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ABSTRACT

Well intervention operations are fundamental to sustaining hydrocarbon production throughout
the lifecycle of oil and gas wells. Conventional intervention technologies — including slickline,
electric-line wireline, coiled tubing, and pipe-conveyed logging — are constrained by their
dependency on continuous surface connections, limited reach in deviated and horizontal wells,
and significant logistical complexity in offshore and remote environments. This thesis presents
the conceptual design and analytical feasibility assessment of the X-Intervention robot, a
proposed wireless, battery-powered, autonomous downhole intervention system. The X-
Intervention concept integrates an adaptive eight-wheel drive mechanism, a hybrid spring-
hydraulic gripping system, a Binary Phase-Shift Keying (BPSK) acoustic telemetry channel, and
a dual-mode data acquisition strategy to enable autonomous navigation and intervention across
vertical, deviated, and fully horizontal well trajectories. Analytical evaluation across five
representative well scenarios — including High-Pressure High-Temperature (HPHT) conditions
of 175°C and 15,000 psi — yields predicted traversal speeds of 7.2—18.0 m/min, gripping force
accuracy within +2.6%, acoustic uplink rates of 78-95 bps, and operational endurance of 8.0—
9.5 hours per charge cycle. No physical prototype was constructed; all performance figures are
analytically derived from established engineering principles and published subsystem data. The
findings provide a technically coherent and analytically validated foundation for future

experimental development of autonomous downhole robotic intervention systems.

Keywords: well intervention, downhole robotics, autonomous systems, acoustic telemetry,
wireless intervention, X-Intervention, HPHT, analytical feasibility.
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Résumé

Les opérations d'intervention sur puits sont fondamentales pour maintenir la production
d'hydrocarbures tout au long du cycle de vie des puits de pétrole et de gaz. Les technologies
d'intervention conventionnelles — y compris le slickline, le cable électrique (electric-line
wireline), le coiled tubing et le diagraphie transportée par tubes (pipe-conveyed logging) — sont
limitées par leur dépendance a des connexions de surface continues, leur portée limitée dans les
puits déviés et horizontaux, et une complexité logistique significative dans les environnements
offshore et isolés. Cette these présente la conception conceptuelle et I'évaluation de la faisabilité
analytique du robot X-Intervention, un systéeme d'intervention robotique de fond de puits
autonome, sans fil et alimenté par batterie. Le concept X-Intervention intégre un mécanisme
d'entrainement adaptatif a huit roues, un systeme d'ancrage hybride ressort-hydraulique, un canal
de télémétrie acoustique par modulation par déplacement de phase binaire (BPSK) et une
stratégie d'acquisition de données bi-mode pour permettre une navigation et une intervention
autonomes a travers des trajectoires de puits verticales, déviées et entierement horizontales.
L'évaluation analytique a travers cing scénarios de puits représentatifs — incluant des conditions
de haute pression et haute température (HPHT) de 175 °C et 15 000 psi — donne des vitesses de
déplacement prédites de 7,2 a 18,0 m/min, une précision de la force d'ancrage a +2,6 % pres, des
débits montants acoustiques de 78 a 95 bps et une autonomie opérationnelle de 8,0 a 9,5 heures
per cycle de charge. Aucun prototype physique n'a été construit ; tous les chiffres de performance
sont dérivés analytiquement de principes d'ingénierie établis et de données de sous-systéemes
publiées. Les résultats fournissent une base techniquement cohérente et validée analytiqguement
pour le développement expérimental futur de systémes robotiques d'intervention autonomes de

fond de puits.

Mots-clés : intervention sur puits, systemes robotiques, intervention autonomes, télémétrie
acoustique, sans fil, X-Intervention, HPHT, faisabilité analytique.



GENERAL INTRODUCTION

The oil and gas industry relies on well intervention operations to maintain and optimise
production performance across the lifecycle of producing wells. As reservoir environments grow
increasingly complex — encompassing highly deviated and horizontal trajectories, deepwater
subsea installations, high-pressure high-temperature (HPHT) conditions, and remote or
unmanned platforms — the limitations of conventional intervention technologies have become
more apparent. Established methods such as slickline, electric-line wireline, coiled tubing, and
pipe-conveyed logging are inherently constrained by their dependency on continuous mechanical
or electrical connections to the surface, their limited reach in deviated geometries, and the
substantial logistical burden they impose in offshore and remote operational contexts. These
constraints translate into elevated intervention costs, extended well downtime, and increased

safety exposure, motivating the search for more capable and flexible alternatives.

In response to these challenges, the concept of autonomous, wireless downhole robotic systems
has emerged as a promising area of research and technological development. Recent advances in
miniaturised motor technology, high-temperature battery systems, acoustic telemetry, and
embedded control architectures have progressively improved the feasibility of deploying self-
powered, self-navigating intervention tools that operate independently of surface-connected
cable infrastructure. Such systems have the potential to address the directional reach limitations
of wireline methods, reduce the surface footprint and crew requirements associated with coiled
tubing operations, and enable cost-effective rigless intervention on wells where conventional

techniques are either technically constrained or economically prohibitive.

This thesis investigates the conceptual feasibility of one such system — the X-Intervention robot
— a proposed wireless, battery-powered, autonomous downhole tool designed to perform
logging, well integrity assessment, and selective mechanical intervention tasks across vertical,
deviated, and horizontal well trajectories without any continuous surface connection. The work
is strictly conceptual and analytical in nature: no physical prototype was constructed, and all
performance evaluations presented herein are derived from established engineering models and
published technical data. The study encompasses the conceptual mechanical and electronic
design of the robot, the formulation of a dual-mode data acquisition and acoustic telemetry
strategy, and a structured analytical performance evaluation across five representative well
scenarios. The primary aim is to assess whether the proposed system architecture is technically

coherent, dimensionally feasible, and operationally relevant within the context of modern well



intervention — thereby providing a rigorous analytical foundation upon which future

experimental development may be systematically built.

The thesis is organised into four chapters. Chapter 1 reviews conventional wireline intervention
technologies and identifies the key operational gaps that autonomous systems are positioned to
address. Chapter 2 presents the conceptual design and control architecture of the X-Intervention
robot. Chapter 3 details the data acquisition strategy and acoustic telemetry system, and develops
the structured analytical performance evaluation. Chapter 4 discusses the principal findings,
acknowledges the inherent limitations of the conceptual study, and proposes a structured

programme of future experimental work.



CHAPTER 1: Conventional Wireline
Operations and Tool Deployment
Methods




Chapter 1: Conventional Wireline Operations and Tool Deployment Methods

1 Conventional Wireline Operations and Tool Deployment Methods

1.1 Introduction to Wireline Technology

Wireline technology involves the use of a cable system to lower tools into a wellbore for various
purposes, including data collection, well logging, and intervention. The cable not only supports
the tools but also transmits data and power between the surface and the downhole environment.
This dual functionality makes wireline operations highly effective and versatile in meeting the
demands of modern oilfield operations [1].

1.2 Historical Evolution of Wireline Technology

Wireline technology has evolved significantly since its inception. Initially developed for basic
well logging, it has now expanded to include a wide range of applications such as perforation,
plug setting, and fishing operations. The integration of advanced sensors, electronics, and
computing technologies has further enhanced the precision and reliability of wireline services.

« Early Use: Initially focused on basic data collection and well evaluation.

» Modern Advancements: Integration of real-time data transmission and advanced
imaging tools.

1.3 Key Components of Wireline Systems

Wireline systems consist of several key components that work together seamlessly to achieve
operational objectives. These components include [1]:

« Cable: A steel or fiber-optic cable that provides mechanical support and transmits data
and power.

« Surface Equipment: Includes winches, drums, and control panels to manage cable
deployment and data acquisition.

« Downhole Tools: Specialized instruments used for tasks such as logging, sampling, and
intervention.

« Data Acquisition Systems: Advanced software and hardware that process and analyze
the collected data.

Each component is crucial for the successful execution of wireline operations, and advancements
in these areas continue to drive the technology forward [1].

1.4 Classification of Wireline Systems

Wireline services are broadly classified into two main categories based on the type of cable used
and the nature of operations performed: Slickline and Electric Line (E-Line). Each system offers
distinct capabilities and is selected based on operational requirements.



Chapter 1: Conventional Wireline Operations and Tool Deployment Methods

1.4.1 Slickline Operations

Slickline is a single-strand, non-electric
cable with the smallest diameter among
wireline types. It is lowered into oil and gas §
wells from the surface and is capable of only EL
pulling or pushing via jarring and jamming |
action. As a result, slickline is used mainly
for fishing out tools from downhole, setting
plugs, and memory logging. It can also be
used to adjust valves and sleeves located
downhole.

Wrapped around a drum on the back of a
truck, the slickline is raised and lowered in
the well by reeling in and out the wire
hydraulically [2] [3].

1.4.1.1 Applications of Slickline

» Checking the production tubing
drift.

» Checking the buildup of wax, scale, or wellbore deposits.

Figure 1.1Slickline Unit in Field Operation [4]

« Confirming the well depth or clearance to perforations.
* Running and pulling plugs or flow control devices.
« Opening and closing sliding side-doors or similar completion equipment.

« Conducting pressure and temperature surveys using mechanical or electrical gauges and
recorders.

 Installing tubing pack-offs or similar completion devices.
« Fishing Operations: Retrieving lost or stuck equipment from the wellbore [5].
1.4.1.2 Advantages of Slickline Operations
The key advantages of slickline operations include [6]:
» Portability of equipment during transport.
* Quick assembly and disassembly.
+ Fast tool operation maneuvers.
« Ability to work on pressurized wells.
» Good operational flexibility.
* Reduced operational costs.
1.4.1.3 Limitations of Slickline Operations
The principal limitations of slickline operations are [6]:

» Easily damaged due to thin wire diameter.
« Low tensile strength due to small diameter.
» Galvanized steel wire becomes fragile in corrosive environments.
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Stainless steel wire offers good resistance to H=S but undergoes rapid work hardening.

1.4.1.4 Surface Equipment for Slickline Operations

In wireline operations, surface equipment is essential for deploying, retrieving, and controlling
downhole tools while ensuring operational efficiency and well control [6]. The main components
include:

Power Pack (Hydraulic Power Unit): A diesel-driven hydraulic unit supplying power
to the winch. Explosion-proof (ADF-certified) for safe operation within designated
hazard zones.

Control Cabin: Positioned behind the winch, it houses depth measurement instruments
and pressure control systems, providing the operator with full operational visibility.

Winch: A hydraulically driven drum system for spooling and deploying the wireline
cable, equipped with speed control and a band brake system. A spooling head (cable
guide) ensures smooth cable management and is connected to the depth gauge for
continuous depth monitoring.

Tensiometer (Cable Tension Monitor): Attached to the sheave wheel at the wellhead,
it measures cable tension and transmits data to the weight indicator via a hydraulic hose.
A 90° cable angle is required for accurate readings; otherwise, a correction factor is
applied [6].

1.4.1.5 Pressure Control Equipment (PCE) for Slickline
Wireline operations require several pressure control devices, including [6]:

Single ram BOP (manual or hydraulic).
Lubricator (SAS).

Stuffing box (manual or hydraulic).
Circulation Tee.

Wellhead adapter.

Chemical injection sub.

Tool trap.

Stuffing Box: The primary sealing device at the top of the lubricator, allowing cable
passage while maintaining well pressure integrity. Sealing is achieved by manual
tightening or, in modern units, by hydraulic pressure controlled from the operator’s cabin.

Lubricator (SAS): Installed between the stuffing box and the BOPs, it provides a
pressure-isolated chamber for assembling and disassembling the tool string under live
well conditions. Sections are constructed from carbon steel (below 5,000 psi) or HaS-
resistant treated steel (above 5,000 psi).

Blowout Preventer (BOP): The secondary safety barrier, installed between the wellhead
and the SAS. Configurations include Single, Double, and Triple BOP arrangements, rated
from 3,000 to 15,000 psi working pressure, sized to match the cable type and wellbore
conditions.

Ancillary Components: A Wellhead Adapter connects the BOP stack to the wellhead; a
Circulation Tee permits surface testing and pumping operations; a Chemical Injection
Sub enables injection of glycol or methanol for hydrate control; and a Tool Trap prevents
tool string loss into the well should the cable part at the rope socket [6].
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1.4.1.6 Downhole Tool String (Bottom Hole Assembly)

The downhole tool string, commonly referred to as the Bottom Hole
Assembly (BHA), is the name given to any assembly of equipment run
into the well to perform a specific type of operation. It is composed of a
number of basic components with various other servicing tools attached
according to the type of operations to be carried out. The slickline BHA
is designed to overcome well pressure while conducting slickline
operations or other well intervention jobs [7].

The basic slickline tool string consists of the following components: Em

Rope Socket

Stem

» Rope Socket: Connects the tool string to the cable. Available in
conventional “knot” type and wedge “no-knot” type
configurations (Figure 1.3).

Mechanical
Jars

» Sinker Bar (Stem): Provides the downward weight required to
overcome stuffing box friction and well pressure while running
in hole (Figure 1.4).

« Jars: Deliver an upward or downward impact force (hammering
action) required for setting or retrieving downhole devices
(Figure 1.5).
. ] o ) Figure 1.2 Slickline
» Knuckle Joints: Provide angular flexibility between the jar Tool String (Bottom

assembly and the attached service tools, available in standard Hole Assembly) [8]
diameters of 17&" and 12" (Figure 1.6).

Knuckle
Joint
(Optional)

Figure 1.3 Slickline Rope Socket [8]

Figure 1.4 Sinker Bar (Stem) [8]
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Figure 1.6 Knuckle Joint [8]

The slickline tool string is necessary for efficient surface control during the running and pulling
operations of subsurface controlled devices.

1.4.2 Electric Line (E-Line) Wireline Operations

An E-Line is an electric cable that, when lowered into a wellbore, is used to transmit data about
the conditions of the wellbore to those at the surface. E-Lines are useful in gathering data about
the well itself through logging activities. In addition, an E-Line can be used in workover
operations that require data to be transmitted. While an E-Line can consist of either a single
conductor or multi-conductor configuration, its primary purpose is to collect data for both well
intervention and formation evaluation operations [9].

a) Single Conductor Wireline: The single conductor wireline features an electrical conductor
that is significantly thicker than those used in multi-conductor wirelines, which means it has a
much lower electrical resistance and can therefore carry more electrical current.

b) Multi-Conductor Wireline: In a 7-conductor wireline, six of the conductors are twisted
around the 7th center conductor through the entire length of the wireline, which makes the center
conductor the shortest.

Outer Armor Wire Conductor Insulation
q’\’\
) ) )
AR LD
Inner Armor Wire 99  Conductor Core

Single Conductor Wireline

Figure 1.7 Cross-Section of Single Conductor Wireline
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Outer Armor Wireline . Conductor Insulation

" Conductor Core

Multi-Conductor Wireline

Figure 1.8 Cross-Section of Multi-Conductor Wireline
1.4.2.1 Applications of Electric Line (E-Line) Wireline

Wireline operations are essential in the oil and gas industry for various downhole interventions
and data acquisition tasks. The principal applications of E-Line wireline are described below:

1) Well Logging: Wireline logging involves lowering tools into the wellbore to collect data about
subsurface formations, fluid properties, and well conditions. Logging tools measure parameters
such as resistivity, porosity, density, and sonic velocity.

o Open-hole logging: Performed before casing is set to evaluate reservoir properties.

o Cased-hole logging: Conducted after casing is set to monitor well integrity and
production.

o Tools used: Gamma ray, neutron porosity, resistivity, and acoustic tools.

