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ABSTRACT

Building upon the initial concepts for aerial robotic inspection introduced at ICUAS 2024, this
paper presents the maturation and field validation of a fully integrated system for inspecting
Corrosion Under Insulation (CUI) in petrochemical facilities. Developed within the EU-funded
SIMAR project, the system features a fully actuated aerial platform with tilted rotors, specifically
engineered for operation in complex, GNSS-denied environments. It is designed to flexibly integrate
various inspection payloads and to perform safe take-off and landing maneuvers on intricate
structures such as pipelines and robotic crawlers. The platform is further designed to maintain
stable flight under wind gusts of up to 10 m/s and to remain operationally robust in the event of a
single rotor failure.

The proposed work describes the complete autonomous workflow for the deployment and re-
trieval of a remote-operated inspection crawler equipped with industrial-grade sensors, including
X-Ray (XR) and Pulsed Eddy Current (PEC), on active industrial pipelines. Key enabling tech-
nologies include a multi-sensor fusion algorithm for pipe detection and a vision-based strategy for
precise crawler recovery.

The paper culminates with the results of a Technology Readiness Level 7 (TRL7) pilot demon-
stration carried out at an operational petrochemical facility operated by CHEVRON. During this
validation, the SIMAR system demonstrated a 44-fold improvement in inspection efficiency com-
pared to traditional manual methods, while completely eliminating human exposure to work at
height.

Keywords: UAS, drones, control, tilted, fully-actuated
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Euler angles (yaw, pitch, roll)

F Force vector

Fy, Fy, F, = Components of the Force vector
M,,M,,M, = Components of the Moment vector
a = Acceleration [m?/s]

m = Mass [kg]
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g = Gravitational constant [m/s?]

P10 = Position (p = [x,y,z]7) [m] and Attitude (y = [¢, 8, ¥]7) [rad] of the UAV
a;, Bi = Tilt angles of rotor i [rad]

F™| g = Maximum lateral force in hovering [N] (components x, y)
F = Maximum vertical force (thrust) [N]

D,,D, = Estimated aerodynamic drag [N]

T;, O; = Thrust [N] and Torque [N-m] generated by rotor i

w; = Angular velocity of rotor i [rad/s]

i, 1 = Direction vector and position vector of rotor i

T = Direction of rotation of rotor i

A = Control Allocation Matrix

KF = Kalman Filter

EKF = Extended Kalman Filter

1 Introduction

Inspection and monitoring of structural integrity in petrochemical plants, particularly corrosion under
insulation (CUI) and the inspection of pipelines at height, are of critical importance for operational safety
and cost efficiency. Traditional inspection methods for working at height involve scaffolding, rope access,
and sometimes shutdown conditions that carry high risk, high cost, and extended times. In this context,
robotic systems and, in particular, Unmanned Aerial Vehicles (UAVs) have emerged as transformative
tools. UAVs enable access to difficult-to-reach zones, reduce human exposure, accelerate inspection
procedures, and provide high-resolution data for advanced analysis. Recent studies demonstrate that
UAV-based inspection methods significantly improve the efficiency and safety of petrochemical operations
[1-4]. Furthermore, several reviews highlight how UAVs integrated with non-destructive testing (NDT)
sensors, like pulsed eddy current (PEC) and ultrasonic, enable quantitative inspection of corrosion and
material degradation [5, 6]. In petrochemical environments, where GNSS signals are often degraded
by metallic structures and electromagnetic interference, robust navigation and localization solutions are
required [7, 8]. This integration of UAV platforms, sensing payloads, and autonomy frameworks is
increasingly recognized as a key for industrial plant inspection and maintenance.

A wide range of related work addresses UAV inspection of large-scale infrastructure. UAV-based
vision systems have been applied to civil infrastructure inspection, leveraging 3D reconstruction and
computer vision for defect detection [9]. In this context, frameworks like DRONIX demonstrate how
automated trajectory planning and data capture with drones can be seamlessly integrated into construction
pathology and infrastructure rehabilitation workflows [10]. Multi-UAV trajectory planning methods for
complex structure inspection have been proposed to maximize coverage and efficiency in such inspections
[11].

