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Absract

This Master’s thesis focuses on the design, modeling, and simulation of an adaptive hybrid telemetry
system for continuous downhole data transmission in challenging oil well environments. The work
proposes a novel integration of Wimo™ (electromagnetic telemetry) and SonicGauge™ (acoustic
telemetry) technologies to overcome the limitations of each when used alone. An intelligent switching
algorithm was developed to dynamically select the optimal communication method based on real-time
well conditions such as fluid flow, solid buildup, and acoustic noise. Simulations conducted using MAT-
LAB / Simulink demonstrate the system’s reliability, efficiency, and ability to maintain uninterrupted
data flow. The proposed hybrid solution enhances real-time monitoring and reservoir management,

offering significant operational and environmental benefits in oilfield operations.

Keywords: Hybrid telemetry, Wireless telemetry, Wimo, SonicGauge, Oil wells, MATLAB simula-

tion, Real-time data transmission, Downhole monitoring, Well condition analysis, Adaptive system.



Résumé

Ce mémoire de Master présente la conception, la modélisation et la simulation d’un systéme de
télémétrie hybride et adaptatif destiné a la transmission continue de données dans les environnements
complexes des puits pétroliers. L’objectif principal est de combiner les technologies Wimo™ (télémétrie
électromagnétique) et SonicGaugeTM (télémeétrie acoustique) pour pallier les limitations inhérentes a
chaque solution prise isolément. Le systéme intégre une logique de commutation intelligente permet-
tant de passer automatiquement entre les deux modes de communication en fonction des conditions du
puits (débit de fluide, bruit acoustique, accumulation de solides, etc.). Des simulations sous MATLAB
/ Simulink ont démontré la fiabilité et la performance du systéme hybride en termes de continuité de la
transmission, d’efficacité énergétique et de robustesse en conditions difficiles. Cette approche innovante

améliore la surveillance en temps réel et la gestion des réservoirs dans les opérations pétroliéres.

Mots clés: Télémétrie hybride, Télémétrie sans fil, Wimo, SonicGauge, Puits de pétrole, Simulation
MATLAB, Transmission de données en temps réel, Surveillance des puits, Analyse des conditions du

puits, Systéme adaptatif.
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(zeneral introduction

Deep within the challenging environment of oil and gas wells, downhole gauges play a crucial role
in acquiring vital subsurface data. Understanding parameters such as pressure, temperature,
and fluid flow rate within the wellbore is fundamental for effective production control,
reservoir characterization, and predicting well behaviour. These sophisticated instruments are
indispensable for real-time monitoring, optimizing production, and ensuring the safety and integrity

of well operations.

This thesis explores the design and development of a hybrid downhole telemetry system that integrates
two complementary wireless technologies Wimo and SonicGauge to meet the increasing demand for
reliable, real-time subsurface data in complex oil and gas operations. Traditional wired telemetry
systems, such as fiber optics or, have demonstrated high-speed, high-fidelity data transmission capa-
bilities. However, their deployment in extended-reach wells, high-temperature reservoirs, or corrosive
environments is often impractical due to their fragility, installation complexity, and maintenance re-
quirements. These challenges have prompted a shift toward wireless systems as more flexible and

scalable alternatives.

Among wireless solutions, Wimo™ employs electromagnetic (EM) waves for data transmission, de-
livering rapid updates and moderate range with minimal latency. However, EM waves experience
significant attenuation in conductive formations such as saline-rich rock layers, severely limiting the
system’s effectiveness under certain geological conditions. SonicGauge ™, by contrast, transmits data
using acoustic waves that propagate through fluid columns inside the wellbore. While more resilient
in electrically noisy environments, SonicGauge™ suffers from limited bandwidth, higher signal delay,

and susceptibility to multipath interference caused by tool geometry or fluid turbulence.

Recognizing that no single telemetry system sufficiently addresses the full spectrum of operational chal-
lenges, this research proposes a novel hybrid framework that leverages the unique advantages of both
technologies. The system is designed to intelligently switch between EM and acoustic modes depend-
ing on real-time signal quality metrics such as signalto-noise ratio (SNR), bit error rate (BER), and
environmental parameters like formation conductivity or fluid composition. To enhance efficiency and
sustainability, the design incorporates an energy harvesting unit within the Wimo™ turbine, which
powers SonicGauge™™ components during periods of limited fluid flow. This innovation addresses the

M

energy dependency of acoustic telemetry while extending Wimo™™’s utility in intermittentflow condi-

tions.



GENERAL INTRODUCTION

From an industrial standpoint, the proposed hybrid system offers substantial benefits. It reduces
non-productive time (NPT) by enabling continuous monitoring of critical downhole parameters like
pressure and temperature, even during signal disruption events. It also supports advanced reservoir
management strategies such as Pressure Transient Analysis (PTA) and Rate Transient Analysis (RTA),
which rely heavily on uninterrupted and highresolution data streams. Furthermore, by reducing the
need for interventions and enabling remote diagnostics, the system minimizes environmental risks such
as methane leaks and equipment failures.

This thesis is organized into three main chapters. The first chapter introduces the theoretical foun-

™ and SonicGauge™

dations of wireless communication and provides a comparative study of Wimo
technologies. The second chapter presents the design of a hybrid system that integrates both tech-
nologies, addressing technical requirements and integration strategies. The third chapter focuses on

modeling and simulating. Finally, we conclude this work by a general conclusion.
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Chapter 1

Theoretical Foundations of Wireless

Transmission Technologies

Introduction

The primary objective of this chapter is to dissect the fundamental concepts of wireless communication
networks, categorize transmission technologies, and provide an in-depth analysis of the selected tech-
nologies. First, the chapter introduces basic definitions and classifications of wireless systems, ensuring
clarity on terminology and scope. Subsequently, it delves into the technical intricacies of Wimo™
and SonicGaugeTM, exploring their operational principles, architectural frameworks, and respective
strengths and limitations. A comparative analysis concludes the chapter, highlighting synergies and

contrasts between the two technologies, thereby setting the stage for evaluating their compatibility in

a hybrid context.

I.1 Basic Concepts in Wireless Communications

Wireless communication refers to the transmission of data between devices without the use of physical
cables or wired connections. It relies on electromagnetic waves (e.g., radio frequencies, microwaves, or
infrared) to carry information over air or space. This technology has revolutionized modern connec-
tivity by enabling mobility, scalability, and flexibility in applications ranging from mobile phones to

IoT (Internet of Things) devices.

- Key Components of Wireless Systems:

e Transmitter: Converts data into electromagnetic signals for transmission.
e Receiver: Decodes incoming signals back into usable data.
e Channel: The medium (e.g., air, vacuum) through which signals propagate.

e Modulation/Demodulation: Techniques like QAM (Quadrature Amplitude Modulation)

adapt signals for efficient transmission.
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A typical downhole telemetry system, whose fundamental components are outlined in Figure 1.1,

is essential for transmitting real-time operational data from the bottom of the well to the surface.

| - [nput
Source . G
A Transducer — | Transmitter
Communication System Communication
Channel + Noise
- Output .
_ Receiver
Destination <":| O <:|

Figure I.1: Block Diagram of a Communication System [1].

- Advantages of Wireless Communication:

e Mobility: Users can access networks while moving (e.g., smartphones).
e Scalability: Easy to expand networks without physical infrastructure.
e Cost-Efficiency: Reduces wiring and installation expenses.

e Versatility: Supports diverse applications (e.g., Wi-Fi, Bluetooth, satellite communica-

tions).
- Limitations:

e Interference: Signals can be disrupted by physical obstacles, weather, or overlapping

frequencies.

e Bandwidth Constraints: Limited spectrum availability affects data rates.

