!cg)))

d!
|ω=ωcg . (2.33)

Robustness can also be expressed by means of sensitivity and com-
plementary sensitivity functions since the closed loop system can fail to
perform robustly when exposed to other process uncertainties than gain
variations. The sensitivity function S(j!) is closely related to good per-
formance regarding disturbance rejection for a desired frequency range
and can be expressed by means of:

|S(j!) = 1
C(jωcg)G(jωcg)

|dB  A [dB]

8!  !s[rad] ) |S(j!)|dB  A [dB]
, (2.34)

where A is the desired value for the sensitivity function frequencies [60,61].
An uncertain plant can exhibit high-frequency noise. Specifications

related to the complementary sensitivity function denoted by T (j!) can
result in the rejection of this high frequency noise:

|T (j!) =
C(jωcg)G(jωcg)

1+C(jωcg)G(jωcg)
|dB  B [dB]

8!  !s[rad] ) |T (j!)|dB  B [dB]
, (2.35)

with B being the desired high frequency noise attenuation around the
frequencies surrounding the gain crossover frequency [60, 61].

Tuning of the FOPID in (2.21) implies usually solving a system of
nonlinear equations composed of all or part of the design constraints in
(2.31 - 2.35). The resulting controller ensures a robust closed loop system
in terms of gain uncertainties, with the ability of rejecting high frequency
noise and disturbances, while fulfilling time domain specifications, such
as overshoot and settling time. The method can be applied to processes
with or without time delay.

For particular cases of the FOPID controller, such as fractional PI
or PD controllers, any three (of the five) design specifications can be
chosen to be solved as a system of nonlinear equations. The gain crossover
frequency and phase margin specifications coupled with the differential
equation for robustness to gain variations are the most common three
specifications chosen to compute fractional order controllers of type PI
or PD. Such an example is provided by [62] to tune a fractional order
PD for a first order plus dead time (FOPDT) process model. The work
presented in [20] uses a nonlinear system formed of these commonly used
specifications to tune a fractional order PI for a second order plus time
delay plant. A fractional order PI controller is tuned in [63] by solving the
system of nonlinear equations composed by the gain crossover frequency,
phase margin and robustness constraints in order to control the level of
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a spherical tank. Their comparison in numerical simulations indicates
that fractional order control outperforms classical integer order control in
terms of closed loop performance.

Controller tuning through optimization by minimizing a frequency do-
main performance criterion with a constraint on the maximum sensitivity
function is proposed in [64]. The optimized criterion measures the ability
of the closed loop system to reject low frequency input disturbances.

Solving the nonlinear system composed of the five frequency domain
equations for different cases of non-integer order plants with time delay
(NOPDT) is studied in [65]. Different process models are identified for
the same plant around different working points and several FOPID con-
trollers are successfully tuned and tested, all of them fulfilling all imposed
specifications.

Some of the most common methods of solving the system of nonlinear
equations is using different optimization routines [20].

Another feasible approach is the graphical system solving procedure
such as the one detailed in [66] in order to stabilize FOPDT process with
a fractional order PID controller. The controller presented is computed
by stabilizing the upper bound of the derivative gain and computing the
other parameters with respect to this using a graphical approach. The
obtained set of stabilizing controllers provide good stability margin when
compared to the conventional PID controller.

A thorough analysis regarding frequency domain stabilization of
FOPDT systems is performed in [67] where both fractional and inte-
ger order PID controllers are tuned to simultaneously fulfil the three
frequency domain design specifications previously presented: robustness,
gain crossover frequency and phase margin. The paper presents a set of
guidelines regarding the choice of feasible specifications for plant stabiliza-
tion purposes. The achievable frequency domain boundaries are presented
graphically and all possible combinations of controller parameters are ver-
ified inside the feasible regions. In addition, [67] highlights by means of
numerical simulations the better performance of the fractional order con-
trollers over the classical PIDs in terms of overall closed loop performance.

Variations of using the previously described frequency domain specifi-
cations can be found by combining the frequency constraints with other
tuning techniques. Such an example is presented in [68] where the au-
thors tune a PI controller based on Bode’s ideal transfer function for the
open loop system. Iterative optimization routines are used to minimize
a quadratic cost function based on the sum of squares of the control sig-
nal input and the sum of the integral squared error between the closed
loop system with the PI controller and the time response desired process
response. The optimization features two additional constraints regarding
the sensitivity and the complementary sensitivity equations from (2.34)
and (2.35). The proposed method is highly versatile, being validated on
both integer and fractional order models as well as processes with con-
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siderable time delays. A set of tuning rules to determine both integer
and fractional order controllers for first order plus time delay plants are
highlighted in [55]. The procedure minimizes the integral absolute error
(IAE):

IAE =

Z

1

0

|e(t)|dt =

Z

1

o

|r(t)� y(t)dt (2.36)

with a constraint applied to the maximum sensitivity function from (2.34).
Set-point tracking and achieved performance IAE indexes, as well as dis-
turbance rejection are considered to asses the proposed method. The con-
clusion of this study, based solely on simulated data, states that the frac-
tional order derivative action improves the overall system performance,
while the fractional order integral does not bring significant improvements
when compared to integer order PID controllers tuned in the same man-
ner.

In [56], both fractional and integer order PID controllers are computed
using genetic algorithms that minimize a given cost function for a third
order plus time delay system. Performance criteria such as IAE from
equation (2.36), ISE:

ISE =

Z T

0

e2(t)dt (2.37)

and ITAE :

ITAE =

Z T

0

t|e(t)|dt (2.38)

are minimized in order to obtain the controllers. The genetic algorithm
searches for a solution starting from a random population and the param-
eters of the controller are computed. Simulations prove the superiority of
fractional order control compared to integer order PID.

Minimization of the ISE performance combined with frequency do-
main specifications has been achieved in [69]. Differential Evolution (DE)
algorithms are used to tune parallel 2-Degrees of Freedom PID for load
frequency control of interconnected power systems in [70]. The design
of the controllers is also viewed as an optimization problem where the
DE searches for the optimal solution by minimizing the Integral of Time
multiplied by ITSE and ISE. ITAE is also used to further increase the
performance as well as time domain specifications such as settling time
and overshoot, weighted by coefficients. The technique is compared to
the Craziness based Particle Swarm Optimization (CPSO) and the pro-
posed method proves its superiority. System uncertainties are introduced
by varying the process parameters, testing and validating the robustness
of the optimized controller.
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2.6 Summary

This chapter presents the problems with respect to fractional calculus
applied to modelling and control. Popular definitions of the fractional
order operator are provided with an emphasis on the most popular ones
for identification and control. The proof that fractional differ-integer op-
erators are powerful tools in encapsulating complex real life phenomena
has been provided through analyzing various fractional order elements, as
seen through the Laplace domain.

Furthermore, the classical, integer order PID controller is generalized
in the fractional order field with the addition of two extra parameters
representing the fractional orders of differentiation and integration, re-
spectively. A state of art focusing on the last decade related to popular
tuning methodologies for FOPID controllers is present. The study claims
that the most widespread tuning strategy is based on imposing frequency
domain specifications related to gain crossover frequency, phase margin,
robustness, sensitivity and complementary sensitivity functions are pre-
sented. However, minimization of different cost functions such as ISE,
ITAE performance indexes is also widely popular.

There are also many other tuning approaches available throughout the
literature, but only studies relevant for the present dissertation have been
included. The FOPID tuning methodologies discussed will be used in
the next chapters to tune different fractional order PI and PD controllers
related to non-Newtonian case studies. Some definitions presented in this
chapter are used herein this book.
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techniques", in Sensors, vol. 21, no. 17, 2021.



3
Some Properties of

Non-Newtonian Fluids

3.1 Introduction

The purpose of this chapter is to present those properties of non-
Newtonian (NN) fluids and soft materials on which several assumptions
are made throughout this thesis [1, 9]. This information also provides
the necessary motivation to characterize such material properties using
fractional calculus introduced in Chapter 2.

The chapter also introduces a non-Newtonian fluid classification sepa-
rating fluids into time dependent and time independent properties. Pseu-
doplastic, visco-plastic and dilatant are subcategories of time independent
fluids, whereas tixothrophic and rhepectic fluids are characterized from
both shear rate and shear time perspectives. Some general notions are
introduced to better understand the dynamics of different types of non-
Newtonian behavior, to enable the proper development of fractional order
models.

Fractional order systems have been recently applied in modeling non-
Newtonian fluid dynamics. In [71] the authors propose a fraction seepage
model of a non-Newtonian fluid. The non-local characteristic of the fluid
has been modeled in the case of a porous media. In the paper, the authors
make a first hand attempt to relate the fractional order of the model with
the fractal dimension of media tortuosity. A further application can be
found in [72], where the authors describe, via fractional derivative models,
the flow of non-Newtonian fluid driven by spatially nonlocal velocity in
steady pipe flow conditions. A more specific fractional system, i.e. the
extension of the Fractional-order Maxwell model, has been applied in [73]
to incorporate a relaxation process with non-Newtonian viscosity behav-
ior. As a general conclusion of these studies, the main added value in
using such models stands in their capability to describe the non-local and
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memory effects. Furthermore, the exponents of the integro-differential
equations can be used as optimization parameters in data driven identifi-
cation.

3.2 Newtonian vs. Non-Newtonian Fluids

Consider the infinitesimal volume fluid element made by the overlapping
of infinitesimal thickness layers. If a very thin layer of Newtonian fluid is
contained within two plates, as in Fig. 3.1, it is possible to observe the
linearity of the fluid’s velocity profile as a direct consequence of a shearing
force F applied to the moving plate [9]. In this linear context, the external
force is balanced by an internal frictional force in the fluid arising from its
viscosity. In other words, the fluid is subjected to a uniform strain rate
�̇: the governing equation that relates the shear stress ⌧yx pressure-like,
and the shear rate �̇yx , or strain rate, is

⌧yx = �⌘ �̇yx (3.1)

also known as the Newton’s law of fluids. The subscript yx is used to
underline the direction of the stress and strain in the fluid. The negative
sign on the right-hand side of this relation suggests that the shear stress is
a resisting force. Looking at equation (3.1) it can be noticed the similarity
with Hook’s law for a solid, except it refers to the shear rate �̇yx . More-
over, the relation is linear and the constant coefficient ⌘ is called viscosity
of the fluid. This value is well known for a great variety of Newtonian
fluids, and it varies with temperature and pressure of the fluids, hence it
has time varying properties. All gases, as well as most common liquids
like water, oils, hydrocarbon and also metals, in liquid form, are examples
of Newtonian fluids.

By contrast, a fluid is called non-Newtonian when it does not obey
Newton’s law. This means that the relation between shear stress and
shear rate is no longer linear, i.e. the viscosity varies in time, dependent
on conditions such as:

• flow conditions, e.g. flow geometry,

• shear stress applied to the fluid,

• shear rate developed within the fluid,

• time of shearing stress applied,

• kinematic history of the sample, etc.
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Figure 3.1: Schematic representation of unidirectional shearing flow.

3.3 Non-Newtonian Fluids Classification

A classification of non-Newtonian fluids can be made based on variations
in viscosity, as given in Fig. 3.2. This is however just informative, as real
materials often display a combination of two or more properties. Neverthe-
less, in most cases, it is possible to identify the dominating non-Newtonian
feature and to use it as the basis for subsequent process engineering calcu-
lations. We will elaborate on most important used in this thesis, hereafter.

3.3.1 Time Independent Properties

Fluids whose flow properties are independent of the duration of shearing
may be described as:

⌧yx = f(�̇yx ) or vice-versa �̇yx = f�1(⌧yx ) (3.2)

which implies that the shear rate depends on the local value of the shear
stress. Depending on the functions of (3.2), these fluids may be further
subdivided into three different types:

1. Shear-thinning or pseudoplastic,

2. Viscoplastics, including Bingham plastics,

3. Shear-thickening or dilatant.

3.3.1.1 Pseudoplastic or Shear-thinning Fluids

A great part of commonly known fluids belong to this family: nail polish,
whipped cream, ketchup, molasses, syrups, paper pulp in water, latex



38 Some Properties of Non-Newtonian Fluids

Figure 3.2: Classification tree of non-Newtonian fluids.

paint, ice, some silicone oils, sand in water and some silicone coatings.
This kind of fluids have an apparent viscosity which decreases with the
increment of the shear rate. Most of pseudoplastic fluids are piecewise
linear and the following limit variables can be introduced:

lim
γ̇yx !0

⌧yx

�̇yx
= ⌘0 Zero shear viscosity (3.3a)

lim
γ̇yx !1

⌧yx

�̇yx
= ⌘1 Infinite shear viscosity (3.3b)

In Fig. 3.3, it can be observed that the central region of the curve is
piecewise linear. Taking into account that the plot is in logarithmic scale,
this behaviour can be well modelled as a power law relation:

⌧yx = KC(�̇yx )
n, (3.4)

where KC is the flow consistency index (Pa sn), with n the flow behavior
index (dimensionless). By using equation (3.1) in (3.4) and resolving with
respect to the viscosity one obtains

⌘ = KC(|�̇yx |)
n�1 (3.5)

which is also known as Ostwald-De Waele model for pseudoplastic fluid
[74]. The two model parameters n and m are called respectively the
power-law index and the fluid consistency coefficient. For a Newtonian
fluid n = 1, while for a pseudoplastic substance n < 1. The lower the value
of the power-law index, the greater is the degree of shear-thinning. Admit-
tedly, equation (3.5) provides the simplest description of shear-thinning
behaviour, but it also has a number of limitations. Another model is based
on the assumption that the shear-thinning behavior is caused by the for-
mation and breakdown of “structural linkages or units”, also observed in
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Figure 3.3: Qualitative representation of the apparent viscosity behaviour for
a shear-thinning fluid.

polymers and lung tissue [75]. For one-dimensional steady shearing we
have:

⌘ � ⌘1

⌘0 � ⌘1
=

1

1 + (��̇yx )2/3
(3.6)

where ⌘0 and ⌘1, respectively, are the zero and infinite shear viscosities
while � is a constant with units of time. This formula was successfully used
to fit the shear stress-shear rate data for a wide variety of pseudoplastic
systems. This model is also a first hand example as to how the theory of
fractional order systems is able to reproduce this behaviour, rather than
using higher orders in classical models of integer order approximation.

3.3.1.2 Visco-plastic Fluids

This class of materials is characterized by the existence of a threshold value
in the minimal yield stress ⌧0 that must be exceeded before deformation
(or equivalently, flow) occurs. It implies that the substance at rest consists
of a three-dimensional structure of sufficient strength to resist any external
stress less than ⌧0. For stress levels greater than ⌧0, the structure loosens,
and the material behaves as a viscous fluid. A fluid with a linear flow
curve for |⌧yx | > ⌧0 is called a Bingham plastic fluid and is characterized
by a constant value of plastic viscosity [13].

Among the many mathematical equations to model this kind of flow
behaviour, the simplest and perhaps the most widely used can be written
as:

⌧yx = ⌧B0 + ⌘ �̇yx if ⌧yx > ⌧B0

�̇yx = 0 if ⌧yx  ⌧B0
(3.7)



40 Some Properties of Non-Newtonian Fluids

where ⌧B0 is the Bingham yield stress and ⌘B is the plastic viscosity.
Another model for visco-plastic fluids is known as the Herschel-Bulkley
model [76], written for a simple shear flow as:

⌧yx = ⌧H0 +m (�̇yx)
n if ⌧yx > ⌧H0

�̇yx = 0 if ⌧yx  ⌧H0
(3.8)

This formula can be seen as a generalization of the simple Bingham model
(3.7), in which the linear shear rate dependence has been replaced by a
power-law behaviour. This model is broadly used to model blood viscosity
[13] and muddy clay modelling applications [15].

3.3.1.3 Dilatant or Shear-thickening Fluids

In these (dilatant) materials, their apparent viscosity increases with in-
creasing shear rates. Most commonly, this behaviour is encountered in
concentrated suspensions of solids, and can be qualitatively explained as
follows. When a suspension is at rest, the gap between one particle and
another is minimum and the liquid present is just sufficient to fill the
void spaces. At low shear rates, the liquid lubricates the motion of one
particle over another, and the resulting stresses are consequently low. By
contrast, at high shear rates, the dense packing of solids breaks down and
the material expands or dilates slightly causing an increase in the gap.
The amount of liquid available is no longer sufficient to lubricate the solid
motion of one particle over another and the resulting solid-solid friction
causes the stresses to increase rapidly, which, in turn, causes an increase
in the apparent viscosity.

Experimental data suggests that the apparent viscosity-shear rate
curves often result in a linear behaviour on log-log coordinates over a
limited shear rate range of interest [72]. This observation directly sug-
gests that the power-law model (3.5) may be used with n > 1 in this
case.

The entire behaviour of typical shear-thickening fluids, as given in
Fig. 3.4 gives evidence of three distinct zones. Two of them, for very low
and very high shear rate respectively, are regions in which the fluid shows
shear-thinning characteristics, i.e. the viscosity decreases with increasing
shear rates. However, for mid-range shear rate the liquid behaves like
shear-thickening, resulting in increasing viscosity with shear rate. This
region is linear in the log-log plot, as mentioned earlier. In other words,
depending on the context conditions, the behaviour of the material or
fluid changes. The model has been revised taking into account the three
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Figure 3.4: Qualitative viscosity curve for a shear-thickening fluid.

different regions [77,78]:
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h
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γ̇�γ̇max
�̇
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for �̇c < �̇  �̇max

⌘max

1 + [KIII(�̇ � �̇max)]
nIII

for �̇ > �̇max

(3.9)

It must be noticed that the three branches of equation (3.9) have a
functional form based on that of the Cross model: the similarity can be
found if equation (3.6) is rearranged by solving it with respect to ⌘. Hence,
the parameters appearing in equation (3.9) have the same dimensions and
interpretation: KI,KII,KIII, possess a time component and are respon-
sible for the transitions between the plateaus and the power-law, while
the dimensionless exponents ni are related to the slopes of the power-law
regimes. It is worth recalling here that various power-law regimes can be
directly linked to various values of fractional order models.
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Figure 3.5: Qualitative shear stress-shear rate behaviour for thixotropic and
rheopectic materials.

3.3.2 Time Dependent Properties

For many industrial materials, as well as some common food materials,
the viscosity depends on both shear rate and shear time. The most com-
mon textbook example is honey: when it is sheared at a constant rate of
shear, following a period of rest, its apparent viscosity gradually decreases
as its internal “structure” breaks down progressively. As the number of
“ structural linkages ”available for breaking down decreases, also the rate
of variation drops towards zero. On the other hand, the rate at which the
linkages can reform increases, and eventually a state of dynamic equilib-
rium is reached: the rates of build-up and breakdown linkages are equal.
This type of fluid behaviour may be further divided into two categories:
thixotropic and rheopectic or anti-thixotropic.

3.3.2.1 Thixotropic Fluids

A material is said to exhibit thixotropy if its apparent viscosity (or shear
stress) decreases with time when sheared at a constant rate of shear. If
the flow curve is measured in a single experiment in which the shear rate
is steadily increased at a constant rate from zero to a maximum value,
and then decreased at the same rate to zero again, a hysteresis loop, as
shown schematically in Fig. 3.5, is obtained. The height, the shape, and
the enclosed area of the loop, depend on the kinematic parameters such
as duration and rate of shearing, past deformation history of the material
sample, etc.

In practice, thixotropic substances show very similar properties to
the shear-thinning fluids. Common examples are yogurt, peanut but-
ter, honey, aqueous iron oxide gels, gelatin gels, carbon black suspension
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in molten tire rubber, some drilling muds, many paints, many colloidal
suspensions.

3.3.2.2 Rheopectic Fluids

The relatively few systems for which the apparent viscosity increases with
the duration of shearing display rheopexy, i.e. negative thixotropy. Hys-
teresis effects are observed in the flow curve in Fig. 3.5, but in this case it
is inverted as compared to that for a thixotropic material. By analogy with
thixotropy, rheopexy is associated with a gradual build-up of “structure”
as the fluid is sheared, without any guarantee that an equilibrium will
ever be reached. Thus, in a rheopectic material, the structure builds up
by shear and it breaks down when the material is at rest. Hence, it can be
associated with the shear-thickening, or dilatant fluids. Some examples
of rheopectic fluids are: synovial fluid, printer ink, gypsum paste.

To conclude, we have observed that the material properties can change
as a function of various dynamic conditions, requiring several individ-
ual model structures. Power-law, exponential and combinations thereof
are commonly shown to be dynamics which naturally require generalized
models such as fractional order models. Previous know-how and spe-
cialised literatures offers numerous examples of such solutions in various
applications. The remainder of this thesis will deal with fractional order
impedance models represented in Laplace domain for frequency domain
identification, as it directly results from the material characterization.

3.4 General Navier-Stokes Equations

In this section, Navier-Stokes equations are briefly introduced, correlated
to non-Newtonian fluid flow from [79,80,81,82,83]. The purpose is to pro-
vide a minimal theoretical framework for supporting rationale on which
the fractional order system is designed and used. Prior know-how is em-
ployed from modelling flow in biological systems [75].

Any pulsatile flow can be analyzed in terms of periodical functions,
such as the pressure gradient:

� @p

@z
= MP cos(!t� ΦP ), (3.10)

where z is the axial coordinate, ! = 2⇡f is the angular frequency (rad/s),
with f the frequency (Hz), MP the modulus and ΦP is the phase angle of
the pressure gradient.

Conform linear system theory, it follows that also the pressure and the
velocity components will be periodic, with the same angular frequency !.
The purpose is to determine the velocity in radial direction u(r, z, t) with
r the radial coordinate, the velocity in the axial direction w(r, z, t), the
pressure p(r, z, t).
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One may use the Womersley parameter defined as the dimensionless
parameter:

� = R

r

!⇢

⌘0
, (3.11)

with R the absolute radius of the cylinder (pipeline). If the simplest
form of axi-symmetrical flow in a cylindrical pipeline is considered, the
simplified Navier Stokes equations can be written as

@

@✓
=

@2

@✓2
= 0 (3.12)

at contour velocity v = 0. Further on, no external forces Fr, Fz are
considered. For infinitesimal segments, the total pressure drop variations
can be neglected and locally can be divided by density ⇢ and introduce
the dimensionless parameter y = r/R, 0  y  1 in the relation

d

dy
=

d

dr

dr

dy
= R

d

dr
, (3.13)

d

dr
=

1

R

d

dy
. (3.14)

A set of simplifying assumptions can be introduced at this point:

i) the radial velocity component is small, as well as the ratio u/R and
the term in the radial direction;

ii) the terms ∂2

∂z2 in the axial direction are negligible.

It follows that:
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@t
= � 1
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@w

@t
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@p
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⌘0

⇢
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] (3.16)

u

Ry
+

1

R

@u

@y
+

@w

@z
= 0. (3.17)

Since the pressure gradient is periodic, also the pressure p(y, z, t) and
the other velocity components u(y, z, t), w(y, z, t) are periodic and can be
defines as:

p(y, z, t) = AP (y)e
jω(t�z/c̃)

u(y, z, t) = AU (y)e
jω(t�z/c̃)

w(y, z, t) = AW (y)ejω(t�z/c̃)

, (3.18)
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where c̃ denotes the complex velocity of wave propagation and j =
p
�1.

Using these definitions, it follows the system of equations:

u =
j!R

⌘0c̃
{C1

2

�j3/2
J1(�j

3/2y) +
AP

⇢c̃
y}ejω(t� z

c̃ ) (3.19)

w = {C1J0(�j
3/2y) +

AP

⇢c̃
}ejω(t� z

c̃ ) (3.20)

p(t) = AP e
jω(t� z

c̃ ) (3.21)

with C1 = �AP

ρc̃
1

J0(δj3/2)
, AP the amplitude of the pressure wave, J0 the

Bessel function of the first kind and zero degree, J1 the Bessel function of
the first kind and first degree, and in which:

� dp

dz
=

j!

c̃
AP e

jω(t� z
c̃ ) = MP e

j(ωt�ΦP ) (3.22)

such that
AP e

jω(t� z
c̃ ) =

c̃

!
MP e

j(ωt�ΦP�π/2). (3.23)

For non-Newtonian fluid flows inside pipelines, the effective elastic
modulus and wall density, respectively, may be considered in function of
the pipeline rugged structure:

E = Ec + (1� )Es

⇢wall = ⇢c + (1� )⇢s
, (3.24)

taking into account at each section of the setup the fraction amount  of
corresponding hard material (index c) and soft material (index s). This
can be then used to model interaction between fluid and transporting
materials. Wall density refers to the density of the material from which
the pipeline is built. Elastic properties and wall density of the material
influence the elasticity of the pipeline. When the non-Newtonian fluid
flows through the pipes, these can expand or contract, influencing the
interaction between the fluid and transporting material.

3.5 Fractional Flow Dynamics in Non-

Newtonian Fluids

Classical constitutive relationship for shear stress in terms of the velocity
gradient can be expressed as [84]:

⌧ = ⌘0
du

dy
, (3.25)

with ⌧ the viscous shear stress, ⌘0 (kg/m s) the dynamic viscosity, u the
flow velocity (m/s) and y (-) the radial direction in normalized form, i.e.
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y = r/R with R (m) the radius of the transporting pipeline and r (m) the
radial coordinate. This relation no longer holds for non-Newtonian fluids
such as blood, detergent, gel, plasma, etc.

Previous work on fractionalising compartmental models for drug con-
centration gradients in blood and tissue has indicated that each gradient
can be expressed in terms of its kernel and integral form of mass trans-
fer [18,85]. Consider the pipeline with our fluid divided in compartments
of equal infinitesimal distance. The gradient is given by:

u(1)� u(0) = k

Z 1

0

M(⌧)d⌧, (3.26)

where the parameter M denotes mass or molar amounts of material in
the respective compartment, and k (1/s) are rate constants. Each of the
mass transfer integral includes a kernel, i.e.

u(1)� u(0) = k

Z 1

0

K · M̃(⌧)d⌧. (3.27)

In the classic theory case, the kernel is simply equal to one. By choosing
the kernel in an appropriate form of power-law, one can then use Riemann-
Liouville fractional integrals or others. This power-law kernel has been
formerly introduced in earlier studies of non-Newtonian materials and
fluids [16,17,86]. For instance, using the kernel

K(t, ⌧) =
(t� ⌧)α�1

Γ(↵)
(3.28)

with 0 < ↵ < 1, we have for ↵ = 1 the classical case since K = 1. Recall
the Riemann-Liouville fractional integral (2.1)

0D
�α
t M(t) =

Z 1

0

(t� ⌧)α�1

Γ(↵)
M̃(⌧)d⌧, (3.29)

where D stands for an integral when the order is negative and for a deriva-
tive when the order is positive. Finally, equation (3.27) can be written
as

u(1)� u(0) = k0D
�α
t M(t). (3.30)

The zero initial values are commonly employed in compartmental mod-
els. Alternatively, for non-zero initial conditions one can use the Caputo
derivative, in the form

0D
1�α
t M(t) =C

0 D1�α
t M(t) +

M(0)tα�1

Γ(↵)
, (3.31)

where the superscript C on the left denotes a Caputo fractional derivative.
Note the units of the rate constant are no longer time�1 but time�α,
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suggesting time related memory effects are intrinsically captured by such
representations.