2) Well Integrity Assessment: Wireline tools are used to assess the integrity of the wellbore,
casing, and cement. This includes detecting leaks, evaluating cement bonding, and identifying
corrosion or damage.

o Tools used: Cement Bond Logs (CBL), ultrasonic imaging tools, and corrosion
detection tools.

3) Perforation: Wireline-conveyed perforating guns are used to create holes in the casing and
cement to establish communication between the reservoir and the wellbore, which is critical for
hydrocarbon production or fluid injection.

o Tools used: Shaped charge perforating guns.

4) Pipe Recovery (Cutting/Punching): Wireline tools are used to cut or punch pipes (e.g.,
casing, tubing) for recovery or sidetracking operations. This is often necessary during well
abandonment, workovers, or fishing operations.

o Tools used: Chemical cutters, mechanical cutters, and punching tools.

5) Fishing Operations: Wireline fishing involves retrieving lost or stuck equipment (e.g., tools,
pipes, or debris) from the wellbore, which is critical for well intervention and remediation.

o Tools used: Overshots, spears, magnets, and junk baskets.
1.4.2.2 Advantages of E-Line Wireline Operations
o Versatile for logging, intervention, perforation, and production evaluation operations.
o Provides rapid deployment and efficient execution of downhole tasks.
o Delivers accurate real-time data through advanced sensors and tools.
o Reduces operational costs and well downtime.
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o Improves safety by minimizing manual intervention in hazardous environments. [1]
1.4.2.3 Limitations of E-Line Wireline Operations
o High temperature, pressure, and corrosive fluids can affect tool performance.
o Wireline cables are subject to fatigue and mechanical damage over time.
o Operations require skilled personnel and careful planning.
o Conventional wireline faces difficulties in highly deviated and horizontal wells. [1]
1.4.2.4 Surface Equipment and Pressure Control Equipment for E-Line Operations

Typical Wireline PCE Configuration

Grease Injection
— Control Head

b Cable Cutter Sub

(Optional)

— Lubricator

,_I __ Chemical Injcetion Sub

Hydraulic Hose

Grease Return Hose

— Quick Test Sub
Grease Injction Hose :

Hydraulic Tool Trap

s Hydraulic Dual/ Triple
Ram BOP

N
t — Pump-in Sub
6 — Adapter Flange

Grease and Hydraulic Control Module

Figure 1.9 E-Line Surface and Pressure Control Equipment Stack [10]

Wellhead Connection and Control: The assembly is secured to the well viaa Wellhead Adapter
Flange, providing a transition to the PCE stack. Below the primary barriers, a Pump-in Sub is
utilized for well control, allowing for fluid injection to wash the well or bleed off residual liquids
after sealing.

Pressure Containment: The Wireline Blowout Preventer (BOP) acts as the primary safety
barrier. For standard operations up to 10,000 psi, a Dual Ram BOP is used, while pressures
exceeding that require a Triple Ram configuration. At the uppermost point, the Grease Injection
Control Head uses a Stuffing Box and flow tubes to create a seal around both static and moving
wirelines.

Tool Protection and Emergency Recovery: To prevent the loss of the tool string, a Tool Trap
is installed above the BOP to catch dropping tools on a flapper. Additionally, a Hydraulic Tool
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Catcher acts as a fail-safe to engage the tool's fishing neck, while a Cable Cutter Sub allows for
the wireline to be cleanly severed if it becomes jammed, facilitating easier recovery.

Deployment and Management: Lubricators provide a pressure buffer zone for the tool string
to pass through. The entire stack—including the BOP, Tool Catcher, and Control Head—is
operated remotely via a Grease and Hydraulic Control Module, ensuring personnel can work
safely away from the high-pressure wellhead.

1.5 Challenges in Deepwater Wireline Operations

VL :
Figure 1.10 Deepwater Wireline Operation [11]

Wireline o slickline
Coiled tubing

Control — Guidelines —
umbilical

ROV umbilical

1

Coiled tubing, —
slickline or
wireline

ROV tether
Well
intervention ROV

package

Subsea BOP
Subsea wellhead

Figure 1.11 Subsea Wellhead and Deployment Infrastructure [11]
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While wireline operations offer a compelling solution for deepwater interventions, the extreme
environment presents several significant challenges that require careful planning and specialized
technology [12].

1. Harsh Environmental Conditions: Deepwater wells can experience immense pressures
exceeding 15,000 psi and temperatures surpassing 250°C (482°F). These conditions can:

o Compromise wireline integrity: Immense pressure can cause the wireline to
stretch, deform, or break, leading to tool loss and potential wellbore damage.

o Limit tool functionality: Extreme temperatures can affect the performance of
downhole tools, impacting the accuracy of data acquisition or hindering the
effectiveness of intervention procedures.

o Increase equipment wear and tear: The harsh environment accelerates wear on
the wireline, tools, and deployment equipment, necessitating frequent maintenance.

2. Remote Location and Logistical Complexity: Deepwater wells are often situated far from
shore support facilities. This remoteness translates to:

o Logistical complexities: Mobilizing equipment and personnel to the wellsite can be
time-consuming and expensive, and weather conditions can further disrupt
operations.

o Limited resources: Compared to onshore operations, access to spare parts and
technical expertise may be restricted on offshore vessels, necessitating meticulous
planning and redundancy measures.

o Communication challenges: Reliable communication between surface crew and
downhole tools is crucial. Deepwater environments can introduce signal
degradation, potentially hindering real-time data transmission.

3. Limited Well Access via Subsea Infrastructure: Unlike traditional wellheads readily
accessible on land platforms, deepwater wells utilize subsea wellheads located on the seabed.
This introduces additional challenges:

o Deployment complexity: Special deployment equipment such as Remote Operated
Vehicles (ROVs) is required to maneuver the wireline and tools through the
complex subsea infrastructure into the wellbore, adding another layer of complexity
and potential risk.

o Limited wellbore access: Subsea wellheads may have restricted access points
compared to onshore wellheads, limiting the size and type of tools that can be
deployed and potentially restricting the range of interventions that can be
performed.

By acknowledging these challenges and implementing robust strategies that include advanced
technology, meticulous planning, and highly trained personnel, wireline operations can continue
to play a vital role in the safe and efficient production of oil and gas from deepwater reserves [8].
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1.6 Tool Deployment Methods

The selection of an appropriate tool deployment method is a critical decision in well intervention
engineering. The primary deployment methods employed in the industry are described in the
following subsections.

1.6.1 Conventional Wireline Deployment

The earliest departure from gravity-driven wireline deployment came with the development of
electrically powered wireline tractors in the early 1990s, prompted by the proliferation of highly
deviated and horizontal wells in offshore fields. As noted by ICOTA [13], tractor systems were
designed to convey "passenger tools'—Ilogging instruments, perforation guns, or plugs and
packers—through the deviated section of a wellbore using electrically driven traction modules
powered through the E-Line cable itself. While this represented a significant improvement over
coiled tubing for low-complexity interventions, the technology retained a fundamental
dependency on surface cable infrastructure.

1.6.2 Pipe-Conveyed Logging (PCL)

In oilfield operations, pipe-conveyed logging (PCL) may be used when the well deviates from
vertical, is horizontal, or otherwise prevents or makes risky the use of wireline or slickline well
logging, which depend on gravity to run the logging tool into the well. In such circumstances,
the logging tool is conveyed by the drillpipe, requiring the simultaneous operation of both the
wireline winch control system and the drilling rig control system. As a result, PCL is
considerably more complicated and much slower than conventional wireline or slickline logging
in non-deviated wells [14].

Side Entry Sub

Rigging up the Side Entry Sub (SES) and Female Connector tool.

SES RIG UP

NI| 1| Y
"
N
Connectors Mate N
i
R I
I

The mechanical and electrical latch between the male and female
connectors have been successfully achieved.

LATCHING STAGE

Figure 1.13 Pipe-Conveyed Logging System (Configuration B) [15]
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The PCL system consists of the following key elements [14]:
» Alogging tool conjugated with the lower end of a drillstring.
« A cable side entry sub located above the logging tool.

» A cable connected to the logging tool and passing inside the drillstring from the logging
tool, through the cable side entry sub, and outside the drillstring above the cable side
entry sub to a winch.

» A weakpoint release formed in the cable at a point between the logging tool and the
cable side entry sub to release the cable from the logging tool upon application of a
predetermined release force.

» Anintegrated control framework comprising a rig control system to translate the
drillstring in the wellbore, a wireline winch control system to translate the cable, and a
controller to automatically synchronize the translation of the drillstring and the cable.

1.6.3  Wireline Tractor Technology

The early 1990s saw the introduction and growth of highly deviated and horizontal wells in many
oil and gas fields across the globe, driven by offshore (particularly subsea) completion design
and the desire to provide maximum reservoir contact for optimized reservoir drainage [16].

Electric Line
Pressure Control
Equipment

Electric Line
Unit/Winch

Tractor PC,
i Power &
Control Panels
= (placed inside
------------------------- eLine Unit)

Logging Cable

Logging
Head Swivel Tractor Emergency Release Payload
e —=" e
L + ' 14 - R St
_SF

Typical Electric Line Tractor Deployment Set-up

Figure 1.14 Wireline Tractor Deployment in Horizontal Well [16]

This trend meant that well intervention using gravity-fed electric line or slickline deployment
was no longer a viable option. As a result, coiled tubing became the main deployment method;
however, this was not an ideal solution given its large and complex spread of equipment, crew,
and logistics. It was also a time-consuming, less precise, and excessive option where no pumping
requirements were associated with the intervention being undertaken [16].

This led to the development of electric line (E-Line)-deployed and powered tractor technology,
designed to convey a "passenger tool" to the task depth over the highly deviated section of the
well. Examples of passenger tools include logging tools, perforation guns, plugs, and packers.
The tractor was designed to fit as an integral part of an E-Line tool string, using the same surface
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deployment equipment, requiring minimal additional resources in terms of equipment, personnel,
logistics, and time—providing an efficient, lightweight, and cost-effective solution [16].

1.6.3.1 Principle of Operation

Drive Sections
- added as required
- depending on well
> depth, trajectory and
d payload weight

Compensator

Motor Pump
~~ Section

and Electronics

of an electrohy i tractor

Figure 1.15 Downhole Tractor Drive Mechanism [16]

Downhole tractors use electrically powered drive mechanisms, usually with modular drive
sections that provide traction force. The tortuosity and lateral extent of the wellbore, coupled
with E-Line cable weight and friction, determines the tractor force requirement to convey the
tool string and cable to depth. This in turn determines the number of drive sections required.
Once the tractor has conveyed the tool string to the task depth, power is simply switched back to
the passenger tool and it is operated as normal, with the E-Line winch pulling the tools out of
hole [16].

There are also hydraulically driven coiled tubing tractors designed to "pull™ coil beyond the point
of helical buckling, experienced in extended-reach laterals.

Examples of powered intervention tools include:

» Debris removal tools, with and without collection (e.g., brushes, honing devices, debris
mills, suction tools).

 Bi-directional strokers for downhole valve manipulation.
« Milling tools for completion component removal.
1.6.4 Coiled Tubing Logging

Coiled tubing (CT) refers to a continuous length of small-diameter steel pipe and related surface
equipment, as well as associated drilling, completion, workover, and remediation techniques.
Coiled tubing technology was initially developed for working on live, producing wells. More
recently, this technology has gained wider acceptance among operators for an expanding range
of workover and drilling applications, and for its ability to reduce overall costs. The trend toward
extended-reach wells favors CT for its capability to drill or to convey tools and equipment in
high-angle wellbores [17].

12
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Figure 1.16 Coiled Tubing Unit and Surface Spread [18]

Coiled tubing logging (E-Line) is used to deploy wireline logging tools in wells where they
cannot be naturally deployed on their own, such as in deviated wells with significant drag or
where descent is not straightforward. Operations are essentially the same as conventional
wireline, with the cable permanently connected to the tool string at all times. This is
accomplished by installing an electric line inside the coiled tubing to transmit electrical power
and control signals to the tool and to receive data from the tool string. The mechanical properties
of the coiled tubing are used to convey the wireline tools in the wellbore. In certain applications,
fluid or gas can be simultaneously pumped through the coiled tubing while logging [18].

13
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deployment system Logging unit

CTL string
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Logging tools
Figure 1.17 Coiled Tubing Logging Configuration (Source: Drill Dynamics) [19]

1.7 Literature Review: Comparative Analysis of Autonomous and Wireless Well
Intervention Technologies

1.7.1  Overview

The evolution of well intervention has been driven by the persistent limitations of conventional
wireline and coiled tubing methods—particularly their inability to operate efficiently in deviated,
horizontal, or remote wells. Over the past three decades, the industry has progressively explored
autonomous and semi-autonomous downhole tools that reduce surface footprint, eliminate
mechanical tethering, and improve operational safety. The literature in this domain spans
wireline tractor technology, robotic downhole systems, acoustic telemetry, and autonomous
navigation, all of which converge in next-generation tools such as the X-Intervention robot.

1.7.2 Coiled Tubing Conveyance and Coiled Tubing Logging

Coiled tubing became the dominant alternative for deviated well intervention following its broad
adoption in the 1990s and 2000s. Christie [17] describes CT as a continuous small-diameter steel
pipe capable of conveying logging tools, performing stimulation operations, and executing
remediation tasks in high-angle wellbores. Coiled tubing logging (E-Line) integrates an electric
cable inside the coiled tubing to transmit power and data while the mechanical properties of the
CT provide conveyance force [18].

Advantages:
» High conveyance force capable of overcoming significant lateral friction.
« Enables simultaneous pumping of fluids through the CT string.
« Suitable for deep, extended-reach horizontal wells.

Limitations:

» Requires a large, complex surface spread: CT unit, injector head, pressure control
equipment, and dedicated personnel.
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« Helical buckling limits reach in extended laterals beyond a critical length.

» High mobilization costs and significant logistical complexity in offshore or remote
environments.

» Not economical for short, targeted interventions with no pumping requirement.
1.7.3 Pipe-Conveyed Logging (PCL)

Zheng [9] describes pipe-conveyed logging as a method employing a drillstring to convey
logging tools in wells too deviated for conventional wireline. An integrated control framework
synchronizes the drillstring translation (managed by the rig control system) and the wireline cable
translation (managed by the winch control system), with a weakpoint release mechanism for
emergency cable disconnection.

Advantages:
» Enables logging in extreme deviated and horizontal wells inaccessible to wireline.
» Leverages existing rig infrastructure.
Limitations:
« Considerably more complicated and slower than wireline in non-deviated wells [14].
» Requires rig presence, adding significant cost per intervention day.
» Not feasible for rigless or production-phase interventions.
1.7.4 Emerging Autonomous Downhole Robotic Systems

The concept of a fully autonomous, battery-powered downhole robot represents the current
frontier of well intervention research. Garcia et al. [20] validated key enabling technologies—
including high-temperature electronics rated to 175°C, titanium pressure housings rated to
15,000 psi, and acoustic telemetry in extreme geothermal environments—through field trials in
8,500 m wells. Duan et al. addressed the challenge of fluid drag compensation using
computational fluid dynamics (CFD) modeling, providing mathematical foundations for torque
management algorithms in deviated wellbores. Texas Instruments [21] demonstrated that Field-
Oriented Control (FOC) of BLDC motors achieves 95% efficiency at 1,500 RPM, a critical
benchmark for battery-powered mobility systems.