Moving towards contact-based inspection, aerial platforms such as the Voliro T combine omnidi-
rectional flight capabilities—achieved through tilted rotors—with NDT tools to execute measurements
on complex industrial structures without the need for scaffolding [12]. Beyond purely aerial platforms,
recent approaches combine aerial and ground robots, creating hybrid UAV-crawler systems capable of
performing contact-based NDT tasks in elevated and hazardous areas [5, 13]. For instance, air-ground
hybrid systems like FalconScan allow a UAV to deploy and retrieve a specialized crawler to perform
contact-based NDT inspections on elevated pipes, demonstrating feasibility even on small-diameter
structures [14]. While these studies demonstrate the theoretical feasibility of advanced aerial and hy-
brid approaches, transitioning them from controlled laboratory settings to complex, real-world industrial
environments remains a critical gap in the literature. Most existing solutions either rely on GNSS for
navigation or struggle to maintain stability under realistic external disturbances.
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Our previous work presented in ICUAS 2024 [8] introduced a novel UAV concept for metallic
pipeline inspections. This article laid the foundation for landing on pipes (where we claimed the first
system in the world able to land on pipelines in a real petrochemical facility), describing a platform
with tilted rotors and the necessary perception algorithms for navigating without GNSS and for detecting
pipelines. This concept was successfully demonstrated in the PILOTING project.

In summary, this paper presents the next step towards autonomous pipeline inspections by improving
the previous system and resting on a solid foundation concerning UAV-based operations. The primary
objective of this work is to present the maturation and field validation of a fully integrated, modular aerial
robotic system capable of carrying different payloads for CUI inspection. To achieve this, several specific
technical challenges had to be addressed explicitly: 1) ensuring stable flight and precise maneuverability
in close proximity to complex metallic structures without GNSS, especially under wind disturbances; 2)
developing robust, multi-sensor perception algorithms capable of reliable pipe and crawler detection; and
3) designing a mechanical coupling system that guarantees safe autonomous deployment and retrieval.
Highlighting these technical constraints reveals the boundary conditions that must be considered for true
industrial applicability.

The remainder of this paper is structured as follows: Section 2 details the modular robotic system
design. Section 3 describes the autonomous stack, including the navigation, control, and perception
modules. Section 4 presents the experimental setup, quantitative validation, and the limits of the
proposed system. Finally, Section 5 draws the conclusions.

2 Robotic system design

The SIMAR robotic system is a comprehensive, fully integrated solution based on a modular
architecture (see Fig. 1). It is fundamentally divided into two main components: the Ground segment
and the Robotic segment. The Ground segment includes the Decision Making Tool (DMT), the Ground
Control Station (GCS), the Augmented Reality (AR) interface, and the Artificial Intelligence (AI) module.
The Robotic segment comprises the Unmanned Aerial Vehicle (UAV) and multiple easily interchangeable
payloads, such as X-Ray (XR), Pulsed Eddy Current (PEC), and Visual modules. In a general operational
workflow, these segments collaborate seamlessly: inspection missions are planned and managed via the
DMT, executed autonomously by the UAV under the supervision of the GCS, and the acquired data is
subsequently processed by the Al module to identify structural damages.

While the complete SIMAR architecture e
achieves this entire end-to-end data acquisi- Current (PEC)
tion and processing pipeline, the scope of meinant
this paper is delimited to the Robotic seg- “
ment technologies enabling the physical in- !
teraction with the infrastructure. Therefore, Sy
this work will focus exclusively on the object (OWTool
of study highlighted in the architecture: the R C ******** -
Aerial Platform, the autonomous deployment e
and retrieval of the XR crawler, and the GCS Augmented

Reality
acting as the primary User Interface (UI).

X-Ray (XR)
Payload

Ground
Control Station
(GCS)

[ 2|

(AR)

Fig. 1 General architecture of SIMAR system
2.1 Aerial Platform

The Aerial Platform developed consists of an octocopter designed with tilted rotors. This creates
a fully actuated UAV able to generate horizontal forces allowing it to fly without changing its current
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attitude. It was found in previous work [8] that this was a must for landing safely and with precision on
cylindrical structures, in this case pipelines.