In [15] a model has been proposed to describe time-dependent flow in
non-Newtonian fluids:

⌧(t) = ⌧0 + a · �β

dβ�1✏̇

dtβ�1
, (3.32)

where 0  �  1, a and � are material constants, and ✏ (m) denotes
strain. This is a generalization of equation (3.25) following the generalized
order rationale. This has been used (in various forms) to model Maxwell
elements in mechanical models of viscoelasticity [86]. Further on, such
mechanical models can be used to express electrical model analogy in
various real life applications, but mostly successful employed in modelling
properties of biological tissues [10,17].

To address the non-locality problem of properties in non-Newtonian
fluids, one may use equation (3.32), for 0 < ↵ = � � 1 < 2. The physical
basis for this non-uniform velocity gradient can be the non-uniformity
of fluid particles (e.g. mixtures of solid and liquid particles), molecular
interaction, biological and chemical effects. Using the fractional derivative
definition from [15]:

dαu(y)

dyα
=

1

Γ(n� ↵)

Z y

0

u(n)(⌧)

(y � ⌧)α�n+1
d⌧, (3.33)

with n � 1 < ↵  n, and n the smallest integer greater than the order
↵, the relationship between velocity gradient and viscous shear stress is
given by:
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, (3.34)

where I1�α and I2�α represent the fractional integral:

Iγf(y) =
1

Γ(�)

Z y

0

(y � ⌧)γ�1f(⌧)d⌧, � > 0. (3.35)

3.5.1 Velocity Profile in Pipeline

In the context exemplified here, the following assumptions are made:

• the non-Newtonian fluid is incompressible, and

• the flow is laminar.

Consider a suspended object as in Fig. 3.6. The force balance relation
in the flow direction is given by

A(p1 � p2 + ⇢gl sin(�))� ⌧ · 2⇡rl = 0 (3.36)
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Figure 3.6: Schematic representation of a suspended object in pipeline.

with A (m2) cross section, r (m) radial direction, ⇢ (kg/m3) the density
of the non-Newtonian fluid, and ` (m) is the length considered and R (m)
the absolute radius of the cylinder. Given that sin(�) = z1�z2

l , thus the
hydraulic gradient is given by:

J =
(z1 + p1/⇢g)� (z2 + p2/⇢g)

l
=

2⌧

⇢gr
. (3.37)

Employing the velocity gradient constitutive equation from previous sec-
tion we impose

⌘0
dαu

drα
= �⇢grJ/2 (3.38)

and obtain

u(r)� u(r = 0) = � ⇢gJr1+α

2⌘0Γ(↵+ 2)
. (3.39)

Imposing the no slip condition, where u(r = R) = 0, hence:

u(r) =
⇢gJr1+α

2⌘0Γ(↵+ 2)
. (3.40)

The velocity profile is written as

u(r) =
⇢gJ

2⌘0Γ(↵+ 2)
(R1+α � r1+α) (3.41)

which reduces to the Newtonian velocity profile for ↵ = 1.
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The maximum velocity is then calculated as

umax =
⇢gJR1+α

2⌘0Γ(↵+ 2)
(3.42)

and the mean velocity is

ū =
⇢gJ

2⌘0Γ(↵+ 2)
(1� 2

3 + ↵
)R1+α. (3.43)

When the ration of these velocities is 0.5, then we have Newtonian fluid -
this is again the case for ↵ = 1. It follows that the velocity gradient may
be non-uniform in non-Newtonian fluids.

3.5.2 Frictional Head Loss

For objects moving forward in a non-Newtonian fluid, there is a frictional
head loss of velocity, which can be calculated from the mean velocity
relation:

F =
2η0

ρ
Γ(↵+ 2)

g

3 + ↵

1 + ↵

lū

R1+α
(3.44)

with η0

ρ
the kinematic viscosity. For a circular pipeline, this can be ex-

pressed in terms of the diameter of the cylinder D = 2R:

F =
64

23�α

(3+α)Γ(1+α)
ūDα

η0

ρ

l

D

ū2

2g
. (3.45)

Again this reduces to the classical frictional head loss for Newtonian fluid
when ↵ = 1.

3.6 Summary

This chapter proposes a framework for modelling velocity profiles and
suspended (infinitesimal) objects in non-Newtonian fluid environment.
Navier-Stokes relations from classical fluid flow theory are employed, fol-
lowed by fractional constitutive equations for velocity profiles and flow.
The theoretical analysis is performed under assumptions of steady and
pulsatile flow conditions, with incompressible properties. The fractional
derivative model for velocity and friction drag effect upon a suspended
object are determined.

The results presented in this chapter have been published in:

• I.Birs, D. Copot, C. Muresan, I. Nascu, C. Ionescu. "Identification
For Control Of Suspended Objects In Non-Newtonian Fluids", in
Fractional Calculus and Applied Analysis, vol. 22, no.5, pp. 1378-
1394 , DOI: 10.1515/fca-2019-0072, 2019.
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4
Fractional Order Control

with Event Based

Dynamics

4.1 Introduction

In its industry relevant impact report, the IEEE Control System Society
provided useful information as to those tools from systems and control en-
gineering mostly employed by industry [87]. Not surprising, the top three
most used solutions in industry are: PID controllers, system identification
and model predictive control. With a gripping 90% of regulatory loops,
PID control is the obvious first line candidate for emerging concepts such
as fractional calculus. It follows a notable success of the generalization
of the popular Proportional Integral Derivative (PID) controller, as de-
scribed in Chapter 2. The resulting strategy outperforms its integer order
version. The closed loop systems featuring fractional order control (in
general, but prevalently PID type) have an improved time domain per-
formance, stability, robustness and flexibility from the frequency response
perspective [20, 21, 88]. Its diverse benefits contribute to the enhance-
ment of multiple control possibilities such as the fractional order Internal
Model Control (IMC) strategy, fractional order filter integration to avail-
able integer-order structures, fractional order Linear Quadratic Regulator
(LQR), [89,90,91] etc.

The present chapter focuses on introducing fractional calculus in a con-
trol branch that has not been previously explored from this perspective:
the event-based control strategy. Event-based control is a relatively novel
concept that triggers the computation of a new control signal through
events, in comparison to classical controller implementations that trigger
time based changes in the control signal [92, 93]. The strategy is mostly
beneficial for processes that have limited resources such as CPU mem-
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ory, bandwidth allocation and require a reduced energy demand [94, 95].
All of these features show the necessity of the event-based strategy in
today’s industrial settings [96, 97]. Furthermore, cloud control systems
are becoming more popular, the industry being the main beneficiary of
such an approach that externalizes automatic control, providing a versa-
tile solution that could be easily debugged and adapted [98, 99]. It can
be speculated that event-based control combined with cloud based imple-
mentations is a powerful tool for the future of industrial control in the
Industry 4.0 paradigm. The benefits provided by fractional order control
into the event-based strategy are introduced, offering multiple possibilities
to exploit these advantages to benefit the current industrial need.

The original contribution of the current work to the fractional cal-
culus field is the engineering applicability of this numerical tool into the
event-based control strategies. In this chapter, the theoretical background
for event-based fractional order controllers is proposed and several imple-
mentation options are explored. The method is validated for the general
fractional order PID controllers using varied numerical examples. Fur-
thermore, the proposed approach is compared with classical, non-event
based, discrete-time approaches showing the efficiency of the methodol-
ogy as well as the benefits regarding the control effort.

4.2 Main Industrial Benefits

The fourth industrial revolution, known as Industry 4.0, integrates the
latest scientific advances of the 21st century into the architecture of tra-
ditional manufacturing plants [96]. State of the art smart manufacturing
systems and technologies take the industrial setting a step further into
the future. Human intervention is minimized by add-on automation tech-
nologies featuring state machines, self-monitoring and abilities to perform
machine to machine communication. The emerging Internet of Things
(IOT) protocol is the principal constituent in the smart manufacturing
trend, creating connected networks of distributed systems [100].

The new industrial cloud architectures are equipped with a wide range
of sensors and actuators creating a widespread network that gathers and
shares data. Decisions are (semi-)autonomously taken by interpreting the
available information [101], sometimes through semantic reasoning. How-
ever, an overflow of unnecessary, unusable or corrupted data leads to an
overburden of the bandwidth and wireless network sharing. Introducing
the context awareness modules into the smart manufacturing process en-
ables the interpretation and filtering of the gathered information as well as
performing decisions regarding its relevance [102]. The main idea is to pro-
cess data in the lower levels of the system and forwarding the contextual
information to the upper layers of the architecture - known as RAMI4.0
(Refererence Architectural Model Industry). There are four main layers
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Figure 4.1: Conceptual representation of layer-based context awareness man-
agement using context maps

of the context management, as presented in Fig. 4.1. Furthermore, the
layers of the RAMI architecture together with the communication and
administration shells are shown in Fig. 4.2. The connection takes place
over the Industry 4.0 communication protocol, where the administration
shell performs the digital part and the physical "things" perform the real
part.

In the conceptual Fig. 4.1, at determined or triggered time instances,
each objective of the system is analyzed and a context map is created
based on regression data. The context map determines various sets of in-
put and output pairs that are particularly useful in reaching the objective
(with green), pairs that are layabout for reaching the goal (with orange)
or the pairs that hinder the main objective (with red). The next step
involves an analysis of the process with respect to the previously defined
sets and identifying events. These events will ultimately lead to a new
context, with different solution pairs than the previous, which in turn can
trigger the computation of a new set of control parameters in order to
reach the main objective.

From the control engineering point of view, the natural solution of such
context awareness paradigm lies in the event-based control methodology.
The system’s context is mapped based on some predefined conditions for
reaching a certain objective, specific to the controlled process.

Even if traditional sampled data control, known as Riemann sampling,
is the standard tool for implementing computer control, there are severe
difficulties when dealing with systems having multiple sampling rates or
systems with distributed computing [104]. With multi-rate sampling, the
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Figure 4.2: RAMI4.0 layered architecture and element integration via the
administration shell [103], https://www.flandersmake.be/en/news/industry-40-
report

complexity of the system depends critically on the ratio of the sampling
rates. For distributed systems, the theory requires that the clocks are syn-
chronized. However, in networked distributed systems, current research
revolves around solving problems such as sampling jitter, lost samples and
delays on computer controlled systems [105]. Event based sampling, also
known as Lebesgue sampling, is a context aware alternative to periodic
sampling [106]. Signals are then sampled only when significant events oc-
curs, such as when a measured signal exceeds a limit or when an encoder
signal changes. Event based control has many conceptual advantages.
Control is not executed unless it is required, control by exception. For a
camera based sensor it could be natural to read off the signal when suffi-
cient exposure is obtained. Event based control is also useful in situations
when control actions are expensive, for example when controlling manu-
facturing complexes, and when when it is expensive to acquire information
like in computer networks [97,107].

As with any novel concept, very little theory is available. All sampled
systems, periodic as well as event based, share a common property that
the feedback is intermittent and that control is open loop between the
samples. After an event, the control signal is generated in an open loop
manner and applied to the process. In traditional sampled-data theory
the control signal is simply kept constant between the sampling instants,
a scheme that is commonly called a zero order hold (ZOH). In event based
systems, the generation of the open loop signal is an important issue and
the properties of the closed loop system depends critically on how the
signal is generated [107]. There has not been much development of theory
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for systems with event based control, compared to the widely available
strategies developed for periodic sampled control [108,109].

Mathematical analysis related to the efficiency of the Lebesgue sam-
pling algorithms has been realized by [107]. The study compares the
performance of Riemann sampling to event based sampling and shows
that the latter gives a better performance, even if the variable sampling
theory is still in its infancy.

Successful industrial event based applications have been reported dur-
ing recent years in works such as [92, 110, 111] spanning on a manifold of
industrial processes from the simple tank level control [112] to microalgae
cultures in industrial reactors [113,114].

Event-based or event-driven control is a strategy based on variable
sampling of the control action. The concept is best explained in contrast
to the classical, non-event based, discrete-time implementation. The latter
implies the realization of the discrete-time controller using a control signal
computed every Ts seconds, without exceptions. For step references, the
control signal varies while the system is in the transient regime, afterwards
the control variable is constant for most processes. The only exception
to this is the presence of unwanted disturbances, when the control ac-
tion tries to bring the system back to the steady-state regime. Hence, the
control variable changes during the transient regime until the process vari-
able reaches the desired reference or when rejecting disturbances, while for
the other time slots it is constant. However, discrete-time control imple-
mentations compute a new value for the control signal every Ts seconds.
From a computational point of view, the approach is inefficient and that
the control effort can be reduced to the periods of time when the process
variable is outside the steady-state boundaries. The efficiency problem is
solved in an elegant manner by the introduction of event-based control
approaches that allow the computation of a new control signal with vari-
able sampling, removing the burden on the controlling board/circuitry for
unnecessary computations. This is of particular interest in autonomous
systems, which have limited energy resources (battery).

Event-based control introduces multiple benefits such as CPU resource
optimization by limiting the number of times the control signal is com-
puted. This allows the sharing of the CPU with other processes in dis-
tributed architectures and also improves energy efficiency in a control
scheme [92,115].

Another trend in industrial control [98] is industrial cloud computing.
The concept externalizes the process computer to a cloud-based implemen-
tation. For complex control necessities, the control signal can be computed
into the cloud by a powerful computer, shared with other processes. This
approach reduces the cost and removes the necessity of powerful process
computers. Event-based strategies are useful in this scenario through the
reduced bandwidth allocation [98,116].
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4.3 Event-Based Control Principles

A schematic of the event-based implementation concept is presented in
Fig. 4.3.

Figure 4.3: Basic operating principles of event based control implementation

The process data is acquired with the sampling time hnom, which is
a constant value, chosen in a similar fashion as the sampling period in
classical discrete-time implementations. The data is transferred into the
event detector, which as the task to determine whether or not to trigger an
event. The event detector can be customized with any rule that optimizes
the control process [117,118].

One of the most popular event triggering rule is focused on the error
variation between a predefined interval [�∆e ∆e]:

|e(t)� e(t� hact)| � ∆e, (4.1)

where hact is the elapsed time since the triggering of the previous event,
e(t � hact) is the error at the previous event triggering moment and e(t)
is the error at the current moment. Note that the error signal at the
present moment t is computed using e(t) = Y (t) � Ysp(t), where Y (t) is
the current process variable and Ysp(t) is the setpoint value.

Another popular event detection condition is the maximum allowed
time between two consecutive events, known throughout literature as
the safety condition. The maximum time is denoted by hmax, while the
elapsed time since the previous event is hact [119]. The safety condition
can be expressed as:

hact � hmax. (4.2)

The triggering of an event employs the control input generator to com-
pute a new value for the control signal. The control input generator en-
capsulates the chosen method to solve the control task. Since the action
of the event-based implementation is triggered with a variable sampling
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hact, the controller should be a discrete-time representation and the sam-
pling time parameter for the discretization must be a variable parameter
in the event-based implementation.

As such, the challenge one needs to overcome is the variable sampling
while extending the event-based control strategy to the fractional order
control domain.

4.4 Event-Based Integer Order Control

Let us first consider a standard case of event-based control. A brief ex-
ample of the discrete-time model of the controller inside the control input
generator is given for the integer order PID controller. The transfer func-
tion is provided in equation (2.17) for the particular case of � = µ = 1.
The PID control signal in the Laplace domain can be computed using:

U(s) = kp(Ysp(s)� Y (s)) +
kpki
s

(Ysp(s)� Y (s)) + kpkds(Ysp(s)� Y (s)).

(4.3)
Denoting e(t) = Ysp(t)� Y (t) and splitting the control law into three

individual signals : proportional up(s), integral ui(s) and derivative ud(s)
gives:

up(s) = kpe(s),

ui(s) =
ki
s
e(s),

ud(s) = kpkd s e(s).

(4.4)

The discrete-time PID control law can be computed as the sum of
the three individual signals into their discrete-time approximation. Using
the Tustin method from equation (4.6) where ↵ = 1 and replacing s =
2

hact

1�z�1

1+z�1 in the individual components from equation (4.4) gives:

up(k) = kpe(k),

ui(k) = hact
ki
2
(e(k) + e(k � 1)) + ui(k � 1),

ud(k) =
1

hact
2kd (e(k)� e(k � 1))� ud(k � 1).

(4.5)

where ui(k�1) is the previously computed integral component and ud(k�
1) is the previous derivative component. Notice that in this context, a
previous computation refers to the moment of the last recorded event.
Note also that the discrete sampling time Ts has been replaced by hact

which is the variable sampling time.
Hence, the set of variables in equation (4.5) gives the control values

of the PID controller with variable sampling time. In a similar rationale,
other controllers such as the integer order IMC can be discretized and
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implemented inside the control input generator, as long as the sampling
time is kept as a time varying variable. In addition, the discretization
method is not limited to Tustin, any viable discrete-time mapper can be
used.

4.5 Event-Based Fractional Order Control

4.5.1 Direct Discrete-Time Mappers

Analog implementation possibilities of this type of control are scarcely
available, most of them based on fractance circuits [120]. Continuous
controller implementation requires electronic components that are mostly
suitable for integer order transfer functions. Some works such as [121,
122, 123, 124] tackle analog fractional devices using electronic systems.
However, these devices are difficult to tune and also provide some physical
restrictions.

An broadly used method to implement a fractional order controller is
to approximate it using finite-dimensional integer-order transfer functions.
The aim of this approach is to capture the effects of fractional order
operators through integer order transfer functions, both in the continuous
and discrete-time domains. The aim on this section is to discuss the
discrete-time representation of the fractional operator. A manifold of
discrete-time approximations have been studied among the years. These
can be classified into indirect and direct discrete-time mappers [125, 126,
127].

Indirect discrete-time fractional order approximations are those meth-
ods that describe the dynamics of a fractional operator through high-order
integer transfer functions in the Laplace domain [20,128,129]. This is a so-
lution based on the mathematical development that distributed parameter
system representations lead to the appearance of fractional orders in the
lumped parameterization models [130]. The fractional dynamics are cap-
tured through the usage of high order transfer functions, that are further
discretized using already available integer order discrete-time mappers. A
wide variety of approximation methods are available, providing reliabil-
ity through certain aspects, such as Continued Fraction Approximations,
Oustaloup Filter Approximation, Modified Oustaloup Filter, etc. Recall-
ing here the concepts introduced in Chapter 2, the Laplace representation
of the fractional-order operator sα is a straight line in both magnitude
and phase plots. A finite order filter that fits the infinitely straight line
is impossible. However, it is possible to approximate it over a limited
interval of frequency range (!b,!h) [131,132].

By contrast, direct discrete-time mappers use a single step approx-
imation to map the fractional differ-integral operation straight to the
discrete-time domain [133]. Recent studies introduce several approaches
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such as frequency fitting of the discrete-time model to the response of the
fractional order term [132, 134]. The recursion based formulas proposed
in [135] provide two direct discrete-time mappers relevant for the present
study. They are based on the Tustin formula as the generating function
with a sampling time Ts:

sα ⇡
✓

2

Ts

1� z�1

1 + z�1

◆α

. (4.6)

The first mapper is based on the Muir recursion scheme [136]. For a
positive order of differ-integration, ↵ > 0, the formula is first introduced
in [135]:

sα =

✓

2

Ts

◆α✓
1� z�1

1 + z�1

◆α

=

✓

2

Ts

◆α

lim
n!1

An(z
�1,↵)

An(z�1,�↵)
, (4.7)

where An(z
�1,↵) is a polynomial computed with:

A0(z
�1,↵) = 1,

An(z
�1,↵) = An�1(z

�1,↵)� cnznAn(z
�1,↵)

(4.8)

and cn = α
n for odd values of n, or cn = 0 for even values of n 2 N.

Equation (4.8) computes the fifth order polynomial A5(z
�1,↵) through:

A5(z
�1,↵) = �1

5
↵z�5 +

1

5
↵2z�4 �

✓

1

3
↵+

1

15
↵3

◆

z3+

+
2

5
↵2z�2 � ↵z�1 + 1.

(4.9)

The second direct mapper of interest throughout this study is the
Continued Fraction Expansion (CFE) of the Tustin formula proposed in
[135]:

sα =

✓

2

Ts

◆α

CFE

⇢✓

1� z�1

1 + z�1

◆α�

p,q

=

✓

2

Ts

◆α
Pp(z

�1)

Qq(z�1)
, (4.10)

where CFE denotes the function generated by applying the Continued
Fraction Expansion, p and q are the orders of approximation, while
Pp(z

�1) and Qq(z
�1) are polynomials in the z�1 variable. For p = q = 5,

the fifth order polynomials needed by the CFE approximation are com-
puted as:

P5(z
�1) = (�↵5 + 20↵3 � 64↵)z�5 + (�195↵2 + 15↵4 + 225)z�4+

+ (�105↵3 + 735↵)z�3 + (420↵2 � 1050)z�2 � 945↵z�1 + 945,

Q5(z
�1) = (↵5 � 20↵3 + 64↵)z�5 + (�195↵2 + 15↵4 + 225)z�4+

+ (105↵3 � 735↵)z�3 + (420↵2 � 1050)z�2 + 945↵z�1 + 945.
(4.11)
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The fifth order discrete time approximations from equations (4.7) and
(4.10) based on the integer order Tustin formula should be sufficient for
most applications. These approximations will be used further to directly
map the fractional order sα into the discrete-time domain with the purpose
of creating the event-based fractional order control theory.

The reason for choosing these direct mappers is the ability to isolate Ts

from the fixed polynomials generated by the discrete-time mappers, which
allows the event-based FOPID implementation with a variable sampling
time. CFE can be applied to any generating function (Euler, Al-Alaoui,
Tustin, Simpson, etc.) to approximate FOPID controllers if Ts can be
isolated. However, discretization by Muir recursion has been developed
only for usage with the Tustin generating function. The numerical ex-
amples presented in this implement both Muir and CFE direct mappers.
The Tustin formula is also selected for CFE in order to accurately com-
pare the performance obtained by the two mappers. Good results can also
be obtained through different CFE generating functions, the methodology
and implementation strategy remains stays the same, but the polynomials
from equation (4.10) will differ.

4.5.2 Implementation Methodology

The theoretical contribution of the present study is the generalization of
the available event-based control strategy into the fractional order field.
The challenge lies in the isolation of the sampling time and introducing its
variability in the fractional order discrete-time approximation. Hitherto,
no specialized literature reports are available to explore the possibility of
implementing fractional order controllers in the control input generator.

The proposed development of the discrete fractional order control ac-
tions is based on fractional order direct discrete-time mappers. Both
the Muir recursive and CFE discrete-time approximations from equations
(4.7) and (4.10) will be used hereafter, with the end goal to claim that
any direct mapper whose sampling time can be isolated from the rest
of the function can be successfully used in fractional order event-based
implementations.

The event-based implementation of the fractional order PID controller
from (2.17) with �, µ 2 (0, 1) will be exemplified further. Given the ver-
satility of the proposed approach, any fractional order controller can be
discretized and implemented in the fractional order control signal gener-
ator.

Similarly to the classical integer order PID control action from equa-
tion (4.5), the fractional order control law can also be written as a sum of
the three individual components as Uf (s) = ufp(s)+ufi(s)+ufd(s), with
ufp(s), ufi(s) and ufd(s) being the proportional, integer and derivative



4.5 Event-Based Fractional Order Control 61

fractional order control signals. Hence, generalizing equation (4.4) gives:

ufp(s) = kpe(s),

ufi(s) =
kp · ki
sλ

e(s),

ufd(s) = kp · kd sµ e(s).

(4.12)

Both aforementioned direct discrete-time approximations approximate
the fractional order term sα to a transfer function of the form:

sα ⇡
✓

2

Ts

◆α
anz

�n + an�1z
�n+1 + ...+ a0

bnz�n + bn�1z�n+1 + ...+ b0
=

✓

2

Ts

◆α
Nn(z

�1)

Dn(z�1)
. (4.13)

Mapping of sα employs the polynomials:

• Nn(z
�1) = An(z

�1,↵) and Dn(z
�1) = An(z

�1,�↵), for the Muir
recursion method, and

• Nn(z
�1) = Pn(↵) and Dn(z

�1) = Qn(↵), for the CFE method.

Notice that in 4.13 the sampling time has been isolated from the rest
of the model and from this point it is possible to be treated as a vari-
able in the event-based implementation. The polynomials Nn(z

�1) and
Dn(z

�1) need to be computed only once, as they remain unchanged for
every iteration through the control signal generator.

Furthermore, the fractional order terms will be treated separately and
approximated to the discrete-time domain using the generalized formula
from (4.13). The fractional order proportional component is identical to
the integer-order PID proportional term since it does not introduce any
fractional order operation:

ufp(k) = kpe(k). (4.14)

The fractional order integral term can be rewritten 1
sλ

= s1�λ

s such that
the direct discretization of sα respects the ↵ > 0 condition. It follows
that the discrete-time transfer function of the fractional order integral
component can be computed using the Tustin formula for the 1

s term and
a direct nth discrete-time formula for the s1�λ term, where 1 � � > 0,
� 2 (0, 1):

1

sλ
=

1

s
s1�λ =

Ts

2

1 + z�1

1� z�1

✓

2

Ts

◆1�λ
Nn(z

�1)

Dn(z�1)
. (4.15)

After expanding equation (4.15), the recurrence formula of the fractional
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order integral component is obtained:

ufi(k) =

✓

2

hact

◆

�λ
kpki
d0

Efin(k)�
1

d0
Ufin(k),

Efin(k) = n0e(k) + (n0 + n1)e(k � 1) + (n1 + n2)e(k � 2)+

+ ...+ (nn�1 + nn)e(k � n) + nne(k � (n+ 1)),

Ufin(k) = (d1 � d0)ufi(k � 1) + (d2 � d1)ufi(k � 2)+

+ ...+ (dn � dn�1)ufi(k � n)� dnufi(k � (n+ 1)),

(4.16)

where e(k � n) denotes the previous nth error signal and ufin(k � n)
denotes the previous nth fractional order integral control action.

The fractional order derivative component is obtained by directly re-
placing sµ, µ 2 (0, 1) with any direct discrete-time mapper:

ufd(k) =

✓

2

hact

◆µ
kpTd

d0
Efdn(k)�

1

d0
Ufdn(k),

Efdn
(k) = n0e(k) + n1e(k � 1) + ...+ nne(k � n),

Ufdn
(k) = d1ufd(k � 1) + d2ufd(k � 2) + ...+ dnufd(k � n),

(4.17)

where e(k�n) denotes the previous nth error value and ufd(k�n) is the
previous nth fractional order derivative control value.

The fractional order PID exemplified in this section stands as a basis
to any fractional order event based implementation. For example, for a
fractional order IMC implementation, a similar approach can be employed.

Another important aspect in this proposed approach is that it allows
the actual tuning of the fractional order controller to be a completely in-
dependent process from the event-based implementation. In other words,
any fractional order controller can be tuned using any available method.
The present algorithm completes the fractional order controller’s imple-
mentation by offering a direct discretization possibility and a fractional
order event based implementation. The controller should be tuned ac-
cordingly, by imposing any performance specification as for a non-event
based implementation [137,138,139].