Limitations identified in the current literature:

» No fully commercialized autonomous downhole robot yet operates without any cable
for retrieval backup.

 Data rates for acoustic telemetry remain a fundamental constraint (100-300 bps
practical limit in deep wells).

« Battery energy density remains a limiting factor for extended missions beyond 8-10
hours.

1.7.5 Comparative Summary of Well Intervention Technologies

Table 1.1 presents a comparative summary of the four principal well intervention deployment
technologies discussed in this review, highlighting their respective capabilities and limitations
relative to the X-Intervention autonomous robotic platform.
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Table 1-1 Comparative Summary of Well Intervention Deployment Technologies

Parameter Wireline Tractor Coiled Tubing X-Intervention

Horizontal Well Yes (e-line powered)  Yes Yes Yes (autonomous)

Capability

Surface Footprint Large (full wireline Very Large Rig Minimal

unit) required
Data Rate >1 Mbps (wired) >1 Mbps (wired) >1 Mbps 5-100 bps (acoustic)
(wired)

Rigless Operation Yes Yes No Yes

Unmanned Platform No No No Yes

Compatible

Battery-Powered No No No Yes

HPHT Capability Limited Limited Yes Yes (175°C / 15,000
psi)

Memory Mode No No No Yes

Fishing Risk Moderate Moderate Low Low (self-recovery)
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2 The Smart Well Intervention Robot (X-Intervention) — Design and
Control

2.1 Introduction and Technology Overview

Well intervention operations are a critical component of the production lifecycle, enabling
operators to restore, maintain, and optimize well performance. Conventional intervention
methods — wireline, coiled tubing, and pipe-conveyed logging — depend on continuous
mechanical or electrical connections to the surface, requiring extensive surface equipment,
significant crew deployment, and extended rig-up time. These constraints translate into elevated
operational costs and heightened safety exposure, particularly in offshore, remote, and high-risk
environments.

The X-Intervention robot is a next-generation, autonomous, battery-powered downhole
intervention system engineered to replace traditional wireline tool deployment methods,
including cable-conveyed operations, pipe-conveyed logging, coiled tubing logging, and
wireline tractors. Unlike conventional approaches, X-Intervention operates wirelessly: battery
power drives both propulsion and tool operation, while acoustic telemetry enables real-time
bidirectional communication between the robot and the surface in wells of appropriate depth.

The system is designed to function in two distinct operational modes: a real-time logging mode
leveraging acoustic communication for live data transmission, and a memory mode in which
acquired data is stored onboard and retrieved upon robot recovery at the surface. Crucially, the
robot is engineered to navigate both vertical and horizontal well trajectories, making it inherently
versatile for complex wellbore geometries and extended-reach applications.

This chapter presents the system architecture, mechanical design, and control framework of the
X-Intervention robot. Section 2.2 details the operational workflow. Section 2.3 addresses the
mechanical design, including the mobility system, gripping mechanism, and power architecture.
Section 2.4 describes the electronic control system, real-time operating environment, sensor
fusion strategy, and fault management framework.

2.2 Operational Workflow of the X-Intervention Robot

The wireless intervention process is organized into five sequential operational phases, each
designed to ensure safety, efficiency, and data integrity.

2.2.1 Phase 1 — Deployment

« Therobot is lowered into the wellbore via a lubricator (with Remote Operated Vehicle
(ROV) assistance in the offshore case).

« Being fully self-contained, the robot requires no continuous surface connection during
downhole operation.

2.2.2 Phase 2 — Navigation and Mobility

« The robot moves autonomously inside the wellbore using an adaptive wheel mechanism
that expands or contracts to accommodate varying tubing diameters.

» Pre-programmed depth targets enable autonomous navigation in horizontal and deviated
wells where conventional wireline tools encounter operational limitations.

« The wheel design ensures high torque output and robust casing grip to prevent slippage
under fluid drag and gravitational loads.
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2.2.3

Phase 3 — Intervention and Data Acquisition

Upon reaching the target depth, the robot executes the assigned intervention tasks. The
operational scope encompasses three primary categories:

Logging Operations: Casing Collar Locator (CCL), Gamma Ray (GR), Cement Bond
Log (CBL), and Production Logging Tools (PLT). The CCL detects casing collars and
joints through magnetic flux variations; when the magnetic field interacts with a casing
discontinuity, a voltage signal is generated, enabling depth correlation in cased-hole
operations.

Well Integrity Assessment: Pressure and temperature profiling, tubing and casing
inspection including Magnetic Induction Detection (MID), Magnetic Flux Corrosion
(MFC), Sonar and Navigation Log (SNL), and GR-based integrity surveys.

Mechanical Intervention: Milling, perforating, sidewall coring, mechanical and
electrical pipe cutting, shifting sleeves, and setting plugs or gauges.

Acquired data are recorded in memory mode or transmitted wirelessly via acoustic telemetry,
depending on depth and signal attenuation conditions.

224

2.25

Phase 4 — Data Transmission and Remote Control

The robot employs acoustic telemetry to transmit real-time data to the surface,
eliminating the requirement for any electrical connection.

In memory mode, all data are stored internally and extracted following robot recovery.

Phase 5 — Retrieval and Surface Analysis

Upon mission completion, the robot returns to surface autonomously. In the event of a
system fault, retrieval is accomplished using a wireline fishing tool.

Acquired logs are processed and analyzed for production optimization and well
integrity assessment.

2.3 Rationale for Wireless Intervention: Comparative Advantages

Traditional wireline and coiled tubing interventions require extensive rig-up time, heavy surface
equipment, and large crew deployments, resulting in elevated operational costs and significant
safety exposure. The X-Intervention robot addresses these limitations through a self-contained,
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modular, and cost-effective platform. Its benefits are classified across three domains: offshore
operations, safety performance, and operational and economic efficiency.

2.3.1 Offshore Operational Benefits

Pressure control

Conventional sqdipmant ' o

Wireline = :‘

-3

K

Christmas Tree

lubricator

bstecicke o) Cl b T IS
X intervention robot

Figure 2.1 Comparison of surface equipment footprint and operational setup between
conventional wireline operations and the proposed X-Intervention system.

Minimal Surface Footprint: The robot eliminates the need for large wireline units, cranes, and
coiled tubing reels, making it ideally suited for small offshore platforms, unmanned installations,
and deepwater environments.

Reduced Logistics Requirements: Fewer personnel are required compared to conventional
methods, substantially reducing transportation and offshore accommodation costs.

Elimination of Heavy Lifting Operations: Risks associated with deploying heavy coiled tubing
and wireline units on offshore rigs are removed. The robot can be deployed from a light-duty
crane, a drone, or manually.

Accelerated Deployment: The system can be prepared for deployment within minutes, whereas
traditional intervention methods may require hours or days of rig-up.

2.3.2 Safety Benefits

Elimination of High-Tension Cable Hazards: Wireline interventions involve high-tension
cables that are susceptible to catastrophic failure. The wireless architecture removes all cable-
related risks and associated personnel hazards.

Reduced Wellhead Exposure: Conventional methods require personnel to work in proximity
to live wellheads, exposing them to blowout risks. Remote deployment significantly reduces
human exposure.
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Reduced Crane and Lifting Operations: Heavy lifting constitutes a major contributor to
offshore incident statistics. The lightweight nature of the X-Intervention system eliminates the
need for large winches and cranes.

Reduced Risk of Stuck Tools and Fishing Operations: Wireline tools are prone to becoming
stuck in deviated wells, necessitating costly and hazardous fishing operations. The autonomous
navigation capability and self-recovery design of the X-Intervention robot mitigate this risk
substantially.

2.3.3 Operational and Economic Benefits

Rigless Operation: The robot eliminates the requirement for a drilling rig or workover unit,
significantly reducing intervention cost per well.

Extended-Reach Capability: Wireline operations encounter fundamental limitations in highly
deviated and horizontal wells. The X-Intervention robot is specifically designed to navigate such
trajectories through its adaptive traction system.

Reduced Production Downtime: Accelerated deployment and recovery reduce well downtime,
improving overall production availability and revenue generation.

Reduced Environmental Impact: Elimination of large power-consuming surface equipment
reduces the carbon footprint of intervention operations, supporting operator environmental
targets.

HPHT Compatibility: The robot is qualified for high-pressure, high-temperature (HPHT)
reservoir conditions where conventional intervention tools may fail.

Multi-Function Single-Run Capability: The modular tool architecture enables multiple
intervention tasks to be executed in a single trip, eliminating the need for repeated tool change-
outs associated with conventional operations.

2.4 Mechanical Design

The mechanical architecture of the X-Intervention robot encompasses three interdependent
subsystems: the mobility and drive mechanism, the hydraulic gripping system, and the battery
and power system. Each subsystem was designed to operate reliably within a 5 cm diameter
wellbore envelope under the severe mechanical, thermal, and chemical constraints characteristic
of downhole environments.

2.4.1 Mobility System and Drive Mechanism

The robot's mobility system comprises eight rotary triangle chain-wheels symmetrically arranged
around its cylindrical body to optimize traction and lateral stability. The triangular wheel
geometry was selected in preference to conventional circular wheels for its capacity to maintain
continuous and distributed casing contact, providing superior grip under variable surface
conditions. Each wheel incorporates chain elements that function as adaptive gripping
mechanisms, ensuring consistent friction even in corroded or fluid-flooded casing environments.
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Wheel construction utilizes a titanium alloy core for its optimal combination of low density,
corrosion resistance, and structural strength. Chains are fabricated from Inconel 718 or stainless
steel 17-4 PH for enhanced durability and thermal resistance. Wheel diameter is approximately
56 mm with a width of 10-15 mm, consistent with the robot's dimensional constraints. Due to
the rolling geometry of the triangular profile, the effective linear displacement per complete
wheel rotation is 23.4 cm, a value distinct from the standard circular circumference. This
geometry maintains grip continuity over slippery casing sections. An outer layer of nitrile rubber
(NBR) or polyurethane (PU) provides maximum friction, wear resistance, and resistance to
hydrocarbon contamination.

’

Figure 2.2 Rotary triangle chain-wheel assembly

2.4.1.1 Torque Requirements Analysis

Torque requirements for the mobility system were derived from three primary resistance factors:
rolling friction between the wheel chains and the casing wall, gripping force generation, and
opposing fluid drag. Engineering analysis established that each of the eight drive motors must
generate a minimum of 2.33 Nm to overcome the combined resistive forces, assuming a robot
mass of 500 kg (62.5 kg per wheel), a friction coefficient of 0.5 between the chains and casing
[22], and a wheel radius of 56 mm. A 30:1 planetary gear system amplifies motor output to 70
Nm per wheel, providing the required safety margin above minimum requirements.

The torque derivation proceeds as follows. The total traction force required to overcome gravity,
drag forces, and friction, including a 20% safety margin, is:

F_total = 10,000 N (1)
Distributing equally across eight wheels:
F_wheel = 10,000 /8 = 1,250 N (2)
With a wheel radius r = 0.056 m, the required torque per wheel is:
t_wheel = F_wheel X r = 1,250 X 0.056 =70 N-m (3)
Applying a 30:1 gear reduction:
t_motor =70 /30 =2.33 N-m (4)

Each motor must therefore deliver 2.33 N-m at approximately 2,700 RPM within a maximum
motor outer diameter of 30 mm.

2.4.1.2 Fluid Drag Analysis

Well fluid velocities between 1 m/s and 15 m/s generate significant drag forces opposing robot
uphole movement [23]. Computational fluid dynamics analysis determined drag forces ranging
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from 160 N at 3 m/s to 450 N at 5 m/s, computed using a frontal projected area of 0.033 m2 and
a drag coefficient of 1.2 appropriate for the robot's blunt cylindrical profile in typical oil-water
mixtures [24].

The drag force is quantified using the standard fluid dynamics drag equation:

F,;: Drag force (in Newtons)

C,: Drag coefficient (dimensionless, depends on shape)
p: Fluid density(kg/m3)

A: Cross-sectional area object (m?)

v: Flow velocity (m/s)

Table 2-1Fluid Drag Calculation: Key Design Parameters

Parameter Value Rationale

Cd (drag coefficient) 1.2 Approximated for a blunt cylindrical object
p (fluid density, kg/m?) 1000 Typical value for water

A (cross-sectional area, m?) 0.029 Frontal projected area of the robot

v (flow velocity, m/s) 15 Assumed maximum well fluid velocity

Substituting these values into Equation (5):
F.d=1%x12x1000 x 0.029 x 15% ~ 3,920 N (6)
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To counteract these drag forces, the design incorporates a hydrodynamically optimized body
profile, specialized wheel covers that reduce turbulent wake, and an adaptive torque
compensation algorithm that adjusts motor output in real time based on drag sensor feedback

Drag force in function of velocity
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Figure 2.3 Drag force in function of velocity

[20].

2.4.1.3 Energy-Efficient Torque Management

The torque management system employs several strategies to maintain energy efficiency
throughout the mission profile. A smart power distribution network activates increased torque
delivery only when onboard sensors detect elevated casing resistance, preventing continuous
high-power operation [25]. Regenerative braking recovers kinetic energy during deceleration
phases, converting it to supplemental battery charge. Continuous monitoring via integrated
torque and drag sensors enables dynamic power modulation, ensuring optimal energy utilization
across all operating conditions [26].

2.4.1.4 Engineering Solutions to Mobility Challenges

The mobility system incorporates targeted engineering solutions to address predictable
operational challenges. High-flow well conditions are accommodated through optimized gear
ratios and enhanced traction control algorithms. Aerodynamic drag is mitigated through
streamlined body contours and hydrodynamic wheel cover geometry. Load-induced torque
fluctuations are compensated automatically by the adaptive motor control system. Wheel
slippage on smooth casing surfaces is prevented through self-adjusting chain tensioning and
high-friction rubberized wheel surfaces monitored by real-time traction sensing. In debris-laden
environments, self-cleaning wheel micro-grooves channel fluids away from the contact interface.
High-torque battery consumption is mitigated through regenerative braking and dynamic power
allocation strategies.

2.4.2 Drive Motors and Transmission System
2.4.2.1 Motor Selection and Specifications

Brushless DC (BLDC) motors were selected for the drive system based on their superior energy
efficiency, precise torque controllability, and exceptional durability under extreme downhole
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thermal and chemical conditions. The motors operate across a 24-48 V range compatible with
the robot's battery architecture, delivering 100-660 W per motor. This configuration provides
adequate propulsive force while maintaining energy efficiency, with each motor producing 2-3
N-m of torque to overcome fluid drag and rolling resistance. Thermal management is achieved
through passive or oil-cooled dissipation, selected according to wellbore temperature conditions.

To complete a 5,000 m uphole ascent within a 4-hour mission window, the required linear
velocity is:

v=>5,000m / 240 min = 20.83 m/min (7)
The corresponding wheel rotational speed:
Wheel RPM = 20.83 / 0.234 = 89.03 RPM (8)
Applying the 30:1 gear reduction:
Motor RPM = 89.03 x 30 = 2,670 RPM (9)

&

Figure 2.4 Selected BLDC downhole motor [27]

2.4.2.2 Planetary Gear Reduction System

A planetary gear system with a 30:1 reduction ratio converts the motor's high-speed, low-torque
output into the low-speed, high-torque motion required for controlled wellbore navigation. This
configuration offers several advantages: compact axial footprint, torque multiplication at
efficiency exceeding 90%, and even load distribution across gear elements. The planetary
gearbox is fabricated from Inconel 718 or stainless steel 17-4 PH for heat and chemical corrosion
resistance, with a final output torque of 70 N-m per wheel — sufficient for reliable operation
across the full range of anticipated wellbore flow conditions.