2.1.1 Design

This UAV was designed to meet strict opera-
tional requirements, including robustness against
wind gusts (up to 10 m/s) and the ability to main-

|

— ;:‘,T \‘c’a ‘_B{gx ’

tain flight in case of a single rotor failure. The ¥ S
design followed an iterative workflow of simula- Fig.2 o and § angles for determining the rotors

tion, mock-up testing and full-scale integration.  grijentation

Rotor angles («, 8), shown in Fig.2, were optimized via a nonlinear programming problem in order
to maximize lateral and vertical thrust efficiency while ensuring stability and rotor-failure compatibility.

The objective function:

max

flai, Bi) = (FY' |aF{"|n) - Zg —abs(F)" |y — F'"|p)’? (1

where F;"“x |77, F'“" | are the maximum lateral forces during hover, F"** is the maximum vertical lift,
and g is the gravity constant, is formulated to minimize the absolute difference between the horizontal
and vertical thrust capabilities, ensuring a balanced control authority, while simultaneously penalizing
configurations that significantly reduce the maximum vertical lift. Constraints ensured sufficient control
authority against aerodynamic drag (D,, D) and adequate torque for roll, pitch, and yaw.

In order to validate the results, three preliminary designs were tested with different configurations of
rotor dispositions. The best approach found was a platform with all rotors tilted, that presented good yaw
capabilities while reducing interaction between overlapped rotors, good flight performance in general
and showcasing the ability to counteract winds of around 10 m/s using only lateral forces.

B

Fig. 3 Final UAV, 2nd version rotors disposition

The full-scale UAV (Fig.3) was built following the previous mentioned configuration optimizing the
structural design by a selective use of carbon fiber. The arms were delimited by a central rotation piece
and a clamp placed at the outer part of the frame for allowing UAV reconfiguration. The sensor suite
selected for the UAV is composed of a 3D LiDAR and IMU for navigation, two 2D LiDAR and a depth
camera for pipe detection, and, finally, a camera pointing down for crawler recognition.

The reproduction and distribution with attribution of the entire paper or of individual

Except where otherwise noted, content of this paper is licensed under 006 - 4 X | X P ;
a XCC;I:ni\:/e eCr(e)l:mf);v:l/:itrrliT)zﬁoior Oe rIlntoernalt:o‘;iﬁeIiil:erllz:nse under pages, in electronic or printed form, including any material under non-CC-BY 4.0
= : : licenses is hereby granted by the authors and respective copyright owners.


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

2.2 Coupling mechanism

Modularity is a main feature of SIMAR project. This aircraft acts as a "mothership" able to transport
and operate different interchangeable payloads.

Fig.4 Active system of the coupling mecha- Fig. 5 Final UAYV, guiding mechanism between UAV and
nism onboard XR crawler

This integration is physically made through a mechanical device custom made for SIMAR that can
attach and detach any of the payloads in less than 1 minute composed of the following components:

* Active Mechanism (on UAV): Placed at the base of the UAV (Fig.4), this mechanism uses two
linear actuators that move a conical plug. These conical plugs have to be inserted through the
passive mechanism located in the crawler locking and ensuring a safe coupling process.

* Passive Mechanism (on Payloads): Placed on top of the payloads, has two metallic rings. These
rings guide the conical part from the active mechanism for ensuring a robust lock while coupling.

In addition to this, there is another mechanical part playing an important role while coupling for retrieving
the crawler. This is the guiding mechanism (Fig.5), two "V-shaped" structures located at the bottom of
the UAV that guides the UAV while landing on top of the crawler. This system allows for lower precision
while landing ensuring the successful attachment of the UAV and payload.

2.3 XR crawler

The payload system presented in this paper will only be the X-Ray one. This is a robotic crawler
remote-operated with 13 Kg weight, designed specifically for moving along the top surface of pipelines.
Its main function is to deploy an X-Ray generator and X-Ray detector placing it facing the bottom part of
the pipe (at 6 o’clock position) for taking images of that part where the CUI is most likely to appear.