This foundational understanding of wireless communication principles directly informs the analysis of
Wimo and SonicGauge technologies in Sections 1.3 and I.4. For instance, Wimo’s architecture leverages
advanced modulation techniques to mitigate interference, while SonicGauge employs ultrasonic waves
for niche applications, reflecting the diversity of wireless transmission types discussed in Section 1.2.1.
This figure (see figure 1.2) illustrates the fundamental architecture of a downhole telemetry system,
such as those used for Measurement While Drilling (MWD). It shows the key components, including
the downhole transmitter with its measuring sensors, the transmission channel (in this case, via mud
pulse telemetry through the drilling mud), and the surface receiver unit that processes the data. This

M

general structure forms the basis for understanding more advanced wireless systems like Wimo™ ™ and

SonicGauge™.
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Figure 1.2: Architecture of a Wireless Downhole Communication System in Oil Wells.

1.2 Definition of Wireless Communication Networks

Continuing from the foundational concepts introduced in the previous section, this subsection provides
a clear and formal definition of wireless communication networks. This definition serves as a crit-
ical basis for understanding the structure, components, and operation of different wireless technologies

explored later in this chapter.

A wireless communication network is a system that allows the transmission and reception of data
over distances without the use of physical wires. These networks utilize electromagnetic waves such
as radio, microwave, or infrared signals to carry data between devices, enabling communication in a

variety of environments including urban, rural, industrial, and mobile contexts [2].

Wireless communication networks can be broadly categorized based on their coverage and application.

These include [2-4]:

e Wireless Personal Area Networks (WPANSs): Such as Bluetooth.
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e Wireless Local Area Networks (WLANSs): Like Wi-Fi.
e Wireless Metropolitan Area Networks (WMANSs): For broader city-scale communication.
e Wireless Wide Area Networks (WWANS): Like cellular networks (3G/4G/5G).

Wireless communication networks can be broadly categorized based on their coverage and application,
as illustrated in Figure 1.3. These categories range from short-range personal area networks to wide-

area networks spanning large geographical areas.

WPAN
Bluetooth, IrDA
ZigBee, UWB

| | |
e | T | >
10m 100 m 50 km Distance

Figure 1.3: Classification of Wireless Networks.

These networks typically consist of transmitting and receiving devices, base stations, anten-
nas, and a control unit that manages data routing and access protocols. The flexibility, scalability,
and cost-effectiveness of wireless networks have made them a foundational element in modern digital

infrastructure [4].

I[.2.1 Types of Transmission Technologies

Wireless communication systems rely on various transmission technologies to convey information
through the air. These technologies differ fundamentally in the physical medium they exploit for
signal propagation and the methods employed for modulation and demodulation. A comprehensive
understanding of these diverse approaches is crucial for designing robust and efficient wireless networks,

particularly in challenging environments such as those encountered in oil well measurements.

I.2.1.1 Radio Frequency (RF) Transmission

Radio frequency (RF) transmission is one of the most ubiquitous forms of wireless communication,
utilizing electromagnetic waves within the radio spectrum to transmit data. Signals are modulated

onto a carrier wave at a specific frequency and then radiated into space by an antenna. Upon reception,
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the signal is demodulated to extract the original information. RF communication is characterized by its
ability to penetrate non-metallic objects, its relatively long range, and its susceptibility to interference
from other RF sources [2]. The characteristics of RF signals, such as frequency, amplitude, and phase,
can be manipulated to encode data, allowing for various modulation schemes like Amplitude Shift
Keying (ASK), Frequency Shift Keying (FSK), and Phase Shift Keying (PSK) [3]. The choice of

frequency band, modulation technique, and power level significantly impacts the range, data rate, and

Y e

reliability of RF systems.

Radio frequency transmitter
carrier wave . W
e.g. 1,480,000 Hz e ﬂfl IW-"""FI 'T"r] ||'|"r"{l' .
mplitu |
for WyZE Modulator W"JIU“ fU,IhI |U\‘r|||lf_h.. '
8 B A e
R Amplitude Modulated
RN Electrical image ~ Carrier wave —the
of sound formed ~ AM Radio signal that
< by microphone is transmitted.
Sound signal

to microphone

Figure 1.4: Classification of Wireless Networks.

1.2.1.2 Acoustic Transmission

Acoustic transmission, in contrast to RF, utilizes sound waves as the medium for data propagation.
This technology is particularly relevant in environments where electromagnetic waves are attenuated
or impractical, such as underwater or, in the context of this thesis, within the fluid column of oil wells.
Data is encoded by modulating the properties of sound waves, such as frequency, amplitude, or phase.
These sound waves then travel through a physical medium (liquid, gas, or solid) to a receiver that
converts the acoustic energy back into electrical signals. The effectiveness of acoustic transmission is
highly dependent on the properties of the propagation medium, including its density, temperature, and
viscosity, which can cause significant attenuation and dispersion of the sound waves [4]. Challenges in
acoustic communication include limited bandwidth, high latency, and susceptibility to environmental
noise and multipath effects [5].

These fundamental characteristics of acoustic waves are illustrated in Figure 1.5.
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Figure 1.5: Multi-Layer Atmospheric Model for Wireless Signal Propagation.

1.2.1.3 Other Transmission Technologies

While RF and acoustic transmissions are central to this thesis, other wireless transmission technologies
exist, each suited for specific applications. These include optical communication, which employs light
waves (infrared, visible light) for data transmission, commonly seen in fiber optics and free-space
optical communication [6]. Infrared communication is typically used for short-range applications like
remote controls. Satellite communication extends wireless connectivity over vast geographical areas by
relaying signals through orbiting satellites [7]. Each of these technologies presents unique advantages
and disadvantages concerning data rate, range, power consumption, and environmental robustness,

influencing their suitability for diverse communication needs.

1.3 Wimo™ Technology: Principles and Applications

I1.3.1 Overview of Wimo™

Wimo™ is a specialized wireless telemetry technology primarily designed for downhole data trans-
mission in oil and gas wells As shown in Figure 1.5. This innovative system distinguishes itself by
employing Pressure Frequency Telemetry (PFT) as its core communication mechanism. Unlike
conventional battery-powered downhole tools, Wimo™™ operates on a self-sustaining power generation
model. Tt leverages the inherent energy within the well environment to produce the necessary elec-

™ t6 be particularly

trical power for its operation [8]. This fundamental characteristic allows Wimo
well-suited for long-term monitoring and data acquisition in active wells, thereby minimizing the need
for costly and time-consuming well interventions for battery replacement. Its design principles are op-
timized for continuous data acquisition, making it a valuable asset for real-time analysis in production

environments.
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WINS

Wireless Instrumentation Systems

wimo R

Wireless Monitoring System

Figure 1.6: Retrofit Wireless Downhole Gauge.

1.3.2 Technical Architecture

M is centered around its unique active generator system, which

The technical architecture of Wimo™
harnesses the kinetic energy of fluid flow within the wellbore to produce electrical power. This elim-
inates reliance on traditional battery sources, offering a significant advantage in terms of operational
longevity and reduced maintenance [9]. The generated power fuels the system’s electronics, includ-
ing sensors for various downhole parameters, data processing units, and the PFT transmitter. The
Pressure Frequency Telemetry aspect involves converting measured data into modulated pressure
pulses or frequency variations within the wellbore fluid. These pressure signals propagate upwards
through the fluid column to a surface receiver, which then decodes the data. This robust transmission
method is particularly effective in environments where electromagnetic signals are severely attenuated
or impractical [10].