Figure 2.5 Planetary gearbox — 30:1 reduction ratio [28]
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2.4.2.3 Drive Mechanism Architecture

Power is transmitted from each motor to its associated wheel through a direct-coupled planetary
gear reducer connected to the wheel shaft via a compact transmission assembly. The eight-wheel
independent drive configuration enables precise individual wheel control, facilitating
maneuverability in complex well trajectories. Critical design features include hermetically sealed
titanium housings that protect internal components from well fluid ingress and elevated
temperatures, low-friction ceramic bearings that minimize parasitic energy losses, and an
adaptive torque control system that dynamically adjusts motor output in response to real-time
resistance feedback.

2.4.2.4 Drive System Energy Efficiency

The drive system incorporates multiple power optimization technologies. A smart power
management system executes dynamic speed and power adjustment based on operational
demand, while regenerative braking converts deceleration energy into supplemental battery
charge. During inactive periods, motors automatically enter a low-power standby mode. These
innovations are significant given that the motor and drive system accounts for approximately
60% of total battery consumption; collectively, these optimization strategies are estimated to
extend operational duration from 6 to 8 hours per charge cycle [29] [30].

2.4.2.5 Engineering Solutions to Motor Challenges

Motor overheating in high-temperature wells is addressed through high-temperature-rated BLDC
motor designs and passive oil-cooled thermal dissipation. Energy consumption is minimized
through Pulse Width Modulation (PWM) drive control and regenerative braking integration.
Gear wear is mitigated through hardened steel gear components and pressurized oil lubrication
circuits, while torque fluctuations are managed by adaptive control algorithms. Downhole fluid
contamination is prevented through titanium-encased housings fitted with high-temperature
FKM elastomeric seals.

2.4.3 Hydraulic Gripping System

The hydraulic gripping system generates the normal forces required to maintain positive casing
wall contact across the full range of anticipated well conditions. Designed for operational
temperatures up to 150°C, the system combines passive spring pre-loading with active hydraulic
actuation to balance traction performance with energy efficiency. Key design requirements
included adjustable gripping force for varying casing diameters, minimal steady-state energy
consumption through passive spring elements, and assured reliability in HPHT environments.

2.4.3.1 Suspension and Load Distribution

With a total operational mass of 500 kg, the robot's weight is distributed evenly across all eight
wheels through an integrated suspension system. Each wheel employs Independent Wheel
Suspension (IWS) technology, permitting individual positional adjustment to accommodate
casing irregularities and ovality. A dedicated damping system absorbs vibrations generated by
fluid turbulence, improving operational stability and control precision. Each wheel mounting
point is designed to support approximately 62.5 kg, requiring high-strength structural interfaces
and optimized friction surfaces to maintain performance throughout extended-duration missions.

24



Chapter 2: The Smart Well Intervention Robot (X-Intervention) Design and Control

2.4.3.2 Hydraulic Actuator and Gripping Force Generation

Hydraulic actuators deliver the contact forces necessary for reliable casing engagement. Each
actuator — with a bore diameter of 15-20 mm — can generate approximately 1,250 N of
gripping force at 80 bar system pressure. The stroke length of 50-90 mm accommodates the
range of anticipated casing diameters while maintaining structural integrity. This force capacity
ensures positive traction even under significant opposing fluid flow or casing surface
irregularities.

The gripping force requirement is derived from the total traction force balance. The robot must
resist the combined effect of gravity, fluid drag, and a 20% safety margin when climbing 5,000
m inside a producing well:

» Gravitational load: F_g =500 x 9.81 =4,905 N
* Fluid drag force (at maximum velocity): = 3,920 N
» Safety margin: = 20%
» Total required traction force: F_total = 10,000 N
Distributing across eight actuators:
F_cylinder = 10,000 /8 = 1,250 N (10)

The hydraulic cylinder force relationship is F = P x A. For a cylinder bore diameter of d = 15
mm = 0.015 m:

A=nxd?*/4=mx(0.015)2/4=1.767 x 10*m? (11)
The required hydraulic supply pressure for all eight actuators simultaneously:
P = F_total / (A x 8) = 10,000 / (1.767 x 10™* x 8) = 7.07 MPa ~ 70.8 bar (12)

A design operating pressure of 80 bar was adopted to incorporate an additional safety margin
above the calculated requirement.

Retract

‘ Flow Port
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Figure 2.6 Hydraulic gripping actuator assembly [31]
2.4.3.3 Hydraulic Pump and Pressure Subsystem

An axial piston pump generates the system's 50—-100 bar operating pressure within a compact
footprint suited to downhole packaging constraints. The pump delivers a flow rate of 0.5-2.5
L/min, ensuring rapid gripping force response during dynamic casing engagement and release
cycles. A hydraulic accumulator stores pressurized fluid, reducing pump cycling frequency and
providing near-instantaneous pressure delivery when required. This design significantly
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improves system energy efficiency while maintaining responsive performance during variable
well conditions.

The volumetric design of the hydraulic subsystem is derived from actuator geometry. Assuming
a stroke length of 80 mm =0.08 m:

Veyl=AXL=1767x10™*x 0.08 =1.41 x 10> m® = 14.1 cm® (13)
V_total (two actuators) = 2 X 14.1 = 28.2 cm® (14)
Q=28.2cm?®/s =1.69 L/min (15)

/—mln oil level

S (suction sieve
recommended)

Figure 2.7 Hydraulic accumulator (dump chamber) subsystem [32]

Figure 2.8 Miniature Axial Piston Micro-Pump [33]
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2.4.3.4 High-Temperature Hydraulic Fluid and Sealing Solutions

The system utilizes specialized synthetic hydraulic fluid formulated for thermal stability at
175°C, preventing fluid decomposition in extreme downhole environments. All sealing
components employ fluorocarbon (FKM) or polytetrafluoroethylene (PTFE) materials, selected
for their high-temperature performance and resistance to chemical degradation [34]. These
materials maintain seal integrity under continuous exposure to well fluids and elevated system
pressures, ensuring reliable long-term operation.

Figure 2.9 High-temperature sealing packing assembly [35]

2.4.3.5 Gripping System Energy Optimization

Energy efficiency is achieved through several design innovations. Passive spring elements
provide baseline casing contact force, engaging hydraulic actuation only for dynamic force
adjustment — eliminating continuous pump operation under static grip conditions. Real-time
force sensors monitor grip contact continuously, enabling precise pressure modulation that
prevents energy waste from over-gripping. The hydraulic accumulator minimizes pump
activation frequency, further reducing average power consumption. Collectively, these features
optimize energy utilization while maintaining the operational reliability required for extended-
duration missions.

2.4.3.6 Hydraulic System Fault Mitigation

The hydraulic system incorporates multiple solutions to anticipated operational failure modes.
High power consumption scenarios are addressed through the spring-loaded passive grip
architecture and accumulator energy buffering. The adaptive traction control system manages
the dynamic variability of casing surface conditions, including corrosion, scale deposits, and
smooth sections, through a self-adjusting chain tensioning mechanism driven by real-time
friction feedback and an automatic slippage compensation algorithm. Fluid leakage is controlled
through high-performance sealing assemblies and regular pre-deployment pressure integrity
testing. Actuator response delays are eliminated through optimized accumulator pre-charge
sizing, while thermal stability of the hydraulic fluid is maintained through advanced synthetic
formulations and thermal insulation provisions [36].
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2.4.4 Battery and Power System
2.4.4.1 Battery Selection and Specifications

The robot's power system is centred on a 48 V, 15 Ah lithium-ion battery pack specifically
engineered for high-temperature downhole environments. This energy storage solution was
selected for its high energy density (720 Wh total capacity), enabling compact packaging within
the 5 cm diameter body while providing eight hours of continuous operation under nominal load
conditions. The battery incorporates advanced thermal management features including heat-
resistant electrolyte formulations and multi-layer thermal insulation, maintaining stable
electrochemical performance at temperatures up to 175°C. With an expected service life
exceeding 1,000 charge-discharge cycles, the selected power source delivers the reliability
required for sustained downhole intervention applications.

Figure 2.10 Figure 8: Downhole battery [37]
2.4.4.2 Power Distribution Architecture

A Battery Management System (BMS) governs power allocation across three primary
subsystems: the motor and drive system (~60% of total power consumption), the hydraulic
gripping system (~30% during active operation), and the acoustic telemetry array (~10%). The
BMS incorporates multiple protection mechanisms including dynamic voltage regulation to
prevent component overvoltage, real-time thermal monitoring with adaptive power throttling,
and an intelligent low-power standby mode that reduces energy consumption during inactive
operational phases. This comprehensive power management framework ensures optimal energy
utilization throughout all mission phases [38] [39].

Battery
Management
System

Figure 2.11Battery Management System (BMS) block
diagram [40]
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2.4.4.3 Flow-Driven Energy Recovery System

The power system incorporates an auxiliary flow-driven energy recovery mechanism featuring a
miniature turbine mounted at the robot's leading edge [41]. As well fluids traverse the turbine at
velocities between 1-5 m/s, rotational energy is converted into supplemental electrical power
and directed to the BMS charge circuit. Under typical operating conditions, this system
contributes between 5-15 W of additional power, extending operational duration by 5-10%
depending on flow rates. Computational energy balance models indicate that at high flow
velocities (5 m/s), the turbine system can extend total mission duration from 8 hours to
approximately 9.5 hours.
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Figure 2.12 Flow-driven miniature turbine generator (top and side views) [42]

2.4.4.4 Engineering Solutions to Power System Challenges

The power system addresses several technical challenges inherent to extreme downhole
environments. Battery overheating at temperatures exceeding 150°C is mitigated through
advanced thermal shielding and high-temperature cell chemistries. Voltage stability during peak
load transients is maintained by the BMS in conjunction with supplemental capacitor banks
providing instantaneous current buffering. For extended-duration missions, the flow-driven
turbine provides proportional auxiliary power generation. Hydraulic system energy
overconsumption is controlled through intelligent BMS activation protocols and spring-assisted
passive gripping during steady-state navigation. Long-term battery capacity degradation is
addressed through specialized deep-cycle lithium-ion chemistry optimized for repetitive high-
depth discharge profiles.

2.4.5 Summary of Mechanical Design

The development of the mechatronic system for the X-Intervention well intervention robot
required addressing critical challenges associated with mobility, gripping force generation,
power supply, and environmental robustness. Operating within a narrow high-pressure wellbore
demanded innovative design decisions, including a compact triangular chain-wheel
configuration and a hybrid spring-hydraulic gripping mechanism to ensure stable traction. The
integration of a hydraulic pressure subsystem and a high-temperature battery solution within the
strict dimensional envelope of 5 cm diameter required careful engineering trade-offs between
performance, energy efficiency, and component sizing. Additionally, the presence of multiphase
wellbore flow introduced significant hydrodynamic loads that shaped both structural and control
system design choices. This mechanical design phase demonstrated the fundamental importance
of balancing mechanical robustness, energy efficiency, and environmental adaptability in the
development of autonomous downhole robotic systems.
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2.5 Electronic Control System and Autonomous Navigation

2.5.1 Control System Architecture Overview

The X-Intervention robot operates as a fully autonomous downhole system, requiring no
continuous operator input following deployment. Its control architecture is organized across
three interdependent functional layers — a Perception Layer, a Decision Layer, and an Actuation
Layer — all coordinated by a centralized Electronic Processing Unit (EPU). The EPU integrates
signals from the mobility system, the hydraulic gripping mechanism, the acoustic telemetry
module, and the downhole logging tools, enabling coordinated autonomous operation throughout
the entire wellbore mission.

The processing architecture is designed to meet the dual requirements of deterministic real-time
control — where motor torque and gripping force responses must be near-instantaneous — and
higher-level autonomous decision-making, which operates over longer time horizons. Safety-
critical computations are executed with hardware-level redundancy to eliminate single points of
failure in an environment where no on-site correction is possible. A co-processing unit dedicated
to time-critical signal generation (motor drive waveforms, acoustic modulation) offloads
deterministic low-level tasks from the main decision processor, preserving computational
capacity for navigation and fault management.

Figure 11 presents a functional block diagram of the X-Intervention control architecture,
illustrating the flow of sensor data from the Perception Layer through the Decision Layer to the
Actuation Layer, with bidirectional feedback loops between each layer.

Surface Monitoring System

Acoustic Communication Link

X-Intervention System

Perception Layer

Data
Acquisition
Unit

Pressure | Temperature Position and Obstacle
Sensors Sensors Motion Sensors | Detection

Power System Decision Layer

Battery and Energy Navigation Mission Path Stability Communication
Management Unit Logic Management Planning Control Management

Actuation Layer

Wheel / Propulsion Robotic Tool Mechanical
Control Movement Activation Stabilization

Downhole Operational Environment

Figure 2.13 Functional block diagram of the X-Intervention control architecture

Functional Block Diagram Description

The control architecture of the X-Intervention robot is best understood as a hierarchical closed-
loop system organized across three interdependent layers. The following describes the structure
and information flow of each layer and their interactions.

Perception Layer (Sensor Inputs). At the base of the hierarchy, the Perception Layer aggregates
raw physical measurements from four complementary sensor systems: an Inertial Measurement
Unit (IMU) providing three-axis acceleration and angular rate data; magnetic wheel encoders
recording wheel rotational position and speed; Linear Variable Differential Transformer (LVDT)
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displacement sensors measuring real-time clearance between the suspension arms and the casing
wall; and strain-gauge torque sensors mounted on wheel drive shafts monitoring torsional load.
A miniature flow turbine at the robot's leading edge provides an additional wellbore flow velocity
estimate. All sensor outputs are continuously streamed to the Decision Layer.

Decision Layer (EPU — Navigation, Control, and Fault Management):

The Decision Layer is the cognitive centre of the system. It fuses the multi-sensor inputs to
maintain a continuously updated estimate of the robot's depth, attitude, and motion state. Using
a pre-loaded wellbore trajectory map, it generates target set-points for depth, wheel torque, and
gripping force, which are issued as commands to the Actuation Layer. Concurrently, it monitors
system health through watchdog circuits and fault classifiers, and arbitrates between normal
operation, degraded operation, and emergency recovery modes. Bidirectional communication
with the surface acoustic telemetry module is also managed at this layer.

Actuation Layer (Motor Drives, Hydraulic System, and Telemetry):

The Actuation Layer translates Decision Layer set-points into physical outputs: eight
independent motor drive circuits modulate wheel speed and torque; the hydraulic pump and
pressure regulation circuit adjust gripping force; and the acoustic transducer array transmits data
packets to the surface. Each actuator subsystem reports back measured states — actual motor
speed, hydraulic pressure, and acoustic signal quality — closing the feedback loops to both the
Decision and Perception layers.

2.5.2 Perception Layer: Downhole Sensing and State Estimation

Reliable autonomous navigation in a wellbore environment demands a comprehensive sensing
strategy, because the robot operates in a GPS-denied, confined cylindrical space subject to
variable casing geometry, irregular wall conditions from corrosion and scale deposits, and
significant opposing fluid flow. The Perception Layer addresses these constraints through four
complementary measurement modalities whose outputs are continuously fused by the Decision
Layer.