4.5.3 General Guidelines

In an event-based control implementation, some parameter selection is
required, apart from determining the direct discrete-time transfer function
of the fractional order operators. The parameters need to be customized
as a function of process properties, and are: the nominal sampling time
hnom, the maximum allowed time between two consecutive events hmax

and the error variation threshold ∆e. The other parameters of the event-
based implementation are purely implementation variables, independent
of the process. For a correct and efficient execution, it is crucial that the
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parameters are used correctly inside the event detector and the control
input generator. Table 1 provides an overview of the parameters as well
as some brief descriptions.

The nominal sampling time choice hnom is identical to the sampling
time in any discrete-time implementation, based on Shannon’s theorem.

The maximum allowed time between events is denoted through hmax,
which is a multiple of hnom. This is effective in implementing the safety
condition. Choosing hnom = hmax in an event-based implementation leads
to a pure discrete-time effect, thus eliminating all the benefits brought by
the event-based approach. Hence, hmax should always be greater than
hnom. In fact, the greater the value, the better the control signal compu-
tation is optimized, especially in the steady state regime. However, special
attention should be given when choosing a value for this parameter such
that the safety condition is not completely eliminated. As a starting point,
one could select a hmax based on the dominant time constants of the pro-
cess. Trial and error is also a viable option, but alternatively, optimization
schemes could be used if a objective function is defined.

The previous error value is denoted by es in the available event-based
literature [119]. Note that this error cannot include any weighting factor,
unlike the error values used to compute the fractional order proportional
and derivative gains, respectively. The es variable stores the error value
at the previous detected event. This value is updated for every iteration
of the control input generator. The value of es is used inside the event
detector to check if an event should be triggered due to the error varia-
tion. The condition is usually written as (e(k)� es) 2 [�∆e,∆e]. The
[�∆e,∆e] interval is composed by a predefined maximum error thresh-
old. As a guideline, ∆e should be chosen as a small percentage, usually
between 1-5% to the desired setpoint value.

The parameter hact is a variable that stores the actual time elapsed
since the previous event. The value should be updated every hnom seconds
whether an event is triggered or not. The formula that increments hact

can be written as hact = hact + hnom, making hact another multiple of
hnom. Note that hact should be reset to 0 at the triggering of an event.
The purpose of hact is to determine if the safety condition is met.

An overview of the event detector and control signal generator is given
in the algorithms hereafter.
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Table 4.1: Event-based implementation parameters

Parameter Type Description
hnom custom nominal sampling time
hmax custom safety condition trigger time
∆e custom maximum error variation
hact variable time since the previous event
es variable previous error value

Algorithm 1: The fractional order control input generator
Result: The control signal u
Data: ni0, ni1, ..., nin, di0, di1, ..., din, nd0, nd1, ..., ndn, dd0, dd1, ..., din
e = Ysp � Y

/* compute the fractional order proportional component

*/

ufp = kp ⇤ e

/* compute the fractional order integral component */

a = kp ⇤ ki ⇤ pow(2/hact,��)
ufi = 1/d0 ⇤ (a ⇤ (ni0 ⇤ e+ (ni0 + ni1) ⇤ ei1 + ...+ (nin�1 + nin) ⇤
ein + nin ⇤ ein+1)� ((di1 � di0) ⇤ ui1 + (di2 � di1) ⇤ ui2 + ...+
(din � din�1) ⇤ uin � din ⇤ uin+1))
ein+1 = ein; ein = ein�1; ...ei1 = e
uin+1 = uin;uin = uin�1; ...ui1 = ufi

/* compute the fractional order derivative component

*/

b = kp ⇤ kd ⇤ pow(2/hact, µ)
ufd = 1/dd0 ⇤ (b ⇤ (nd0 ⇤ e+ nd1 ⇤ ed1 + ...+ ndn ⇤ edn)� (dd1 ⇤
ud1 + dd2 ⇤ ud2 + ...ddn ⇤ udn))
edn = edn�1; ...ed1 = e
udn = udn�1; ...ud1 = ufd

/* compute the entire fractional order control signal

*/

u = ufp + ufi + ufd
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Algorithm 2: The event detector
Result: The control signal u
Data: kp, ki, kd, �, µ, hnom, hact, ∆e, Ysp

hact = 0
es = Ysp

while simulation ongoing do

read process value Y
e = Ysp - Y

if (|e� es| > ∆e or hact � hmax) then

u = control_input_generator(Ysp, Y) hact = 0
es = e

4.5.4 Numerical Validation

In this section, the proposed event-based fractional order strategy is val-
idated using numerical simulations targeting a wide range of processes
from the simple FOPDT to a complex fractional order transfer function.
The strategy is validated using fractional order PID controller case study.
The case studies are intended to show the fractional order control versa-
tility of the proposed methodology as well as to analyze its efficacy for a
class of relevant process types from real life applications.

All controllers employed in the numerical examples hereafter have been
previously tuned using different fractional order methodologies such as fre-
quency domain specifications or experimental procedures. As mentioned
before, the tuning method is independent from the event-based part of
the execution. Hence, the tuning procedure of each controller is irrelevant
in proving the efficacy of the event based fractional order implementation
and it will not be detailed here.

Both the Muir and CFE discrete-time approximations are tested with
identical event-based implementation parameters in order to show the
validity of any direct mapper for the present strategy and to asses the
best suited discrete-time mapper for every example.

Three implementation scenarios are performed and analyzed for ev-
ery numerical example. The first test case analyzes the performance
of the closed loop system obtained with the fractional order controller
for a pure discrete-time implementation with the Muir recurrence-based
direct discrete-time mapper from equation (4.7) and the CFE direct
discrete-time mapper from (4.10). The test scenario validates the
discrete-time fractional order controller on the selected process. The
second and third test cases validate the proposed event-based fractional
order control strategy, focusing on comparing the pure discrete-time real-
ization of the fractional order controller to its event-based implementation.
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4.5.4.1 First Order Plus Dead Time

For the first order plus dead time (FOPDT) model defined by the transfer
function model:

H(s) =
1

4s+ 1
e�s (4.18)

a fractional order PI controller is computed by imposing a set of fre-
quency domain specifications targeting the gain crossover frequency wgc =
0.2rad/s, the phase margin �m = 44� and a certain degree of robustness
to gain variations. The resulted controller that meets these frequency do-
main constraints is given by the fractional order transfer function model:

C(s) = 0.0021

✓

1 +
162.6923

s0.833

◆

. (4.19)

The Muir and CFE 5th order discrete-time mappers from equations
(4.9) and (4.11) are used to compute the discrete-time approximation of
the fractional order PI controller. The same sampling time Ts = 0.001
seconds is used for both discretizations. The pure discrete-time implemen-
tation of the closed loop with every discrete-time controller is presented
in Fig. 4.4a. Notice that the Muir and CFE approximations lead to a
similar closed-loop system response.
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(a) Discrete-time controller validation on the FOPDT process for a unit step

reference
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(b) Event-based fractional order PI implementation based on the Muir recur-

sion

(c) Event-based fractional order PI implementation based on the CFE recur-

sion

Figure 4.4: A fractional order PI controller applied to a FOPDT process
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The event-based fractional order PI implementation based on the Muir
scheme is shown in Fig. 4.4b, while the CFE approximation is given in
Fig. 4.4c, respectively. The nominal sampling time is chosen such as
hnom = Ts = 0.001 seconds and the safety condition time as hmax = 0.02
seconds, i.e. manifold 20 times larger than hnom, while the error thresh-
old is set as ∆e = 0.0005. The other parameters are identical for both
the Muir and CFE implementations. The simulation results clearly show
the cause of the control signal computations. It can be seen that in the
transient response, the error triggered control prevails, whereas the safety
condition is employed mostly in the steady-state regime. Hence, both
event-based fractional order implementations can be successfully used on
the FOPDT process.

However, one can still make a comparison in terms of computational
effort among these methods. During the 70 seconds duration of the simu-
lation tests, the Muir based controller triggers a new computation of the
control signal 5824 times, the CFE controller 6508 times. In a classical,
discrete-time implementation, a new control values is computed at every
sampling time. For the present example, a classical controller would com-
pute the control signal 70000 times in 70 seconds. The computational
improvement brought by the event based approach is clear.
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(a) Impulse response of the closed-loop SOTF system with the discrete-time

controller implementation
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(c) Event-based fractional order PID implementation based on the CFE re-

cursion

Figure 4.5: A fractional order PID controller applied to a SOTF process
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4.5.4.2 Second Order Transfer Function

The second order transfer function (SOTF) chosen as the second numerical
example:

H(s) =
78.35

s2 + 1.221s+ 822
(4.20)

represents the oscillatory dynamics of a real life flexible beam [140]. For
the SOTF process a fractional order PID controller is tuned in [140] us-
ing an experimental optimization procedure. The obtained controller is
defined by the transfer function model:

C(s) = 0.0288

✓

1 +
3.4722

s0.1039
+ 28.743s0.822

◆

. (4.21)

Fig. 4.5a illustrates the impulse response of the SOTF process with
the classical discrete-time implementation of the fractional order PID
controller with Ts = 0.001 seconds. Again, the dynamics of the output
variable are similar for both approaches.

Fig 4.5b shows the event-based fractional order PID controller dis-
cretized using the Muir recursion formula. The output of the closed loop
system with the event-based controller is similar to the non-event-based
Muir controller. The implementation parameters are chosen as follows:
hnom = Ts = 0.001 seconds, hmax = 0.005 seconds and ∆e = 10�4. The
error threshold is chosen based on the amplitude of the closed-loop sys-
tem response from Fig. 4.5a. The CFE event-based implementation is
depicted in Fig. 4.5c. The process stabilizes with the same settling time
as the Muir scenario.

From the control effort perspective, the Muir mapper computes the
control signal value 368 times, the CFE controller 494 times, while the
classical discrete-time controller command is evaluated 700 times for the
total simulation time of 0.7 seconds in which the tests were performed. It
can be stated that for this numerical example, the Muir based controller is
the better choice both from the performance and the control optimization
criteria.

4.5.4.3 Second Order Plus Time Delay

In this case, consider the model:

H(s) =
22.24

s2 + 0.6934s+ 5.244
e�0.8s. (4.22)

The same tuning methodology as for the FOPDT numerical example
is employed which tunes a robust fractional order PI controller that offers
an open-loop system with a gain crossover frequency !gc = 0.4rad/s and
a phase margin �m = 75�:

C(s) = 0.0422

✓

1 +
492.2867

s0.9288

◆

. (4.23)
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Additional details regarding the real-life process and the control strat-
egy can be found in [62].

Fig. 4.6a provides the closed-loop system response with the discrete-
time Muir mapper and the CFE direct approximation using the sampling
time Ts = 0.005 seconds. It can be observed that the dynamics of the
closed-loop system are similar for the classical implementation of the con-
trollers.

The implementation settings of the event-based fractional order con-
troller are hnom = Ts = 0.005 seconds, hmax = 0.2 seconds and ∆e = 0.01
representing the 1% interval of the unit step reference value.

The closed-loop response of the event-based fractional order PI con-
troller approximated using the 5th order Muir recursion from equation
(4.9) is depicted in Fig. 4.6b. In the command signal plot one may ob-
serve the different types of events triggered to compute the control value.
The error threshold events are more prominent during the transient re-
sponse, while the safety condition triggers the control value computation
mostly in the steady-state regime. The results indicate that the event-
based implementation obtains similar closed-loop system performance as
the classical implementation.

Furthermore, Fig. 4.6c shows the closed loop response of the event-
based controller with the CFE approximation. The system reaches its
steady-state value with the same sampling time as in the Muir approx-
imation from Fig. 4.6b. However, the amplitude is increased by 50%
from 1 to approximately 1.5. Since the dynamics of the system with the
event-based controller differ from the classical approximation, an in-depth
investigation is realized. In Fig. 4.7 the obtained results are given to an-
alyze the effects of the event-based parameters on the system’s response.

More restrictive parameters are imposed in order to verify if the event-
based strategy is able to obtain a similar result as the one obtained with
the Muir recursion. The implementation from Fig. 4.6c uses a hmax value
which is 20 times greater than the nominal sampling time.

The parameter hmax is varied to be 10 times and 5 times greater than
hnom = 0.005 seconds and the results are given in Fig. 4.7. By lowering
hmax, the events are triggered faster if the same error threshold is kept.
hmax is chosen as a multiple of hnom. Choosing hmax =hnom gives a pure
discrete-time implementation since an event is triggered by the safety
condition at every sampling time. Hence, hmax should be at least two
times larger than hnom for the safety condition to have a real effect. The
upper bound of the interval can be chosen with respect to the process’
response. For fast processes, the maximum allowed time between two
consecutive events should be lower than for slow response processes.
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(a) Discrete-time controller validation on the SOPTD process for a unit step
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(c) Event-based fractional order PI implementation based on the CFE recur-
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Figure 4.6: A fractional order PI controller applied to a SOPTD process
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Figure 4.7: Closed-loop system performance analysis for varying parameters
of the event-based CFE implementation
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Figure 4.8: Closed-loop system performance analysis for disturbance rejection
of the event-based Muir implementation
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Figure 4.9: Closed-loop system performance analysis for robustness of the
event-based Muir implementation
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The influence of hmax is investigated for the SOPDT process because
identical CFE and Muir implementations give different responses. The
settling time of the closed loop system response with the pure CFE
discrete-time implementation is 8 seconds. For the first case (blue line),
hmax is 0.2s (20 times greater than hnom), representing 2.5% from the
process’ settling time. Lowering hmax to 1.25% (red line) or 0.31% (black
line) from the process settling time gives better results.

It can be concluded that lowering the hmax value leads to a better
closed loop system response. For the current study case, it can be stated
that the Muir approach outperforms the CFE implementation, for the
same fractional order event-based parameters.

Currently, there are no specific guidelines available for event-based con-
trollers. In [141], the authors state that one of the most relevant absences
in the literature may be that of specific tuning rules. Some authors provide
guidelines based on intensive simulations or obtain the controller param-
eters from tuning rules designed for continuous or discrete standard PID
controllers. However, the guidelines are only provided for particular, non-
generic architectures. Moreover, event-based PID controllers possess more
parameters than their time-triggered counterparts (one or two thresholds,
minimum and maximum inter-event times. As a rule of thumb based on
the observations on the examples presented in the thesis, hmax should not
be greater than 10 times the value of hnom for the CFE approximation to
yield good results. The Muir approach is more permissive, good results
can be obtained with hmax up to 20-30 times larger than hnom. When
selecting event-based implementation parameters such as hmax, several
values can be investigated. The ultimate choice is made by the engineer
as a trade-off between desired performance and resource optimization.

The validation of the control strategy developed in [62] for the SOPDT
experimental platform involves the experimental endorsement of the frac-
tional order PI controller for reference tracking, disturbance rejection and
robustness. To further validate the proposed Muir event-based control
strategy for the real-life test scenarios, disturbance rejection and robust-
ness assessment are also investigated.

Fig. 4.8 presents the closed loop response of the experimental platform
equipped with the event-based fractional order PI controller. An ampli-
tude of 0.2 disturbance, representing 20% from the steady state value,
is introduced at moment t = 20 seconds. The event-based implementa-
tion parameters hnom = Ts = 0.005 seconds, hmax = 0.2 seconds and
∆e = 0.01 are the same as the ones used in Fig. 4.6. It is observed that
the output converges to the desired set point value, while rejecting the
disturbance. The event detector generates mostly process output events
during the transient regime, which is to be expected from the event based
implementation.

Fig. 4.9 targets the validation of the event based fractional order con-
troller in a robustness test scenario. The fractional order controller from
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equation (4.23) has been tuned in [62] with respect to the isodamping con-
dition, ensuring a certain degree of robustness of the closed loop system
to gain variations. Hence, the gain of the SOPDT process from equation
(4.22) is altered by 30% and the response of the closed loop system to a
unit step reference is analyzed. The test is identical to the one used to
generate Fig. 4.6b, featuring the same event based implementation param-
eters. Comparing the nominal and the altered process responses, it can
be easily observed that the settling time is increased by 40%, (i.e. from 6
to 10 seconds), and the overshoot from about 10% to 40%. However, the
event-based fractional order PI controller is very robust, considering the
large gain variation.

4.5.4.4 Fractional Order Transfer Function

The last case study is focused on proving the applicability of the proposed
event-based strategy to complex fractional order (FOTF) models. The
transfer function

H(s) =
0.1

s(0.005682s1.7263 + 0.11031s0.8682 + 1)
(4.24)

describes the braking effect of a non-Newtonian fluid, such as blood, on a
transiting submersible.
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(b) Event-based fractional order PD implementation based on the Muir re-
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Figure 4.10: A fractional order PD controller applied to a FOTF process
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The main applicability of the study from [142], where the model and
control have been developed, is in targeted drug delivery biomedical appli-
cations. One of the main request of the physical submersible is energy ef-
ficiency. This particular example is highly relevant to the proposed event-
based fractional order methodology in order to show that the method can
be useful to reduce computational effort in complex applications where
energy efficiency is paramount. The control of the submersible’s position
is done using the fractional order PD controller

C(s) = 65.0028
�

1 + 0.0305s0.6524
�

. (4.25)

Fig 4.10a shows the response of the system with the classical discrete-
time implementations using 5th order Muir compared to the CFE direct
mapper with Ts = 0.001s. In order to be true to the real process, the
control signal that represents a PWM duty ratio is saturated between
[0, 1]. Hence, the event-based fractional order control strategy is tested
on another real life situation where the control signal range is limited. It
can be seen that the dynamics of the closed-loop system are similar for
the three discrete-time implementations.

The implementation parameters for the event-based Muir and CFE
controllers are hnom = Ts = 0.001s, hmax = Ts = 0.005s - 5 times greater
than hnom and ∆e = 0.01 representing 1% of the desired reference value.

The closed-loop system responses using the event-based fractional or-
der controllers with the Muir and CFE mappers are shown in Fig. 4.10b
and Fig. 4.10c, respectively. Both controllers obtain similar responses
as their non-event-based implementation. However, it can be clearly ob-
served that the Muir realization of the discrete-time fractional order PD
controller is the better choice.

From the control effort perspective, the Muir approximation computed
the command value 380 times, whereas the CFE approach computed it 473
times. Both implementations reduce the 1500 number of computations
realized with the non-event-based controller, bringing an improvement of
more than 70% to the control effort.

4.6 Summary

This chapter provided the original contribution to the generalization of
event-based control to the field of fractional calculus, combining the ben-
efits brought by the two approaches into an industrial-suitable control
strategy. Although in recent years, control applications based on frac-
tional order differ-integral operators have gained popularity due to their
proven superior performance when compared to classical, integer order,
control strategies, the current industrial setting is not yet prepared to
fully adapt to these newcomer solutions. It is often believed that complex
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fractional order control implementations require hefty computational re-
sources; needing highly-efficient methods of implementation to adhere to
minimum control efforts. The solution to this particular problem lies in
combining benefits of event-based control such as resource optimization
and bandwidth allocation with the superior performance of fractional or-
der control. Theoretical and implementation aspects are developed in
order to provide a generalization of event-based control into the frac-
tional calculus field. Different numerical examples validate the proposed
methodology, providing a useful tool, especially for industrial applica-
tions where the event-based control is most needed. Several event-based
fractional order implementation possibilities are explored, the final result
being an event-based fractional order control methodology.

The work presented in this chapter has been published in:

• I. Birs, I. Nascu, C. Ionescu, C. Muresan. "Event-based fractional
order PID control", in Journal of Advanced Research, vol. 25, pp.
191-203, DOI: 10.1016/j.jare.2020.06.024, 2020.

• I. Birs, C. Muresan, and C. Ionescu, "An event based implementa-
tion of a fractional order controller on a non-Newtonian transiting
robot," in 2020 European Control Conference (ECC 2020), St. Pe-
tersburg, Russia, pp. 1436-1441, 2020.
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5
Case Study - Varying

Properties of

Non-Newtonian Fluids

5.1 Introduction

The great potential of fractional order impedance models (FOIMs) for
capturing natural properties of materials in a variety of disciplines has
been long recognized and established experimentally [143, 144, 145]. Ap-
plications in medicine and biology are most prevalent as these dynamical
systems feature core properties such as multi-scale dynamics, diffusion,
viscoelasticity and relaxation [146, 147, 148]. The same properties are of-
ten used to model dynamics in the areas of geology, manufacturing, food
industry and chemical products. The list of their applicability is vast and
summarized in several excellent surveys, e.g. [7]. The prevalence of these
properties is much increased in non-Newtonian fluids and soft materials.
As such, one can identify classes of non-Newtonian fluids in each of the
above mentioned application areas.

A common approach in modelling and simulating non-Newtonian be-
havior is based on the numerical calculus via Computational Fluid Dy-
namics (CFD). In this case dedicated software as Ansys Fluent, Open
Foam, SIMSCALE, SimFlow, to mention just a few, are used. In this case
effective applications can be found different areas. In [149] where Newto-
nian and non-Newtonian blood viscosity models have been considered in
simulating the flow in atherosclerotic coronary arteries; as well as in [150]
where the authors, in order to realize a continuous way of measuring and
monitoring drilling fluid properties, they simulate a non-Newtonian fluid
that is best described by a Yield-Power Law (YPL) rheological model. Nu-
merical methods and time complex time domain models using power law
models and fractional derivatives have been proposed in [151], providing
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excellent simulation analysis tools. The memory property of such flu-
ids was also captured with variations of the fractional order in time [151].
Such in-depth theoretical analysis is a solid basis and motivation for using
the FOIMs.

The term fractional order impedance model (FOIM) has been coined
some decades ago in an application of modelling respiratory tissue proper-
ties such as tissue compliance as a function of anatomical and structural
changes in respiratory disorders [75, 147]. It has since then been used
in many applications, such as tissue modelling, drug diffusion and blood
viscosity characterizations [152]. The high versatility of FOIMs stands
in their combination of general-order integrators and differentiators. The
fractional orders are usually limited between physical values capturing
properties defined by classical (Newtonian) theory of fluids or materials.

The representation of FOIM in frequency domain greatly simplifies
their applicability to experimental data. The collection of data is time
based, but suitably transformed into equivalent complex or polar coor-
dinates. Dynamic response methods are applied to obtain the material
reaction to an input signal suitably designed. Although there are time-
based models defined for capturing material properties, these require a
high computational complexity and a careful choice of time-based defini-
tions [153].

A great advantage of FOIMs expressed in Laplace and their equiva-
lent frequency domain forms, is their capability to capture in a compact
form complex nonlinear properties and have these identified in a real-time
context. This will be further shown in designing a closed loop control of
suspended objects in blood-like varying context of viscoelastic fluid prop-
erties in Chapter 6.

Beyond the specific application, this chapter proposes to use a math-
ematical framework of FOIMs to capture and link the model parameter
structure to the existence of specific properties in non-Newtonian fluids
previously presented in Chapter 3. The novelty of this approach consists
in the justification of using FOIMs, as well as the systematic analysis of
the FOIM structure versus fluid properties. Novel is also the experimen-
tal protocol designed and applied to a series of fluid classes (oil, sugar,
detergent and liquid soap). An additional original element of this research
consists in the presentation and validation of several variations of FOIMs
on the dataset. Finally, a set of recommendations concerning the future
use of FOIMs in capturing material properties have been formulated.

5.2 Fractional Order Impedance Model

A commonly used FOIM for (biological) material characterization is the
model given by

Z(s) = R+ L(s)α +
1

Csβ
(5.1)
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as a function of the Laplace variable s, containing a scaling factor R and
two fractional order terms which denote low and high frequency depen-
dency whose gains L and C are constants denoting gain in the slope of the
constant phase intervals related to the fractional order values. This is a
compact model, consisting of the minimal term to characterize variations
in frequency response of combined increasing and decreasing monotonic
values. This model has been shown to be the natural solution of materials
with mechanical properties modelled by combinations of Maxwell, Kelvin
and Voigt elements [10, 17]. This implies that the model structure and
parameters may be suitable for detecting various degrees of viscoelasticity.

Looking at the model in equation (8.18) and considering the fact that
the parameter ↵ has always a negative value, then it is possible to rear-
range the model as:

Z(s) =
Rsα+β + Lsβ +Dsα

sα+β
, �2 < ↵,� < 2 (5.2)

with D = 1/C. Therefore it is possible to notice that for some materi-
als the appropriate model may have a pole in the origin and two other
fractional order derivative. However through an electrical comparison,
this impedance could correspond to a circuit which has one resistor and
two fractional order capacitors, also known as constant phase elements.
Such model is broadly used for dielectric materials and neural network
transmission pathway [154,155].

The complete FOIM will take the form of (8.18) in frequency domain
as:

Z(j!) = R+ L(j!)α +
D

(j!)β
, �2 < ↵,� < 2 (5.3)

which is a five parameters model. When optimization is involved, it may
be useful to verify the equivalent real and imaginary parts of this model:

R{Z(j!)} = R+ L!α cos
⇣↵⇡

2

⌘

+
D

!β
cos

✓

�⇡

2

◆

(5.4a)

I {Z(j!)} = �


L!α sin
⇣↵⇡

2

⌘

+
D

!β
sin

✓

�⇡

2

◆�

(5.4b)

where one can see the real part is no longer constant with frequency as
in the classical integer order formulation, but it varies as a function of
frequency.

The full model is used to characterize the impedance data, assum-
ing the variations in the parameter values will depend on the degree of
viscoelasticity in the test sample.



84 Case Study - Varying Properties of Non-Newtonian Fluids

5.3 Identification Methodologies

5.3.1 Nonlinear Least Squares Algorithm

The available nonlinear least squares minimization algorithm from Mat-
lab has been used to fit the FOIM to the test sample data. The initial
values are randomly selected at the beginning of the optimization from
the intervals of feasible region.

The function lsqnonlin was used the following options:

• 1000 different calls;

• 500 maximum number of iteration per call;

• 1 · 10�9 as goal for the cost function minimum;

• 10 recurrent iterations to further optimize the solution.

5.3.2 Genetic Algorithm

The genetic algorithm (GA) is a biologically inspired optimization algo-
rithm [156]. It is a stochastic global search method that tries to mimic
the process of natural biological evolution. This algorithm operates on
a population of potential solutions applying the principle of survival of
the fittest, ideally to produce increasingly better approximations towards
an optimal solution. At each generation, a new set of approximations is
created by the process of selecting individuals according to their level of
fitness in the problem domain and breeding them together using opera-
tors borrowed from natural genetics. This process leads to the evolution
of populations of individuals that are better suited to their environment
than the individuals that they were created from, just as in a natural
adaptation mechanism.

Fig. 5.1 illustrates the flowchart of the GA, emphasizing the main ex-
ecution steps. At the very beginning, the domain for each parameter to
be found must be set properly. It is straightforward to understand that
the larger the domain the more difficulties that the optimization process
can have, especially if the problem is strongly nonlinear. Each of this
range is then “discretized” through a binary conversion, according to the
specified number of bits. The binary elements of each range are called
chromosomes. The binary number is called genotype while the relative
decimal, real number, represents the phenotype. Then, the first popula-
tion is created by random selecting chromosomes and the size depends on
the number of individuals, that is another option to be set properly. The
key role of the optimization process is played by the objective function:
it can be seen as the cost function to be minimized is the one which ac-
tually represents the minimization problem to solve. Each chromosome
is therefore converted to get the phenotype and it is evaluated through
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Figure 5.1: Flowchart of typical implementation of the Genetic Algorithm.
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the objective function; the value of the function for the given set of pa-
rameters is called fitness value. This allows to evaluate the goodness of
the chromosome by determining its probability to be selected. In this
version of the algorithm the roulette wheel selection method is used: it
means that the chromosomes selected to become the parents of the next
generation individuals are chosen with a probability proportional to their
fitness value. Notice that the objective function has to be minimized such
that the better the chromosome, the lower the objective function value:
i.e. the fitness value is usually its inverse.