1.3.3 Advantages and Disadvantages of Wimo™

Wimo™ technology offers several distinct advantages that make it highly desirable for specific down-
hole applications. Its most notable benefit is its self~-powering capability, derived from an active
generator that utilizes fluid flow. This removes the dependency on conventional batteries, leading to
extended operational periods and reduced intervention costs, making it ideal for long-term produc-
tion monitoring and active wells [11]. Furthermore, the system supports Real-Time Analysis
(RTA) without requiring a "shut-in" of the well, which significantly enhances operational ef-
ficiency and data availability [12]. In a comparative analysis of downhole telemetry technologies,
Wimo™ consistently performed well, earning a favorable classification in "Column G" with a mini-
mal number of negative points, underscoring its robustness and reliability.

™ is not without its limitations. The primary constraint lies in its susceptibility to

However, Wimo
wellbore conditions, particularly the presence of deposits such as paraffin or solid particulates

[13]. These accumulations can impede the efficient operation of the active generator or interfere with

10
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the pressure frequency telemetry, potentially degrading data transmission quality or causing system
malfunction. Therefore, while highly effective in clear, active flow regimes, its performance can be

compromised in wells prone to such fouling.

1.4 SonicGauge™ Technology: Principles and Applications

I.4.1 Overview of SonicGauge™

SonicGauge™ is a specialized downhole measurement system that leverages Acoustic Telemetry
for data transmission. Unlike systems relying on fluid flow or electromagnetic waves Figure 1.7,
SonicGaugeTM utilizes sound waves propagating through the fluid column within the wellbore to
convey critical downhole information to the surface [14]. This technology is particularly well-suited
for applications requiring temporary monitoring or well testing, where a continuous, long-term
power source like a turbine is not feasible or necessary. Its operational flexibility is further enhanced by
the potential for integrating repeaters, which can extend the effective communication range in longer

or more complex well trajectories.

L E\TM
WIRELESS MONITORING SYSTEM

Figure 1.7: SonicGauge Wireless Monitoring System [39].

1.4.2 Technical Architecture

The core technical architecture of SonicGaugeTM revolves around its internal battery power source,
which provides the necessary energy for its operation [15]. This design choice makes it independent
of well flow dynamics, offering versatility in deployment scenarios where fluid flow might be inter-
mittent or absent. The system’s primary communication mechanism is acoustic telemetry, where
sensors measure various downhole parameters such as pressure and temperature. These measurements
are then converted into acoustic signals that propagate through the wellbore fluid. A specialized
SonicGauge™ at the surface detects these acoustic waves, converting them back into electrical sig-
nals for data processing and analysis [15]. The efficiency of this acoustic transmission is influenced by

the fluid properties, wellbore geometry, and the presence of any acoustic noise within the well.

11



CHAPTER I. THEORETICAL FOUNDATIONS OF WIRELESS TRANSMISSION
TECHNOLOGIES

1.4.3 Advantages and Disadvantages of SonicGauge™

SonicGauge™ offers distinct advantages that position it as a valuable tool for specific well mea-
surement scenarios. Its reliance on an internal battery provides operational independence from well
flow, making it highly suitable for well testing and temporary monitoring where continuous
flow might not be guaranteed [16]. The ability to utilize repeaters further enhances its applicability,
extending the communication range in challenging well geometries or greater depths, thereby improv-
ing data acquisition reliability over longer distances. In technical evaluations, SonicGaugeTM received
a favorable classification in "Column E," indicating a strong performance profile in its intended appli-

cations.

However, SonicGauge™ also presents certain disadvantages. The primary limitation is its depen-
dence on a finite internal battery life, which necessitates periodic battery replacement and limits
its suitability for very long-term, continuous monitoring without intervention [17]. Additionally, as
an acoustic telemetry system, its performance can be susceptible to various wellbore conditions
that affect sound propagation, such as gas slugs, highly viscous fluids, or significant wellbore noise,
which can degrade signal quality and data transmission rates [18]. This can lead to intermittent data
availability or require more sophisticated signal processing techniques to extract reliable information.

™ M

I.5 Comparison between Wimo™ and SonicGauge®

The selection of a suitable wireless telemetry system for downhole oil well applications is “contingent
upon various factors, including the specific operational requirements, well conditions, and desired data
acquisition characteristics. Wimo™ and SonicGauge™ represent two distinct approaches to downhole
wireless communication, each possessing unique strengths and limitations that make them suitable for
different scenarios. A comparative analysis highlights their fundamental differences in signal type,

power source, ideal use cases, and inherent constraints.

I.5.1 Signal Type and Transmission Medium

The most fundamental distinction between Wimo '™

and SonicGauge™ lies in their chosen signal
type and the medium through which data is transmitted. Wimo™ utilizes Pressure Frequency
Telemetry (PFT), where data is encoded as variations in the fluid pressure within the wellbore
[8]. These pressure pulses propagate through the liquid column to a surface receiver. This method is
effective in conveying information through the continuous fluid column. In contrast, SonicGauge™
employs Acoustic Telemetry, transmitting data via sound waves through the fluid column [19].
While both rely on the wellbore fluid, the physical phenomena (pressure pulses versus sound waves)
and their propagation characteristics differ, impacting their susceptibility to various environmental

interferences.
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I.5.2 Power Source and Operational Longevity

A critical differentiator is the power source mechanism employed by each technology, which directly

™ incor-

influences their operational longevity and applicability for sustained deployments. Wimo
porates an active generator that harnesses energy from fluid flow within the well. This
self-sustaining power generation capability means Wimo™ does not rely on traditional batteries, of-
fering unlimited operational life as long as there is sufficient fluid flow [9]. This makes it ideal for
long-term production monitoring in active wells. Conversely, SonicGauge™ is powered by
an internal battery, which provides operational flexibility in wells with intermittent or no flow, mak-
ing it suitable for temporary monitoring and well testing [17]. However, this battery-dependent

design inherently limits its operational duration, necessitating periodic replacement or retrieval for

recharging.

1.5.3 1Ideal Use Cases and Limitations

The distinct characteristics of Wimo ™™ and SonicGauge™ align them with different ideal use cases and

™™ . . .
excels in long-term production environments

present unique operational limitations. Wimo
and active wells, particularly for Real-Time Analysis (RTA) without requiring a "shut-in"
[12]. Its primary limitation stems from its reliance on fluid flow for power and its susceptibility to
solid deposits such as paraffin or scale, which can impede the generator or the pressure signal
transmission [13]. In contrast, SonicGaugeTM is well-suited for temporary well tests and
intermittent monitoring scenarios where flow might be irregular or the duration of deployment is
shorter. Its use of repeaters can extend its effective range. However, its main drawback is the finite
battery life, and its acoustic signals can be affected by gas slugs, highly viscous fluids, and
wellbore noise, potentially leading to signal degradation [19]. The classification in technical papers
further reinforces these distinctions: Wimo™ received a favourable "Column G" rating with few neg-
ative points, suggesting high robustness in its intended long-term application, while SonicGauge™ ™’s
"Column E" rating highlights its suitability for temporary and adaptable deployments.

The comparison is further illustrated in the table I.1.

Table I.1: Analyse Comparative des Caractéristiques de la Télémétrie Acoustique et RF.