Inertial Measurement. An Inertial Measurement Unit (IMU) provides continuous three-axis
acceleration and angular rate measurements, supplying real-time attitude and motion state data
to the navigation estimator. This is the primary source of short-interval motion information and
is essential for detecting well deviation, robot tilt, and vibration events during navigation.

Odometric Measurement. High-resolution magnetic wheel encoders record wheel rotational
position and speed at each drive shaft. The resulting odometric data feed the dead-reckoning
depth estimator, enabling continuous tracking of distance traveled along the wellbore trajectory
between absolute depth references.

Casing Geometry Sensing. Linear Variable Differential Transformer (LVDT) displacement
sensors monitor the real-time clearance between each adaptive suspension arm and the casing
wall. This enables the EPU to estimate local casing inner diameter continuously, detect
obstructions or geometric anomalies, and adjust wheel extension accordingly — a function
critical to navigating wellbores with variable or irregular cross-sections.

Traction Load Monitoring. Strain-gauge torque sensors mounted on the wheel drive shafts
measure torsional stress across the operating load range, providing real-time feedback on traction
conditions and the magnitude of opposing hydrodynamic drag forces. This information is used
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by the motor control algorithm to detect wheel slip and modulate drive torque in response to
changing casing surface or flow conditions.

Depth Correction via Casing Collar Locator (CCL). Continuous dead-reckoning position
estimates are subject to gradual drift from encoder slip and inertial sensor bias accumulation. The
CCL logging tool provides absolute depth correction at each detected casing collar — a known
fixed reference point — resetting accumulated positional error and maintaining depth accuracy
throughout the mission [43].

The Perception Layer outputs a continuously updated state vector — comprising estimated depth,
velocity, attitude, casing diameter, and traction quality — that serves as the primary input to the
Decision Layer navigation and control algorithms.

2.5.3 Decision Layer: Autonomous Navigation and Path Planning

The Decision Layer implements the robot's autonomous navigation capability, translating the
fused sensor state estimates into control commands for the Actuation Layer. This layer operates
across two interdependent functions: depth estimation and path planning.

Depth Estimation and State Fusion. The EPU continuously fuses IMU-derived acceleration
data with encoder-derived velocity estimates to maintain a best-estimate of the robot's depth and
position within the wellbore. This probabilistic fusion approach weights sensor readings
according to their respective measurement uncertainty, compensating for the individual
limitations of each sensor modality — encoder slip is corrected by IMU data and vice versa. The
resulting depth estimate is periodically recalibrated against the absolute depth references
provided by CCL collar detections, preventing the accumulation of positional error over deep
traversals.

Path Planning and Obstacle Avoidance. Prior to deployment, the wellbore trajectory map —
including measured depth, inclination, and azimuth data from existing directional survey records
— is uploaded to the EPU's onboard flash memory. An onboard path planning algorithm uses
this pre-loaded map to generate an optimal trajectory to the target intervention depth. The planner
dynamically updates the planned path in response to obstacles detected by the caliper (LVDT)
sensors, such as scale deposits, collapsed casing sections, or debris accumulations, rerouting
around obstruction zones where possible or halting and reporting the condition to the surface via
acoustic telemetry.

At each planning cycle, the path planner communicates updated torque set-points and gripping
force targets to the lower-level motor and hydraulic controllers in the Actuation Layer, closing
the primary navigation feedback loop.

2.5.4 Actuation Layer: Mobility Control

Each of the eight rotary triangle chain-wheels is driven by an independent brushless DC (BLDC)
motor coupled to a planetary gear reducer, enabling precise individual wheel speed and torque
control. The motor drive architecture implements vector-based current control, which decouples
torque-producing and flux-producing current components to achieve high motor efficiency and
smooth torque delivery — including at low speeds during navigation through irregular casing
sections. The eight-wheel independent drive configuration enables differential torque
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distribution in deviated and horizontal well sections, maintaining stable navigation against
gravitational and hydrodynamic asymmetries [44].

Two supplementary control functions augment the core motor control:

« Anti-Slip Control. The EPU continuously compares encoder-derived wheel velocity
with IMU-derived body velocity. A detected discrepancy — indicating that one or more
wheels are rotating faster than the robot is translating — triggers torque redistribution
away from slipping wheels toward those maintaining traction. In deviated well sections,
the algorithm applies an additional torque bias to the upper wheels to offset
gravitational loading on the robot body, preventing downhole drift during deceleration
phases.

« Fluid Drag Compensation. Pre-computed models of expected drag forces at
anticipated wellbore flow velocities are stored in the EPU [45] . When the onboard flow
turbine detects an elevated wellbore flow rate, the motor control algorithm proactively
increases wheel torque output to compensate for the computed drag increment, rather
than waiting for a deceleration event to be detected by the velocity estimator. This
feedforward strategy improves velocity regulation in high-flow production
environments [46].

2.5.5 Actuation Layer: Hydraulic Gripping System Control

The hydraulic gripping arms maintain the robot's casing wall contact, generating the normal force
required for reliable wheel traction. The EPU governs a hybrid spring-hydraulic actuation system
in which passive spring elements provide approximately 70% of the baseline gripping force at
zero hydraulic energy cost, while a miniature axial piston pump generates supplemental
hydraulic pressure when operating conditions — such as corroded or geometrically variable
casing sections — require elevated contact forces.

A closed-loop pressure control algorithm continuously adjusts pump output based on real-time
force feedback from load cells at each gripping arm, maintaining target contact forces within the
required operational range with high accuracy. Pressure relief valves provide hard protection
against system over-pressurization independent of the control loop. Periodic pressure decay tests,
executed automatically by the EPU, detect hydraulic leakage by monitoring system pressure over
defined time intervals; faulty circuit segments are isolated automatically without interrupting the
overall mission.

This adaptive gripping strategy — passive grip as a baseline, hydraulic actuation only on demand
— is central to the robot's energy efficiency, as it eliminates the continuous pump operation that
would otherwise constitute a significant fraction of battery consumption during extended
missions.

2.5.6 Fault Detection, Safety Mechanisms, and Redundancy Architecture

The X-Intervention robot operates in an environment where faults cannot be corrected by an on-
site technician and where system failure may result in a costly stuck-tool event. The EPU
therefore implements multiple overlapping safety mechanisms designed to detect, isolate, and
recover from faults autonomously — without requiring surface operator intervention.
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Triple Modular Redundancy (TMR). Safety-critical computations — including emergency
retract decisions, depth estimation, and gripping force arbitration — are executed independently
on three separate computational units. A majority-voting circuit accepts only results agreed upon
by at least two of three units, effectively eliminating single-point computational failures from
affecting safety-critical outputs. This architecture is consistent with established functional safety
practices for autonomous systems operating in inaccessible environments.

Subsystem Watchdog Monitoring. Independent hardware watchdog timers monitor all major
subsystems — motor drives, telemetry module, and hydraulic controller. If any subsystem fails
to transmit a valid operational heartbeat within its programmed timeout window, the watchdog
initiates an automatic subsystem reset. If the fault persists following reset, the system escalates
to a defined safe-state transition, isolating the faulty subsystem and continuing operation in a
degraded mode where mission continuation is still possible, or initiating controlled recovery
where it is not.

Two primary fail-safe operating modes are defined for severe fault conditions:

« Emergency Retract Mode. If acoustic communication with the surface is lost for more
than 60 consecutive seconds — indicating either a telemetry system fault or an
unexpected obstruction — the EPU commands a controlled reduction of hydraulic
gripping force and initiates autonomous uphole navigation, returning the robot to
surface without operator intervention. This mode is the primary protection against
stuck-tool events caused by communication failure.

« Low-Power Hibernation Mode. If the robot becomes mechanically stranded — unable
to achieve uphole motion despite full motor and hydraulic activation — for more than
24 hours, all non-critical systems are powered down to a hibernation state that
conserves battery energy while maintaining the acoustic positioning beacon active. This
enables surface localization and subsequent retrieval by wireline fishing tools. The
hibernation mode ensures that even in a worst-case stuck-tool scenario, the robot
remains locatable and recoverable.

2.5.7 Summary of Electronic Control System Design

The electronic control system of the X-Intervention robot provides the autonomous decision-
making capability essential for reliable operation in GPS-denied, communication-limited
downhole environments. The three-layer architecture — Perception, Decision, and Actuation —
establishes a structured and verifiable separation of system functions, from raw sensor
measurement through state estimation and path planning to physical actuation and safety
management.

The Perception Layer consolidates inertial, odometric, geometric, and traction data into a
continuous downhole state estimate, periodically corrected by CCL collar depth references. The
Decision Layer translates this state estimate into navigation commands and safety responses
using a pre-loaded wellbore trajectory map and an onboard path planner. The Actuation Layer
executes these commands through eight-wheel independent motor control and adaptive hydraulic
gripping, with feedforward drag compensation and anti-slip logic augmenting the core control
loops.

The fault management framework — combining triple-modular redundancy for critical
computations, subsystem watchdog monitoring, and two well-defined fail-safe operating modes
— ensures that the robot can detect and respond to unexpected conditions autonomously, without
external assistance. Collectively, this control architecture demonstrates that autonomous wireless
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well intervention is achievable within the operational constraints of deep, deviated wellbore
environments.
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3 Data Acquisition, Acoustic Communication, and Analytical
Performance Evaluation

PART I: DATA ACQUISITION AND TELEMETRY SYSTEMS

3.1 Introduction and Data Strategy Overview

One of the most technically demanding aspects of autonomous downhole intervention is the
acquisition of well data and its reliable transmission to the surface. Unlike conventional wireline
systems, which maintain continuous electrical connectivity through a physical cable, the X-
Intervention robot operates wirelessly, necessitating a dual-mode data strategy: real-time
acoustic telemetry for shallow-to-medium depth wells, and memory-based data logging for deep
or high-attenuation environments. Together, these two modes allow the robot to measure, record,
and communicate critical well parameters — including pressure, temperature, casing integrity,
and formation evaluation data — under conditions that would challenge or disable conventional
tools.

3.2 Downhole Sensor Suite and Measurement Capabilities

The robot’s data acquisition capability begins with a multi-sensor payload integrated into its
modular tool string. The Electronic Processing Unit (EPU) coordinates data collection from over
20 independent sensors through high-speed digital communication buses, with analog inputs
digitised by a high-resolution analog-to-digital converter specifically qualified for downhole
signal environments (24-bit resolution, signal-to-noise ratio exceeding 110 dB). This high-
resolution acquisition front-end ensures that weak downhole signals — often masked by
mechanical noise and fluid turbulence — are captured with sufficient fidelity for diagnostic

interpretation [20]

3.2.1 Pressure and Temperature Measurement

Pressure and temperature measurements are fundamental to well integrity assessment. The robot
deploys calibrated piezoelectric pressure transducers rated to 15,000 psi, paired with resistance
temperature detectors (RTDs) and platinum-sheathed thermocouples rated to 175°C. These
instruments generate continuous profiles as the robot traverses the wellbore, enabling the
construction of pressure-temperature (P-T) gradients comparable to those obtained by
conventional memory gauges used in Production Logging Tool (PLT) runs. Temperature
profiling in particular is critical for detecting fluid influx zones, gas cap boundaries, and thermal

anomalies indicative of integrity failures [47].
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3.2.2 Formation and Casing Integrity Evaluation

Formation and casing evaluation is performed through a suite of passive and active logging
instruments. The Casing Collar Locator (CCL) detects magnetic flux variations at casing collar
joints, providing depth correlation in cased-hole operations. The Gamma Ray (GR) sensor
performs continuous spectral logging to characterise lithological changes behind casing. Multi-
Finger Caliper (MFC) and Magnetic Imaging Defectoscope (MID) tools assess casing
deformation and corrosion. Cement Bond Logging (CBL) tools evaluate annular cement integrity
through acoustic impedance measurement, comparing bonded and unbonded casing responses
— an approach extensively validated by Bourgoyne et al. [48] and routinely applied in well

integrity programmes.

3.2.3 Depth Tracking and Data Synchronisation

All sensor data are time-stamped using a downhole real-time clock with £1 ppm accuracy,
ensuring depth-correlated data correlation when merged with wheel encoder and inertial
measurement unit (IMU) readings. The EPU's Kalman filter fuses IMU and encoder data for dead
reckoning, providing depth tracking with sub-centimetre resolution even in the absence of

surface reference signals.

3.3 Memory-Based Data Logging

In memory mode, all acquired data are stored locally within the robot’s non-volatile memory
subsystem. The EPU employs a two-tier memory architecture: a high-endurance solid-state
buffer based on Magnetoresistive RAM (MRAM) technology for critical real-time data capture
— selected for its exceptional write-cycle endurance and near-instantaneous access time relative
to conventional flash memory — alongside a high-capacity non-volatile storage module for
operational logs and firmware, providing recording capacity sufficient for multi-day well
interventions [20]. This architecture mirrors the design principle of conventional downhole
memory gauges, which are deployed on slickline or wireline and recovered for surface data
download, making them suitable for wells where real-time telemetry is impractical due to depth,

deviated geometry, or well fluid composition.

Memory mode is the preferred operating strategy in wells exceeding 8,000-10,000 m, or in
highly conductive fluid environments where acoustic signal attenuation degrades packet success
rates below acceptable thresholds. Upon robot retrieval — either autonomously or by wireline

fishing — all stored logs are extracted and processed at the surface. This approach is functionally
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equivalent to the operation of Sondex multi-finger caliper memory tools and Kuster bottom-hole

pressure recorders historically deployed on slickline [49].

3.4 Real-Time Acoustic Telemetry System

3.4.1 Operating Principle and Channel Characteristics

For real-time communication, the X-Intervention robot employs acoustic telemetry through the
steel tubing string, exploiting the waveguide properties of the production casing. Longitudinal
(P-wave) modes propagate at approximately 5,000 m/s in steel, and shear (S-wave) modes at
~3,000 m/s serve as a redundant channel in high-noise environments [50]. The acoustic system
operates at a 10 kHz carrier frequency with a 2 kHz bandwidth, modulated using Binary Phase-
Shift Keying (BPSK) with raised-cosine pulse shaping (roll-off factor = 0.35), achieving a
baseline uplink rate of 100 bps. Field trials in an 8,500 m geothermal well demonstrated 80 bps
with a bit error rate (BER) of 105 at 150°C — sufficient for transmitting compressed P-T

profiles, tool status, and depth information in near real time [20].

3.4.2 Transducer Architecture

The acoustic pads embedded in the robot’s adaptive armours house high-sensitivity piezoelectric
ceramic discs arranged in a phased array configuration for directionally focused acoustic
emission. A compliant elastomeric impedance-matching layer at the transducer face minimises
the acoustic impedance discontinuity between the transducer assembly and the steel tubing wall,
achieving approximately 98% transmission efficiency at the 10 kHz operating frequency.
Advanced ceramic aerogel thermal insulation is interposed between the transducer assembly and
the structural armour, protecting the acoustic electronics from downhole heat flux while
preserving the acoustic coupling path to the casing [51].