After the selection, the chromosomes mate in pairs and the resulting
one will have part of the genotype from both parents: this kind of process
is called crossover. It represents the biological ability to evolve through
generations inheriting mainly the good genes. Another process that can
occur is called mutation and consists in the random change of parts in the
genotype. This can be seen as a perturbation given to the solution, useful
to escape from local minimums and converge towards the global minimum,
if one exists. Each pair generates two children and the probability that
crossover and mutation occurs are Pc and Pm established in the program,
with Pm ⌧ Pc. Once the new population is generated, the process restarts
and continues until the stopping criteria is met, usually set by a lower
bound for the objective function and a maximum number of generations.
An additional strategy states that the size of the offspring should not
remain the same, and yet another design parameter is introduced called
generation gap, representing the ratio between the new population and
the old one. In this case the GA is said to follow an elitist strategy.

The ga function parameters are:

• 10 independent calls of the algorithm;

• 1000 individuals per generation;

• 300 maximum number of generations;

• 90% of generation gap;

• 5 parameter to optimize, i.e. number of chromosomes;

• 10 bit to discretize the domain;

• limited range; and

• 1 · 10�9 as limit value for the cost function minimum.

5.3.3 Particle Swarm Optimization

The particle swarm optimization (PSO) concept was introduced in 1995,
by simulating social behaviour of observed in animals or insects, e.g., bird
flocking, fish schooling, afterwards the algorithm was simplified and it was



5.3 Identification Methodologies 87

observed to be performing optimization [157]. PSO is an evolutionary
computation technique that optimizes a problem by iteratively trying to
improve a candidate solution with regard to a given measure of quality.

It is inspired by the behaviours of swarms based on their movement
and intelligence, which are seeking the most fertile feeding location. A
swarm is a seemingly badly planned and disordered collection of moving
individuals that tend to gather closely while each individual moves with
random changes in direction. It uses a collection of particles that are part
of a swarm moving around in the search space for finding the best solution
to an optimization problem. The concept consists of changing the velocity
(or accelerating) of each particle toward its pbest and the gbest position at
each time step

Each particle adjusts its own trajectory in an n-dimensional space,
according to its own trajectory experience and the experience of other
particles in the swarm. Each particle keeps track of the best position in
the problem space, which it has reached so far. This value is called pbest.
Another best value called gbest is achieved so far by any particle associated
with the best value found among all the particles.

In the PSO algorithm, with flowchart given in Fig. 5.2, each particle
moves around in the n-dimensional space with a velocity (or accelerating)
that is updated by pbest and the gbest position of the particle at each time
step. The current position and the velocity of each particle are modified
by the distance between its current position and pbest, and the distance
between its current position and gbest as given in the following. At each
step n, by using the individual best position pbest and global best position
gbest, a new velocity for the ith particle can be modelled according to the
following equation:

Vi(n) = �[Vi(n� 1) + '1r1(pbesti � Pi(n� 1))+

+'2r2(gbest � Pi(n� 1))],
(5.5)

where each particle represents a potential solution and it has a position
represented by the position vector Pi, with r1 and r2 random numbers
between 0 and 1; '1 and '2 positive constant learning rates and � is
called the constriction factor defined as:

� =
2

�

�

�
2� '�

p

'2 � 4'
�

�

�

, ' = '1 + '2, ' > 4 (5.6)

Based on the updated velocity, each particle changes its position as fol-
lowing:

Pi(n) = Pi(n� 1) + Vi(n) (5.7)

The position is confined within the range of [pmin, pmax]. Changing posi-
tion enables the ith particle to search around its local best position, pbest,
and global best position, gbest.
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Figure 5.2: Flowchart of typical implementation of PSO algorithm.
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Particle swarm optimization is an extremely simple algorithm that
seems to be effective for optimizing a wide range of cost functions. The
adjustment toward pbest and gbest by the optimizer is conceptually similar
to the crossover operation utilized by genetic algorithms.

The PSO algorithm used in various optimization problems has certain
advantages:

• it does not involve selection operation or mutation calculation, i.e.
the search can be carried out by repeatedly varying particle’s speed;

• particles fly only to good areas, as learning from group’s experiences;

• it is based on artificial intelligence enabling broad application areas;

• it has a low computational cost.

Some of the disadvantages of the method may be listed as:

• complexity increases exponential with the dimension of the opti-
mization space;

• it is vulnerable to partial optimism, which leads to a sub-optimal
regulation of its search speed and direction;

• with the lack of dimensionality this method cannot be used for prob-
lems of non-coordinate system, such as the solution to the energy
field and the moving rules of the particles in the energy field.

To conclude, due to the flexibility and versatility of this algorithm, it
can be used to overcome complex non-linear optimization tasks like non-
convex problems, being a good compromise between computational time
and accuracy.

Matlab’s Optimization Toolbox has been used for the particleswarm

function with the following options:

• 10 independent calls of the algorithm;

• 1000 particles in the swarm;

• 500 maximum number of generations;

• 50 maximum stall iterations, to explore neighbourhood of a solution;

• 5 parameter to optimize;

• limited range; and

• 1 · 10�9 as limit value for the cost function minimum.
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Table 5.1: Upper and lower bounds for class NN1 (honey and glucose) and
class NN2 (hand soap and shampoo) test samples.

Class R L D ↵ �

NN1 Min 0 �1010 108 �2 0
Max 102 �108 1010 0 2

NN2 Min 0 �105 103 �2 0
Max 102 �103 105 0 2

5.3.4 Optimization in Feasible Region

Irrespective of the optimization algorithm applied to nonlinear cost func-
tions, there is no guarantee for convergence to the global minimum. The
cost function defined for GA, PSO and nonlinear least square algorithm
has been defined by using the so called normalized mean square error,
provided by built-in Matlab function calNMSE. Its mathematical form is:

NMSE =
kZm(j!)� Ze(j!)k2

kZmk2 (5.8)

where Zm is the measured impedance and Ze the estimated impedance.
The optimization algorithms use vector format and for this reason is useful
to make another normalization by dividing the NMSE of equation (5.8)
for the length of the impedance vector itself. This definition allows to
choose the cost function J as follows:

J = wr · NMSER + wi · NMSE I (5.9)

which is the weighted sum of the normalized mean square error for the
real and the imaginary part of the impedance. The weight values wr = 1
and wi = 2 could be chosen differently. However, the problem is highly
nonlinear in the five parameters and the aim is to find the proper domain
with nested loops, trying to optimize the cost function per decade of
frequency. Monte Carlo analysis provided the empirical values for the
upper and lower bounds in test sample groups.

5.4 Laboratory Setup

The device depicted in Fig. 5.3 performs Electrochemical Impedance
Spectroscopy in fluid samples. The method behind is the classical trans-
fer function analyzer algorithm. The reference signal is applied by means
of a potentiostat and then through the frequency response analyzer the
actual measurement of the impedance can be performed. The Modulab
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XM is a highly versatile electrochemical test system that measures the
characteristics of a wide range of materials including organic/inorganic,
specialized corrosion, electroplating and energy cells. Reference grade
system components (potentiostat / galvanostat, frequency response anal-
yser and optional high voltage amplifier) are combined in a single unit,
avoiding the need for stacking and wiring separate units. The device com-
municates via an Ethernet link to an external PC, running XM-studio

ECS software for control and monitoring purposes. The testing signal
covers a range of frequencies from µHz to MHz.

Figure 5.3: ModuLab XM measurement device with afferent instrumentation
for experimental testing of various NN fluid impedance characteristics. The
GUI data is a polar plot, with real and imaginary parts as a function of excited
frequencies.

The software XM-studio ECS provides the data logging in a graphi-
cal form as a polar plot, and in an Excel file as numerical values for further
processing. The measurement options are listed below:

• DC level: 0mV

• RMS Amplitude: 300mV

• Starting frequency: 1MHz

• Ending frequency: 5Hz

• Integration period time: 0.3s

• Integration period cycles: 1
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• Sweep type: logarithmic

• Points per decade: 25

5.5 Results

There are three identification methods applied to the experimental data
in complex form. The comparison in terms of fitting performance did
not deliver statistical meaningful differences. However, the CPU time
evaluated for the total time of identification (including iterations) was:

• genetic algorithms at 0.72± 0.26 seconds;

• particle swarm optimization at 0.19± 0.13 seconds and

• nonlinear least squares at 0.13± 0.05 seconds.

The identification was performed on a Dell OptiPlex 7060 desktop Intel
Core I7 8th Gen, Win10 and Matlab R2017a version. Depending on the
application, these times can be put into the context of continuous evalua-
tion of context properties, in this case estimating the time-varying model
parameters which may change over time. Given the ease of implemen-
tation and computational burden, the nonlinear least squares algorithms
seems to be the most practical.

The model from equation (8.18) has been used to fit the experimental
data. The results of the identification algorithms for class NN1 fluids are
given in Fig. 5.4 and Fig. 5.5, respectively. It can be observed the data
is very well fitted by the model over many frequency decades. NN1 and
NN2 have been classified and exemplified in chapter 3.

The results of the identification algorithms for class NN2 fluids are
given in Fig. 5.6 and Fig. 5.7, respectively. Also in this case, the data is
very well fitted by the model over many frequency decades.

No significant difference between the optimization algorithms was ob-
served within the obtained results. This is an indication that the same
(global) minimum was reached by all three algorithms. The model values
are summarized in Table 5.2.

For reasons of ease of implementation, nonlinear least squares opti-
mization method was used to fit the data presented hereafter. Another
set of shear-thickening and shear-thinning NN fluids was tested to see
whether the model parameter values was sensitive to variations in tem-
perature, i.e. car engine oil. The results are given in Table 5.3. A non-
monotonic evolution of the parameter values can be observed, which is
expected from the shear-variations from Fig. 3.3.
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Table 5.2: Identified model parameter values and normalized error.

R L D α β NMSE

Glucose
GA 0 −5.35 · 109 3.91 · 109 −0.96 0.91 4.32 · 10−5

PSO 0 −7.19 · 109 5.84 · 109 −0.95 0.92 4.46 · 10−5

LSQ 0 −7.19 · 109 5.84 · 109 −0.95 0.92 4.28 · 10−5

Honey
GA 0 −2.04 · 109 3.61 · 108 −1.10 0.82 4.53 · 10−5

PSO 0 −3.26 · 109 2.09 · 109 −0.97 0.90 4.03 · 10−5

LSQ 0 −5.05 · 109 5.05 · 109 −0.84 0.84 1.24 · 10−4

Hand soap
GA 33.2 −1.67 · 104 1.48 · 105 −0.89 0.89 2.22 · 10−5

PSO 32.5 −1.01 · 104 1.37 · 105 −0.89 0.89 2.16 · 10−5

LSQ 32.8 −1.30 · 104 2.66 · 105 −0.89 0.89 2.22 · 10−5

Shampoo
GA 18.5 −1.00 · 104 3.92 · 104 −2.00 0.84 6.46 · 10−5

PSO 18.0 −1.00 · 104 3.47 · 104 −2.00 0.82 5.67 · 10−5

LSQ 18.3 −1.03 · 104 5.25 · 104 −0.85 0.85 6.67 · 10−5

Table 5.3: Identified model parameter values in car engine oil as a function of
temperature.

Temperature R · 103 L · 109 D · 109 ↵ �

22oC 1.602 �2.124 7.099 �1.340 1.070
27oC 1.073 �3.041 6.584 �1.005 1.004
46oC 1.792 �1.955 7.008 �1.320 1.066
63oC 1.347 �2.152 8.099 �1.304 1.084

5.6 Discussions

The FOIM discussed in this chapter was successfully employed in a prior
study to fit the impedance of water-glucose solutions [18]. In this study,
the parameters have quite small values, in the order of the unity for con-
stants, while ↵ and � are in the order of 10�3 and 10�4, respectively. This
is an indication that the solutions have properties closer to Newtonian flu-
ids. It is also within the physical abilities of the available laboratory setup
conditions for testing.

The FOIM and a simplified variant was used to identify honey and
glucose properties in [26]. The simplified FOIM was in the form R + D

sβ

as the values of the ↵ parameter were always negative. This observation
is similar to the findings in this chapter as reported in Table 5.2. Our
findings are in the same line as those in [158], where a FOIM variant was
linked also to materials with viscoelastic properties.
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Figure 5.4: Glucose: comparison between optimization algorithms.
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Figure 5.5: Honey: comparison between optimization algorithms.
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Figure 5.6: Hand Soap: comparison between optimization algorithms.
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Figure 5.7: Shampoo: comparison between optimization algorithms.
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For all sample tests, it seems that parameters R and D are most corre-
lated to changes in viscosity. This is not at all surprising, as in [13], it was
physically shown that a ladder network of RC-cells leads to appearance of
fractional order terms in this form in the limit impedance value, and that
its value depends directly on the compliance represented by these cells.
The application on lung tissue property modelling and identification from
real data validated this theory. Moreover, despite the small sample test
analysis and rather limited test conditions, the model parameters var-
ied as a function of material even in small values, which indicate a good
sensitivity of the model to inherent changes in material properties.

In this study, it was not yet found the specific property of a non-
Newtonian fluid to demand fractional derivative order Lsα. It can be
concluded that other types of fluids with properties exhibiting increasing
high frequency dependence will require this term, i.e. rubber like materi-
als, high resistance polymers, plasma etc.

The relevance of this work is substantial in its fundamental nature as
identification for control in NN fluid dynamic environment has quite a
large number of cross-disciplinary applications.

A limitation of this study is that the proposed model, despite its versa-
tility, was not perfectly able to fit the data on large range of frequencies.
Some NN fluids, such as engine oils depend on temperature in a non-
monotonic progression, and some frequency intervals are better fit than
others. Such non-local elastic properties are visible in materials under
mechanical and momentum stress [159]. This observation may suggest
that other models could be used in those particular frequency intervals.
Although several variants of FOIM exist, the choice of the frequency in-
terval and model structure depends heavily on the end-objective of the
identification exercise and application use.

A set of NN fluids whose consistency is significantly different was tested
to see whether the model parameter values was sufficiently able to distin-
guish among them. There are three test samples of food oils with results
given in Table 5.4. The results indicate that the scaling factor R is pro-
portional to the increase in consistency.

Table 5.4: Identified model parameter values in various food oils.

Oil type R · 103 L · 109 D · 109 ↵ �

avocado 1.103 �5.146 7.271 �1.095 1.037
corn 4.543 3.422 2.934 �1.583 0.995
olive 6.691 �5.230 3.003 �1.576 0.997

Another set of NN fluids was tested, whose consistency was varying.
The identified results for household fluids are given in Table 5.4. Again,
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the results suggest the scaling factor R is proportional to the increase in
consistency, a property of shear-thinning NN fluids.

Table 5.5: Identified model parameter values in household fluids.

Type R · 103 L · 105 D · 104 ↵ �

soft detergent 2.671 �0.510 0.521 �0.818 0.827
handsoap 2.322 �0.507 0.516 �0.601 0.637
shampoo 3.514 �0.564 0.504 �0.628 0.651
standard detergent 4.415 �0.508 0.500 �0.755 0.787

An interesting set of NN fluid was that of thixotropic fluids, which
resembles biological tissue. This was achieved by standard gelatin -water
proportions, as given in increasing density in Table 5.6. As expected from
our prior expertise in [7, 13, 18, 75], the parameter D and � were most
correlated to the change in viscoelastic properties of the sample. The
compliance property, determined by this parameter as explained in [147],
is consistently identified to decrease as the sample becomes more stiff.

Table 5.6: Identified model parameter values in mimicked biotissue consis-
tency.

Type R · 103 L · 109 D · 109 ↵ �

gelatin1 3.415 �0.510 0.604 �0.131 0.380
gelatin2 3.221 �0.486 0.501 �0.142 0.493
gelatin3 2.915 �0.681 0.320 �0.158 0.560
gelatin4 2.704 �0.690 0.310 �0.163 0.602

5.7 Summary

This chapter formulates a mathematical framework for the use of frac-
tional order impedance models to capture fluid mechanics properties in
frequency domain experimental data sets. The use of fractional order
models as natural solutions to capture fluid dynamics are motivated by
the non-Newtonian fluid classification presented in Chapter 3. Four classes
of fluids are tested, featuring different NN properties: oil, sugar, detergent
and liquid soap.

Furthermore, three nonlinear identification methods are used to fit the
model: nonlinear least squares, genetic algorithms and particle swarm
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optimization. The model identification results obtained from experimental
data sets suggest the proposed model is useful to characterize various
degree of viscoelasticity in non-Newtonian fluids. The advantage of the
proposed model is that it is lumped, while capturing the fluid properties
and can be identified in real-time for further use in prediction or control
applications.

The main result of this study is a minimal parameter versatile frac-
tional order impedance model to identify viscosity-related properties in
non-Newtonian fluids. The experimental test samples and identified
model parameters suggest the model is adequate to determine variations
in fluid properties from several applications.

The results presented in this chapter have been published in:

• I. Birs, C. Muresan, M. Ghita, M. Ghita, D. Copot, M. Neckebroek,
C. Ionescu, "Development and validation of preliminary fractional
order impedance models for experimental pain assessment", in 2021
International Conference on Electrical, Computer, Communications
and Mechatronics Engineering (ICECCME), Mauritius, pp. 1–6,
2021.

• C. Ionescu, I. Birs, D. Copot, C. Muresan, R. Caponetto. "Mathe-
matical modelling with experimental validation of viscoelastic prop-
erties in non-Newtonian fluids", in Philosophical Transactions of
The Royals Society A, pp. 20190284, doi:10.1098/rsta.2019.0284,
2020.

• I. Birs, D. Copot, C. Pilato, M. Ghita, R. Caponetto, C. Mure-
san, C. Ionescu, "Experiment design and estimation methodology
of varying properties for non-Newtonian fluids," in 2019 IEEE In-
ternational Conference on Systems, Man and Cybernetics (SMC),
Bari, Italy, pp. 324-329, 2019.



6
Case Study - Suspended

Objects in

Non-Newtonian Fluids

6.1 Introduction

A manifold of applications in specialized literature deal with design, ma-
terial, manufacturing and functioning of nanorobot objects for motion in
non-Newtonian fluids. With that respect, precise, high-performance de-
sign and material properties have been investigated over the last decade
with exponential success in nanomedicine and other application fields [19].
Our work differentiates to the extent of offering a low-cost, approachable
and rather instructive benchmark solution for analysing various prob-
lems arising from modeling, identification and control of objects in non-
Newtonian fluids.

In this context, this chapter contains details upon the design, the
manufacture and implementation of such a benchmark system, allowing
experiments to verify and finally to sustain the theoretical claims from
Chapter 3. The fractional velocity gradient in developed plug flow con-
ditions, as well as the dynamic response have been well captured in a
non-Newtonian environment, i.e. liquid detergent/soap. With regard to
academic tools for teaching control, reports on such effective low-cost so-
lutions have not been found in the control engineering literature, hence
the work has an original added value to the learning aspects of the control
community.

In this chapter, the focus is on the development and experimental
validation of a fractional order model that captures the interaction be-
tween a submerged object and its non-Newtonian environment. To begin
with, an integer order model is formulated for objects transiting through
Newtonian fluids, based on classical concepts and readily available in-
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formation regarding underwater propulsion on submarines in maritime
environments. The initial integer order navigation model is a simplified
model, capturing only essential aspects of Newtonian fluid submersion.
Next, this initial model is calibrated on experimental data acquired from
a custom built platform that mimics non-Newtonian conditions, leading to
a generalized fractional order model. The obtained fractional order model
for non-Newtonian submersion is using fractional calculus tools previously
introduced in Chapter 2. The purpose of the fractional order representa-
tion is to encompass complex motion dynamics within a transfer function
that has a reduced number of parameters but a relatively increased ver-
satility to capture complex phenomena. In conclusion, the initial model
is a rough approximation and serves as the starting point in the search
for a more accurate fractional order model, which ultimately will capture
high order dynamic characteristics and various physical aspects that have
been neglected throughout the development of the initial, classical, integer
order navigation model.

The novelty of this chapter is in the modeling and control of non-
Newtonian interactions from an experimental perspective. Modeling non-
Newtonian system dynamics has been realized based on Navier–Stokes
equations in Chapter 3. Here the aim is to validate the complex fractional
order differential equations for system identification from experimental
data sets. The modeling step is based on generalizing the already avail-
able Newtonian interaction models towards non-Newtonian motion mod-
els, and ultimately identifying their parameters from experimental data
acquired from the proposed customized setup platform. The obtained
model is successfully validated in the non-Newtonian setting, allowing
the next step, i.e. to design a fractional order motion controller. The
control strategy is also validated experimentally, proving once again the
suitability of fractional calculus for both modeling and control purposes.
Finally, the versatility of the experimental platform through environmen-
tal changes allows a robustness analysis of the controller in various types
of liquids, both Newtonian and non-Newtonian, representing yet another
novel aspect of this study.

6.2 Experimental Benchmark Setup

6.2.1 General Aspects and Purpose

Mixed fluids such as ice-water, muddy water, sludge, petrol-water, liquid
detergents, etc., can be tested upon their fluid properties in a suitably
(i.e. customized) built-in experimental setup to verify the added value and
relevance of manifold modeling and control techniques in their intrinsic
non-Newtonian conditions for operation. The proposed solution here is
a versatile setup which encapsulates the dynamics of a moving object,
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suspended within a non-Newtonian fluid, along with data measurements
and control actions for the object’s motion dynamics.

The challenges encountered by a substance carrier device inside a
non-Newtonian environment are here recreated inside this custom built
platform to a scaled laboratory setup. Initial design featured properties
mimicking baseline changes in circulatory system (artey, vein, pump). It
consists of two main parts: the circulatory system with non-Newtonian
characteristics, and the carrier device capable of transiting and analysing
dynamic impedance information from the non-Newtonian environment.

As such, the circulatory system fused with the carrier prototype create
a generic experimental platform for non-Newtonian fluid flow analysis.
The two parts are designed and built as two independent pieces of the
puzzle. The only connection that has to be taken into consideration is
the dimension of the submersible which should fit inside the mimicked
circulatory system, i.e. a scalable solution.

The framework is used for calibrating and validating a generalized
model for motion of the submersed robot in non-Newtonian conditions
and for testing different control strategies for its relative position and
velocity.

The working principles of the ensemble is elegantly simple and straight-
forward, designed with the idea in mind to be easily reproducible for aca-
demic/other purposes. The circulatory system unit is an airtight environ-
ment equipped with a pump moving non-Newtonian fluid through tubes
of different diameters. The prototype robot is a sealed carrier device able
to adequately sense in real time the impedance of the fluid in which it
is submerged. The robot navigates through the fluid with a constant ve-
locity and sends acquired impedance data to an external server. When
a change in impedance levels is detected, the robot remains hovering in
order to acquire more data from that particular location.

6.2.2 Lumped Circulatory System

The mimicked lumped circulatory system is designed such that it encap-
sulates these main characteristics:

• non-Newtonian blood flow dynamics;

• tubes that have a certain amount of elasticity and are able to slightly
expand and contract with the fluid’s flow;

• submersion of the object in tubes of different diameters to create a
pressure drop.

The pipes have been chosen as elastic tubes with metal insertions built
from polyurethane. There is a transition by physically joining two tubes of
different diameters. This creates a drop/increase in pressure and respec-
tively flow variations inside the environment. The non-Newtonian fluid
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Figure 6.1: Snapshot of the experimental framework - the lumped circulatory
system

flow is obtained by inserting any non-Newtonian fluid. Density and flow
profile may vary in order to better asses the properties from an experi-
mental perspective. In order to move the fluid through the pipes following
a given flow pattern, a volumetric/peristaltic pump and a flow meter de-
vice are added to the setup. The brain of the circulatory system setup
is a microcontroller that measures the flow inside the pipes and gives the
pump the necessary command signal in order to generate a certain flow
value.

The resulting experimental solution to mimic the lumped circulatory
system is shown in Fig. 6.1. The immersion and extraction tanks without
the screwed cover are given in Fig. 6.2 and Fig. 6.3.

The insertion and extraction areas are two small buffer tanks that fea-
ture a screwing lid used to seal the fluid inside the framework. The main
purpose of these buffer points are to insert and to extract the prototype
robot device. The role of the insertion and extractions points can not
be interchanged due to the fact that the trajectory of the carrier proto-
type will always be from the larger tube towards the smaller one. This
is caused by the shape of the part that joins the two tubes, allowing a
smooth crossing from the larger tube inside the smaller one - similarly
when blood is transiting from artery to veins. Another role for the two
buffer tanks are to seal the circuit and eliminate deposits of air from the
small and larger tubes, respectively. For each test, the prototype robot
must be manually removed from the extraction tank and inserted back
into the system while ensuring airtight conditions. Non-Newtonian fluid
is added if necessary to fill the entire system as needed.

The insertion and extraction buffer tanks are connected by two tubes
of different diameter: the large one represents an artery, while the other
represents the vein. The transition connective area between the tubes is
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Figure 6.2: Snapshot of the immersion point in the lumped circulatory system

Figure 6.3: Snapshot of the extraction point in the lumped circulatory system
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Figure 6.4: Snapshot of the transition area between the two flexible tubes of
different diameter

displayed in Fig. 6.4.
The tubes are slightly flexible and the amount of flexibility is constant

along the length of the tubes due to equally spaced metal insertions that
act as a resistance for expansion and contraction of the tubes. The white
lines sectioning the pipes are steel insertions, with density of the rings
⇢ = 1140 kg/m3 and an elastic modulus E = 22781 Pa.

The material chosen for the pipes is polyurethane. The reasons for
choosing this material are high tear resistance and high tensile properties.
In addition, polyether compounds are used in submerged sea applications
and maintains its properties in harsh environments for many years. Hence,
several non-Newtonian fluids can be used without the risk of altering the
environment (e.g. highly concentrated liquid detergent). The density of
the polyurethane material is ⇢ = 1060 kg/m3. It’s elastic modulus is equal
to E = 272.5 Pa, while the wall thickness is h = 0.0009 m. The density
and elastic properties are valid for both tubes. However, the small tube
has a diameter of d = 0.051 m, while the larger tube has a diameter of
d = 0.08 m.

The red-coloured fluid flowing inside the pipes has non-Newtonian
characteristics. The viscosity of the fluid in steady state conditions (when
there are no external forces acting upon it) is µ = 0.085 ⇤ 10�5 ks/ms and
a density equal to ⇢ = 1.03 ⇤ 10�3 kg/m3. The pulsing frequency of the
pulsatile blood flow is chosen as the one of the human blood flow with a
value ! = 2 ⇤ ⇡ ⇤ 7/6 rad/s.

Since the aim is to have a continuous flow of fluid, a microcontroller
and a flow meter are necessary. The microcontroller regulates the vari-
able flow pump, CM10P7-1-24, that acts as the system’s "heart". The
chosen "brain" is the NI myRIO real-time microcontroller. The graphi-
cal programming language LabVIEW is used to implement the code. In
order to close the flow control loop, a simple PI controller is tuned that
uses the signal from a SNS-FLOW201 flow meter as feedback informa-
tion. A working diagram between the described parts with the purpose
of non-Newtonian flow control is presented in Fig. 6.5.