Parameter Acoustic RF Optical
Attenuation Distance and frequency Frequency and conductivity 0.39 dB/m (oce_an)
dependent (0.1-4 dB/km) dependent (3.5-5 dB/m) 11 dB/m (turbid)
Speed 1500 ms™! 2.3 %108 ms™! 2.3 x 10% ms™!
Data Rate kbps Mbps Gbps
Latency High Moderate Low
Distance more than 100 km <10m (50 Dlgi‘;il‘;‘ﬁan
Bandwidth 1 kHz-100 kHz MHz 150 MHz
Frequency Band 10-15 kHz 30-300 MHz 5x 101 Hz
Transmission Power W mW-W mW-w
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Conclusion

This foundational chapter has systematically laid out the theoretical underpinnings essential for com-
prehending the advanced concepts presented in this thesis regarding hybrid wireless telemetry in oil
wells. It commenced with a concise introduction to the fundamental principles of wireless commu-
nication networks, defining their core components and operational paradigms. This was followed
by an exploration of diverse wireless transmission technologies, highlighting the various physical
media and modulation techniques employed to convey data wirelessly.

A significant portion of this chapter was dedicated to a detailed examination of two pivotal down-

™ and SonicGauge™ . For each technology, an

hole wireless communication technologies: Wimo
overview of its fundamental principles was provided, elucidating its core operational concept. This
was succeeded by an in-depth description of their respective technical architectures, focusing on
crucial aspects such as signal type, data encoding mechanisms, and system components. Furthermore,
a balanced discussion of the advantages and disadvantages inherent to each technology was pre-
sented, contextualizing their strengths and weaknesses within the demanding environment of oil well
monitoring. The chapter culminated in a comparative analysis of Wimo™™ and SonicGauge™™,
systematically contrasting their signal types, power sources, ideal applications, and operational limita-
tions. This comparison underscored the complementary nature of these technologies, setting the stage
for the proposed hybrid system design. The insights gained from this chapter establish a robust the-

oretical framework necessary for understanding the motivations behind and the design considerations

for integrating these technologies, as will be discussed in subsequent chapters.
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Chapter 11

Design of the Hybrid System for Integrating Wimo™

and SonicGauge™ Technologies

Introduction

The preceding chapter established a comprehensive theoretical foundation for understanding stan-
dalone wireless telemetry technologies within the challenging context of oil well environments. It
provided detailed insights into the operational principles, technical architectures, advantages, and lim-
itations of both Wimo™ (Pressure Frequency Telemetry) and SonicGauge™ (Acoustic Telemetry)
systems. While both technologies offer significant capabilities for downhole data acquisition, their
individual strengths and weaknesses often lead to compromised performance when confronted with
the dynamic and unpredictable conditions prevalent in oil wells. For instance, Wimo™ excels in
active, long-term production scenarios but is vulnerable to blockages from solid deposits, whereas
SonicGauge™ offers flexibility for temporary monitoring but is limited by battery life and susceptible

to acoustic interference from wellbore fluids.

II.1 Motivations and Objectives for Integration

™ and SonicGaugeTM technologies into a hybrid system is driven by a critical

The integration of Wimo
need to overcome the inherent limitations of each standalone system when deployed in the dynamic and
often harsh downhole environments of oil wells. While both technologies offer unique advantages, their
individual operational envelopes present significant challenges to achieving continuous, reliable, and ef-
ficient wireless data transmission. The primary motivations for this integration are rooted in enhancing
system robustness, optimizing power management, and ensuring uninterrupted data flow regardless of
varying well conditions. A key motivation for this hybrid approach is to maximize the operational
reliability and efficiency of downhole wireless data acquisition. As established in Chapter One,
Wimo™, utilizing Pressure Frequency Telemetry, is susceptible to signal degradation or complete
failure in the presence of solid deposits like paraffin or scale, which can obstruct the turbine and fluid

flow necessary for its operation [7]. Conversely, SonicGauge™, an Acoustic Telemetry system, while

not dependent on fluid flow for power, is limited by its internal battery life and can experience signal
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interference from gas slugs or highly viscous fluids [19]. By combining these two technologies, the
hybrid system aims to create a more resilient communication link. For instance, should Wimo™™’s
pressure telemetry be compromised due to paraffin buildup during active production, the system can

TMsg acoustic telemetry, ensuring data continuity. This

automatically switch to SonicGauge
adaptive switching mechanism is crucial for maintaining data integrity in unpredictable well conditions

[20].

Another significant driving force behind this integration is the opportunity for optimized power
management and extended operational longevity. Wimo™’s unique active generator, which
produces electricity from fluid flow via a turbine, offers a sustainable and independent power source
during active well production [8]. This continuous power generation can be leveraged not only

T™og own operations but also to recharge and sustain the internal battery of the

for Wimo
SonicGauge™ component. This novel approach eliminates the finite battery life constraint of
SonicGauge™, extending its deployment duration significantly, particularly in scenarios where inter-
mittent SonicGauge™™ operation might be required during Wimo™™ downtime or specific well tests.
This symbiotic power relationship ensures that the system remains energized, minimizing the need for

costly and disruptive well interventions for battery replacement [21].

Furthermore, the integration is aimed at enabling intelligent and adaptive transmission mode
selection based on real-time well conditions. The hybrid system will incorporate a sophisticated con-
trol mechanism that evaluates environmental parameters, such as fluid flow rate, presence of solids,
and acoustic noise levels, to dynamically select the most appropriate telemetry technology for optimal
data transmission [22]. For example, during periods of high fluid flow and clear wellbore conditions,
Wimo™ would be the primary mode of communication, capitalizing on its self-powering and long-
term capabilities. However, if flow becomes intermittent, or if sensors detect an increase in solid
accumulation or acoustic interference, the system would seamlessly switch to SonicGaugeTM. This
intelligent switching capability ensures that data is transmitted reliably and efficiently, adapting to
the specific operational needs and challenges of the well at any given moment. This proactive approach
to communication management significantly enhances the overall efficiency and reliability of downhole

measurements.

I1.2 Technical Requirements for the Hybrid System

The successful design and implementation of a hybrid wireless telemetry system, integrating Wimo™ ™

and SonicGaugeTM technologies, necessitates a meticulous definition of its technical requirements.
These requirements span both hardware and software aspects, ensuring seamless interoperability, ro-
bust data acquisition, efficient power management, and intelligent operational control within the chal-
lenging downhole environment.

The goal is to build a system that not only leverages the individual strengths of each technology but

also compensates for their respective limitations, as detailed in Chapter I.
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11.2.1 Hardware and Components

The hardware components of the hybrid system must be engineered to withstand the extreme downhole
conditions, including high temperatures, pressures, and corrosive fluids, while facilitating the seamless

integration of Wimo™ and SonicGauge™ functionalities.

e Integrated Downhole Module: This central module will house the core components of both
Wimo™ and SonicGauge™ systems. It must be designed with a compact and rugged form fac-
tor to fit within standard wellbore diameters and withstand the harsh environment. The module
will include pressure and acoustic sensors for data acquisition, along with the necessary

signal conditioning and analog-to-digital conversion circuitry for both telemetry types [23].

e Wimo™ Turbine and Active Generator: The turbine assembly, integral to Wimo™

’s op-
eration, must be designed for efficient energy harvesting from various fluid flow rates encountered
in production wells. It will convert kinetic energy from fluid flow into electrical power, which is
then used to power the Wimo™™ telemetry module and, critically, to charge the SonicGauge™
battery [24]. The design must account for potential fouling by paraffin or solid particulates,

possibly incorporating self-cleaning mechanisms or robust materials to mitigate these effects.

e SonicGauge™ Acoustic Transducer and Receiver: The acoustic transducer is responsible
for generating and receiving sound waves for SonicGauge™ communication. It must be highly
sensitive and capable of operating effectively within the wellbore fluid, transmitting data to the
surface receiver and receiving commands from it. The robust packaging of this component is

essential to protect it from the downhole environment [25].

e Energy Storage Unit: A critical component for ensuring continuous operation and enabling
power transfer is a rechargeable battery unit or supercapacitor bank. This unit will store the
energy generated by the Wimo™ turbine, primarily to power the SonicGaugeTM module when
Wimo™ is inactive (e.g., during low flow conditions or well shut-in) or to provide supplemental
power during peak demand. The chosen energy storage solution must possess high energy density,

a wide operating temperature range, and a long cycle life [26].

e Switching Mechanism: A robust, low-power switching mechanism will be required to seam-

TMog Pressure Frequency Telemetry and SonicGauge™™’s Acoustic

lessly transition between Wimo
Telemetry based on real-time well conditions. This mechanism will physically or electronically
isolate the unused telemetry system while activating the selected one, minimizing power con-

sumption and ensuring efficient operation [27].