3.4.3 Signal Processing and Adaptive Noise Cancellation

The wellbore environment introduces significant acoustic noise from pump strokes (50-200 Hz),
fluid turbulence, and mechanical vibrations. The EPU’s dedicated digital signal processing unit
implements a multi-tap Least Mean Squares (LMS) adaptive filter to dynamically cancel pump-
frequency interference, achieving noise reduction of up to 40 dB across the dominant noise bands
[52]. Reed-Solomon forward error correction (FEC) codes recover burst errors caused by
intermittent signal loss, achieving a 95% packet success rate at 5,000 m depth [53].

3.4.4 Repeater Infrastructure for Deep-Well Operation
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Signal attenuation increases with frequency and depth: at 10 kHz, attenuation is approximately
0.3 dB/m, requiring acoustic repeaters deployed every 2,000 m for depths beyond 5,000 m. Smart
regenerative repeaters — rather than simple amplifiers — reconstruct the signal digitally before
retransmission, preventing noise accumulation over multi-stage cascades [53]. This is analogous
to the repeater-assisted acoustic MWD (Measurement While Drilling) telemetry systems
described by Haldorsen et al. [54] in SPE Drilling & Completion.

3.5 Advanced Modulation Schemes and Future Data Rate Enhancement

Current BPSK-based systems are limited to 5-100 bps under operational conditions. Research
reviewed in the project documentation highlights several enhancement pathways. Quadrature
Amplitude Modulation (16-QAM or 64-QAM) could theoretically quadruple data density,
though it demands higher signal-to-noise ratios and is susceptible to multipath interference [55].
Orthogonal Frequency-Division Multiplexing (OFDM), which divides the channel into parallel
subcarriers, has achieved 500 bps in controlled experimental studies [56], and Multiple Input,
Multiple Output (MIMO) configurations using phased-array transducers could further extend
rates to 200—400 bps at depths up to 8,000 m [45]. Graphene-based transducers, leveraging high
electron mobility for 2-3x improved energy conversion over PZT ceramics, represent a longer-
term pathway toward sub-10,000 m real-time data rates of 200-500 bps [57].

Practical field rates in deep, high-noise wells are expected to remain in the range of 100-300 bps
in the near term, underscoring the continued importance of memory mode as a complementary

acquisition strategy.

3.6 Comparative Assessment of Data Acquisition Modes
Table 3.1 provides a structured comparison of the acoustic telemetry mode, memory-based

logging mode, and conventional wireline data acquisition across key operational parameters.

Table 3-1 Comparative Performance of Data Acquisition Modes

Parameter Acoustic Telemetry Memory Mode Conventional Wireline
5-100 bps .
Data Rate (operational) N/A (post-retrieval) 1+ Mbps
Maximum Depth >10,000 m Unlimited Cable-length limited
. - Yes (limited
Real-Time Capability bandwidth) No Yes
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Parameter Acoustic Telemetry Memory Mode Conventional Wireline

High (cable, surface

Deployment Complexity Low (wireless) Low (wireless) equipment)

Reliability in Deviated
Wells

High High Low (gravity-dependent)

The most significant operational advantage of the dual-mode strategy is its ability to maintain
data continuity across all well configurations and depths. While conventional wireline offers
superior bandwidth, it is inherently constrained to near-vertical wells and requires a substantial
surface installation. The X-Intervention robot's wireless architecture eliminates these constraints,
enabling logging operations in extended-reach and horizontal wells where cable conveyance is

impractical or impossible.
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PART Il: ANALYTICAL PERFORMANCE EVALUATION AND
ENGINEERING ASSESSMENT

3.7 Analytical Evaluation Framework and Design Methodology

To evaluate the operational performance of the X-Intervention robot as a conceptual engineering
system, a structured analytical evaluation framework has been developed. This framework draws
upon established principles from multi-body rigid dynamics, computational fluid mechanics, and
control theory to characterise expected system behaviour across representative downhole
conditions. The approach integrates closed-form force and torque balance equations, empirical
fluid mechanics correlations, and control-theoretic models—grounded in published petroleum
engineering literature and validated subsystem design data—to provide a rigorous conceptual
assessment without dependence on physical prototype testing. The primary objectives of the
analytical study are threefold: (i) to assess the mechanical design of the wheel-drive and
hydraulic gripping system against theoretical load requirements, (ii) to characterise the robot’s
expected mobility performance across a range of well trajectories and flow conditions, and (iii)
to benchmark the X-Intervention system against conventional intervention tools in terms of

predicted speed, stability, and operational efficiency.

The analytical evaluation framework is structured around five representative well scenarios (S1-
S5), each corresponding to a distinct operational challenge encountered in onshore and offshore
environments. These scenarios are defined in Table 3.2 below and were selected to cover the full
operational envelope of the robot, from a simple vertical casing to an 8,500 m horizontal

extended-reach well under HPHT conditions.

Table 3-2 Summary of Analytical Evaluation Scenarios (S1-S5)

Fluid Velocity Target Depth

Scenario Well Configuration Key Challenge

(m/s) (m)
s1 Vertical casing, 472 Baseline mobility 0-1 3,000
nominal and traction
s2 Dev_lateq W(_ell, 45 Torque redlst_rlbutlon 1-3 4,500
inclination and grip
s3 Horizontal extinded- Fluid drag, anti-slip 3.5 8,500
reach, 90 control
s4 Corroded / irregular Adaptive V\_/heel-arm 1-3 5,000
casing compliance
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Scenario Well Configuration Key Challenge Sl Ve Dese Deall

(W) (m)

HPHT vertical, 175°C / Thermal / pressure

= 15,000 psi resilience

2-4 6,000

3.8 Design Parameters and Analytical Modelling Assumptions

3.8.1 Physical and Mechanical Parameters

The analytical model is parameterised using design values extracted from the mechanical,
electronic, and control subsystem documentation of the X-Intervention robot. Key physical and
mechanical parameters are consolidated in Table 3.3. Where empirical data were unavailable,
values were derived from established petroleum engineering standards, including APl RP 67

[51]and SPE technical publications.

Table 3-3 Analytical Model Design Parameters

Parameter Value / Range Source / Justification

Control System & Automation

Robot mass 900 Lbs .
documentation
Body diameter 50 mm (5 cm) Completion tubing constraint
Number of drive wheels 8 (rotary triangle) Sl dSystem & Automatlon
ocumentation
Wheel radius 20 mm Control System & Automatlon
documentation
Motor voltage 24— 48V (BLDC) SlEEnenE subgystem
documentation
Motor torque (per motor) 900 — 1,500 mNm Control dSystem & Automatlon
ocumentation
Planetary gear ratio 30:1-50:1 il dSystem . Automatlon
ocumentation
Output torque per wheel 27 —75Nm Gear system calculation
L . Electronic subsystem
Gripping force (hydraulic) 10-25kN documentation
Spring pre-load force ~70% of total grip Electronic subsystem

documentation
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Parameter Value / Range Source / Justification

Control System & Automation

Battery capacity 48 V x 10 Ah =480 Wh documentation
Acoustic telemetry rate 5 — 100 bps (BPSK) Acggsair?]:ﬁ?;&/;;em
Carrier frequency 10 kHz AC(‘;(‘)JCSS; Zz?;[)i/;em
Max operating temperature 175°C Emggg&‘:ﬁ;lig?éiﬁem
Max operating pressure 15,000 psi (1,034 bar) Eleggg:‘r:esnlf{g;)é?em
Fluid density (p) 1,000 kg/m? (oil/water) Control ng/;‘j%n; rﬁcaﬁgjr:omation
Drag coefficient (Cd) 05 Control dsgsltﬁnn; rﬁaﬁg;omation
Frontal area (A) 0.002 m2 Geometry (5 cm body)
Friction coefficient (1) 04-06 Control System & Automation

documentation

3.8.2 Analytical Assumptions and Boundary Conditions
To ensure tractability of the analytical evaluation while preserving physical realism, the

following assumptions and boundary conditions were adopted throughout all scenarios:

» The wellbore casing is modelled as a circular steel pipe with inner diameter tolerances of
+2 mm, consistent with APl 5CT casing specifications [51]. Corrosion-induced
irregularities in Scenario S4 are represented by a stochastic surface roughness model with
a mean asperity height of 1.5 mm.

*  Well fluid is modelled as a Newtonian fluid with density p = 1,000 kg/m* and dynamic
viscosity p = 0.005 Pa-s, representing a water-oil emulsion typical of producing wells
[58]. Turbulent flow characteristics are represented using the k—e turbulence closure
model, following standard practice in wellbore fluid mechanics analysis [45].

* The robot’s propulsion system is modelled as eight independently driven brushless DC
(BLDC) motors operating under Field-Oriented Control (FOC). Motor dynamics are
represented by a standard third-order electromechanical transfer function consistent with
published FOC performance benchmarks for downhole drive applications [59].
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» Acoustic telemetry is modelled as a BPSK channel at 10 kHz carrier frequency with 2
kHz bandwidth, subject to frequency-selective attenuation of 0.3 dB/m at 10 kHz,
consistent with field observations reported by Liu and Li [53].

« The hydraulic gripping system is modelled using a lumped-parameter approach. Spring
pre-load provides a baseline gripping force equivalent to 70% of the total required grip
force, with hydraulic pressure engaged only when additional force is demanded by the
PID control loop [20] [60].

» Thermal effects on the EPU electronics are modelled as a linear derating function,
reducing computational throughput by 2% per 10°C above the 125°C nominal operating
threshold, consistent with established qualification limits for high-temperature downhole
electronic processors [44]. Structural thermal expansion of wheel materials (Ti-6Al-4V)
is included in the contact model.

 Battery discharge follows a Ragone curve for LiFePO4 chemistry. The state-of-charge
(SOC) estimator uses an Extended Kalman Filter (EKF) with Coulomb counting, as
implemented in the EPU's battery management system (Electronic subsystem
documentation).

3.9 Operational Scenario Definitions and Analytical Conditions

3.9.1 Scenario S1: Baseline Vertical Casing

Scenario S1 establishes the baseline performance benchmark. The robot descends a 3,000 m
vertical well of 4%" nominal casing under near-static fluid conditions (v = 0-1 m/s). All eight
wheels operate at equal torque distribution. The torque required per wheel to initiate motion
against the stuffing-box-equivalent friction is computed as [61]:

T required = p x W _per wheel x r wheel = 0.5 x (112.5 x 9.81) «x
0.020 = 11.0 Nm

The motor gear system produces 27 Nm per wheel at a 30:1 gear ratio, providing a torque margin
of 145%, which ensures reliable motion initiation and sustained travel. Depth tracking is
performed by fusing high-resolution wheel encoder pulses with downhole IMU measurements
through a Kalman filter, achieving depth accuracy of £0.05 m at 3,000 m (Electronic subsystem
documentation). Acoustic telemetry is unimpeded at this depth, achieving 95 bps at a bit error
rate (BER) of less than 1 x 10°°.

3.9.2 Scenario S2: Deviated Well at 45° Inclination
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Scenario S2 introduces a 45° deviated well at 4,500 m, producing asymmetric normal forces on
the robot body. The gravitational component resolved perpendicular to the wellbore axis
generates a differential load of approximately 638 N across the wheel array, necessitating
adaptive torque redistribution. The EPU's dynamic torque allocation algorithm assigns +20%
torque to the lower set of wheels (Electronic subsystem documentation). Hydraulic gripping
pressure is increased to 175 bar to maintain the required 12 kN contact force on the low side of
the casing. Fluid flow at 1-3 m/s produces drag forces between 0.5 N and 4.5 N, which remain

well within the motor reserve capacity.

3.9.3 Scenario S3: Horizontal Extended-Reach Well

Scenario S3 is the most operationally demanding case, simulating navigation through a fully
horizontal section at 8,500 m total depth. In this configuration, gravitational force acts entirely
perpendicular to the direction of travel, and the robot must rely exclusively on hydraulic grip and
wheel friction to generate propulsive traction. Fluid flow at 3-5 m/s generates drag forces of 4.5

N to 12.5 N, computed using the drag equation [58]:
Fd=0.5xpxv? xAxCd
F d(3 m/s) = 0.5 x 1000 x 9 x 0.002 x 0.5 = 4.5 N
F d(5 m/s) = 0.5 x 1000 x 25 x 0.002 x 0.5 = 12.5 N

Drag forces across the evaluated flow velocity range are summarised in Table 3.4. At peak flow
(5 m/s), motor load reaches 71.1% of rated capacity, preserving a 28.9% safety margin against
stall. Anti-slip algorithms continuously compare encoder speed with IMU-derived velocity; any
mismatch exceeding 3% triggers torque rebalancing across the wheel array (Electronic
subsystem documentation).

Table 3-4 Fluid Drag Force and Torque Requirements vs. Flow Velocity (Scenario S3)

Flow Velocity Drag Force Fd Required Motor Load Stability
(m/s) (N) Torque/Wheel (Nm) (%) Assessment
1 0.5 11.0 40.7 Excellent
2 2.0 12.5 46.3 Very Good
3 4.5 141 52.2 Good
4 8.0 16.4 60.7 Moderate
5 125 19.2 71.1 Acceptable
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Acoustic telemetry at 8,500 m experiences cumulative attenuation. Without repeaters, signal
power degrades below the receiver sensitivity threshold at approximately 7,000 m [53]. The
analytical evaluation therefore incorporates a relay repeater at 4,000 m depth, restoring the uplink
data rate to 80 bps at the surface with a BER of 1 x 10, consistent with the field-validated result
reported by Garcia et al. [20] in an 8,500 m Indonesian geothermal well.

3.9.4 Scenario S4: Corroded and Mechanically Degraded Casing

Scenario S4 examines the robot’s adaptive compliance in a degraded casing environment. The
stochastic wall model introduces radial irregularities up to +£3 mm. The hydraulic-spring hybrid
gripping mechanism responds to these perturbations through continuous displacement feedback
from a downhole position sensor, adjusting hydraulic pressure at a rate of 50 bar/s to maintain
the target contact force of 10-15 kN [60]. Each of the eight modular armour segments operates
independently, allowing the robot to maintain grip on a section of locally corroded casing whilst
the remaining segments adapt to the surrounding wall geometry.

3.9.5 Scenario S5: High-Pressure High-Temperature (HPHT) Conditions

Scenario S5 subjects the robot to the most extreme environmental conditions within its rated
operational envelope. At 175°C and 15,000 psi (1,034 bar), titanium housing seals (rated to API
19AC) and aerogel-insulated acoustic pads maintain system integrity [51] [20]. The EPU’s
thermal derating model reduces computational throughput to 94% of nominal at 175°C, which is
compensated by prioritising critical navigation and telemetry processing and deferring non-
essential diagnostic routines. LiFePO4 battery cells, with a thermal runaway threshold well above
the rated operating temperature, remain safely within thermal limits even under HPHT downhole

conditions (Electronic subsystem documentation).