An important limitation of the present study refers to the mechanical



6.2 Experimental Benchmark Setup 107

Figure 6.5: Non-Newtonian fluid flow control diagram through the mimicked
lumped circulatory system

properties of the tubes selected. Their elasticity is certainly below the
biological value of arteries, such that more interactive dynamic interplay
between walls and transiting object is not emulated, and some of their
viscoelastic properties are not fully captured. It should be noted that
fractional order impedance models have been previously reported to be
good candidates for modeling creep and tension, related to viscoelastic
properties of arteries in sheep [160,161]. Effects of distension and elonga-
tion of the tubes during pulsatile flow conditions are not enabled here and
also do not make the objective of our investigation. Hence, the properties
of the proposed benchmark, as of this moment, are situated somewhere
in-between biomedical and technical applications of non-Newtonian fluid
mechanics.

6.2.3 Autonomous Submerged Vehicle

One of the most important aspects to account for when designing and
building the submersible prototype is the reduced dimensions such that it
fits inside both tubes and is able to slide effortlessly (because it is battery
operated) through them. Another important aspect when choosing the
parts to incorporate inside it is the desired functionality of the robot.

To ensure proper operation and maximum efficacy in completing the
task of impedance measurement while transiting the environment, the
robot must incorporate the following characteristics enumerated hereafter.

• The robot should have the ability to operate on batteries for a long
period of time. Also, all the chosen electronics should be energy
efficient and of reduced size.

• All the embedded electronics should be completely sealed from fluid
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leaks inside the robot. In addition, the battery should be replaced
when needed by opening the robot, hence the need to reseal the
carcass without damage.

• Remote robot programming should be considered in order to cor-
rect possible errors, change operating modes and add new control
features.

• Accurate estimations of the 3D position inside the circulatory system
based solely on data read by embedded sensors should be performed.
The robot can not use information from the outside environment in
order to compute its position (e.g. external satellites for triangula-
tion). For this functionality, a positioning sensor should be chosen
and custom algorithms should be developed.

• Problem detection and problem solving capabilities should be added
to the robot. Changes of the surrounding non-Newtonian environ-
ment should be detected such as impedance changes or fluid veloc-
ity/pressure changes.

• Decision making algorithms such as stopping/hoovering at areas
when unusual impedance levels are detected and release a substance
to stabilize the impedance measurements.

• Velocity control algorithms are needed for efficient stopping of the
submersible.

• Ability to navigate to a certain position specified by a user within
a mapped environment or a detectable point of interest is also nec-
essary for impedance measurements at certain locations.

Taking into consideration all of the above mentioned aspects, the elec-
tronic devices have been selected in order to fulfil all these expectations
in a cost-effective, energy-efficient and size reducing manner.

From the mechanical point of view, an exterior hull has been designed
that is 5 0mm long, 30 mm wide and has an ellipsoidal shape inspired
from real submarines. The aqua-dynamic shape also features 4 prominent
additions disposed across its length. The additional lines are 1 mm thick
and their main role is to prevent the submersible from rotating when
supposed to thrust forces. The symmetrical hull has been 3D printed
using a combined material of polyamide and resin. The advantage of 3D
printing is that the entire housing of the submersible is made from a single
piece, minimizing the possibility of fluid entering inside the device through
crevices. However, printing the entire submersible at once is not a viable
option because electronics and balancing units need to be inserted inside,
hence the hull should provide easy access inside the device. The only
viable solution was to divide the submersible into two identical sections
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Figure 6.6: Illustration of the 3D design of the submersible

as shown in Fig. 6.6. The carcass is 0.003 m thick and the inner volume
is empty, with the exception of a solid part at the rear used to fasten a
motor, propeller and a sealing gasket. When fusing these two parts, the
space between the two identical pieces is sealed with headlamp gasket and
the two parts are screwed together using two screws in the rear and one
in front inserted in previously printed spots.

Propulsion is what thrusts the submersible through the non-Newtonian
fluid. Strategies for optimum propulsion analysis are evaluated for multi-
ple domains and a wide variety of options are available [162,163,164,165,
166]. The basic principles of vehicle propulsion are simple regardless of
their environment: in the case of an aeroplane, the generated thrust needs
to overcome air friction; for a ship, the generated force must overcome air
and water friction in order to move the vessel; while for a submarine, the
generated thrust has to be greater than the fluid’s braking effect. For non-
Newtonian fluids, the braking effect is larger than for Newtonian fluids.
Hence, an efficient propeller is needed. Propeller generated propulsion is
influenced by a number of factors: the number of propeller blades, the
size of each blade, the geometrical arc created by a blade and the swirling
direction of the blades [164]. Propellers are chosen based on the direc-
tion of the thrust force. For example, a propeller configured for forward
motion will have the described behavior when thrusting the submersible
forward, but its efficiency will dramatically drop if the propeller rotates in
the opposite direction, aiming for a backward motion for the device [167].
Usually, submersibles have multiple propellers from which can be distin-
guished a large, principal propeller that thrusts the submersible forward
and a secondary, smaller propellers used to manoeuvre the submarine.
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Figure 6.7: View inside the open submersible, hull, motor and propeller.

The size and placement of the propeller is established based on shape of
the controlled submarine [168,169].

The shape of the designed submersible is perfectly symmetrical and
aqua-dynamic in order to facilitate forward movement through the non-
Newtonian environment. The hull’s reduced dimension suggests as opti-
mal solution to use a three-blade propeller equal in diameter to the wide-
ness of the robot. The robot’s movement is only longitudinal through the
two tubes, hence eliminating the need of secondary propellers. Notice that
the similar diameters of the tubes and the robot make it impossible for the
robot to turn inside the two tubes. In other words, motions are limited
to forward or backward movements along the X axis. Consequently, the
propeller is placed in the rear, central to the symmetry line of the robot,
guaranteeing the maximum yield of the thrusting force versus its relative
velocity. The chosen thrusting unit is a 40 mm, 3-blade propeller, built
by Graupner.

A 3V DC motor is responsible for rotating the propeller. The motor
connects to the thrusting unit through a shaft which presents a water
tightening gasket. The reduced-size motor has a diameter of 6 mm and
a length of 16 mm. The maximum angular velocity is 1650 rpm and the
transmission ratio is 25:1. The motor driver is the DRV8833 circuit.

The submersible’s hull, motor, gasket and the 3-blade propeller are
presented in Fig. 6.7. The screwing holes are visible in the front and in
the rear. As observed, the DC motor fits inside the provided volume.

Acceleration is measured using the BNO055 9-DOF magnetometer
built by Bosch. The circuit features an accelerometer, magnetometer and
gyroscope. An accurate position is obtained by fusing the sensor data
and filtering the signals inside the board: acceleration, linear acceleration,
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magnetic field measurements. The board has an integrated magnetometer
that offers a variety of options for data readings. Another advantage is
the low energy consumption and small size that fits well inside the printed
hull.

Positioning of the submersible is obtained by double integrating the ac-
celeration signals. The well known problem of error accumulation towards
infinity during data integration is caused by the noisy signal read from
the accelerometer sensor. The BNO055 already has a pre-implemented
filtering algorithm for the measurements and it also features the ability to
extract gravitational acceleration, providing only linear acceleration data
if proper settings are used. The linear acceleration is integrated over short
periods of time and then the signals are reset to zero, thus avoiding the
effect of a slow accumulating error over large periods of time. Data regard-
ing positioning has been validated experimentally proving the algorithm
accurate and reliable over time [170].

The ceramic sensor used for impedance measurements is the DS550
from Dropsens.Its functionality regarding possible measurements of sub-
stance/species concentration will be detailed in Section 6.5.

As aforementioned, the brain of the entire submersible is the ESP8266
microcontroller. This particular device has been chosen due to its inte-
grated WiFi module. The microcontroller can be programmed through
the Arduino IDE that has an easy to understand syntax similar to C lan-
guage. All the data measurements and computations are performed inside
the ESP8266 module. This communicates with the BNO055 via the I2C
protocol, registers acceleration data, performs the integration and obtains
the position. The ESP communicates also with an external server via the
TCP/IP protocol where it sends the positioning data at predefined sam-
pling time intervals.

The entire unit is fed by a 3 V CR2 type lithium-ion battery. A
TPS61090 voltage booster circuit ensures a stabilized operating tension
of 3.3 V. Several batteries are available on the market with different shapes
and sizes which fit inside the submersible’s hull.

The actual version of the robot has been designed based on compo-
nents that are largely available on the market. The design is also cost-
effective for possible mass production for educational purposes. However,
the size of the submersible can be dramatically reduced by using embed-
ded electronic circuits that are custom built for this particular purpose. A
diagram showing the selected electrical components as well as the robot’s
functionality is given in Fig. 6.8.

A snapshot of the device ready for air tightening is shown in Fig. 6.9,
while the sealed submersible with all the embedded electronics and me-
chanical parts is displayed in Fig. 6.10.
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Figure 6.8: Functionality diagram of the submersible

Figure 6.9: Snapshot of the open hull of the submersible
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Figure 6.10: Snapshot of the sealed submersible

Figure 6.11: Robot and server communication diagram

6.2.4 Software Development

One of the main features of the platform is the ability to communicate via
WiFi. This means that data can be sent in real-time and logged into a
server for further in-depth analysis. The software part of this benchmark
project is divided into server side and robot side. The connection among
them is realized using the TCP/IP (Transmission Control Protocol, Inter-
net Protocol) protocol over WiFi. A diagram of the shared functionality
between the robot and the server is presented in Fig. 6.11.

6.2.4.1 Server Functionality and Implementation

The server runs a script written in MatLAB that connects to a router
using TCP/IP. The protocol is secure and guarantees that the messages
are sent without errors from one device to another. TCP/IP fragments
the bytes flux and sends them to the TCP/IP stack which ensures proper
routing of the packages from source to destination. The bidirectional com-
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munication is done by sending or receiving packets of bytes that incor-
porate string values. Connection issues such as communication drop and
reconnecting attempts are addressed inside the TCP/IP protocol. The
communication is possible if both devices are connected to the same WiFi
network. A pseudocode illustrating the server’s implementation logic is
given in Algorithm 3.

The main task of the server is to continuously receive data regarding
the current position and substance concentration values as recorded by
the robot. Data logs are created for every test. The sampling time is
0.1 seconds, meaning that 3600 data values are saved every minute. The
servers logs the data allowing further processing and analysis.

The server is also able to dictate the operating mode of the robot:
manual or automatic. The user inputs into MatLAB’s command window
desired operating values and the information is sent to the robot.

In the manual scenario, the server can send a PWM value (with a duty
ratio between 0 and 1) to be applied to the motor acting the propeller.
The velocity of the submersible depends on the applied PWM but also on
the environment’s characteristics such as the pressure and flow inside the
two tubes. In the manual mode, the user has no control on the velocity
of the submersible, but acts on the propeller’s rotation. This scenario is
useful for modeling a mathematical relation between the applied PWM
and the robot’s velocity/position.

For automatic operation, the operator can introduce a reference po-
sition to which the robot should navigate. For this case, the server can
control only the position at which the robot stops, without being able
to control the velocity or the PWM applied to the motor. Positioning
control algorithms are implemented locally on the submersible’s micro-
controller. Closing the control loop over WiFi is not a reliable method
to implement discrete control actions because of variable time delays in
the communication protocols. Dedicated algorithms that tackle variable
time delay processes or over the WiFi control can be easily implemented
by extending the current implementation for the server.

The server offers the ability to send a STOP command that overrides
all the operating modes. Upon receiving the STOP command, the robot
halts its movement regardless of the enabled operating mode. This feature
has been designed for stopping the submersible in emergency situations.

6.2.4.2 Deploying the Submersible

By comparison, programming the submersible is a more complex task than
programming of the server. Several modules that interprets data from the
sensors as well as the communication part need to be programmed. The
code is written using the Arduino IDE.

The first step is to configure the BNO055 magnetometer to measure
linear acceleration with a 2G accuracy. The BNO055 Arduino library is
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Algorithm 3: An insight into the server’s implementation
Data: User inputs commands into the MatLAB command

window
Result: Server sends instructions to the robot based on the

user’s input
perform initialization;
establish connection via TCP/IP;
while communication ongoing do

read position and concentration data;
log data received from the robot;
read user input;
if STOP then

send STOP message to robot;
else

if user sets manual mode then

send desired pwm to robot;
if user sets auto mode then

send position to robot;
while messages not received successfully and max retries not
reached do

retry sending;

used for acquiring data from the sensor. In order to set the 2G accuracy,
the library is extended to include this functionality. Then, the linear
acceleration data should be interpreted as velocity and positioning data.
Kinematic equations of motion express a connection between acceleration,
velocity and positioning:

a =
vf � vi
tf � ti

(6.1)

v =
df � di
tf � ti

(6.2)

where vf and vi are the final and initial velocities, df and di are the final
and initial displacements with tf and ti the final and initial times. For
the formula to be effective, tf � ti� > 0. However, since the code is
written for a microcontroller, the time difference becomes the sampling
time of the signal acquisition, chosen as 0.1 seconds. In order to compute
the velocity and position of the submersible, the following formulas are
implemented in the Arduino IDE:

vf = a(tf � ti) ⇤ vi (6.3)

df = vf (tf � ti) ⇤ di. (6.4)
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Figure 6.12: Experimental validation of the displacement algorithm based on
BNO055 acceleration data

Experimental tests depicted in Fig. 6.12 validate the displacement logic
used to compute the robot’s position. Additional measurements have
been performed using a video camera and image recognition to register
the position of the vehicle. The camera is placed above the circulatory
system with a clear fluid (i.e. detergent) to accurately see the transiting
vehicle. The footage is used at the end of the experiment to validate
the positioning/velocity measurement algorithms. It can be seen that the
chosen algorithm registers the positioning in an accurate manner.

The substance concentration is measured with the DS550 sensor which
is directly connected to the ESP microcontroller. The sensor sends this
data via one of the available analogue ports. There is no special setup
required for the concentration sensor and reading the data is realized with
the same sampling time as computing the position.

The following operating modes are implemented on the submersible:

• manual: receive a constant PWM value from the server and feed it
to the propeller;

• auto: send a reference velocity or position, the robot will navigate
using a local control law for velocity/positioning;

• explore: a fusion between the auto mode and environmental as-
sessment with the ability to halt the robot for a period of time in
areas where changes are detected;

• emergency: overrides all other operating modes, halts the robot
and interrupts all communication with the server.

The robot communicates with the server via WiFi. After the con-
nection is successfully established via the TCP/IP protocol, the robot
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sends its position, environmental measurements and PWM values to the
server every 0.1 seconds. In addition, the robot listens/awaits for new
instructions from the server. The server sets the operating mode of the
submersible into one of the previously mentioned: "manual", "auto", "ex-
plore" or "emergency".

The manual mode is used to send only a PWM value to the robot, i.e.:
"manual: 25". This will be further fed to the propeller until a new com-
mand arrives. Manual mode is used for velocity/positioning identification
data and for the extraction of the submersible from the setup.

The auto mode is given by the message "auto:" followed by a desired
position or velocity in meters or meters/second, respectively. Such com-
mands look like "auto: position: 0.8" or "auto: velocity: 0.1". The auto
mode works only if discrete-time control laws are implemented on the
microcontroller. The logic automatically chooses between the position or
velocity controller with respect to the received input.

Explore mode is the most complex scenario implemented and will be
discussed in detail with regard to context awareness in Section 6.5.

The last operating mode is an emergency stop that overrides any other
command and halts the robot with the command "STOP". It is designed
for emergency situations, hence all communication is lost and the sub-
mersible is shut down. The mode is not intended to be used for stopping
the propeller, this is performed with the manual mode with 0 PWM duty
ratio. After the emergency is activated, the robot cannot be restarted by
the server and has to be removed from the tubes for manual restart.

Apart from the previously described scenarios, the robot also covers
communication problems such as interruptions or communication loss. If
the communication is lost, 5 re-connection attempts are performed before
enabling the sleep mode. When the robot is sleeping, it still searches for
connection attempts from the server every 10 seconds in an energy efficient
manner. The robot is automatically turned on when the server re-connects
to it and waits for new commands before re-starting its movement.

A brief view onto the robot’s software implementation flowchart is
presented in Algorithm 4.
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Algorithm 4: An insight into the robot’s software implementa-
tion
Data: Server sends command to the submersible
Result: The robot sends positioning and concentration data to

the server and operates according to the server’s input
set 2G accuracy of BNO55;
while server communication successfull do

read acceleration;
compute velocity;
compute position;
read concentration;
listen to new messages;
change operating mode if necessary;
if emergency then

halt robot;
shut down microcontroller;
break;

if manual then

robot receives new pwm command;
robot received new position;

else if auto mode then

register new position;
compute pwm using control law;

else if explore mode then

robot stops;

set pwm of the motor;
send position, concentration and pwm values;

if communication lost then
try to reconnect 5 times

stop;
go into sleep mode until new communication is established;
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6.2.5 Benchmark Versatility For Research and Edu-

cation

The platform proves to be an important ally into demonstrating con-
cepts such as submerged motion dynamics, non-Newtonian dynamics and
properties, programming a client-server architecture, implement control
strategies in real life situations, experiment with various fluid dynamics,
mimicking context changing operability tasks, etc.

There is also the possibility of replacing the non-Newtonian fluid with
a Newtonian one (water) and experiment with both environments in or-
der to compare their interaction with submerged objects. Analyzing the
submersible’s motion inside the two environments provides an insight into
the braking effect of the viscoelastic characteristic of the non-Newtonian
fluid. Also, several experiments can be made using non-Newtonian fluids
with different viscosity.

Another challenge is exploring the pressure change occurring at the
joining point of the two pipes. The robot’s trajectory goes through the
larger pipe which features a lower pressure and lower velocity of the fluid
flow into the smaller tube with higher pressure of the fluid. Pressure
also depends upon the viscosity and non-Newtonian features of the fluid.
Non-Newtonian behavior may also be studied by increasing the flow from
the pump and analyzing it’s effect of the submersible’s dynamics (e.g.
buoyancy).

The platform is also useful into programming submerged objects as
well as programming a client-server architecture and setting up the com-
munication between them. Communication related issues as well as effects
of decision making actions such as choosing the right protocol can be easily
illustrated using the built setup.

The submarine can be programmed into multiple ways to study sub-
merged dynamics. A relationship between the propeller’s angular velocity,
generated thrust, fluid viscosity and submersible velocity can be experi-
mentally established with respect to non-Newtonian braking effect. Also,
operating modes of the submersible can be explored for system identifica-
tion purposes.

Detection of variations in the substance concentration (or den-
sity) measurement values relates to determining areas of relative high
impedance values. Targeted drug delivery may be introduced as an ed-
ucational concept by creating decision taking algorithms and developing
custom treatment controllers in order to release substance where it is most
needed. Other controllers targeting velocity or positioning may also be
experimentally tested inside the fluid, familiarizing the user with actual
real-life implementation of different control strategies.

The components needed to recreate the benchmark are given in Ta-
bles 6.1 and 6.2.
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Table 6.1: Circulatory system hardware components

Component Description

Tee elbow with PVC door Used as immersion and submersion
points, 2 pieces

Small tube Polyurethane with metal insertions
R = 51/1000 (m), h = 0.9/1000 (m), κ = 0.1.

Large tube Polyurethane with metal insertions
R = 80/1000 (m), h = 0.9/1000 (m), κ = 0.9

Funnel Narrow diameter dn = 0.102 (m),
Wide diameter dw = 0.16 (m)

Tube Tube to recirculate the fluid, any diameter

Plumbing elbow Connection purpose, 2 pieces

CM10P7-1-24 Variable flow pump

EM-174A Pump driver

SNS-FLOW201 Flowmeter

NI myRIO Real-time microcontroller

Power Supply 24 (V) supply

Non-Newtonian fluid Approx. 10 (l) e.g. water and starch mixtures,
conditioning shampoo, liquid detergent

Table 6.2: Submersible hardware components

Component Description

Submersible case The custom hull, 2 halves, 3D printed

CRC232 Battery powering the submersible

TPS61090 Power booster circuit that ensures the
nominal voltage of [+2.7, 3.0]V

ESP232 WROOM-02 WiFi module and microcontroller

Bosch BNO055 Inertial Measurement Unit - Accelerometer,
Gyroscope and Magnetometer

Graupner 3 blade propeller Propeller for miniature ship design
used to thrust the submersible

DC motor 10 mm x 6 mm DC motor

DRV8833 Motor driver

Screws Self locking screws, 3 pieces

Glue Gasket sealant, 1 tube



6.2 Experimental Benchmark Setup 121

6.2.6 Submersible Miniaturization Opportunities

The purpose of this study is to provide a framework to analyze the in-
teraction between the moving object and the non-Newtonian fluid. The
concepts are proven at a large scale, and the current dimension of the
submersible is far from reaching targeted drug delivery sizing. Non-
Newtonian fluid dynamics analysis is an emerging topic, one of the novel-
ties of this study being the accessible experimental setup which is afford-
able and reproducible.

The current submersible sizing is justified by the desire to build the
setup by entirely using widely available components at a reasonable price.
In addition, the microcontroller has been chosen to be easily programmed
using the Arduino IDE, a popular programming language based on C
language compiler, a lighter alternative to embedded C programming kit
that is studied mostly by students with electrical oriented degrees. The
motivation behind this choice is the ease of reproduction for both research
and educational purposes.

The main factors that influence the increased size of the submersible
are the battery, the propeller, and the impedance sensor. The 40 mm
propeller has been chosen such that the submersible is able to navigate
counter currents, in fact not needed for the current purpose of the setup.
The DC motor has a reduction box in order to be able to spin the large
propeller, which can be eliminated when the propeller size is reduced. An-
other aspect that adds to the overall sizing is the 3D printed hull featuring
sturdy walls with a thickness of approximately 4 mm. The increased wall
thickness ensures that the two halves of the case can be dismounted and
re-glued without damage, for easy access to the components during the
development and testing phase of the submersible. Since the submersible
has reached its final version both from design and programming perspec-
tives, the hull’s thickness can be drastically reduced.

For instance, reducing the size of the submersible to 15 mm in length
and 8 mm in width can be realized by replacing the current ESP8266
microcontroller with a dedicated printed circuit board (PCB), changing
the CR123A battery with a smaller sized 3.3 V alternative, eliminating
the motor’s reduction box, and reducing the propeller’s diameter from 40
mm to 8 mm. The battery will always be a critical element inside the
robot because it can produce damage through heating. An alternative to
the battery is the usage of a supercapacitor [171]. Wi-Fi can be replaced
by Bluetooth low energy (BLE) protocol for energy efficiency, and the
3D printed hull will be realized through Teflon injection [172] or milling.
The advantage of this approach is that the design of the submersible is
similar to the current solution. However, the drawback is that the cost
for a prototype is increased, as well as the need to custom made PCBs,
instead of simply buying the components.

Further dimension reduction can be performed in the 1-2 mm scale. In
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this scenario, the entire propulsion system must be completely redesigned.
The motor and the propeller should be replaced with piezoelectric mate-
rials (the most popular being Lead Zirconate Titanate) or any other ma-
terial that produces vibration through deformation. The submersible’s
motion concept is based on propellant-less thrusting of the object using
vibration [173, 174]. Apart from complete redesign of the propeller, the
battery is also replaced by an environment-based energy harvesting cir-
cuit of reduced size. Multiple options are available based on temperature,
vibration, chemicals, etc., such as those detailed in [175]. Furthermore,
the impedance sensor is replaced by printed electro-mechanical cells of
nanometer dimensions [176]. In this scenario, the submersible’s dimen-
sion fits the targeted drug delivery paradigm. However, producing a single
prototype is difficult with costs spanning over kEUR, making the platform
inaccessible for educational purposes.

The generic non-Newtonian properties discussed in our study hold ir-
respective of the setup scalability. We speculate that particular material
features may be detected at some scale than other (i.e. micro-, meso- and
macro-scale specific properties). However, the modelling, identification
and control methodologies presented hereafter will be valid irrespective of
the setup scale.

6.3 Motion Dynamics Modeling for Sub-

merged Objects in a Non-Newtonian En-

vironment

A two-step procedure is proposed to obtain an accurate model for the in-
teraction between the submersible and the non-Newtonian environment.
The first step is to develop a generalized navigation model inspired from
ship propulsion. Ship propulsion models are available throughout liter-
ature and can serve as a basis to start calibrating the non-Newtonian
floating object framework from Chapter 3. The fractional order dynam-
ics are determined using the ship propulsion model as a startup point to
search for a fractional equivalent to better describe the dynamics of the
submersible. For determining the final fractional order model, a minimiza-
tion procedure is employed that searches for the minimum error between
the simulated model and the experimentally obtained positioning data.

The modeling procedure implies the adaptation of available submerged
ship propulsion models that are extended to non-Newtonian dynamics
based in the fractional order framework introduced in Chapter 3.



6.3 Motion Dynamics Modeling for Submerged Objects in a

Non-Newtonian Environment 123

6.3.1 General Navigation Model for Submerged Ob-

jects in Newtonian Fluids

Firstly, the submarine dynamics are divided into smaller parts that influ-
ence each other. A schematic is depicted in Fig. 6.13.

The modeling goal is to obtain: i) a model that connects the motor
voltage to the angular velocity of the propeller, ii) a model that connects
the angular velocity of the propeller to the generated thrust and iii) a
model that connects the thrust to the velocity.

A connection between the motor voltage and the propeller’s angular
velocity is determined experimentally by applying a 2.4 V step input on
the motor and measuring the resulting velocity. An identification proce-
dure is employed resulting in a model with first order dynamics:

Hmotor =
700

0.022s+ 1
. (6.5)

Figure 6.13: Schematic of the submersible’s individual parts considered for
modeling purpose.

The propeller’s rotation is then connected to the generated thrust.
The particularities of the propeller such as the number of blades, radius
R (m), rotor blade area A (m2) and a thrust coefficient Ct are known to
strongly influence the output [164].

Th = Ct · ⇢ ·A · (w ·R)2 (6.6)

where Th is the thrust (N), ⇢ is the fluid’s density (kg/m3), R the radius
(m) and w represents the propeller’s speed (rad/s). The area is given by:

A = ⇡ · d2/4 (6.7)

where d is the diameter (m).
The characteristics of the propeller as well as the chosen fluid/material

density are known. In order to obtain a physical model for Newtonian
submersion which is closer to the parameters of the experimental setup,
the density value of liquid soap is considered. The Graupner 3-blade
propeller thrust coefficient has been determined experimentally by [177].

Linearizing (6.6) around a working propeller speed of 1 m/s, gives the
relation between the propeller’s rotation and the thrust generated by it:

Hthrust =
∆Th(s)

∆W (s)
= Ct · ⇢ ·A ·R2 · w0 (6.8)
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where !0 is the initial angular velocity.
Next, we search for the relation between the propeller generated thrust

and the velocity of the submersible. The interaction of a single-propeller
submarine which is operating in Newtonian environments (such as water)
is given by the following nonlinear equation:

(MRB +MA)⌫̇ + (CRB + CA)⌫ + (Dl +Dn)⌫ = ⌧. (6.9)

where MRB is the inertia of the rigid body, MA is the added mass, CRB is
the rigid centripetal force and the Coriolis force, CA is the hydrodynamic
centripetal and Coriolis force, Dl is the linear damping and Dn is the
matrix representation of the inertia of the rigid body with added mass.