This diagram in the figure below further elucidates the design concept II.1
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Wimo™ SonicGauge™
Switching
<> Mechanism
+

Shared Power Unit

Figure II.1: Conceptual Diagram of the Hybrid Wimo™ - SonicGauge™ System.

I1.2.2 Software and Protocols

The software architecture and communication protocols are paramount for intelligent control, data

processing, and reliable communication within the hybrid system.

e Intelligent Control Unit Firmware: This firmware will be the brain of the downhole mod-
ule, responsible for monitoring well conditions (e.g., fluid flow, pressure, temperature, acoustic
noise levels, and potentially detecting solid accumulation) through integrated sensors. Based on
predefined algorithms and real-time data, it will intelligently decide which telemetry technology
(Wimo™ or SonicGauge™) to activate for optimal data transmission [28]. It will also manage
the power flow from the Wimo™ generator to the energy storage unit and the SonicGauge™™

battery.

e Data Acquisition and Processing Algorithms: Algorithms for efficient data sampling, fil-
tering, and compression will be essential to optimize bandwidth utilization and minimize power
consumption. This includes algorithms specific to each telemetry type (e.g., pressure frequency
demodulation for Wimo™ and acoustic signal processing for SonicGaugeTM) to extract mean-

ingful data from the transmitted signals [29].

e Adaptive Communication Protocol: A robust protocol is required to manage the switching
between the two telemetry systems. This protocol should define the criteria for mode selection,
the handshake procedures for seamless transitions, error detection and correction mechanisms,
and data packetization for reliable transmission across both modalities. It should also incorporate

fallback mechanisms in case one telemetry system experiences prolonged failure [30].

e Surface Receiver Software: This software will be installed on the surface system, responsible
for receiving and decoding data from both Wimo™ and SonicGauge™ downhole modules. It

will process the received telemetry signals, reconstruct the transmitted data, and integrate it into
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a unified data stream for analysis and visualization by operators. This includes synchronization

algorithms to handle potential latency differences between the two communication methods [31].

e Health Monitoring and Diagnostics: The software should incorporate diagnostic capabilities
to monitor the health and performance of both Wimo™ and SonicGaugeTM components, as
well as the energy storage unit. This includes tracking battery charge levels for SonicGauge™,

M

assessing turbine efficiency for Wimo™, and identifying potential issues like signal degradation

or component failures, enabling proactive maintenance [32].

I1.3 Integration Methodology

The successful realization of a robust and adaptive hybrid wireless telemetry system for downhole oil
well measurements hinges on a well-defined integration methodology. This methodology focuses on es-
tablishing seamless interoperability between Wimo ™™ (Pressure Frequency Telemetry) and SonicGauge™
(Acoustic Telemetry) technologies, addressing potential technical challenges, and optimizing their com-
bined performance. The aim is to create a symbiotic relationship where each technology compensates
for the limitations of the other, ensuring continuous and reliable data transmission in highly dynamic

well environments.

I1.3.1 Interoperability Mechanisms between the Two Technologies

Achieving effective interoperability between Wimo™ and SonicGauge™ requires a multifaceted ap-
proach that considers both hardware-level coordination and software-driven intelligence. At the core of
this integration is a central control unit within the downhole module, responsible for orchestrating
the operation of both telemetry systems. This unit continuously monitors critical well parameters
through dedicated sensors, including fluid flow rate, pressure, temperature, and indicators of solid
accumulation (e.g., increased differential pressure across the Wimo™ turbine or acoustic anomalies)

[33].

The primary interoperability mechanism is dynamic mode switching, enabling the system to au-
tomatically select the most appropriate telemetry technology based on real-time well conditions. For

instance, when there is consistent and adequate fluid flow, the control unit will prioritize Wimo™™

Mg self-powering capability, ensuring long-term, battery-

for data transmission. This leverages Wimo
independent operation [8]. Concurrently, the energy generated by the Wimo™ turbine will be routed
to a dedicated energy storage unit (e.g., a high-capacity rechargeable battery or supercapacitors)
to charge and maintain the internal power supply of the SonicGaugeTM component [26]. This con-
tinuous charging ensures that SonicGaugeTM is always ready for immediate deployment when needed,

effectively overcoming its inherent battery life limitation.

When well conditions deteriorate for Wimo™ for example, if sensors detect a significant reduction in
fluid flow (indicating a potential well shut-in or very low production) or if acoustic/pressure feedback
suggests paraffin buildup or solid obstruction—the central control unit will initiate a seamless transi-

tion to SonicGauge™. This involves activating the SonicGauge™™ acoustic transducer and diverting
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power from the energy storage unit to its communication circuitry. Conversely, if SonicGauge™

M condi-

transmission becomes unreliable due to acoustic noise or highly viscous fluids, and Wimo™
tions improve (e.g., increased flow and clearer wellbore), the system will switch back to Wimo™™ [17].
This adaptive switching mechanism, governed by pre-programmed algorithms and threshold values,

ensures redundant communication pathways and maximizes data availability.

I1.3.2 Technical Challenges and Proposed Solutions

Integrating two distinct telemetry technologies within the confined and hostile downhole environment
presents several technical challenges that must be addressed through innovative design and robust

implementation.

One significant challenge is power management and distribution. While Wimo™ generates
power, efficiently transferring and storing this energy for SonicGauge™™’s use, especially during peri-
ods of high demand or when Wimo™ is inactive, requires careful consideration. Proposed Solution:
The integration of a smart power management unit with advanced charging circuits and voltage

regulators is crucial. This unit will prioritize power distribution, ensuring Wimo ™"

s operation while
efficiently charging the SonicGauge™ battery from the turbine’s output. It will also manage power
draw from the energy storage unit during SonicGauge™ M-only operation to maximize its standby and

active duration [34].

Another challenge involves signal interference Figure I1.2 and crosstalk between the two teleme-
try systems. Although they use different physical principles (pressure pulses versus sound waves),
the close proximity of the downhole components could lead to acoustic or vibrational interference.
Proposed Solution: Physical isolation and advanced signal processing techniques will be
employed. This includes using vibration dampening materials in the downhole module’s design and
implementing digital filters and adaptive equalization algorithms at both the downhole module and

surface receiver to distinguish and clean signals from each technology [29].

Figure I1.2: Illustration of Wave Interference.

Furthermore, data synchronization and aggregation pose a challenge when switching between

two systems that may have different data rates or transmission latencies. Proposed Solution: A
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unified data protocol at the application layer will be developed to ensure seamless data handoff and
aggregation. The central control unit will maintain a data buffer to store measurements during
transition periods and will incorporate time-stamping mechanisms for all data packets, regardless
of the telemetry mode used. The surface receiver software will then reassemble the data chronologically,

ensuring a continuous and coherent data stream [30].