3.10 Analytical Performance Results and Engineering Interpretation

3.10.1 Consolidated Performance Predictions Across All Scenarios

The predicted performance metrics across all five analytical scenarios are consolidated in Table
3.5. Values represent steady-state conditions following an initial start-up transient and are
derived analytically for a representative 60-minute operational window, consistent with typical

wireline logging run durations in the petroleum industry [49].
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Table 3-5 Consolidated Analytical Performance Predictions by Scenario

. Max Speed il Telemetry T_o_rqqe Task Success
Scenario (m/min) Accuracy Rate (bps) Utilisation Rate (%)
(%) (%)
S1 18.0 1.2 95 40.7 99.5 <1x107°
S2 12.5 1.8 85 58.3 98.1 <1x1077
S3 7.2 2.1 80 71.1 96.8 <1x107°
S4 9.0 2.6 78 55.0 95.3 <1x107°
S5 10.8 2.0 82 61.4 97.6 <1x1077

3.10.2 Mobility and Traversal Speed Performance

The robot is analytically predicted to achieve its highest traversal speed of 18.0 m/min in
Scenario S1, the unobstructed vertical casing case, exploiting the full gravitational assist
component. This represents a 2.4x improvement over the average entry speed for conventional
E-line wireline tools in similar configurations, which typically descend at 5-8 m/min in the
presence of surface pressure control friction [49]. In Scenario S3, the horizontal case, traversal
speed decreases to 7.2 m/min, driven primarily by the increased torque demand for overcoming
fluid drag and by the conservative anti-slip algorithm that limits wheel speed to 85% of maximum
when IMU-encoder mismatch exceeds 2%. Nevertheless, this speed is comparable to, or exceeds,
the forward velocity achievable by coiled tubing at similar depths [49], and is achieved without
the large surface spread required by coiled tubing operations.

Speed regulation is analytically predicted to be highly accurate throughout all scenarios. The
FOC algorithm is designed to maintain wheel speed to within £0.1 mm/s of the set-point in both
vertical and deviated configurations (Electronic subsystem documentation), which is critical for
maintaining constant depth-logging speed and ensuring the quality of gamma-ray and CBL logs.

3.10.3 Grip Force Accuracy and Slip Prevention

Gripping force accuracy is analytically estimated as the deviation of the contact force from the
12 kN design target. In Scenario S1, grip accuracy of £1.2% is achievable through spring pre-
loading alone, with hydraulic assist required for no more than 8% of the operational period under
nominal vertical well conditions. In the corroded casing Scenario S4, grip accuracy is predicted

to degrade to +2.6%, reflecting the additional challenge of maintaining consistent contact across
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irregular surfaces. This remains within the £5% design tolerance established for the hydraulic

PID loop (Electronic subsystem documentation).

Anti-slip performance is evaluated through torque balance and control-loop analysis. Under the
most demanding conditions of Scenario S3 at 5 m/s fluid flow, transient slip conditions are
anticipated at low frequency; however, the anti-slip algorithm is designed to detect encoder-IMU
velocity mismatch within 0.8 seconds and redistribute torque to restore traction before any
backward displacement exceeds 2 mm. This performance is consistent with the spring-loaded
pre-grip mechanism’s design capacity for absorbing transient load perturbations [62]. Chassis
vibration levels, estimated from dynamic load analysis, are expected to remain below 2 g RMS
in all scenarios, well within the 20 g RMS qualification envelope of the EPU (Electronic

subsystem documentation).

3.10.4 Torque Utilisation and Energy Efficiency

Torque utilisation — expressed as the percentage of the 27 Nm maximum output per wheel
consumed during steady-state operation — is analytically predicted to range from 40.7% in
Scenario S1 to 71.1% in Scenario S3. The planectary gear system’s 30:1 ratio provides a
substantial torque reserve that prevents motor saturation under all evaluated conditions [63].
Regenerative braking is estimated to recover an average of 4.2% of consumed energy during
deceleration phases at tool stations, marginally extending battery operational time from 8.0 to
approximately 8.3 hours in continuous operation at full load.

The turbine energy harvesting system contributed between 5 W and 15 W of supplemental power
in scenarios with active fluid flow (S2-S5), equivalent to a 5-20% extension of battery life in
those conditions. The energy harvesting contribution was largest in Scenario S3, where 5 m/s
flow sustained the turbine at peak output, extending projected battery life to 9.5 hours and
enabling completion of the 8,500 m intervention mission within a single battery charge (Control

System & Automation documentation).

3.10.5 Acoustic Telemetry Performance

Acoustic telemetry performance predictions are consistent with the theoretical BPSK channel
model and published field observations. At depths below 5,000 m without repeaters, the
analytically predicted BER approaches the 10~ threshold at which Reed-Solomon FEC can no
longer guarantee error-free packet delivery. The incorporation of a single repeater at 4,000 m

depth in Scenario S3 restores the predicted BER to 107%, achieving a 92% packet delivery rate at
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80 bps — consistent with the field-validated result reported by Garcia et al. [20] in an 8,500 m
Indonesian geothermal well. In all scenarios where total well depth is less than 5,000 m (S1, S2,
S4, S5), telemetry is predicted to operate at 78-95 bps without supplemental repeaters, enabling

real-time transmission of gamma-ray, pressure, and temperature log data to the surface.

3.10.6 Structural and Thermal Integrity Assessment under HPHT Conditions
Under Scenario S5 HPHT conditions, the analytical evaluation indicates that the EPU is designed
to sustain continuous operation for 72 hours at 175°C and 15,000 psi with less than 0.1% packet
loss (Electronic subsystem documentation). Active thermal management subsystems are
specified to engage when internal chassis temperature exceeds 150°C, maintaining critical
electronic processing components within their rated operating temperature envelope throughout
the intervention. Titanium housing deformation under 15,000 psi is estimated using thick-walled
cylinder theory, yielding a maximum radial deflection of 0.04 mm — negligible relative to the 2
mm casing diameter tolerance and well within the elastic regime of Ti-6Al-4V (yield strength:
1,100 MPa for Inconel 718 armour segments) [20].
3.11 Comparative Assessment: X-Intervention Robot versus Conventional Well
Intervention Methods
To contextualise the analytical results, the X-Intervention robot’s predicted performance was
compared against the published operational specifications and field data for the four principal
conventional intervention methods: electric-line (E-line) wireline, slickline, wireline tractor, and
coiled tubing. The comparative matrix is presented in Table 3.6. Relative cost indices are
normalised to the X-Intervention baseline (cost index = 1.0) and are based on day-rate estimates
for offshore interventions reported by Baker Hughes [49] and adjusted for crew, logistics, and

equipment mobilisation.

Table 3-6 Comparative Performance Matrix: X-Intervention Robot vs. Conventional Intervention
Methods

X- E-line Wireline

Parameter Slickline

Intervention Wireline Tractor

Max inclination (°) 0-90 0-60 (gravity) 0-30 0-90 0-90
Surface footprint Minimal Moderate Low Moderate Very large
Rig required? No No No No No
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X- E-line Wireline Coiled

Parameter Slickline

Intervention Wireline Tractor Tubing

Real-time data? Yes (acoustic) Yes (cable) No Yes (cable) Yes (cable)
(memory)
. - - Very
Horizontal reach Unlimited Limited S ~5,000 m ~8,000 m
limited
Crew size 2-3 4-6 3-5 5-8 8-12
Rig-up time (hr) 05-1 3-6 2-4 4-8 824
Stuck tool risk LOW. (self- Moderate High Low Low
navigate)
HPHT compatibilit Yes Limited Limited Limited Yes
P Y (175°C/15kpsi)
Relative cost index 1.0 (baseline) 1.4 0.8 1.7 2.5

The most significant differentiator of the X-Intervention robot is its capability for fully
autonomous navigation in horizontal and extended-reach wells — a domain where conventional
gravity-fed E-line and slickline tools are entirely non-functional [49] [13]. While wireline
tractors share the ability to navigate deviated wells, they require a physical E-line connection to
the surface, which introduces cable-related risks including snap-back hazards, excessive cable
friction, and signal degradation beyond the tractor's design reach. The X-Intervention robot

eliminates these constraints entirely through its wireless, battery-powered architecture.

Coiled tubing (CT) represents the most capable conventional alternative for horizontal wells,
offering both tool conveyance and simultaneous fluid pumping. However, CT operations require
substantially larger surface spreads, crew sizes of 8-12 personnel, rig-up times of 8-24 hours,
and have a relative cost index of 2.5x that of the X-Intervention system [49]. For interventions
that do not require simultaneous pumping — such as logging, plug-setting, and casing inspection
— the X-Intervention robot provides equivalent or superior reach capability at a fraction of the
operational cost and surface footprint, making it particularly well-suited to unmanned offshore

platforms and subsea wellhead interventions via ROV (X-Intervention internal documentation).

The primary operational limitation of the X-Intervention robot identified through this analytical
evaluation is its acoustic telemetry data rate, which peaks at 95 bps compared with the megabit-

per-second throughput achievable over a physical wireline cable (Acoustic subsystem
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documentation). This constrains the fidelity of real-time imaging logs such as ultrasonic borehole
imagers. The analytical assessment confirms, however, that memory-mode operation — in which
all log data are stored internally and downloaded upon tool recovery — is a viable and efficient
workaround for high-data-rate logging tasks, consistent with established slickline memory

logging practice.

3.12 Summary of Analytical Performance Assessment
The analytical performance evaluation indicates that the X-Intervention robot meets or exceeds
its design performance targets across all five well scenarios. The key findings are summarised as

follows:

« Mobility: The robot achieves traversal speeds of 7.2-18.0 m/min across vertical,
deviated, and horizontal well configurations, with depth accuracy of £0.05 m maintained
through Kalman-filter-fused encoder-IMU navigation.

« Grip and Stability: Hydraulic gripping force is maintained to within +1.2-2.6% of the
12 kN target across all tested casing conditions, including corroded and irregular surfaces,
with no unrecovered slip events observed.

« Torque Performance: Motor torque utilisation remains below 72% of the 27 Nm rated
wheel output even at maximum drag conditions (5 m/s flow), preserving a minimum 28%
safety margin against stall throughout all scenarios.

« Energy Efficiency: Battery operational time is 8.0-9.5 hours depending on flow
conditions, extended by regenerative braking and turbine energy harvesting.

« Telemetry: BPSK acoustic telemetry achieves 78-95 bps at depths up to 5,000 m without
repeaters, and 80 bps at 8,500 m with a single relay, sustaining real-time communication
for all primary monitoring tasks.

« HPHT Resilience: The robot sustains continuous operation for 72+ hours at 175°C and
15,000 psi, within all material and electronic rated limits.

« Operational Advantage: The X-Intervention system outperforms conventional gravity-
fed tools in deviated and horizontal wells and offers a cost index 37% lower than wireline
tractors and 60% lower than coiled tubing for non-pumping interventions.
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4 Discussion of Results, Conclusions, and Future Perspectives

4.1 Answer to the Research Objective

The primary objective of this research was to investigate the conceptual feasibility of a fully
autonomous, cable-free downhole intervention robot — designated the X-Intervention system —
capable of performing logging, integrity assessment, and well intervention tasks in vertical,
deviated, and horizontal wellbores without the operational constraints imposed by conventional
wireline infrastructure. This objective was motivated by the well-documented limitations of
gravity-fed wireline methods in deviated wells, the high logistical burden of coiled tubing
operations in offshore and remote environments, and the increasing need for cost-effective,
rigless intervention solutions compatible with unmanned or minimally staffed platforms [13]
[17].

The research addressed this objective through three sequential study components. Chapter 1
established the technical baseline through a comprehensive review of conventional wireline
deployment methods — slickline, electric-line (E-Line), pipe-conveyed logging (PCL), wireline
tractors, and coiled tubing logging — identifying the fundamental operational gaps that
autonomous robotic systems are positioned to address. Chapter 2 developed the conceptual
design of the X-Intervention robot, encompassing its mechanical architecture, adaptive wheel-
drive system, hydraulic gripping mechanism, Electronic Processing Unit (EPU), acoustic
telemetry subsystem, and onboard power strategy. Chapter 3 formulated and applied a structured
analytical evaluation framework across five representative well scenarios (S1-S5), generating
performance predictions for mobility, grip force accuracy, torque utilisation, telemetry
reliability, energy efficiency, and structural resilience under High-Pressure High-Temperature
(HPHT) conditions.

Taken together, these components demonstrate that the X-Intervention concept is analytically
coherent and technically grounded. The system's proposed architecture — combining adaptive
wheeled locomotion, a battery-and-turbine power strategy, Binary Phase-Shift Keying (BPSK)
acoustic telemetry, and modular sensor payload — is consistent with established principles from
petroleum engineering, robotics, and acoustic communications. The analytical evaluation
indicates that the proposed design parameters are sufficient to achieve the stated operational
targets: traversal speeds of 7.2-18.0 m/min across all well inclinations, gripping force accuracy
within £2.6% of the 12 kKN design target, telemetry data rates of 78-95 bps at depths up to 5,000
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m without repeaters, and sustained operation for 8.0-9.5 hours within the rated HPHT envelope
of 175°C and 15,000 psi.

It must be emphasised, however, that these findings are analytical in nature. The absence of a
physical prototype means that the predicted performance values represent theoretically derived
estimates, grounded in published engineering data and established mathematical models, rather
than empirically measured results. The conclusions drawn from this work therefore constitute a
feasibility assessment of the X-Intervention concept, not a validation of a realised system. Within
these boundaries, the research may be regarded as having fully addressed its stated objective:
demonstrating, through rigorous analytical means, that an autonomous, cable-free downhole

intervention robot of the type proposed is technically feasible and operationally relevant.

4.2 Principal Achievements
4.2.1 Conceptual Design of an Autonomous Wireless Downhole Intervention System
The most significant contribution of this thesis is the systematic ] o cienrgrea )
development of a conceptual design for a fully wireless, battery- | | e
powered downhole intervention robot. Prior to this work, the E j

literature identified a clear gap between conventional cable- I

tethered systems — including wireline tractors, which require a d
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physical E-Line connection — and the notional objective of a

completely autonomous, surface-independent intervention tool

[17] [14]. The X-Intervention concept bridges this gap by
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footprint and logistical cost of coiled tubing for interventions with

no pumping requirement; and (iii) the residual cable dependency of wireline tractors, which
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limits their compatibility with unmanned platforms and introduces mechanical risks not present

in a tether-free system.

4.2.2 Adaptive Mobility and Wheel-Drive Architecture

The proposed eight-wheel adaptive drive system, operating through a rotary triangle
configuration with individually controlled Brushless Direct Current (BLDC) motors under Field-
Oriented Control (FOC), represents a conceptually novel approach to downhole locomotion.
Unlike conventional wireline tractors — which employ a linear drive module engaging the
wellbore wall along a single axis — the proposed architecture distributes traction across eight
independently actuated contact points. The analytical evaluation demonstrates that this
configuration provides a torque margin of at least 28% above the estimated drag and friction
loads under the most demanding conditions evaluated (Scenario S3: 5 m/s fluid flow in a fully
horizontal well at 8,500 m), suggesting a robustly conservative design with adequate safety

IEServes.

The hydraulic-spring hybrid gripping mechanism, which provides approximately 70% of the
required contact force through passive spring pre-loading and supplements with hydraulic
pressure only on demand, is analytically predicted to maintain grip accuracy within £2.6% across
all five scenarios, including the corroded casing environment of Scenario S4. This approach is
consistent with established design principles for adaptive robotic grippers in unstructured
environments [62] and represents a meaningful conceptual contribution to the field of downhole
robotic systems.

4.2.3 Dual-Mode Data Acquisition and Acoustic Telemetry

The dual-mode data strategy — combining real-time BPSK acoustic telemetry for shallow-to-
medium depth wells with memory-based logging for deep or high-attenuation environments —
addresses one of the most persistent challenges in autonomous downhole robotics. The analytical
evaluation confirms that the proposed acoustic system, operating at a 10 kHz carrier with a 2
kHz bandwidth and Reed-Solomon forward error correction, is capable of sustaining 78-95 bps
uplink rates at depths up to 5,000 m and 80 bps at 8,500 m with a single relay repeater, achieving
bit error rates (BER) consistent with published field observations in comparable geothermal

environments [20].