The velocity of the submarine can be written as a matrix ⌫ composed
by single axis velocities ux for X axis, vy for the Y axis and rz for the Z.

⌫ = [ux vy rz]
T (6.10)

For the purpose of this study, we simplify the model by ignoring the Y
and Z axis effects. Hence, only the motion along the longitudinal X axis
is considered. In this case, the velocity matrix reduces to:

⌫ = [ux 0 0]T . (6.11)

The linear velocity equation around a working operating point ux0 can
be written as:

⌫ = ⌫0 +∆⌫ = [ux0 +∆ux 0 0]T . (6.12)

Considering a submarine of mass m moving with a linear velocity gives
the generated thrust equation:

∆Th = [�2ux0X|u|u �Xu 0 0]∆⌫ + [m�Xu̇ 0 0]∆⌫̇. (6.13)

from where the connection between propeller’s thrust and the longitudinal
velocity can be written as:

H(s) =
∆U(s)

∆Th(s)
=

1

(m�Xu̇)s� 2u0X|u|u �Xu
(6.14)

The longitudinal acceleration on the X axis adds a surged mass coef-
ficient denoted by Xu̇:

Xu̇ =
�4�r⇢⇡

3
(
d

2
)2. (6.15)

where ⇢ (kg/m3) is the density of the fluid in which the submarine oper-
ates, �r is an empirical parameter based on the ellipsoidal shape of the
robot and d(m) is the diameter of the hull. Xu is the force component
given by:

Xu = �⇢VlAfCd (6.16)
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where Af (m
2) is the frontal area of the submarine, Vl(m/s) gives the

vectorial magnitude of the liquid’s flow velocity and Cd is a drag coefficient
which is experimentally determined by the manufacturer of the propeller.
The surge drag coefficient X|u|u is:

X|u|u =
1

2
⇢CdAf . (6.17)

The angular velocity generated by the propeller is strongly dependent
on the angular velocity of the motor acting upon the propeller which in
turn is a function of the applied voltage. The relationship between the
motor voltage and w can be modelled by a first order transfer function:

Hmotor(s) =
km

Tms+ 1
(6.18)

where km is the gain of the process and Tm is the time constant.
An analytic model for the velocity of a submerged object into a New-

tonian environment that connects the motor voltage to the velocity of the
submersible within the liquid is expressed as

HIO(s) =
kmCt⇢AR2

(Tms+ 1)[(m�Xu̇)s� 2ux0X|u|u �Xu]
. (6.19)

Table 6.3 illustrates all the numerical parameters needed to determine
the model between the velocity and the thrust.

Table 6.3: Submersible and propeller parameters.

Parameter Value
Cd 0.6
⇢ 1060 kg/m3

Af 0.031 m2

d 0.04 m
V 0.1 m/s
�r 0.2473 [-]
u0 1 m/s
m 0.1 kg

Combining the three obtained models gives the general navigation
model for a submerged object in a Newtonian fluid but with the den-
sity of liquid detergent.

Hprocess =
232

s2 + 60.13 + 667.1
(6.20)

Although not entirely physically correct, this model is a good approxima-
tion of initial guess.
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6.3.2 Fractional Order Modeling of Objects Transit-

ing Non-Newtonian Fluids

A general fractional order model that is similar to the previously deter-
mined analytic model from (6.20) can be written as

HFO�V elocity(s) =
kp

b1sα + b2sβ + b3
(6.21)

with kp being the proportional gain, b1, b2, b3 are coefficients of the Laplace
operator s, ↵ and � denoting fractional orders of differentiation.

The fractional order modeling procedure consists in calibrating the
Newtonian model onto the acquired experimental data. A minimization
procedure is employed that searches the parameters of (6.21) such that
the response of the simulated fractional order model fits the acquired
experimental data. A cost function used in the minimization procedure
is defined as:

J = min

Z

1

0

|xm(t)� x(t)|dx (6.22)

where xm(t) is the experimental measurement at time t and x(t) is the
simulated response of the candidate fractional order model.

The results obtained by the minimization procedure depend on the
starting point that is chosen to perform the search (i.e. initial search
values). In order to obtain a realistic result, with physical meaning, the
obtained analytic model is used as a startup point. Hence, the search
starts from kp = 232, b1 = 1, b2 = 60.13, b3 = 667.1, ↵ = 2 and � = 1.
The search interval of the fractional orders of differentiation is limited to
↵ 2 [1, 2] and � 2 [0, 1] to reduce computation time and obtain a model
of reduced order.

The optimization procedure has been implemented in MatLAB using
the Optimization Toolbox with the ’active-set’ algorithm setting. The
obtained fractional order model for the positioning of the submersible
inside a non-Newtonian environment is obtained as:

HFO�Position =
0.1

s(0.005682s1.7263 + 0.11031s0.8682 + 1)
(6.23)

for the position and

HFO�V elocity =
0.1

0.005682s1.7263 + 0.11031s0.8682 + 1
. (6.24)

for the velocity. It is worth emphasizing the values of the fractional orders
of differentiation: ↵ = 1.7263 and � = 0.8682, i.e. values inside the
imposed intervals.

Fig. 6.14 shows the validation of the fractional order model on position
experimental data, while Fig. 6.15 shows the validation on experimental
velocity data. The test is based on applying a 0.3 PWM duty ratio to the
motor.
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Figure 6.14: Experimental validation of the obtained fractional-order model
for the robot’s position in the non-Newtonian fluid

Figure 6.15: Experimental validation of the obtained fractional-order model
for the robot’s velocity in the non-Newtonian fluid
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6.4 Control of an Object Transiting a Non-

Newtonian Fluid

Viscoelasticity is a phenomenon better described by fractional order mod-
els than by the classical, integer order motion dynamics as has been previ-
ously explained in Chapter 3. Naturally, fractional order control strategies
are more suitable for this type of processes, as summarized in Chapter 2.
However, control strategies for this type of environments should also in-
clude the fractional order characteristics, otherwise the extended dynam-
ics will be limited by integer order control actions.

The reasons stated above motivate the development of a fractional or-
der controller for the positioning of the submersible, such that substance
concentration values can be easily acquired and corresponding action can
be taken. For this purpose, we propose to design a fractional order Pro-
portional Derivative (FO-PD) controller.

The transfer function of a FO-PD controller is given by:

HFO�PD = kp(1 + kds
µ) (6.25)

where kp represents the proportional gain, kd the derivative gain and µ
gives the fractional order of differentiation. For an integer order controller,
µ = 1, while for the generalized case of a fractional one the values are
limited to the µ 2 (0, 1) interval. The process of controller tuning involves
determining the three parameters characterizing the controller.

The most popular fractional order tuning methodology is chosen, con-
sisting of solving a system of frequency domain nonlinear equations related
to the gain crossover frequency, phase margin and robustness character-
istics.

|HFO�PD(j!cg)HFO�Position(j!cg)| = 1. (6.26)

The phase margin equation imposes a value �m for the open loop sys-
tem at the gain crossover frequency !cg. The phase equation is expressed
as

∠HFO�PD(j!cg) + ∠HFO�Position(j!cg) = �⇡ + 'm. (6.27)

The phase margin and gain crossover frequency specifications ensure
a stable closed loop system as well as a reduced settling time for the
controlled process’ response.

The last frequency specification is related to the closed loop robustness
to gain uncertainties. In a real-life context of operation of the cardiovas-
cular system, robustness is essential because of the particularities of every
treated individual and various actions (rest, exercise). The developed
controller must perform similarly even if the process parameters vary in
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time. In frequency domain, robustness implies to have a constant phase
around the gain crossover frequency. This further implies that if the gain
crossover frequency slightly changes, the value of the phase remains the
same and the controller’s performance is consistent. A constant phase
graphically translates into a straight line. In order to mathematically ex-
press the required straight line, we impose a zero derivative of the phase
around the gain crossover frequency:

d(∠HFO�PD(j!)HFO�Position(j!))

d!
= 0|ω=ωcg

(6.28)

The three parameters needed for the fractional order PD controller are
obtained by solving the system of nonlinear equations formed by (6.26,
6.27) and (6.28). The gain crossover frequency and the phase margin are
imposed with respect to [46] such that the resulting controller has physical
meaning. Imposing the gain crossover frequency as !cg = 0.02 rad/s and
the phase margin �m = 72deg gives the following fractional order PD
controller

HFO�PD = 65.0028(1 + 0.0305s0.6524) (6.29)

which is guaranteed to be robust by the third frequency domain specifi-
cation.

The frequency Bode diagram obtained with the computed fractional
order PD controller is shown in Fig. 6.16. As observed, all imposed fre-
quency domain constraints are met.

The usability of the FO-PD as a positioning controller requires impos-
ing a null steady state error. However, the transfer function is obtained
by adding an additional integrator to the velocity transfer function which
already ensures a zero steady state error, meaning that the robot will stop
at the imposed reference position.

For physical implementation, the controller from (6.29) has been
mapped to the discrete-time domain using the method provided by [132].
The discretization method represents a direct mapper between the frac-
tional order transfer function and its discrete time representation. The
resulting discrete time model has order 5, validated by comparing the
frequency responses of the initial continuous time model to its discrete
time representation. The control law has been implemented as a recur-
rence relation inside the submersible using the ESP8266 microcontroller.
The discrete sampling frequency is 100 Hz, the same as that used for
the real-life measurements. Several experiments have been performed by
sending a desired position to the submersible over WiFi and analyzing the
closed loop position profile. The experimental test from Fig. 6.17 has been
performed by sending a reference position of 0.1 m. At moment t = 20
seconds, a bias disturbance of �0.05 m is given in software in order to val-
idate the disturbance rejection capabilities. As observed, the submersible
successfully reached the desired position, and the disturbance is rejected
without the presence of overshoot.
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Figure 6.16: Bode diagram of the open loop system with the fractional order
PD controller
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Figure 6.17: Fractional order FO-PD controller experimental validation in the
non-Newtonian environment.
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Figure 6.18: Fractional order FO-PD controller experimental robustness vali-
dation in Newtonian and non-Newtonian operating conditions.
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Figure 6.19: Fractional order FO-PD controller experimental validation in a
Newtonian environment.
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Experimental robustness tests have been performed by replacing the
non-Newtonian liquid inside the cardiovascular setup with tap water. The
same desired input is given to the submersible in the two operating en-
vironments, Newtonian and non-Newtonian, and the position profile for
both cases is presented in Fig. 6.18. It can be observed that the settling
time for the Non-Newtonian case is 5 s faster than the tap water experi-
ment. However, the controller proves to be robust to high environmental
variations, such as the nature of the fluid, proving robustness to more
than just the process’s proportional gain changes.

Disturbance rejection capabilities are also analysed in the Newtonian
framework in Fig. 6.19. A software disturbance is also introduced at
moment t = 20 seconds, which is also successfully rejected.

The experimental tests provided in this section demonstrate that the
chosen fractional order model calibrated based on analytically derived
equations is accurate enough to describe the dynamics of a small scale
submersible in non-Newtonian fluids.

The control strategy is designed for non-Newtonian operating con-
ditions. Since the controllers have been tuned using the isodamping
frequency domain specification, they are robust to model uncertainties.
Hence, the controllers also operate in other environments, as has been
shown by the experimental data. The only limitations connected to the
control strategy arise from the physical limitations of the submerged ve-
hicle itself.

In terms of closed loop performance, the experimental results clearly
prove the efficiency and robustness of the proposed fractional order con-
troller for accurate positioning of the submersible in non-Newtonian fluids.

6.5 Context-Awareness in Non-Newtonian

Fluids

The submersible is context-aware from two point of views: control
law computation based on context (regression data) and environmental
recordings of its varying surroundings.

6.5.1 Event Based Control - a Solution to Energy Ef-

ficiency

Event based control is the natural solution to context awareness paradigms
of control laws. Discrete-time systems are usually sampled in a periodic
manner, known as Riemann sampling. In traditional approaches, after a
period of time Ts has elapsed, the control law computes a new value for
the manipulated variable, regardless if it is necessary or not. For example,
in a steady state regime, the control signal is usually constant and a new
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value is computed every Ts seconds that is identical to the previous control
value. This means that the effort performed to compute the new control
variable overburdens the core of the system and it also drains the battery
levels [178].

A solution to this problem lies in discrete-time control laws imple-
mented with aperiodic sampling, known as Lebesgue sampling. Event-
based control strategies are based on Lebesgue sampling, every control
computation being triggered by a context. A context manager defines
events that should trigger new computations of the control signal, known
as event detectors. The laws are customized for the need of every process
and usually involve the error value being inside a predefined interval and
a safety condition, ensuring that at least one control value is computed
in an apriori defined maximum time period. The objective of the event-
based control strategy is to reach the objective defined as the reference of
the process [92].

The event-based solution is particularly useful for the submersible case
study in order to avoid the computation of the control law taking most
of the CPU allocation, the control signal being computed locally on the
submersible. Traditional, non-event-based control algorithms should run
asynchronously to all other tasks such as data acquisition, position com-
putation and server communication. However, the event-based imple-
mentation removes this constraint through the usage of variable sampling
techniques. Another benefit is the improvement of energy efficiency. Ex-
perimental tests suggest that using a context aware control strategy such
as event-based control, the battery life is improved up to 4 times. Control
values computations are reduced by 90%. Making battery studies, it was
observed that the battery is mostly drained by ongoing closed loop con-
trol and server communication. Reducing the number of times the control
value is computed/applied to the propeller improves battery life.
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Figure 6.20: Submersible going to a desired position in a)
Non-Newtonian fluid and b) Newtonian fluid using fractional order con-
trol with event-based dynamics
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The fractional order controller from (6.29) is implemented on the ex-
perimental robot using the event-based strategy from Chapter 4 and the
results are presented in Fig. 6.20 for Newtonian and non-Newtonian fluids,
respectively. The experiments involve the robot operating in auto mode
and receiving the 0.4 m reference position from the server. The null (0)
position is considered the position of the submersible at the moment the
new reference value is received. As observed from the two figures, the
robot successfully reaches the desired position in both environments.

6.5.2 Environmental Awareness

The second context aware aspect of the cyber-physical system is the en-
vironmental assessment realized in the explore operating mode. An addi-
tional module is used to measure fluid impedance that enables detection
of changes in environment properties. The explore mode implies data ac-
quisition regarding the surroundings with a constant velocity (the control
law is implemented using the previously described algorithm) and if a
change is detected, the robot halts at the respective area in order to reg-
ister more (detailed) data. The decision whether or not the robot should
halt for a few seconds is realized internally, by the ESP8266 core unit, as
explained in the software functionality section of this chapter.

Figure 6.21: Impedance sensor Dropsens 550 attached to the hull of the sub-
mersible and connected to the internal microcontroller
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As a case study, a Dropsens 550 impedance ceramic sensor has been
attached to the robot, as depicted in Fig. 6.21. The sensor may be replaced
with any hardware that fits the purpose of the submersed investigation,
as long as it does not significantly alter the physical/motion properties of
the submersible. Experimental data with nominal concentration values
from the non-Newtonian fluid is illustrated as an example in Fig. 6.22.

In the test scenario depicted in Fig. 6.23, the robot navigates a non-
Newtonian environment with a constant environmental impedance be-
tween 0 and approximately 18 seconds. It can be observed that the envi-
ronmental values remain unchanged until time 18 seconds, but afterwards
there is a gradual change in the recorded voltage values. The context man-
ager implemented inside the robot decided that the robot should continue
its movement in order to further inspect the surroundings. The grad-
ual changes were physically created by mixing non-Newtonian fluid with
glucose and pouring the mixture in the extraction reservoir.

The second test case is shown in Fig. 6.24. In this test, it can be seen
an abrupt change of the environmental variable at time 18 seconds. For
this case, the context manager decided to halt the robot for 5 seconds at
the area, in order to gather more data. This can be seen in the position
data being constant in the [18 : 23] seconds interval. Afterwards, the robot
continues its movement through the fluid. This scenario was created by
injecting glucose through the pipe, while the robot was already moving
towards that position.

The plots from both Figs. 6.23 and 6.24 illustrate data that was logged
by the server. In the explore mode, the robot autonomously decides its
actions based on the environmental context of the fluid in which it is
submersed.

6.6 Summary

The present work tackles the modeling of the motion dynamics of an
object submerged in a non-Newtonian environment. The mathematical
model is developed starting from already known Newtonian interaction
model between the submersible and the fluid. The final model is obtained
by optimization techniques to describe non-Newtonian interactions on the
motion of the vehicle by using real-life data regarding non-Newtonian in-
fluences on submerged thrusting. For the obtained non-Newtonian frac-
tional order process model, a fractional order control approach is employed
to regulate the submerged object’s position inside the environment. The
presented modeling and control methodologies are endorsed by real-life
experimental data used to validate the veracity of the presented concepts.
The robustness of the control strategy is experimentally validated for both
Newtonian and non-Newtonian environments.
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Figure 6.22: Environmental assessment experimental data with the Dropsens
550 sensor under normal operating conditions

Figure 6.23: Environmental assessment of gradually changing context - glucose
mixed with the fluid
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Figure 6.24: Environmental assessment of brusque changing context - glucose
injected in a target area

The study also presents an operation framework to facilitate a con-
text aware cyber-physical system used for submerged environmental as-
sessment. The submersible can operate in both Newtonian and non-
Newtonian fluids and can be easily adapted to any monitoring task, al-
though the versatility of its tasks are limited by its own CPU performance
constraints. The present study shows experimental tests that prove the ef-
ficacy of an energy efficient control law as well as the ability of the system
to detect and analyse its operation context.

Environmental assessment based on context aware information can be
useful in a wide variety of multidisciplinary processes such as below ice cap
exploration (the mixture of water and ice being a non-Newtonian fluid),
muddy water monitoring (in waste water treatment plants/basins), trans-
portation (pipelines), biomedical applications such as targeted drug deliv-
ery, lung inflammatory response monitoring (fluid in lungs), anesthesia (in
vivo or by-pass blood concentration monitoring), etc. or in manufacturing
processes that involve both Newtonian and non-Newtonian characteristics
such as steel manufacturing, pharmaceuticals (material properties of gran-
ulation processes), etc. The examples on these last two manufacturing
processes make the scope of subsequent chapters in this book.

The results presented in this chapter have been published in:

• M. Ghita, I. Birs, D. Copot, I. Nascu, C. Ionescu. "Impedance
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7.1 Introduction

Continuous Casting (CC) or strand casting is a procedure where molten
metal is transformed into slabs through solidification, which will be con-
sequently rolled in finishing mills. Most of the world’s steel is produced
using this technological process [179]. The procedure was firstly intro-
duced in the 1950s as an alternative to ingots obtained through mold
pouring. Advances in continuous casting led to an improved yield, final
product quality, increased productivity and reduction of costs. [180].

Rheological studies performed on liquid steel show non-Newtonian
fluid flow characteristics. Flow behavior and viscosity analysis proves that
liquid steel exhibits shear thinning and time independent, non-thixotropic
flow for all shear rate regimes. The physical explanation is that short range
atomic orders lead to non-Newtonian characteristics [181]. Continuous
casting of liquid steel encapsulates a wide variety of interacting complex
physical phenomena such as: heat transfers, various states of turbulent
and laminar flows, clogging, steel solidification, electromagnetic effects,
entrapment of air particles, thermical and mechanical distortion, non-
linear stress, segregation and various micro-structural formations [182].

Currently, all existing literature focusing on modeling CC processes
use classical differentiation and integration operations of fixed orders
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[182, 183, 184, 185, 186, 187]. However, recent advances in non-Newtonian
fluid flow show that fractional calculus is more suitable in modeling
this complex phenomena. Fractional order Navier-Stokes equations,
Mittag-Leffler functions, space fractional constitutive equation models and
Maxwell elements in mechanical models of viscosity have been previously
used to model non-Newtonian characteristics in [73,142,188,189,190].

Fractional calculus is a powerful branch of mathematics that intro-
duces differ-integral operations of any arbitrary rational, non-integer, or-
der [36, 191], as shown in Chapter 2. Hence, classical differentiation and
integration is generalized, allowing a more accurate mathematical de-
scription of complex physical phenomena [143]. Several advances prove
the veracity of fractional calculus, especially in the field of viscoelas-
ticity [41, 192], as proven in Chapter 3. Furthermore, fractional differ-
integrals generalize the Proportional Integral Derivative (PID) controller
to a more powerful, multi-degree of freedom controller that is able to sat-
isfy a wider set of design specifications, with increased stability, better
performance and inherent robustness.

The present study provides an original and novel framework on the use
of fractional calculus to address the natural non-Newtonian properties of
liquid steel in casting lines. Prior collaboration with Arcellor Mittal Gent
in Belgium and availability of real data allows to validate the obtained
fractional order models [193]. Consequently, a suitable control strategy is
developed for fault reduction in the obtained product by controlling the
non-Newtonian fluid flow in the caster. Industry 4.0 paradigms and fault
reduction are tackled through the usage of fractional order event-based
implementation of the obtained controller. The implementation is based
on the fractional order event-based paradigms presented in Chapter 4.

Novelty elements of the chapter include the usage of fractional calculus
to model and control non-Newtonian liquid steel flows, the applicability
of these findings on a real CC plant, usage of real-life data to validate
the obtained models, fractional order control of the CC process and its
event-based implementation for fault reduction and optimization.

7.2 Continuous Casting Plant

7.2.1 Description

The ArcelorMittal Gent (AMGent) plant has been chosen as the continu-
ous casting case study. ArcelorMittal is the second largest company in the
world for steelmaking, with a reported tonnage of 78.46 Mt in 2020 [193].
The AMGent process is equipped with an electromagnetic stirrer that al-
lows active control of the liquid steel flow. The operating principle of the
caster in AMGent is shown in Fig. 7.1.

Firstly, the metal is melted into furnaces and introduced into a 300t
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Figure 7.1: Diagram of a continuous casting line unit as part of a steel products
manufacturing process.

Figure 7.2: Diagram of tundish and mould details as part of a steel products
manufacturing process [179]

ladle through a turning tower. Treatment such as alloying or degassing
may be performed on the metal inside the ladle, as well as ensuring the
proper casting temperature. In the AMGent plant, the ladle is placed on
a two slot rotating turret at the top of the casting unit. One slot is in the
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Figure 7.3: An illustrative example of a SEN ready for immersion (left) and
a SEN in the mould (right). Observe the noisy environment and emerging
deposits.

casting position, whereas the other is refilled and vice-versa.
The fluid is transferred from the ladle to a 60t holding reservoir, known

as the tundish, via a refractory shroud. This element is a buffer which
feeds the casting line and regulates the metal feed to the mould. In
addition, the tundish ensures that liquid steel is continuously fed to the
process, especially while the ladles are switched. Steel particles can stay
up to ten minutes the AMGent tundish in order to allow enough time for
ferrostatic particles to rise.

A submerged entry nozzle (SEN) controls the flow of the liquid steel
from the tundish to an open-base copper mould. The size of the mould
dictates the casting speed and size of steel section. A closer look of the
tundish and mould is presented in Fig. 7.2. The primary cooling process
takes place into the mould, where water cools the mould’s walls causing
hot metal to solidify in contact with it. The mould oscillates to prevent
solidification on its walls. The metal in the mould is treated with various
lubricants such as powders or liquids to prevent sticking to the walls and
trap any slag particles. Clogging is prevent through introduction of argon
or nitrogen. The metal is part-fluid, part-solid when it exists the mould,
guided by grouped rolls. The metal is further cooled using water sprays
or by cooling the segments itself. At the end of the solidification process
of the slab, it is cut with a cross cutter with width ranging from 950 to
2000mm, thickness of 220mm, resulting the final product [194].

Even if the liquid steel is treated with various anti-clogging agents,
the SEN is replaced every few hours due to solidified steel deposits. The
tundish at AMGent is placed on a wagon that allows easy replacement of
the SEN. Fig. 7.3 shows a fresh SEN and an immersed one.
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(a) View of the CC unit featuring cross cutters placed at the end of the casting

line.

(b) Snapshot of depositing resulting slabs at AM Gent for a general idea

regarding their size

Figure 7.4: ArcelorMittal Ghent plant.
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The AMGent caster is a ’curved apron’ machine: the strand exits ver-
tically from the mould and is gradually curved by the rollers. Advantages
of this design over fully horizontal or vertical machines consist in the qual-
ity of the resulting product, reducing final product’s fault directly through
the caster’s construction [195].

Images of the the AMGent plant can be seen in Fig. 7.4 featuring cross
cutters placed at the end of the casting line (Fig. 7.4a) and depositing of
steel slabs (Fig. 7.4b).

7.2.2 Existing Control Loops

The AMGent continuous caster can be controlled through several vari-
ables.

The SEN immersion depth is set at 160mm, oscillating with amplitude
40mm and time period 20min. This increases the longevity of the nozzle,
by spreading the corrosion over 80mm length instead of a single point.

Another control loop is built around the stopper rod height, in order to
control the steel level in the mould. This prevents a possible calamitous
event such as molten steel overflow and ensures that the molten metal
stays enough time in the tundish to allow the rise of ferrostatic particles.
The steel level is kept at around 1m in the tundish.

Argon gas is introduced in the mould to eliminate final products faults.
The flow of the gas is a constant value, controlled by pressure of the argon
introduced. This has an indirect effect on the size of gas bubbles, causing
different liquid steel flow disturbances.

The casting speed slightly varies around a fixed value. Variations are
caused by delayed arrival of ladles or various issues associated to the pro-
cess. The operator can change the casting speed with respect to current
events.

Figure 7.5: A schematic of the Lorenz force applied to liquid steel. In this
figure, J is the current density vector, H is the magnetic field vector and B

represents the magnetic flux, in the x, y, z axis coordinates.
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A final loop is realized through electromagnetic stirring in order to
control the liquid steel’s flow with the main purpose of improving the
product quality [196,197]. This is based on electromagnetism, a principle
heavily applied in metallurgy [198]. The technology was firstly embedded
in continuous casting in the 1970s by the French company ROTELEC.
Eddy currents are induced in metal through a changing magnetic field. If
an electromagnet applies a traveling field, the flow of the liquid steel will
accelerate or brake to the traveling speed of the field, known as Electro-
magnetic Stirring (EMS).

Fig.7.6 shows the visual representation of the fields and position of the
coils. The arrows in the coils (grey) are the magnetic field vectors for
the individual coils and the red arrows are the resulting magnetic field
direction in the mould.

EMS uses the principle of a linear motor to control the flow where
the liquid steel acts as the rotor, whereas the electromagnets act as the
stator. The principle is shown in Fig. 7.5, for the flow speed and trav-
eling direction of the field in the x-direction. J is the current density
vector, H is the magnetic field vector and B represents the magnetic flux,
on the x, y, z axes. The magnetic flux B travels with speed V(f). The
B variation generates Eddy currents, J inside the liquid steel. B and J
generate an electromagnetic volume force F = �vB2 [N/m3], which ulti-
mately generates liquid steel flow. The speed of the field depends on the
frequency of the applied current, the magnetic poles and the dimensions
of the electromagnet [198].