Finally, reliability and fault tolerance in an extreme environment are paramount. The failure of
one component could compromise the entire system. Proposed Solution: The design will incorporate
redundancy in critical sensors and a robust self-diagnostics framework within the intelligent
control unit. This framework will continuously monitor the health of both telemetry systems, identify
potential failures, and trigger automatic switching or activate fallback procedures. This ensures that
even if one telemetry path degrades or fails, the other can take over, significantly enhancing the overall

system’s resilience and uptime [35].

I1.4 Operational Scenarios

I1.4.1 Typical Use Cases

The effectiveness of the proposed hybrid Wimo™™-SonicGauge™ telemetry system is best illustrated
through its application in various typical downhole operational scenarios. The intelligent switching
mechanism, combined with the symbiotic power management, allows the system to adapt dynamically
to changing well conditions, thereby ensuring continuous and reliable data transmission where stan-
dalone systems might fail.

A primary use case for the hybrid system is in long-term production monitoring in active wells.

T

In this scenario, the well experiences continuous fluid flow, which is ideal for the Wimo M system’s

active generator [7]. During such periods, Wimo™ serves as the primary telemetry method, effi-
ciently transmitting pressure and temperature data. Crucially, the excess electrical energy generated

by the Wimo™ turbine is simultaneously directed to the energy storage unit to recharge the

TM>g internal battery [26]. This ensures that while Wimo™ is actively transmitting,

SonicGauge™ is passively charging, remaining in a ready state. This scenario leverages Wimo™ ™’s

SonicGauge

self-sustaining power and robust pressure frequency telemetry for consistent, long-duration monitoring,

simultaneously preparing SonicGauge™™ for potential future deployment.

Another common scenario involves well interventions or periods of low/intermittent flow.
During these times, the fluid flow rate might drop below the threshold required for Wimo™™’s tur-
bine to generate sufficient power, or the well might even be shut in for maintenance or analysis [36].
In such situations, the intelligent control unit will detect the reduced or absent flow. Consequently,
it will automatically switch the telemetry mode from Wimo™ to SonicGaugeTM. Since
SonicGauge™ is powered by its internal, now fully charged, battery, it can continue to transmit crit-
ical data such such as static pressure and temperature, providing essential information even when the
well is not actively producing. This seamless transition ensures data continuity and prevents loss of

crucial insights during periods that are typically problematic for flow-dependent systems like Wimo™™
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[17].

A third important scenario addresses adverse wellbore conditions, such as paraffin buildup
or solid accumulation. As noted in Chapter One, Wimo™™’s performance can be compromised
by such deposits affecting its turbine or the pressure signal propagation [12]. In a hybrid system,
internal sensors would monitor for indicators of these conditions (e.g., unusual pressure fluctuations,
reduced turbine efficiency, or increased vibration). Upon detecting such anomalies, the system would
proactively switch to SonicGaugeTM. Acoustic telemetry is less susceptible to these types of
solid obstructions, as sound waves can still propagate through the fluid column even with some solid
presence [18]. This adaptive response allows the system to maintain communication when the primary
Wimo™ channel is degraded, providing data that might otherwise be completely lost. Once the well
conditions improve (e.g., after a paraffin treatment or flow remediation), the system can switch back

to Wimo™ to resume its long-term, self-powered operation.

I1.4.2 Expected Performance Analysis

The proposed hybrid WimoTM—SonicGaugeTM system is anticipated to deliver significant performance
enhancements over standalone telemetry solutions in oil well environments. This analysis will detail
the expected improvements in reliability, data availability, power efficiency, and overall operational

lifespan, demonstrating how the integration addresses the limitations outlined in Chapter I.

The most notable improvement expected from the hybrid system is a substantial increase in data trans-
mission reliability and availability. By dynamically switching between Pressure Frequency Telemetry
(Wimo™) and Acoustic Telemetry (SonicGauge™) based on real-time well conditions, the system
effectively mitigates the individual vulnerabilities of each technology. For example, in active produc-
tion wells with high fluid flow, Wimo™ is the primary mode, offering robust and continuous data.
However, should paraffin buildup or solid obstructions impede the turbine, leading to Wimo™ sig-
nal degradation, the system seamlessly transitions to SonicGauge ™. Conversely, if SonicGauge™™
encounters acoustic interference from gas slugs or highly viscous fluids, and Wimo™ conditions are
favorable, the system reverts to Wimo™ ™. This redundancy ensures that a communication pathway is
almost always available, even in fluctuating well conditions that would cause a single-technology sys-

tem to fail or lose data [17]. This adaptive capability directly translates to higher data completeness

and reduced gaps in critical downhole measurements.

Furthermore, the hybrid system is expected to achieve superior power efficiency and extended oper-
ational longevity. Wimo™’s unique active generator, which harnesses energy from fluid flow, serves
as a primary power source for the entire downhole module. This energy not only powers Wimo™
operations but also continuously recharges the SonicGaugeTM internal battery via the integrated en-
ergy storage unit [26]. This intelligent power management scheme largely eliminates the finite battery
life constraint of standalone SonicGauge™ systems, a major limitation identified in Chapter One.
Consequently, the hybrid system can operate for significantly longer periods without requiring costly

and timeconsuming well interventions for battery replacement. This extended operational life reduces

the total cost of ownership and enhances the sustainability of downhole monitoring campaigns, making
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long-term data acquisition more feasible and economical [37].

The intelligent switching capability also contributes to optimized bandwidth utilization and data
throughput. By selecting the most efficient telemetry method for the prevailing well conditions, the
system can maximize the amount of reliable data transmitted per unit of time. For instance, in stable
conditions where Wimo™ performs optimally, it can transmit data at its full capacity. During chal-
lenging periods for Wimo™™, when SonicGauge™ is active, the system ensures that at least critical
data continues to flow, albeit potentially at a different rate, as dictated by the acoustic channel’s
characteristics. The smart control unit, as discussed in Section I1.2.2, will manage data buffering and
synchronization to ensure a coherent and timely stream of information at the surface. This proactive
management of the communication link ensures that valuable real-time data is consistently available
for reservoir management and operational decision-making, even in adverse downhole environments

[22].

Conclusion

In this chapter, we meticulously outlined the design and architectural considerations for our novel

™ and

hybrid wireless telemetry system, by integrating the complementary capabilities of Wimo
SonicGauge™ technologies. We elucidated the motivations behind this integration, defined the es-
sential technical requirements for both hardware and software, and presented our proposed integra-
tion methodology. Through this work, we successfully established a comprehensive framework that
addresses critical technical challenges, laying the groundwork for a robust and reliable downhole com-

munication solution.
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Chapter 111

Modeling of the Hybrid System and its Components

Introduction

This chapter is dedicated to the detailed description of the methodology used to construct the functional
model of the proposed hybrid telemetry system. The modeling approach is divided into two principal
sections: first, the development of a block-based model representing the physical transmission layer for
both Wimo™ and SonicGauge™ technologies using the Simulink environment. Second, the development
of a script-based model in MATLAB to implement the intelligent switching algorithm that governs the
system’s operational logic. The objective of this chapter is to establish a comprehensive and logical
blueprint of the system, which will serve as the foundation for the performance evaluation conducted

through integrated simulation in the subsequent chapter.

III.1 Modeling the Transmission Layer using Blocks (Simulink)

II1.1.1 Introduction to Block-based Modeling

The Simulink environment, with its block-based modeling approach, was selected for representing the
transmission layer due to its powerful capabilities in visualizing and simulating dynamic systems. This
method allows for a clear and intuitive representation of the individual components, their intercon-
nections, and the flow of signals. This section details the construction of the Simulink model used to

represent the fundamental transmission behaviors of the Wimo™ and SonicGauge™ channels.