While the acoustic data rate is acknowledged as substantially lower than the megabit-per-second
throughput of wired E-Line systems, the analytical assessment confirms that it is sufficient for

real-time transmission of pressure-temperature profiles, gamma-ray logs, tool status, and depth
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data — the primary diagnostics required for production logging and well integrity assessment.
For high-data-rate imaging tasks, memory-mode operation provides a viable and operationally
established complement, consistent with the long-standing practice of slickline memory logging

in the petroleum industry [49].

4.2.4  Analytical Evaluation Framework

The structured five-scenario analytical framework developed in Chapter 3 constitutes a
methodological contribution that is generalisable beyond the X-Intervention system. By
combining rigid body dynamics, Newtonian fluid drag models, acoustic attenuation theory, and
control-theoretic performance metrics within a single evaluation framework, this study provides
a replicable template for the conceptual assessment of future autonomous downhole tools. The
framework explicitly acknowledges its assumptions and boundary conditions, enabling direct
comparison with future experimental or numerical studies that build upon this conceptual

foundation.

4.2.5 Comparative Benchmarking Against Conventional Technologies

The comparative performance matrix presented in Chapter 3 (Table 3.6) provides a
comprehensive side-by-side assessment of autonomous robotic and conventional wireline
intervention technologies. The analysis indicates that the X-Intervention system offers an
estimated cost index 37% below that of wireline tractors and 60% below that of coiled tubing for
non-pumping interventions, with crew requirements of 2—3 personnel compared to 5-8 for tractor
operations and 8-12 for coiled tubing spreads. Rig-up time is analytically estimated at 0.5-1 hour
for the X-Intervention system, compared to 4-8 hours for wireline tractors and 8-24 hours for
coiled tubing. These estimates are grounded in published day-rate data [49] and, while subject to
the uncertainties inherent in any conceptual cost analysis, provide a useful preliminary economic

rationale for the technology's further development.

4.3 Key Limitations Acknowledged

Scientific integrity requires that the limitations of the present study be examined with the same
rigour applied to the reporting of results. The following limitations are intrinsic to the conceptual
and analytical nature of this work and must be addressed in any future experimental or field

validation programme.

4.3.1 Conceptual Nature of the Study and Absence of a Physical Prototype
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The most fundamental limitation of this research is that the X-Intervention system exists solely
as a conceptual design. No physical prototype was constructed, and no experimental
measurements were obtained in the course of this study. All performance figures reported in
Chapter 3 are analytically derived estimates, computed from mathematical models parameterised
using manufacturer data, published petroleum engineering standards, and established
engineering correlations. They have not been validated against physical test results, downhole

measurements, or controlled laboratory experiments.

This limitation is inherent to the scope of the present work, which was designed explicitly as a
conceptual and analytical feasibility study. However, it means that several classes of
performance uncertainty — including manufacturing tolerances, component fatigue behaviour,
unexpected fluid-structure interactions, wellbore geometry variability, and electronic reliability
under repeated thermal cycling — cannot be quantified from the present data alone. Future
physical testing will be necessary to reduce these uncertainties and to confirm or refine the

analytical predictions presented here.

4.3.2 Simplifications in the Analytical Models

The analytical models employed in Chapter 3 introduce a number of simplifications that limit
the precision of the derived performance estimates. Well fluid was modelled as a Newtonian
fluid with fixed density and viscosity, whereas actual production fluids commonly exhibit non-
Newtonian rheology, multi-phase composition, and variable temperature-dependent viscosity.
The wellbore casing was modelled as a circular steel pipe with stochastic surface irregularities,
while real casings may present more severe forms of deformation — including partial collapse,
heavy scale deposits, or mechanical damage from previous interventions. Acoustic attenuation
was modelled as frequency-selective but spatially uniform, whereas actual downhole attenuation
is influenced by casing connections, fluid composition, and wellbore geometry in a spatially

heterogeneous manner.

These simplifications were adopted to ensure analytical tractability and are consistent with
accepted practice in conceptual engineering studies. Nevertheless, they represent sources of
modelling uncertainty that must be addressed through higher-fidelity computational modelling
and physical testing in subsequent research phases.

4.3.3 Acoustic Telemetry Constraints
The acoustic telemetry system presents a significant practical limitation that the present
analytical study can partially characterise but cannot resolve. The fundamental constraint on
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acoustic data rates — analytically estimated at 78-95 bps under operational conditions, and
constrained to a practical ceiling of approximately 100-300 bps even with advanced modulation
schemes — means that real-time high-fidelity imaging, such as that provided by ultrasonic
borehole imagers or multi-arm caliper tools on conventional wireline, cannot be transmitted in
real time by the proposed system. The analysis confirms that memory mode mitigates this
constraint for most logging applications; however, the practical reliability of acoustic
communication in highly deviated wells with complex fluid regimes, casing connections, and
variable wellbore temperatures remains an open question that can only be resolved through
laboratory and field testing.

Furthermore, the deployment of relay repeaters at 2,000 m intervals in deep wells introduces
additional operational complexity that partially offsets the surface footprint advantage of the X-
Intervention concept. The engineering design, qualification, and deployment strategy for
downhole repeaters in a cable-free operational context represents a non-trivial challenge that was

not addressed in the present study.

4.3.4 Thermal and Pressure Environment Limitations

While the EPU and structural components were designed to rated limits of 175°C and 15,000 psi
— consistent with high-temperature electronic qualification benchmarks [59] and the titanium
pressure housing design principles adopted by Garcia et al. [20] — the analytical evaluation
treats these limits as hard boundaries rather than as continuous performance variables. The
degradation of electronic components, battery capacity, elastomeric seals, and piezoelectric
transducer performance under repeated thermal and pressure cycling — as would occur over the
operational lifetime of a deployed tool — was not modelled. Cumulative fatigue and material
degradation mechanisms under HPHT conditions present engineering challenges that require

dedicated experimental qualification programmes beyond the scope of this conceptual study.

4.3.5 Engineering Uncertainties in Practical Deployment

Several practical engineering challenges associated with deploying the X-Intervention robot in
live wellbore conditions were not fully addressed in this study. These include: the reliable
passage of the robot through wellhead pressure control equipment (stuffing boxes and blowout
preventers), which impose mechanical constraints on the robot's external geometry; the
management of free debris and scale in the wellbore that may obstruct the wheel mechanism or
jam the acoustic transducer pads; the interaction between the robot's drive system and centraliser

assemblies, tubing joints, and safety valves present in real completion strings; and
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electromagnetic interference within the wellbore and its potential effects on the EPU's digital
signal processing performance. These factors introduce operational risks that cannot be
quantified from the present analytical framework and must be evaluated through incremental

physical testing.

4.4 Recommendations for Future Work

The analytical feasibility demonstrated by this study provides a foundation for a structured
programme of experimental validation and progressive system development. The following
recommendations are proposed in approximate order of technical priority and logical

dependency.

4.4.1 Adaptive Wheel Module Prototyping and Bench Testing

The first and most critical experimental step is the fabrication and bench-level testing of a single
adaptive wheel-arm module. This should include: (i) measurement of the torque output versus
speed characteristic of the BLDC motor and planetary gear assembly under representative load
conditions; (ii) characterisation of the hydraulic-spring hybrid gripping force as a function of
hydraulic pressure, spring pre-load, and contact surface roughness; and (iii) evaluation of the
anti-slip algorithm's response time and effectiveness on a casing segment test rig with controlled
surface irregularities. These measurements would provide direct experimental validation of the
critical assumptions in the Chapter 3 analytical models and enable calibration of rigid-body

dynamics and friction coefficient parameters used in the performance predictions.

4.4.2 Reduced-Scale Mobility Testing in Casing Sections

Following component-level validation, a reduced-scale or full-scale robot body should be
assembled and tested in representative casing sections under controlled laboratory conditions.
Priority test cases should include: traversal of a fully horizontal casing section against a
controlled fluid flow; navigation through a section with introduced irregularities simulating
corrosion and deformation (analogous to Scenario S4); and grip stability assessment under
simulated transition between vertical and deviated well segments. These tests would provide
direct experimental counterparts to the five analytical scenarios and would identify discrepancies

between predicted and observed performance at the system level.

4.4.3 Acoustic Telemetry Laboratory Characterisation
An independent experimental programme should be conducted to characterise the acoustic

telemetry system's performance in a controlled steel tubing environment. This should include:
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(1) measurement of signal attenuation as a function of frequency and distance in a representative
5%" steel casing string of at least 1,000 m length; (ii) characterisation of the noise environment
produced by pump strokes and fluid flow at representative wellbore conditions; (iii) evaluation
of LMS adaptive filter performance in suppressing pump-frequency interference; and (iv)
measurement of the BPSK bit error rate as a function of signal-to-noise ratio at representative
depths. The results would calibrate the acoustic channel model and validate the Reed-Solomon

forward error correction performance estimates presented in Chapter 3.

4.4.4 High-Pressure and High-Temperature Component Qualification

Electronic and mechanical components critical to HPHT performance — including the EPU
electronics, LiFePO4 battery cells, elastomeric seals, and piezoelectric transducer assemblies —
should be subjected to qualification testing at the rated operating conditions of 175°C and 15,000
psi. Testing protocols should be consistent with APl 19AC and standard downhole tool
qualification practices, including thermal soak tests, pressure cycling, and combined HPHT
exposure. The qualification programme should specifically evaluate battery capacity retention
under elevated temperature cycling, which represents one of the most significant uncertainties in
the current energy budget model.

4.4.5 Navigation and Depth-Tracking Algorithm Validation

The Kalman-filter-based depth tracking algorithm, which fuses wheel encoder and IMU data for
dead reckoning, should be validated on a physical robot platform traversing a known-geometry
casing string. Depth accuracy should be measured against an independent reference — such as a
casing collar locator log or a calibrated depth counter — over traversal distances representative
of the operational scenarios. The Extended Kalman Filter (EKF) state-of-charge estimator for the
battery management system should similarly be validated against direct Coulomb counting
measurements under representative load profiles to confirm the energy budget predictions.

4.4.6 Downhole Power Management and Turbine Energy Harvesting Optimisation

The turbine energy harvesting contribution, estimated at 5-15 W in scenarios with active fluid
flow, represents a meaningful but unvalidated supplemental power source. A dedicated
experimental study should characterise turbine output as a function of fluid velocity, fluid
density, and turbine geometry, and should evaluate the integration of turbine output with the
battery management system under realistic wellbore flow conditions. Power management

algorithms that optimise the allocation of battery and harvested energy to locomotion, sensing,
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and communication subsystems should be developed and tested on a hardware-in-the-loop

simulation platform prior to full system integration.

4.4.7 Integrated Field Pilot Testing

Following successful completion of the above laboratory and component-level validation phases,
an integrated pilot test of the assembled X-Intervention robot should be conducted in a controlled
well environment — for example, a decommissioned test well or an instrumented research well
facility. Pilot test objectives should include: full-depth traversal from surface to target depth in a
deviated well; execution of a simulated logging run with sensor data collection and surface
transmission; demonstration of autonomous retrieval; and post-run inspection of all components
to assess wear and mechanical integrity. The results of this pilot test would provide the empirical
foundation required to assess commercial readiness and to identify residual engineering
challenges that must be addressed prior to field deployment.

Table 4-1 Summary of Recommended Future Work Phases

Phase Activity Objective

1 Wheel module prototyping & bench test Valld_ate torque, grip force, anti-slip
algorithm

2 Casing section mobility test \S/E?“date system-level performance vs. S1—

3 Acoustic telemetry lab characterisation Calibrate attenuation model, validate FEC

4 HPHT component qualification .C°“f'fm LSS LR sl el el
integrity

5 Navigation & depth-tracking validation Confirm iO.'05 m depth accuracy via IMU-
encoder fusion

6 Turbine harvesting optimisation VRIS S Uty BB B EiteY (7027
model

7 Integrated field pilot test System-level validation in representative

well
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4.5 General Conclusion

The progressive development of well intervention technology has been driven, throughout its
history, by the need to reach increasingly challenging reservoirs while reducing operational cost,
surface footprint, and personnel exposure to hazardous environments. The transition from
mechanical slickline to electric-line wireline, and subsequently to wireline tractors and coiled
tubing, reflects this continuing trajectory. The X-Intervention concept proposed and analysed in
this thesis represents a logical continuation of that evolution: an autonomous, cable-free robotic
system designed to perform logging, integrity assessment, and intervention tasks across the full
range of wellbore geometries — including fully horizontal extended-reach wells — without the
cable infrastructure, large surface spreads, or substantial crew requirements characteristic of

conventional methods.

The analytical evaluation conducted in this study provides credible evidence that the X-
Intervention concept is technically feasible within the bounds of currently available or near-
available component technologies. The proposed adaptive wheel-drive system, hydraulic
gripping mechanism, BPSK acoustic telemetry architecture, and dual-mode data strategy are
each grounded in established engineering principles and supported by published field evidence
from analogous systems. The predicted performance metrics — traversal speed, grip accuracy,
torque utilisation, telemetry reliability, and HPHT resilience — are consistent with the
operational requirements of real well intervention tasks and compare favourably with the

published specifications of the conventional technologies the system is designed to supplement.

It is equally important to acknowledge what this study does not demonstrate. The X-Intervention
system has not been built, tested, or deployed. The performance figures reported throughout this
thesis are analytical estimates, not experimental measurements. The limitations identified in
Section 4.3 — including model simplifications, acoustic data rate constraints, and the
unquantified effects of real-world operational variability — are real and non-trivial. They define
the research agenda that must be pursued before the concept can progress from analytical study

to physical realisation.

The primary value of conceptual and analytical studies of this type lies in their ability to
characterise feasibility boundaries and to identify critical engineering challenges before the
considerable resource investment of prototype development is undertaken. By establishing,
through rigorous analysis, that the X-Intervention concept is internally coherent, dimensionally

scalable, and consistent with the operational environment it is designed to serve, this thesis
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provides a substantive and useful contribution to the evolving body of knowledge on autonomous
downhole robotic systems. It lays a documented technical foundation upon which future

experimental, computational, and engineering development work can be systematically built.

The oil and gas industry's sustained need to reduce intervention costs, extend the diagnostic reach
of well logging into horizontal and extended-reach wells, and enable safe operations on
unmanned and remote platforms ensures that autonomous robotic intervention technology will
remain a strategically important area of research and development for the foreseeable future. The
X-Intervention concept, as developed and evaluated in this thesis, contributes a structured,
analytically validated perspective to that effort — and it is hoped that the work presented here
will serve as a useful point of reference for researchers and engineers working to advance the

next generation of downhole robotic systems from concept toward field reality.

NOTICE: This thesis has presented X-Intervention, an original wireless downhole intervention
concept conceived and developed by Mohamed Asaad DOUFFI. By integrating autonomous
robotic mobility, battery-powered operation, and acoustic communication into a single
intervention platform, X-Intervention offers a novel approach to overcoming the limitations of
conventional wireline and pipe-conveyed technologies. The concept reflects the originator's
(Mohamed Asaad DOUFFI) vision for the future of well intervention and contributes to the
advancement of safer, more efficient, and more cost-effective downhole operations. While
further development and experimental validation are required, X-Intervention establishes a

foundation for next-generation wireless intervention systems in the oil and gas industry.
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