The EMS installed at AMGent (Fig. 7.7) has three operating modes:

• EMLS- Electromagnetic Level Stabilizer: used to slow down steel
when a double roll pattern has a too high flow rate, causing flux
inclusions and high level fluctuations.

• EMLA - Electromagnetic Level Accelerator: used when the menis-
cus (the upper level of the steel) flow rate with a double roll is too
low, or when a single roll pattern is present.

• EMRS - Electromagnetic Rotative Stirrer: used to homogenize
steel temperature at the meniscus, which can prevent forming of
oscillation marks and is not necessarily used for maintaining a dou-
ble roll.

AMGent uses an automatic control computer that predicts the menis-
cus flow speed based on SEN, mould width, casting speed and Argon flow
rate (F-value) and computes the current needed to produce the magnetic
field in order to accelerate or brake the steel flow at the meniscus. The
meniscus flow is estimated without EMS interactions, denoted as V-value.
Each flow speed is correlated to a desired current through the electromag-
nets in the form of a look-up table. The ideal meniscus flow speed is found
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at approx. 30cm/s. The electromagnets are fed with a 1 Hz sine wave
with controlled amplitude.

Figure 7.6: Placement of EMS at SEN exit hole height

Figure 7.7: Snapshot of the EMS unit installed in ArcelorMittal Gent

Currently, flow is controlled in an inferential manner, since there is no
feedback used to check the actual meniscus flow speed. Previous works
such as [199] proposes the closed loop control of the AMGent CC plant
through a PID controller, but the study is limited to integer order differ-
entiation.

7.2.3 Product Quality

The steel begins already to partly solidify at mould level, hence strongly
affecting the steel "cleanliness". Impurities or inclusions are either re-
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Figure 7.8: Flows in the CC mould [courtesy of AMGent]

moved by floatation/slag or become entrapped in the resulting slab prod-
uct. The steel enters the mould through the SEN and spreads in an
upwards rolls that reaches the meniscus or a downwards roll. The steel
flow at the meniscus level is a measurable process parameter. Casting
powder is used for lubrication and chemical/thermal insulations, but it
can sometimes become included in the liquid metal. Some of the unde-
sired defects in the end product are herein summarized. Flows in the CC
mould are illustrated in Fig.7.8 - taken from [200].

Oscillation marks are caused by the molten steel pool not being uni-
form, causing problems during the mould oscillations and the steel skin
near the meniscus being too close to floating casting powder. If a thin
skin is pushed towards the wall by the pressure of the liquid steel as the
skin moves downward causes a folding mark. If a thick skin is pushed, this
will be overthrown instead of being bent, resulting in an oscillation mark.
These can partially remelt in hot steel if the flow speed is high enough.

Surface cracks can be longitudinal, transverse or corner. The first type
is formed at the mould level if the temperature is not well distributed.
The brittleness of steel influence the ductibility point, forming corner and
transverse cracks when steel bends through the curve of the caster. This
type of defects can be improved by keeping the steel at high temperatures.

Slivers and blisters are caused by entrapments when steel solidifies.
Slivers appear as a dark continue dot line in the rolling directions with a
typical size of less than 1m for length and 1 to 5 mm for width. Blisters
appear when inclusions float near the bend of the CC and are placed
exclusively on the side corresponding to the slab intrados. Generally,



150

Industrial Case Study - Modeling and Control of Non-Newtonian

Fluid Flow through EMA Actuators

Figure 7.9: Example of Sliver (left) and Blister (right) defects in the end
product slab.

blisters are formed by argon gas and alumina clusters, appearing as line
protuberances in the rolling direction. The typical size is a length less
than 1m and a width between 0.5 and 6mm.

The resulting slabs undergo Automatic Surface Inspection as well as
Visual Inspection performed by operators to ensure the best quality of
the resulting steel. Photos of sliver and blister faults identified by the
Automatic Surface Inspection system are shown in Fig.7.9.

The purpose of the EMS flow control is to reduce surface defects,
increasing product quality by controlling the meniscus flow of the liquid
steel.

7.3 Lumped Model Identification for Control

7.3.1 Model Considerations

The flow of the liquid can be measured using SVC devices to measure
the variations of meniscus velocity in the mould [201]. The SVC is an
air-cooled torque sensor attached to a refractory probe that is able to
acquire data under challenging operating conditions with minimal safety
risks. The steel creates a drag force on the SVC probe, which is monitored
in real-time by a torque sensor. The raw measurements are transformed
into velocity signals using in-house calibration techniques.

In this context, prior ANSYS simulation studies indicate changes in the
velocity gradient with both time and space. To employ our prior know-
how on modelling time and volume variations in lungs by means of me-
chanical elements to characterize viscoelastic properties [7,75], we propose
to consider the steel material as sheets of varying properties. Fig. 7.10
depicts the concept of changing mechanical properties as a function of flow
properties at different time and space instances. Such distributed models
have been already demonstrated to lead to the appearance of fractional
order Laplace orders in lumped transfer function models [75,202,203]. As
the cellular networks vary in time as a function of material properties
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Figure 7.10: Concept illustration as to how distributed parameter Maxwell-
Voigt elements models can be used to characterize time and space varying prop-
erties in varying flow conditions. Values range from high (red) to low (green).

(in our case non-Newtonian flow properties), so are the fractional orders,
which in turn are related to time response dynamics (e.g. settling time,
overshoot) and frequency response (e.g. phase margin, gain margin).

Apart from a mathematical derivation from distributed parameter sys-
tems, our preliminary works indicated that lower parameter models for
identification are required if generalized order Laplace transfer function
are used instead of classical integer-order models. Specific reports for non-
Newtonian dynamics identified from experimental data with fractional
order transfer function models are given in [142,204,205].

For the present study, the ultimate goal is to obtain a simple math-
ematical model that connects the current applied to the electromagnets
with the speed of the liquid steel. The problem is separated in two steps:
finding a model between the input and output currents of the EMA device,
followed by a mathematical connection between the actual EMA current
applied to the liquid metal and the meniscus steel flow.

A current through an electromagnet with voltage Ve, inductance Le

and an equivalent resistor Re has the following transfer function:

PEMA(s) =
Ve

Re

sLe

Re
+ 1

. (7.1)

However, real-life coil dynamics are better characterized with fractional
derivatives capturing electromagnetic effects [206, 207, 208]. From these
observations and our assumptions Fig. 7.10, we propose a simple general-
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ized EMA transfer function model:

PFO�EMA(s) =
I2(s)

I2⇤(s)
=

a

bsα + 1
, (7.2)

with a, b coefficients and ↵ the fractional order. I and I⇤ are the input
and output currents, respectively. This equation is a modification of the
initial model in [196], which is also briefly introduced in Section 7.2.2.

7.3.2 Identification

The coil model is determined by applying step inputs to the electromag-
nets and measuring the generated currents. A fractional order coil model
based on the structure from (7.3) is obtained for:

PFO�EMA(s) =
1

2.0068s0.9628 + 1
. (7.3)

Fig. 7.11 and 7.12 show the validation of the obtained model on the
available CC process data. Our prior study reported an integer order
model [199] identified as: PEMA(s) = 1

2.2406s+1 . This model is used in
Fig. 7.11 and 7.12 for a comparison to the newly proposed fractional order
model. It can be clearly seen that the fractional order transfer function
outperforms at all times the integer order model.

The next step is to determine the speed model that connects the cur-
rent generated by the EMA to the flow of the liquid steel in the meniscus.
The SVC device is used to acquire data over large time periods for step
signals applied to the EMA device. A limitation associated to this step
is the application of fixed step amplitudes with 20A or 100A increments
due to the process computer. Transient behaviors are difficult to capture
because of current limitations of the data acquisition devices mounted
on the plant. For this reason, the raw data is used without denoising
to eliminate any possible delays introduced by filtering in order to find
an accurate model. Experimental tests suggests that an increase in the
current leads to a lower meniscus speed, indicating a negative gain of the
transfer function model. Using a similar structure as (7.2), the identified
speed model is given by:

PFO�speed(s) =
�4.813 · 10�6

2.3102 · 10�6s0.8443 + 1
. (7.4)

The validation data is acquired by applying current steps to the EMA
device and analyzing the connection between the EMA generated current
(I2⇤) and the fluids’ velocity measured by the SVC device inside the menis-
cus. The model fitted over the experimental data is depicted in Fig. 7.13
for two different datasets acquired for approx. 20 minutes. Dataset 1
from Fig. 7.11 features mostly staircase inputs, whereas in Fig. 7.13 the
validation is done mostly for ramp input signals.
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Figure 7.11: Electromagnet model (7.3) validation on real CC Dataset 1
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Figure 7.12: Electromagnet model (7.3) validation on real CC Dataset 2
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Figure 7.13: Speed model (7.4) validation on real CC data.
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The integer order speed model identified in [199] as Pspeed(s) =
�8.655·10�6

s+1.462 is also included in the simulations, for comparison purposes
and the results suggests that PFO�speed model outperforms Pspeed model
accuracy.

It follows that the complete transfer function model from the EMA to
the liquid steel speed in the meniscus is given by:

0.24915

0.24s1.8071 + 1.0389 · 105s0.9628 + 0.1195s0.8443 + 51766
. (7.5)

The validation of the entire model from equation (7.5) connecting the
applied EMA current I2 to the speed is shown in Fig. 7.14. In this figure
alone, the raw data is filtered for providing readable visual quality of
results.
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Figure 7.14: Validation of the complete fractional order model from EMA to
meniscus speed on a filtered real plant data interval.

7.4 EMS Based Closed Loop Control

Standardly, open loop control is used in CC units based on estimations
of the flow using a static model and a lookup table for the EMA input
current. This inferential control was described in Section 7.2.2.
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The development of a fractional order fluid flow model enables the
possibility of closing the loop through the SVC sensor measurements in
order to reduce possible faults caused by erroneous estimations of the
velocity or human errors. This also considerably reduces the overall risks
of plant calamities and offers a safer, cost efficient and quality focused
production process.

The fractional order nature of the developed model from equation (7.5)
justifies the usage of a fractional order controller, suitable for complex
fractional order processes due to its multi degrees of freedom and ability to
encapsulate complexity in a reduced number of parameters. Furthermore,
robustness can be directly specified as a design parameter through the
isodamping property [26, 209, 210, 141, 211]. A robust behavior of the
closed loop system is paramount because of the various particles that are
sometimes entrapped in the fluid such as Argon gas, casting powder and
unknown parts of solidified metal. In turn, ensuring a constant fluid flow
is a crucial factor in determining the quality of the end slab product.

A fractional order PI controller is chosen for the task because of its
zero steady state error, ensuring the desired setpoint speed. When the
process data is notably noisy, using a D component which is known to
be very sensitive to noise is discouraged [212]. The most popular tuning
procedure is used by imposing frequency domain specifications such as
gain crossover frequency, phase margin and robustness of the open loop
system Hol(s) = P (s)C(s), where C(s) is the aforementioned controller
described by:

C(s) = kp

✓

1 +
ki
sλ

◆

. (7.6)

The proportional and integral gains are given by kp and ki, while � is the
fractional order of integration, � 2 (0, 1]. For � = 1 this corresponds to
the classical PI controller.

Tuning the controller parameters can be easily achieved in frequency
domain [209, 211]. The magnitude, phase and isodamping specifications
at a chosen gain crossover frequency !gc are defined by:

8

>

>

<

>

>

:

|Hol(j!)|ω=ωgc
= 1

∠Hol(j!)|ω=ωgc
= �⇡ + �m

dHol(jω)
dω = 0

�

�

�

�

ω=ωgc

. (7.7)

The Laplace operator s has been replaced by s = j! to reference the
frequency domain and �m denotes the desired phase margin.

The system of equations from equation (7.7) needs to be solved in
order to determine the three parameters of the FOPI controller: kp, ki
and �. Various methods can be employed such as optimization tasks,
neural networks, experimental strategies, etc. [59, 26]. However, for this
example a simple graphical procedure is used.
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Figure 7.15: Bode diagram of the open loop system with the FOPI controller
(7.8) and complete fractional order model of the process (7.5) compared to the
integer order model with PI controller from [199]
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Figure 7.16: Step response of the closed loop system
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Figure 7.17: Step disturbance rejection tests for step load disturbance
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Figure 7.18: Step disturbance rejection tests for sinusoidal disturbance
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The magnitude, phase and isodamping equations with imposed !gc

and �m form a system of transcendental equations. The solution is found
graphically such that kp, ki > 0 and � 2 (0, 1]. !gc and �m are chosen
based on guidelines from [46], in order to obtain a physically relevant
controller.

The following FOPI controller is determined for !gc = 0.4 rad/s and
�m = 65�:

C(s) = 43.8708

✓

1 +
290.03

s0.8195

◆

(7.8)

and the loop Bode diagram depicted in Fig. 7.15 confirms that the desired
set of specifications is met. The plot also includes the Bode of the open
loop system composed by the integer order control and identified integer
order model from [199].

Validation of the FOPI controller compared again to the integer order
PI tuned in [199] is presented in Fig.7.16 for a step input of 0.3 m/s. The
setpoint value is chosen to illustrate the current ideal operating velocity
of the plant. The fractional order controller obtains a settling time of ap-
proximately 7 seconds, compared to the much larger 20 seconds obtained
by the PI. Both controllers achieve zero steady state error.

Another test is performed for different step load disturbances applied
to the plant, which in real situations can be caused by different fluctu-
ations of the fluid level in the tundish, delays in replacing the ladles,
operator interference, etc. The simulation results are shown in Fig. 7.17.
The disturbance amplitude is 0 m/s for the time interval t 2 [0 25]seconds,
changes to 0.05 m/s for the time interval t 2 [25 40]seconds, to 0.1 m/s
for the time interval t 2 [40 55]seconds and remains 0 m/s for the remain-
der simulation time. We conclude the FOPI achieves better closed loop
performance with about 30% reduction in settling times.

7.5 Event-Based Quality Control

The recent generalization of event-based control in the field of fractional
calculus [213] allows the implementation of the previously tuned FOPI
controller using this strategy. The challenges in event-based control strate-
gies consist in control signals being randomly computed: instead of a new
control value being computed every Ts seconds, where Ts denotes the pe-
riodic sampling time, the control value is computed at the triggering time
instant of detected events [95,105]. A manifold of benefits arise from this
concept such as CPU optimization, reduced memory volume, bandwidth
allocation, reduced energy demand, etc.

Intrinsic process events such as final product defects in the CC line
can be used to trigger a new control signal computation with respect to
the new state of the process in order to diminish the product’s faults. In
order to illustrate this strategy two types of product faults are considered:
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• Event A - Blisters detected

• Event B - Slivers detected

The considered setpoint value of the fluid’s speed is 0.3 m/s. How-
ever, in-house research associated the appearance of Events A and B to
lower or higher velocities, as presented in Fig. 7.19. A speed much lower
than 0.3m/s causes Argon gas inclusions to remain trapped, whereas a
much larger velocity entraps casting powder, associated to Events A and
B. Hence, at the appearance of a type A event, the velocity should be
slightly increased, while for a type B event the velocity should be slightly
decreased.

Events A and B are included in the proposed event-based approach,
together with a safety condition consisting of the maximum allowed time
between two consecutive control computations and the error condition, i.e.
the difference between the setpoint and process values inside a predefined
interval.

For the quality monitoring, the Automatic Surface Inspection System
is included as part of the event-based control structure. A block dia-
gram of the desired event-based strategy for the CC process is proposed
and schematically depicted in Fig. 7.20. The results of implementing the
FOPI controller using the Muir discretization, as exemplified in Chap-
ter 4 is given in Fig. 7.21. The events are triggered by software detec-
tion techniques, causing the change in the setpoint value to improve the
slab’s quality. Furthermore, a realistic disturbance profile as that used
in Fig. 7.18 is used for validation. We conclude the proposed strategy is
applicable to this process with great valorization potential.

Figure 7.19: An example of how flow speed can be correlated to surface defects.
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Figure 7.20: Event-based quality improving strategy for continuous casting

Figure 7.21: Event-based control validation with realistic disturbance rejection
test.
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Other type of disturbances are simulated, ranging from low frequency
turbulence oscillations of the flow speed, to real, high frequency distur-
bances taken from plant measurements. The latter disturbance also fea-
tures imperfect measurements (mechanical vibrations of probe, oscillating
steel bath) and clogging in order to simulate realistic operating conditions.
The results of this test are given in Fig. 7.18. The FOPI controller reduces
by 50% the amplitude than the integer PI control.

7.6 Summary

The paper addresses the flow control problem in continuous casting unit
lines by exploring properties of liquid steel as a non-Newtonian fluid.
A naturally arising from physical effects and yet minimal in parameters
model is obtained based on real data acquired from the ArcelorMittal
plant in Gent, Belgium. The work proposes to use Navier-Stokes non-
Newtonian equations adapted to distributed parameter compartments
with generalized order differ-integration.

The resulting fractional order model is compared to a previous integer
order model to asses the improvements offered by this generalization effort.
Furthermore, a fractional order PI controller is tuned based on frequency
domain specifications and tested under different operating conditions. A
realistic disturbance that takes into account various factors i.e clogging
and noise is implemented to prove the robustness and efficiency of the
control approach.

Lastly, an original event-based structure that considers intrinsic events
of the process triggered by automatic surface inspection system is pro-
posed to improve the final product’s quality.

The results presented in this chapter have been published in:

• I. Birs, C. Muresan, D. Copot, C. Ionescu. "Model Identification
and Control of Electromagnetic Actuation in Continuous Casting
Process with Improved Quality", in Journal of Automatica Sinica -
accepted
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8.1 Introduction

A core challenge of Industry 4.0 is the demand for versatile manufacturing
that can cope with material availability and variability. Recent advances
in technology and instrumentation have pushed forward the transition
from batch to continuous process control in the pharmaceutical indus-
try [214, 215]. One of the main advantages of continuous manufacturing
is that it enables demand-driven scaling of production volume and prod-
uct specifications. As a sensing technology, impedance spectroscopy is a
powerful instrument with significant added value in optimizing control of
manufacturing industries [216].

Tablet manufacturing industry has the highest production volume and
thus changes in the manufacturing process have a significant impact on
the overall production costs. The gold standard in pharmaceutical man-
ufacturing of oral solid dosage forms is still batch-wise production [217].
In the fields of automotive, food, and petrochemical industries continu-
ous manufacturing has been successfully implemented and has resulted in
improved production and reduced costs in comparison to batch produc-
tion [217]. However, the appearance of changes in raw material properties,
equipment status with respect to physical wear and varying material prop-
erties along the production lines contribute to time-varying disturbances
which in turn demand continuous corrective actions during production.
Delayed corrective measures (i.e., end of the batch line) and sub-optimal
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controller settings lead to sub-standard quality of end-product and con-
sequently cost-related economic losses.

Some of the commonly encountered sub-unit processes in tablet manu-
facturing are: direct compaction, dry granulation, wet granulation, extru-
sion, granule lubrication, tablet pressing, coating, splitting, etc [218]. The
material mixtures are essentially non-Newtonian in terms of fluid prop-
erties and classical characterization through modeling no longer captures
the essential properties, as shown in Chapters 3 and 5 of this thesis.

Moreover, the models tend to be computationally demanding and not
suitable for real-time parametric estimations. Fast and slow anomalous
transport phenomena can be described by time-fractional diffusion equa-
tions of fractional order. These are commonly encountered in media with
fractal, porous, or combined properties. The material used for making
a tablet varies in its density and geometry as it transits a set of phys-
ical states: liquid, powder, granules, etc. When describing nonlinear
transport phenomena such as anomalous diffusion of mixed materials,
one must also account for memory effects, which are typically arising as
a non-Brownian random walk motion equation [16,219]. These are linked
to density variations of non-Newtonian fluids, an initial state of material
incipient properties in the pharmaceutical industry. Lumped parameter
models of generalized (fractional) orders have been shown to be excellent
tools in detecting and quantifying changes in material flow density from
impedance spectroscopy data, both in Chapter 5 and specialized litera-
ture [220].

Furthermore, anomalous diffusion in porous media, e.g., granulated
materials, is important as it enables to increase the effectiveness of various
processes, such as absorption, catalysis, etc, by controlling the regime
of mass flow transport. The diffusion coefficient representing the speed
of molecule transitions has a strong dependence on porosity [150, 221].
Surface area and pore volume are key properties and a direct result of the
controlled environment of pharmaceutical products.

A tablet comprises a mixture of active substances and excipients, usu-
ally in powder form, pressed or compacted from a powder, through mixed
liquid into a solid dose. The excipients can include diluents, binders or
granulating agents, flow aids and lubricants to ensure efficient tableting.
A polymer coating is often applied to make the tablet smoother and easier
to swallow, to control the release rate of the active ingredient, to make it
more resistant to the environment (extending its shelf life), or to enhance
its appearance. In short, the production thereof is a complex multivari-
able process and (intermediate) material properties variability can have
important implications on the efficiency of the production process (e.g.,
changes in powder stickiness or mixture viscosity). Hence optimal control
of production efficiency and product properties are essential to guarantee
a manufacturing process that is adaptive while maintaining (semi-)finite
product quality at all times [222].
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In this chapter, a theoretical framework similar to the one introduced
in Chapter 5 is used to characterize material properties in non-Newtonian
fluids and anomalous diffusion in porous materials. This original and in-
novative approach allows using lumped fractional order parametric models
for online estimations of material properties which in turn enable a self-
tuning function for ratio control of material flows. While the concepts
are generically applicable to other domains such as food and chemical in-
dustries, the particular application discussed in this work is the wet/dry
granulation tableting process in the pharmaceutical industry.

8.2 Anomalous Diffusion

Diffusion kinetics in porous media is described by the second Fick’s law:

@C

@t
= D ·

@2C

@x2
(8.1)

where C is the linear concentration of diffusion species in mol/m; D is
the diffusion coefficient in porous media in m2/s, t is time in seconds
and x is the spatial coordinate in metres. For time-fractional diffusion,
a temporal derivative becomes a time-fractional derivative of order 0 <
↵ < 2, accounting for sub-diffusion (0 < ↵ < 1) and for supra-diffusion
(1 < ↵ < 2) dynamics:

@αC

@tα
= K ·

@2C

@x2
(8.2)

where K denotes fractional diffusion coefficient in units m2/sα. A direct
consequence of these time-fractional units in media is the intrinsic charac-
terization of memory effects such as in non-Newtonian fluids (chapter 5)
and viscoelastic materials, polymers and biological tissues [10]. The an-
alytical solution can be obtained applying the Caputo definition of the
time-fractional derivative:

DαC(x, t) =
@α(x, t)

@tα
=

1

Γ(m0 � ↵)
·

Z t

0

(t� ⌧)m
0
�α�1 ·

@m0

C

@⌧m
0
d⌧ (8.3)

with m0 = 1 for sub-diffusion and m0 = 2 for supra-diffusion, and Γ(x) is
the Euler Gamma function.

Applying spatial Fourier and temporal Laplace transform to equation
(8.2) provides the space-time fractional diffusion equation [223]:

C(k, s) =
sα�1

sα �K · (�i · k)2
(8.4)

with i =
p
�1. Using the Mittag–Leffler function

Eα(z) =
1
X

n=0

zn

Γ(↵ · n+ 1)
(8.5)
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and inverse Laplace transform gives

C(k, t) = Eα(�K · k2 · tα), (8.6)

which enables to characterize short and long time diffusion patterns sep-
arately through approximations:

exp



�K · k2 · t2

Γ(m0 + ↵)

�

and
1

K · k2 · t2 · Γ(m0 � ↵)
,

respectively.
If mass transfer in the diffusion molecule is described using equation

(8.1), we can impose initial condition C(x, 0) = C0(x) = cte and boundary
condition ∂C

∂x kx=0 = 0. The flow of diffusing species leaving the porous
grain is defined as the difference between the concentration in the grain
Cg in mole/m3 and the linear concentration C at the longitudinal size of
the grain l. Notice that extrapolation to granular flow mass becomes the
concentration at the sensing site. The boundary condition at site is given
by:

D ·
@C

@x
kx=l = � · (Cg(t) ·A� C(l, t)) (8.7)

as a function of A the transversal area of the grain in m2, and linear
diffusion velocity coefficient � in m/s. Mass balance relation is:

dCg

dt
=

�0 · (Cg(t) ·A� C(l, t))� v · Cg(t)

V
, (8.8)

with V grain volume in m3 and v is volumetric flow of species diffusion in
m3/s.

The asymptotic solution using Green function for normal diffusion is
given by:

C(l, t) =
C0p
⇡
·

lp
D · t

(8.9)

and is linearized in logarithmic coordinates for short time as (ln C
C0

)-ln t
and for long time as ln( C

C0
)-t. The relation between normal to time-

fractional diffusion analytical solution is derived in [221]. The time-
fractional diffusion equation for short times is

ln
C(l, t)

C0
= ln

l
q

πK
Γ(m0+α)

� ↵

2
· ln t (8.10)

and for long times is

ln
C(l, t)

C0
= ln

l2

K · Γ(m0 � ↵)
� ↵ · ln t. (8.11)
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Diffusion transport phenomena can be thus fitted using these equations
on experimental data as time varying property of the material.

Consider a material transiting as a granular flow. The diffusion of
species will depend on material properties and follow the Stokes–Einstein
relation [224]:

D =
KB · TK

6⇡ · ⌘ · r
(8.12)

where KB is the Boltzman constant in kgm2/Ks2, ⌘ is viscosity in kg/ms,
TK is the absolute temperature in Kelvin and r the radius in m of the
granular sphere or its approximation as a sphere. Diffusion depends on
size and geometry (shape) of the grain as well as the viscosity of the
material in flow conditions. For a sphere, its surface is given by A = 4⇡r2

and its volume by V = 4
3⇡r

3. Under the conditions of a variable r, the
efficacy of diffusion is given by the ratio:

A

V
=

4⇡r2

4
3⇡r

3
=

3

r
. (8.13)

This relation suggests that the diffusion efficacy decreases with the
increase of sphere size.

8.3 Impedance Spectroscopy for Non-

Newtonian Fluids

Electrochemical properties of materials have been successfully character-
ized with impedance spectroscopy and frequency response models [220].

Impedance spectroscopy was also used to capture time-varying non-
Newtonian fluid properties by means of frequency-domain fractional or-
der models in Chapter 5. A comprehensive summary of classes of
non-Newtonian fluid properties is given in Chapter 3. From the time-
dependent properties, the most important one when closed-loop control
is envisaged is the fluid (mixture) density variability. This is of par-
ticular importance in mixtures based on feedforward and ratio control
structures [225].

When non–Newtonian fluids are treated as electrochemical systems,
they can be studied from impedance measurement data [220]. The mea-
surement involves the application of a small perturbation, alternatively
to classical identification methods based on linear sweep or potential step
which perturbs the nonlinear dynamics far from a piecewise linear equi-
librium. A small imposed perturbation can be applied potential, applied
current or, hydrodynamic electrodes of convection rate. The fact that the
perturbation is small brings advantages in terms of the solution of the
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relevant mathematical equations, i.e., the systems behave piecewise lin-
ear time-invariant systems with the relative simplifying assumptions when
applying frequency domain analysis.