IT1.1.2 Transmission Model Architecture in Simulink

The Hybrid Telemetry Logic subsystem, as detailed in Figure IV.1, integrates the individual
performance models for Wimo™ and SonicGauge™ alongside the intelligent Switching Algorithm. This

demonstrates the data flow and decision-making processes that govern active technology selection.
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Figure III.1: Internal Structure of the Hybrid Telemetry Logic Subsystem in Simulink.

I11.1.3 Data Signal Modeling and Transmission Results

To substantiate the system’s operational concept and to visualize the end-to-end data transmission
process, a Simulink model was developed. This model simulates the actual propagation of downhole

parameters (fluid flow rate, temperature, and pressure) through the selected telemetry channel.

Figure II1.2: Simulated Downhole Data Transmission via Wimo™ Telemetry Channel.

Figure II1.3 demonstrates the simulated transmission of downhole data through the SonicGauge™
telemetry channel. A notable characteristic observed in this transmission is the presence of a time

delay, inherent to acoustic signal propagation, which differentiates it from the instantaneous nature
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of EM-based (Wimo™) transmission. This simulation confirms SonicGauge™’s capability to transmit

essential parameters, particularly when Wimo™’s operational conditions are unfavorable.

Figure II1.3: Simulated Downhole Data Transmission via SonicGauge™ Telemetry Channel.

To further analyze the fidelity of the transmitted data, Figure II1.4 provides a magnified view of a
segment of the received signal. This detailed plot highlights the presence of noise, which is an inherent
characteristic of wireless communication channels in challenging downhole environments. Observing

the extent of this noise is crucial for evaluating the overall robustness and reliability of the data link.

Figure II1.4: Magnified View of Transmitted Downhole Data Illustrating Noise Impact.

To quantify the impact of the Wimo™ telemetry channel on data integrity, Figure II1.5 presents a
direct comparison between the original downhole data (e.g., fluid flow rate, temperature, pressure)
and the corresponding signal received at the surface. This comparison explicitly highlights the fidelity
of the transmitted signal and reveals the level of noise and distortion introduced by the communication

channel, confirming the system’s ability to maintain a discernible signal while acknowledging real-world
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transmission challenges.

Figure I11.5: Comparison of Original Downhole Data and Wimo™ Transmitted Signal at Surface.

Figure II1.6 presents a comparative view of the original downhole data versus the signal received
at the surface when the SonicGauge™ telemetry channel is active. This plot highlights the effective
transmission of the well parameters while also illustrating the inherent time delay associated with
acoustic communication and the presence of noise, which is characteristic of the downhole acoustic
environment. This comparison further underscores the system’s ability to maintain data integrity

despite challenging channel conditions.

Figure II1.6: Comparison of Original Downhole Data and SonicGauge™ Transmitted Signal at Surface.
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II1.2 Modeling the Switching Algorithm using Script (MAT-
LAB)

I11.2.1 Introduction to Script-based Modeling

While block-based modeling is suitable for system architecture, the implementation of complex decision-
making logic requires greater flexibility. Therefore, the core intelligent switching algorithm was mod-
eled using MATLAB scripts (.m files). This script-based approach provides the precision and control
necessary to implement the rule-based logic that governs the system’s adaptive behavior in response
to changing downhole conditions. This section outlines the components and logic of this programmed

model.

II1.2.2 Script Model Components

The proposed transmission model in the MATLAB environment consists of the following key compo-

nents, reflecting the hybrid system architecture designed in Chapter II:
1. Well Condition Simulator Unit:

e Function: This unit represents the dynamic environment within the wellbore. It gener-
ates key environmental variables that change over time, such as fluid flow rate (to affect

Wimo ™) and acoustic noise/turbulence level or presence of solids (to affect SonicGauge™).

e Representation in MATLAB: It was represented as a function (WellConditionsSim—
ulator.m) that generates numerical values for these conditions at each simulation time

step.
2. Wimo™ Performance Model:

e Function: This model represents Wimo™’s ability to transmit successfully based on cur-
rent well conditions, specifically fluid flow rate and the presence of solids. The probability

M

.. . T . . .
of successful transmission for Wimo™ ™ was determined as a function of flow rate, being

high at high flow rates and low or zero at low flow rates or in the presence of solids.

¢ Representation in MATLAB: It was represented as a function (WimoPerformance .m)
that takes fluid flow rate and solids as input and returns a boolean value (true/false) for

transmission success.
. ™
3. SonicGauge Performance Model:

e Function: This model represents SonicGauge™™’s ability to transmit successfully. This
capability is affected by acoustic noise levels. The probability of successful transmission for
SonicGauge™ was determined as a function of acoustic noise level; being high when noise

is low and decreasing with increasing noise.

e Representation in MATLAB: It was represented as a function (SonicGaugePerform—
ance.m) that takes acoustic noise level as input and returns a Boolean value for transmis-

sion success.
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4. Switching Control Unit:

e Function: This is the central unit of the hybrid system. It receives inputs from the "Well
Condition Simulator Unit" and from the states of the "Wimo™™ Performance Model" and
"SonicGauge™ Performance Model." Based on these inputs, this unit applies the decision

algorithm to determine which of the two technologies should be active at each time step.

¢ Representation in MATLAB: It was represented as a main function (SwitchingAlgo—
rithm.m) containing the algorithm’s logic, determining the active mode (Wimo™ or

SonicGaugeTM) at each time step.
5. Data Aggregation and Evaluation Unit:

e Function: This unit tracks the active technology at each moment, records whether the
transmission was successful or failed for that technology, and aggregates the total success-
fully transmitted data. The goal is to measure the overall communication reliability of the

hybrid system.

e Representation in MATLAB: It was represented within the main simulation script
(MainSimulation.m), where results are stored in variables and then displayed and ana-

lyzed graphically and numerically.

I11.2.3 Switching Algorithm Logic

The switching algorithm was designed to operate using a rule-based approach, where key indicators of

well conditions and the performance of each technology are monitored. The logic is as follows:

e Key Input Variables: FluidFlowRate, SolidAccumulation, AcousticNoiseLevel,

WimoPerformanceThreshold, SonicGaugePerformanceThreshold.
e Algorithm Logic:

1. Default Mode: The system starts in Wimo™ ™ mode.

2. Wimo™ Condition Monitoring: If FluidFlowRate is below WimoPerformanc—
eThreshold (indicating low flow or stoppage), OR if SolidAccumulation is high,

. ™ . . .
Wimo~ ™’s performance is considered compromised.

3. Switch to SonicGauge™: In this case, the control unit issues a command to switch to
SonicGauge™ mode.

4. SonicGauge™ Condition Monitoring (when active): If AcousticNoiseLevel

TM,

is above SonicGaugePerformanceThreshold, SonicGauge " ’s performance is consid-

ered compromised.

5. Switch back to Wimo™ (if conditions are favorable): The algorithm checks if
Wimo™’s conditions have improved. If so, the system switches back to Wimo™ mode.

Otherwise, it continues with SonicGauge™ or declares a temporary communication failure.
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I11.2.4 Technical Dimensions and Thresholds of the Model

This section details the specific technical parameters incorporated into the Simulation Model (SM):
e Simulation Duration: 500 arbitrary time units.
e Time Step: 1 arbitrary unit.
e Wimo™ Operational Thresholds:

- Fluid Flow Rate (FFR) Threshold: Set to 50 arbitrary units.

- Solid Accumulation (SA) Threshold: SA = 1 is an unfavorable condition.
e SonicGauge™ Operational Thresholds:

- Acoustic Noise Level (ANL) Threshold: Maximum tolerable ANL of 50 arbi-

trary units.

e System Prioritization: The algorithm prioritizes Wimo™ whenever its operational conditions

are met.

e Transmission Status Representation: Success is represented as a binary state (1 for suc-

cessful, 0 for failed).

Conclusion

In conclusion, this chapter has successfully established the complete functional model of the proposed
hybrid telemetry system. A structural model of the transmission layer was developed using Simulink
blocks, and a logical model for the intelligent control was implemented using MATLAB scripts. By
detailing the architecture, components, and operational rules, this chapter has provided a robust and
comprehensive blueprint. This well-defined model now forms the necessary foundation for its dynamic

performance evaluation through integrated simulation, which will be the focus of the following chapter.
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Chapter IV

Integrated Simulation and Results Analysis

Introduction

Building upon the detailed functional model designed in the previous chapter, this chapter transitions
from modeling to practical evaluation through simulation. The primary objective is to test the inte-
grated hybrid system and analyze its dynamic performance under a variety of operational scenarios
that mimic challenging downhole conditions. This simulation-based analysis will serve to validate the
effectiveness of the intelligent switching algorithm, quantify the system’s reliability, and confirm its
capability to ensure continuous data transmission, thereby addressing the core problem statement of

this thesis.

IV.1 Operational Scenarios for Simulation

To comprehensively evaluate the switching algorithm, the simulation was designed and executed under

three time-based scenarios representing typical well conditions:

1. Scenario 1: Stable Operation with Sudden Flow Reduction (Simulated Well Shutin):
The system starts with a period of high, stable fluid flow, after which the flow rate suddenly

drops to a level insufficient for Wimo™ operation.

2. Scenario 2: Solids Accumulation with Flow Recovery (Simulated Paraffin Buildup
and Remediation): The simulation begins with high fluid flow, but solids gradually accumulate,
adversely affecting Wimo™’s performance. After a period, the well is "treated," and flow returns

to normal.

3. Scenario 3: High and Intermittent Acoustic Noise (Simulated Gas Slugs/Turbulence):

High fluid flow is maintained, but periods of high and intermittent acoustic noise occur, which

™

would affect SonicGauge™’s transmission capability if it were active.
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IV.2 Dynamic Performance Simulation and Analysis

The simulation of the Hybrid System (HS) was successfully conducted using the MATLAB envi-

ronment, confirming the effectiveness of the Switching Algorithm (SA) in ensuring communication

reliability and continuity.

IV.2.1 Graphical Results Presentation

To analyze the dynamic performance of the HS, the graphical results are presented in Figure IV.1.

This figure illustrates the interaction between changing well conditions and the behavior of the hybrid
communication system.
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Figure IV.1: Hybrid System Performance Under Various Well Conditions.

IV.2.2 Performance Analysis Across Scenarios

The simulation covers three primary operational scenarios to highlight the HS’s adaptability:

e Scenario A: System Response to Fluid Flow Reduction (SWSI - Simulated Well
Shut-in): At 100 time units, a sharp drop in FFR was introduced. The SM demonstrates an
immediate response from the SA, with the system rapidly and effectively switching to Sonic-

Gauge™ technology. Despite Wimo™’s cessation, the overall connection status remains at level

1.

e Scenario B: System Response to Solid Accumulation (SPBR - Simulated Paraffin
Build-up and Remediation): Around 250 time units, solid accumulation began to appear.

The SA switched the HS to SonicGauge™. Despite the challenge posed to Wimo™, the HS main-

tained a successful connection.
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e Scenario C: System Response to High Acoustic Noise (SGST - Simulated Gas
Slugs/Turbulence): Around 400 time units, a period of High Acoustic Noise Level (ANL)
was introduced. The HS remained in Wimo™ mode, as its conditions were still favorable, high-

lighting the SA’s ability to select the most suitable technology.

IV.2.3 Overall Performance and Reliability Discussion

The simulation demonstrated that the proposed HS achieved an overall transmission success rate of
100% across all tested scenarios as showed in Figure IV.2 . This outcome strongly supports the

fundamental hypothesis of this thesis.
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Figure IV.2: Hybrid Communication System Simulation Result (MATLAB Output).

e Enhanced Reliability: The HS proved its superior ability to overcome the individual weak-

nesses of each technology. When well conditions impede one technology.

e Dynamic Adaptability: The results show that the SA is highly effective in responding to

real-time changes in well conditions.

e Uninterrupted Continuity:Most importantly, the simulation showed no communication in-

terruptions, confirming the achievement of the study’s primary objective.

Conclusion

In summary, the simulation results presented in this chapter provide strong evidence supporting the
feasibility and effectiveness of the proposed hybrid telemetry system. Through a series of rigorously
designed scenarios, the integrated model demonstrated its remarkable ability to adapt to critical op-
erational challenges such as flow cessation, solid accumulation, and acoustic noise. The intelligent
switching algorithm successfully maintained a 100% data transmission success rate throughout the

tests, validating the core design principles. These findings affirm that the hybrid approach is a robust
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solution for ensuring data continuity from downhole environments and provides a solid basis for the

general conclusion of this thesis.
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(General Conclusion

This master’s thesis embarked on addressing the critical challenge of reliable and efficient data transmis-
sion in harsh downhole environments. It proposed and conceptually evaluated a novel hybrid teleme-
try system, intelligently integrating the complementary strengths of both Electromagnetic (WimoTM)
and Acoustic (SonicGaugeTM) communication technologies. The fundamental aim was to mitigate
the inherent limitations of single-technology solutions, which frequently falter under the dynamic and
challenging conditions encountered in wellbores. A core aspect of this research was the design and
simulation of an intelligent switching algorithm (SA). Through comprehensive computational mod-
eling using MATLAB scripting and detailed block-diagram simulation in Simulink, the conceptual
viability and adaptive capabilities of this algorithm were demonstrated. The simulation results con-
sistently indicated the hybrid system’s potential to maintain data continuity by adaptively switching
between WimoTM and SonicGaugeTM channels, even when individual technologies faced adverse con-
ditions such as high fluid flow rates, solid accumulation, or excessive acoustic noise. Key performance
indicators, including signal presence, transmission continuity, and adaptive response, were analyzed
within the simulated environment, providing promising insights into the system’s anticipated reliability
and dynamic adaptability. Furthermore, the detailed Simulink-based transmission analysis provided
a visual representation of the end-to-end data flow within a simulated context. This analysis offered
preliminary insights into the propagation of critical downhole parameters and highlighted the char-
acteristic differences between the two communication channels, such as the time delay in acoustic
signals and the effects of noise on signal fidelity. While these simulations provide compelling theoreti-
cal evidence, they underscore that the proposed system’s full potential and practical nuances require
further empirical validation. In conclusion, this research successfully lays the groundwork for a ro-
bust hybrid telemetry solution by offering a validated conceptual design and a promising intelligent
switching algorithm. The findings from this simulation-based study provide strong theoretical support
for the feasibility of this integrated approach to enhance downhole data acquisition. However, it is
crucial to recognize that this work represents a foundational step. Further in-depth studies, including
comprehensive hardware prototyping, rigorous laboratory testing, and eventual field trials, are essen-
tial to fully ascertain the system’s performance, refine its design, and address real-world complexities.
This thesis thus paves the way for future research and development aimed at bringing this innovative
telemetry solution to practical deployment, ultimately contributing to improved operational efficiency

and safety in the oil and gas industry.
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