The response to the applied perturbation, which is generally sinusoidal,
can differ in phase and amplitude from the applied signal. Measurement
of the phase difference and the amplitude, i.e., the impedance, permits
analysis of the electrode process in relation to contributions from diffusion,
kinetics, Debye effects, coupled homogeneous reactions etc [226].

The main flowchart of the procedure used in this work, called Phase-
sensitive detectors and transfer function analysers, is showed in Figure
8.1. The detector compares the signal applied to the system and its re-
sponse, giving the phase difference and the ratio of the amplitudes. In our
case the reference signal is applied by means of a potentiostat (PSTAT)
and then through the frequency response analyser (FRA) the actual mea-
surement of the impedance can be carried out, processed and cleaned.
When used in online estimation mode, the high frequency sampling raw
data recordings are downloaded on a computer where a spectral analysis
algorithm estimates time and frequency domain response for further use
such as parametric modeling.

Generator NN fluid

ResponsePhase-sensitive
detector

Difference in phase
and amplitude

reference

signal

re
fe

re
nc

e

si
gn

al

Figure 8.1: Generic principle of a phase-sensitive detector functionality.

8.3.1 Randle’s Circuit

Any electrochemical cell can be represented in terms of an equivalent
electrical circuit that comprises a combination of resistances and capac-
itances (inductances only for very high frequencies) [216]. This circuit
should contain at the very least components to represent:
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1. The double material layer: a pure capacitor of capacity Cd,

2. The impedance of the faradaic process Zf ,

3. The uncompensated resistance, RΩ, which is usually the solution
resistance between working and reference electrodes.

The textbook combination of these elements is shown in Fig. 8.2 and
known as Randle’s circuit, with Zf and Cd in parallel arrangement. The
impedance Zf can be further subdivided in two equivalent ways:

1. Subdivision into a resistance, Rs, in series with a pseudo-capacitance
Cs,

2. Subdivision into a resistance, accounting for the resistance to charge
transfer, Rct, and an impedance that measures the difficulty of mass
transport of the electroactive species, called the Warburg impedance,
Zw.

Figure 8.2: Randle’s circuit: equivalent electrical circuit of an electrochemical
cell for a simple electrode process. Zf can be substituted with the series of Rct

and Zw.

The last equivalence is often used because of its physical meaning: for
kinetically-favoured reactions Rct ! 0 and Zw predominates, while for
difficult reactions Rct ! 1 and predominates. More detail about math-
ematical formulations, based on electrochemical reaction, of the Warburg
impedance and thus of the faradaic impedance can be found in [216].

The impedance for Randle’s circuit will be a complex number which
can be represented in its polar plot formalism for all tested frequencies.
The explicit real and imaginary parts are given by:

Z
0

= Rω + Rct+σω�0.5

(σω0.5Cd+1)2+ω2C2
d(Rct+σω�0.5)2

Z” = � ωCd(Rct+σω�0.5)2+σ2Cd+σω�0.5

(σω0.5Cd+1)2+ω2C2
d(Rct+σω�0.5)2

(8.14)

where � is a coefficient depending on a combination of different material
constants, and ! is the angular frequency in rad/s. Notice the presence
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Figure 8.3: Illustration of a polar plot for the Randle’s circuit impedance.

of a fractional-order exponent in the model which allows a frequency-
dependent real part of impedance (as opposed to classical integer-order
impedance whose linear components have a real part constant with fre-
quency).

It is further useful to look at the polar plot of the functions in equation
(8.14), also known in chemistry as Cole–Cole plot, as shown in Fig. 8.3.
From this figure is possible to appreciate the division in two regions: one
represents the behaviour of a kinetically favoured reaction, while the other
one shows the predominance of the mass transfer effect.

It is also interesting to discuss the polar plot in Fig. 8.3, with respect
to equation (8.14) and studying their limiting forms:

1. For ! ! 0
Z

0

= Rω +Rct + �!�0.5

Z” = ��!�0.5 � �2Cd
(8.15)

The low-frequency behavior is represented by the straight line of the
unit slope and corresponds to a reaction controlled by sole diffusion,
the impedance though assumes the form of the Warburg impedance,
which dominates.

2. For ! ! 1
Z

0

= Rω + Rct

1+ω2C2
dR

2
ct

Z” = � ωCdR
2
ct

1+ω2C2
dR

2
ct

(8.16)

For higher frequencies, the control of the reaction is purely kinetic
and it traduces in the fact that Rct � Zw. Hence the electrical cir-
cuit in Fig. 8.2 can be simplified in a simple RC parallel. Moreover,
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by rearranging equation (8.16) it is possible to obtain the equation
of the circle as:

✓

Z
0 �RΩ � Rct

2

◆2

+ (Z”)2 =

✓

Rct

2

◆2

(8.17)

As observed in Fig. 8.3 this semi-circle has a radius of Rct/2 and the
ideal intercepts on the real axis are Rω (! ! 1) and Rω +Rct (! ! 0).
Its success as a sensory instrument is that one can directly extract from a
graphical inspection of the polar plot these values. It is also important to
understand the physical meaning of the semi-circle, directly linked with
the system’s characteristic. For very high frequency the imaginary part in
equation (8.16), which can be approximated as Z” ' �1/!Cd, becomes
very small, behaving like a short-circuit. The peak value of the semi-circle
is instead reached for the maximum of �Z” in the frequency responsible
for the time response (and this results in pole locations of the transfer
function of the linear approximated system). For very low frequency it
behaves like an open circuit and the current flows through RΩ and Rct.

8.3.2 Laboratory Setup

The setup used for this case study is similar to the one employed in Chap-
ter 5. The same device as shown in Fig. 5.3 is used for measurements,
Solatron Modulab Xm impedance analyzer (Solatron Analytical, UK) de-
picted in Fig. 8.4. Through the Solatron analyzer a 100 mV r.m.s.
sinusoidal voltage has been applied to the outer couple of electrodes of
the measurement probe which was immersed into the glass tube contain-
ing the analyzed sample. Impedance of the samples has been analyzed in
the 1 Hz–1 MHz frequency range. The electrochemical cell consisted of a
plastic cylindrical tank with an inner diameter of 20 mm and a length of 30
mm. The electrodes used to perform the experiments were screen-printed
electrodes from Dropsens. These electrodes are chosen since they exhibit
a high electrochemical activity and good repeatability [227]. The counter
and working electrodes are platinum (4mm diameter) and the reference
electrode is silver.

Figure 8.4: Available in lab device - Solatron ModulabXM impedance analyzer
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The Solatron Modulab Xm is a highly versatile electrochemical test sys-
tem that measures the characteristics of a wide range of electrochemical
systems including organic/inorganic, specialized corrosion, electroplating
and energy cells. Reference grade system components (potentiostat/ gal-
vanostat, frequency response analyzer and optional high voltage amplifier)
are combined in a single unit, avoiding the need for stacking and wiring
separate units. The device communicates via an Ethernet link to an ex-
ternal PC, running XM-studio ECS software for control and monitoring
purposes. A very high sampling rate is available for recording the data
samples and stored in real-time in in situ buffer memory slots. The system
can export data in real-time (in stack data format) for raw data process-
ing, or can deliver at end-experiment the estimated impedance. For a
broader scope of utility of raw data samples, a time- and frequency do-
main analysis can be performed, hence providing both time-based signals
(impedance) as well as image-based data formats (spectrograms).

8.4 Lumped Fractional Order Parametric

Models

This subchapter is a revision of the proposed lumped fractional order
models from Chapter 5, relevant for the pharmaceutical case study.

When describing time-varying properties of these static characteristics
of stress–strain relationships [16], it is very practical to use generalized
order models with electrical equivalent notations for material dynamic
properties:

Ze(s) = Re + Le(s)
α +

De

sβ
, (8.18)

where Re is the electrical resistance related to material resistance, Le the
inductance related to inertance or molecular accelerations and De = 1/Ce

the compliance value as the inverse of the electrical capacitance. The
units depend on the physical units used to derive the impedance from
their time-domain measured signals. For electrical circuits, these time
signals are in Volts, while for air/liquid measurements the time signals
are in pressure (Pa) and flow in liters/s. The elements in this model have
been in detail derived from mechanical and electrical equivalent properties
analogy in [13]. When interpreting the model at a micro-scale level, the
model refers to the diffusion process of glucose molecules in the simulated
environment [220]:

Z(s) =
De

sβ
. (8.19)

Thus, the complex representation in frequency domain of this generic
fractional order model is:
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Ze(j!) = Re + Le(j!)
α +

De

(j!)β
, �2 < ↵,� < 2 (8.20)

When identifying real data samples, the real and imaginary parts can
be evaluated in the cost function of a regressor estimator:

Ze(j!) = Re + Le!
α cos
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2
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ωβ cos
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2
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�
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2

�

+ De

ωβ sin
⇣

βπ
2

⌘i . (8.21)

When the material properties behave as an electrical circuit that has
one resistor and two fractional order capacitors, also known as constant
phase elements, the number of model parameters can be significantly re-
duced to

Ze(s) = Re +
De

sα
. (8.22)

This was previously shown to be the case in non-Newtonian fluids with
thixotropic properties. In this model, ↵ can be fixed per tablet geometrical
properties, while Re and De are related to dynamic changes in viscosity
and density of the material mixture. The drawback of this model structure
is that its accuracy is limited over a rather small frequency interval (i.e.,
1–2 decade interval).

An alternative solution for a much broader (i.e., several decades) fre-
quency interval dependence of the polar plot representation is the model

Z(s) =
Kp

sβ (s+ p)
α (8.23)

which is a four parameters model. In this model, all parameters were
sensitive to changes in material properties, and the results suggested that
in order to increase the detectability of material properties, correlation
matrices can be used to calibrate it for particular applications at hand.
When parameters K, p, ↵, � are fixed to the material specifications, the
parameter p has an excellent sensitivity to capture changes in viscosity.

8.5 Results and Discussion

The team from DySC Research Group at Ghent University developed a
banchmark simulator describing tableting production using wet/dry gran-
ulation for simulation, analysis and control design and validation pur-
poses. The continuous manufacturing process flowchart is depicted in
Fig. 8.5. In the open-source simulation platform the wet and dry gran-
ulation routes are implemented, however, a model library is available for
simulating the user-specified sub-processes production line.
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Figure 8.5: Continuous pharmaceutical tablet manufacturing processes: wet
granulation (red), dry granulation (green) and direct compaction (orange)
routes.

A schematic of the MATLAB/Simulink benchmark simulator is given
in Fig. 8.6. Details related to the simulator’s versatility and available
implemented models can be found in [218].

In this thesis a study case on the blender unit, where the powder and
excipient are mixed to produce a material that is granular in form has
been investigated. A population balance modeling approach has been
used to model the blending process [218]:

∂mij

∂t = Ff [mi�1,j �mi,j ] + Fb[mi+1,j �mi,j ]+
Fr[mi,j+1 +mi,j�1 �mi,j ]

(8.24)

which represents the powder distribution of both the API and the excip-
ient in each compartment. The corresponding flows (m3/s) are obtained
from:
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Figure 8.6: Schematic of the input-output pharmaceutical benchmark simu-
lator

Ff = avb + b
Fb = cvb + d
Fr = e

, (8.25)

where vb represents the speed of the blender in rpm and the a, b, c, d, e
coefficients are parameters estimated from experimental data to calibrate
the model. The combined flow is given by

Fblender =

Nr
X

j=1

Ff,APImAPI,i=Na,j +

Nr
X

j=1

Ff,ExcmExc,i=Na,j . (8.26)

Consequently, the outlet concentration CAPI in mol/m3 is given by

CAPI =

PNr

j=1 Ff,APImAPI,i=Na,j

Fblender
(8.27)

and the relative standard deviation (RSDAPI)
r

1
Nr�1

PNr

j=1

⇣

Ff,APImAPI,i=Na,j

Ff,APImAPI,i=Na,j+Ff,ExcmExc,i=Na,j
� CAPI

⌘2

CAPI
. (8.28)

Essentially, this process requires ratio control as a natural solution for
mixing flows.

All transfer functions implemented in the benchmark pharma simula-
tor are based on literature models. Every process units is characterized
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by a specific transfer function representing the process dynamics. For the
feeder unit, a simplified semi-empirical first order model (FOPDT) is uti-
lized for modeling the feeder unit.. The relationship between the screw
speed and the mass flow rate of the feeder is accurately predicted. It
requires extra parameters, such as the vertical stress (�v Pa), the density
constant (⇢ kg/m3 ), the mass and radius of the blade (Mblade kg and
Rblade m), etc. For the blender unit, transfer function models have been
derived from the population balance models given in equations (8.24)–
(8.28).

All process parameters are detailed in Table 8.1.

Table 8.1: Parameters for the blending process unit.
Parameter Symbol Value Unit

Number of axial compartments Na 10 -
Number of radial compartments Nr 7 -
API forward flux parameter aAPI 5 ⇥ 103 kg/(s rpm)
API forward flux parameter bAPI 1 ⇥ 10�1 kg/s
API backward flux parameter cAPI 6 ⇥ 10�4 kg/(s rpm)
API backward flux parameter dAPI 0 kg/s
API radial flux parameter eAPI 1.1 ⇥ 10�2 kg/(s rpm)
MCC forward flux parameter aExc 2.5 ⇥ 103 kg/(s rpm)
MCC forward flux parameter bExc 9.8 ⇥ 10�2 kg/s
MCC backward flux parameter cExc 1.3 ⇥ 10�3 kg/(s rpm)
MCC backward flux parameter dExc 0 kg/s
MCC radial flux parameter eExc 6.4 ⇥ 10�3 kg/(s rpm)

For two different species, the following impedance have been obtained,
as illustrated in Fig. 8.7b. We compare the frequency response estimation
against the parametric model estimation with one pole or two poles in the
transfer function from equation (8.23). It turned out the result with one
pole was sufficiently accurate.

The methods for identification have been detailed in 5. The identified
optimal parameters are listed in Table 8.2.

If the grain particle size is decreasing, the number of particles per
volume unit is increasing and viscosity is increasing to decrease flow. To

Table 8.2: Reduced order model parameters (8.23) for two species of different
viscosity.

K p α ρ NMSE

Species 1 1.11 · 108 1.46 · 103 0.70 0.015 4.32 · 10�5

Species 2 1.33 · 108 1.95 · 103 0.75 0.019 9.61 · 10�5
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(a)

(b)

Figure 8.7: (a) Case 1 : performance of the empirical model (8.23) in polar
plot. (b) Case 2: performance of the empirical model (8.23) in polar plots.
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maintain a constant flow of species in the blender, the ratio controller
gains should be adapted. An example of the relationship between the
particle size and flow of species is given in Fig. 8.8.

Using mapping as that given in Fig. 8.8, adaptation to context varia-
tions in terms of material properties can be done. Context-aware control
is a major trend in current engineering applications, and the pharmaceuti-
cal industry offers a great opportunity to pick up emerging solutions from
more established fields of control applications, as the event based control
illustrated in Chapter4.

Figure 8.8: An example of how the particle size of species influences the flow
as part of the ratio control algorithm.

This very complex process of tablet manufacturing is described by sev-
eral sub-processes (e.g., dispensing, blending, granulation, drying, tablet-
ing) as depicted in Fig. 8.5. To ensure optimal production each unit
needs to operate such that to assure the critical quality attributes. The
development of advanced inline monitoring techniques (e.g., the sensing
spectroscopy) tracks the product at each individual stage of manufactur-
ing and eventually saves additional analysis time, thereby enabling the
direct release of the continuously manufactured batch into the market
without delay.

The production thereof is a complex multivariable process and modifi-
cations to any of the mentioned components can have important implica-
tions on the efficiency of the production process (e.g., changes in powder
stickiness or mixture viscosity). Therefore, optimal control of production
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efficiency and product properties is essential to guarantee a manufacturing
process that is adaptive while maintaining quality at all times. This im-
plies that every unit in the production line has to be controlled such that
the manufactured tablets are within the very strict performance criteria.
However, the focus of this study case is not on the control of the continu-
ous manufacturing line, but to show the potential of sensing spectroscopy
for the self-tuning ratio control.

8.6 Summary

The study case investigates material properties analysis in the pharmaceu-
tical industry using impedance spectroscopy sensing. It aims to enable the
use of material properties in varying conditions to self-tune control algo-
rithms. The solution proposed here exploits the capability of generalized
order lumped parametric models to capture material properties and their
suitability for online estimations. The results indicate the potential of the
proposed methodology for self-tuning ratio control, where the model pa-
rameters obtained using impedance spectroscopy will be then used for the
self-tuning control gain. This constitutes a step forward in the paradigm
shift from batch to continuous manufacturing in the pharma industry as
the end-to-end process consists of different control loops. Moreover, the
algorithm is a versatile theoretical framework and can be extended to
other industries, e.g., food, oil, petrochemical. The particular application
presented in this chapter is to show the feasibility of the proposed theoret-
ical framework to a real-life industrial process, enhancing the advantage
of modeling and control techniques in the field of pharmaceutical applica-
tions to facilitate the transition from batch-wise production to continuous
manufacturing.

The results presented in this chapter have been published in:

• M. Ghita, I. Birs, D. Copot, I. Nascu, C. Ionescu. "Impedance
Spectroscopy Sensing Material Properties for Self-Tuning Ratio
Control in Pharmaceutical Industry", in Applied Sciences, vol. 12,
no. 1, pp. 509, DOI: 10.3390/app12010509, 2022.
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9
Conclusions and

Perspectives

This section summarizes the main conclusions of this thesis and outlines
the directions of future research related to non-Newtonian fluids.

9.1 Conclusions

The thesis focuses on fractional calculus, a powerful mathematical tool
that has gained popularity in the last two decades. The addition of frac-
tional orders of differentiation and integration enable a generalization of
mathematical models and control strategies, which are proven to be more
powerful than classical, integer order, elements. Fractional order models
capture physical phenomena in an intrinsic manner, with differ-integral
operations of any arbitrary, non-integer order. Previous works focusing
on the modeling of viscoelastic phenomena in biological tissue using frac-
tional order differentiation already proved the superiority of the approach.
However, fractional calculus was not yet explored in conjunction with non-
Newtonian fluids: a class of fluids known to exhibit viscoelastic behavior.

Navier-Stokes equations from classical fluid flow theory combined with
fractional constitutive equations for velocity profiles and flow give a gen-
eral framework for modeling velocity profiles and suspended (infinitesimal)
objects in non-Newtonian fluid environments. The theoretical analysis
under steady and pulsatile flow conditions of incrompressible fluids from
Chapter 3 claims that fractional calculus is a natural solution to model ve-
locity and friction drag effect upon a suspended object in non-Newtonian
fluids.

Fractional impedance models can also be used to capture fluid me-
chanics properties in frequency domain experimental data sets. This is a
conclusion that has been drawn experimentally based on the study from
Chapter 5. The properties of four classes of fluids featuring different
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NN properties: oils, sugar, detergent and liquid soap were measured us-
ing impedance spectroscopy. Nonlinear identification models such as least
squares, genetic algorithms and particle swarm optimization obtain a good
characterization of non-Newtonian viscoelastic properties. The minimal
parameter versatile fractional order impedance model successfully char-
acterize viscosity-related properties in non-Newtonian fluids. The exper-
imental test samples and identified model parameters suggest the model
is adequate to determine variations in fluid properties from several appli-
cations.

One of the main difficulties identified when analyzing non-Newtonian
fluid interactions was the lack of (affordable) lab scale setups mimicking
main properties of this type of fluids and lack of systematic analysis tools.
This motivated the design and construction of a laboratory benchmark
setup for non-Newtonian fluid analysis. Apart from a non-Newtonian
circulatory system, the benchmark also features a miniature submersible
able to transit the environment. The result of this activity is a research
and education appropriate experimental setup that can be easily recreated
using low-cost, widely available components.

Non-Newtonian fluid interactions with a transiting vehicle can be mod-
eled using experimental data acquired from the benchmark and fractional
order models developed starting from basic navigation in Newtonian flu-
ids. For the obtained non-Newtonian fractional order process model, a
fractional order PD control approach is employed to regulate the sub-
merged object’s position inside the environment. The presented modeling
and control methodologies are endorsed by real-life experimental data used
to validate the veracity of the presented concepts. The control strategy is
robust to environmental changes, experimentally validated for both New-
tonian and non-Newtonian environments. This study claims that integer
order controllers are unsuitable for thrusting in non-Newtonian fluids and
that fractional order control components are desired due to their improved
performance, stability and robustness.

A novel concept related to event-based fractional order control is used
throughout the thesis. This represents an original contribution to the
generalization of event-based control to the field of fractional calculus,
combining the benefits brought by the two approaches into an industrial-
suitable control strategy. Although in recent years, control applications
based on fractional order differ-integral operators have gained popularity
due to their proven superior performance when compared to classical,
integer order, control strategies, the current industrial setting is not yet
prepared to fully adapt to these newcomer solutions. Benefits of event-
based control such as resource optimization and bandwidth allocation can
be successfully combined with the superior performance of fractional order
control. Theoretical and implementation aspects are developed in order to
provide a generalization of event-based control into the fractional calculus
field. Different numerical examples validate the proposed methodology,
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providing a useful tool, especially for industrial applications where the
event-based control is most needed. Several event-based fractional order
implementation possibilities are explored, the final result being an event-
based fractional order control methodology.

Case studies involving the experimental benchmark validate the event-
based fractional order approach using environmental assessment based on
context aware information. Context aware control can be successfully used
for energy efficiency and decision-making based on changing operating
conditions, without hindering the performance, stability and robustness
obtained by fractional order control.

The proposed non-Newtonian framework based on fractional calculus
can be employed in industrial manufacturing processes that involve both
Newtonian and non-Newtonian characteristics such as steel manufacturing
and pharmaceuticals (material properties of granulation processes).

Fractional calculus can also be used to develop non-Newtonian fluid
flow models of liquid steel in a continuous casting process. Real plant
data from ArcellorMittal Gent is used to calibrate the model obtained for
non-Newtonian interactions. Furthermore, a suitable fractional order PI
controller is tuned and validated through simulations while taking into ac-
count real life operating conditions and disturbances. The obtained results
using the proposed approach are compared to previous results achieved
with an integer order PI controller. The comparison clearly proves the
superiority of both fractional order modeling and control for liquid steel
manufacturing.

In addition, the proposed event-based structure that considers intrinsic
events of the process triggered by automatic surface inspection system is
an elegant solution to improve the final product’s quality.

The last case study claims that material properties in the pharmaceu-
tical industry can be analyzed using impedance spectroscopy sensing. It
enables the use of material properties in varying conditions to self-tune
control algorithms. The proposed solution highlights the capability of
generalized order lumped parametric models to capture material proper-
ties and their suitability for online estimations. The results indicate the
potential of the proposed methodology for self-tuning ratio control, where
the model parameters obtained using impedance spectroscopy will be then
used for the self-tuning control gain.

The tablet manufacturing case study shows the feasibility of the pro-
posed theoretical framework to a second real-life industrial process, en-
hancing the advantage of modeling and control techniques in the field of
pharmaceutical applications to facilitate the transition from batch-wise
production to continuous manufacturing.

The problems stated in to the Problem Formulation section from the
Introduction related to non-Newtonian modeling and control have been
solved:
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• Powerful emerging tools from fractional calculus not yet acknowl-
edged by the scientific community, with limited and scarce studies
has been directly approached by Chapters 2 and 4. However, the
entire thesis raises awareness of the endless possibilities offered by
fractional order operators, with an emphasis on non-Newtonian fluid
modeling and control.

• The lack of established know-how on motion of suspended objects
in non-Newtonian fluids has been tackled in Chapters 3 from a the-
oretical perspective, followed by a practical approach in Chapter 6.

• The lack of know-how on closed loop control of velocity, position or
other functionality of suspended objects in non-Newtonian environ-
ments is the topic of Chapter 6.

• Optimal natural solutions replacing linear approximations of high
order and high numerical complexity are explored in Chapter 5 for
various classes of non-Newtonian fluids.

• The lack of affordable lab scale setups mimicking the main proper-
ties of non-Newtonian fluids has been resolved by the experimental
benchmark proposed in Chapter 6.

• Missing industrial and practical use of non-Newtonian related stud-
ies has been approached in Chapters 7 and 8 for two different in-
dustries: steel manufacturing and pharmaceutical tablet manufac-
turing.

• The lack of systematic analysis tools has been successfully explored
in Chapters 5, 6, 7 and 8.

9.2 Perspectives

The non-Newtonian framework and environmental assessment based on
context aware information can be useful in a wide variety of multidisci-
plinary processes such as below ice cap exploration (the mixture of water
and ice being a non-Newtonian fluid), muddy water monitoring (in waste
water treatment plants/basins), transportation (pipelines), biomedical ap-
plications such as targeted drug delivery, lung inflammatory response
monitoring (fluid in lungs), anesthesia (in vivo or by-pass blood concen-
tration monitoring), etc. or in manufacturing processes that involve both
Newtonian and non-Newtonian characteristics such as steel manufactur-
ing, pharmaceuticals (material properties of granulation processes), etc.

One of the main advantages of the impedance models from Chapters 5
and 7 is that they are lumped. The fractional order models that efficiently
capture non-Newtonian fluid properties and can be identified in real-time
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for further use in prediction or control applications. This has a mani-
fold of applicability in various industries (e.g., food, oil, petrochemical,
etc.) where Newtonian/non-Newtonian changes occur throughout due to
various operating conditions. This constitutes a step forward in the man-
ufacturing paradigm shift as the end-to-end process consists of different
control loops.

Future developments include the physical implementation of the frac-
tional order controller developed for liquid steel manufacturing on the real
plant at ArcellorMittal Gent together with the context aware paradigms
for final product fault reduction. The event-based strategy can be ex-
tended to include more types of defects (i.e. oscillation marks, surface
cracks). The RAMI 4.0 architecture can be used to update existing con-
trol loops to a more context-aware focused solution that isolates intrinsic
events and automatically performs decision-making at the lowest layer of
the architectural chain.

Another perspective consists of clear allocation of context-aware tasks
in the hierarchy levels of the RAMI 4.0 industrial architecture. This
enable the implementation of event-based control strategies with isolated
decisions performed between the field and control devices.

The current pharmaceutical industry trend is to move from batch to
continuous manufacturing process. Material property based control is
an ideal solution to pursue, since the product changes various states (i.e.
solid, liquid) during wet/dry granulation routes. Providing accurate mod-
els for different stages enables suitable control options, a paramount issue
in the pharmaceutical industry where error tolerances are unyielding.

Targeting drug delivery is an emerging field with enormous biomed-
ical potential impact. Non-Newtonian frameworks are highly relevant
since blood is a non-Newtonian fluid. Current medicine trends involve
treatment application with nanorobots that are able to diagnose and per-
form localized drug delivery in living environments. Localized treatments
reduce the quantity of substance necessary for treatment, leading to de-
creased intoxication of the cells, with major benefits such as reduced side
effects, faster drug absorption and a more efficient and safer treatment for
the patient. Context awareness is a necessity since robots used for local-
ized delivery should sense the environment: measure intoxication levels,
detect blood clogs, etc, in order to provide the feedback needed to close
the control loop for automated substance administration. Hence, a pos-
sible extension of the modeling and control concepts connected to non-
Newtonian fluids introduced throughout the thesis is in the field of tar-
geted drug delivery. Accurate interactions between blood and transiting
carrier particles can be modeled starting from the previously introduced
concepts.
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