The design of the final crawler (shown in Fig.6) is the
result of an iterative process prioritizing the low weight, ro-
bustness and operational simplicity. The movement system
is composed of two sets of 3 motorized wheels with encoders
plus 2 free wheels guaranteeing enough friction on top of
the insulated pipelines. It incorporates a clamping system
that holds the crawler in place adding extra support while
deploying or retrieving the crawler. The X-Ray deploying
mechanism guarantees the X-Ray generator and detector are
placed down to the bottom of the pipe where 2 servo mo-

tors control the movement from the storage to the deployed Fig. 6 Crawler XR on top of a pipeline
position. while performing X-Ray inspection
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2.4 GCS

The GCS is the central hub of the robotic systems. It is the human-robot interface acting as a
control center and data management. The GCS is built using a modular system based on RViz (ROS 3D
visualizer) [15]. This choice allows a 3D real time visualization, telemetry from the Aerial Platform and
the payloads at the same time as sending control commands to these payloads. Being built in RViz gives
the required modularity having implemented a different plugin for different systems:

* Plugin for UAV (see Fig.7): Monitors the UAV state, displays the FPV camera, and allows an
operator to control the UAV sending high level commands.

* Decision Making Tool (DMT) plugin: Manages the download of inspection missions and the
upload of results.

* Payload plugin (XR, PEC, Visual): Each payload has its own plugin that offers specific control
interfaces for each payload allowing the data acquisition and the remote operation.

* Run Data Gather plugin: standardizes the data collection and metadata for all inspection types
providing a results data pack with the required format.

< AerialRobotControlRvizPanel

Mid-Level State Machine General Information

N
dom positon x:
Set Payload AV v
Odom Position Z: -0.228639
Take Off | 100 %
Current SM State: | UNINITIALIZED
Land
—— ST
Set Flight Plan RS
AP State: DISARMED
Get Flight Plan
Diagnostics: OKAY
Go To Next Waypoint Behaviour Control
Start Mission
X: [m] 000 %
Abort Mission
¥: [m] 000 %
Go To Position
2 tml 050 |4| | Attachement System
. .
vaw: [deg] |00p |+ | AttachmentState: DETACHED
= Attach
Go To Waypoint Index Stop
CONT ~ Detach
AerialRobotControlRvizPanel | Displays

@ image 7 ]

aviodom

Fig. 7 UAY plugin for GCS. UAYV landed after XR deployed on pipeline

3 UAV Autonomous Stack

In order to operate in a complex and cluttered environment like a petrochemical facility where GNSS
has poor signal, the system must present a robust architecture for guidance, navigation, and control. This
paper presents an autonomous stack (see Fig. 8) where the mission is handled by a behavior tree receiving
as inputs information from the perception and navigation modules. This information is used to generate
the guidance transmitted to the controller, which ensures the UAV performs the requested commands in
stable flight.
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System

MU Control

r Perception
| ArUCO-Based |
Crawler Detector
| [ |
| Pipes Global |
Estimator
| Pipe Pipes KF-Based | r
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| Detector Association | | .
High-Level —
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| Database | | Behavior Tree |<—
L _J _1__ _ _ _
r Navigation 1
| - Previoust Global LiDAR-Inertial |
nvironment = qcajization Odometry
| Map i
S |

CATEC AUTOPILOT

Fig. 8 UAYV autonomous stack diagram. Key acronyms include Kalman Filter (KF), Robot Operating
System (ROS), User Datagram Protocol (UDP), and Inertial Measurement Unit (IMU).

3.1 Navigation

The system’s navigation, designed for GNSS-denied

environments, is a critical component for autonomous
operations. The navigation module, consists of a LIDAR-
Inertial odometry and a global localization (see Fig.9).

¢ The Global Localization Module, based on the al-

UAV

gorithm DLL (Direct LiDAR Localization) [16] is
a point cloud matcher. Provided with a previously
generated map of the environment and the current
seen point cloud, it corrects the offset between the
relative reference frame and the global reference
frame at a low frequency.

The LiDAR-inertial Odometry is an algorithm
based on LIO-SAM [17] that fuses data from 3D
LiDAR and IMU (Inertial Measurement Unit). It
provides the position and attitude of the UAV at
high frequency and with high precision in the rela-
tive reference frame, allowing a stable control and

A/ -l';'l-ap

odometry

Take-off T

e 4

@+«

A —

Relative
Localization
Module

Global
Localization
Module

Fig. 9 Reference frames of the Navigation

the execution of autonomous missions.

3.2 Control

The UAV’s control system is developed on a custom autopilot developed by CATEC. The tilted rotors
configuration is one of the keys because it allows to separate the translation from the attitude control
meaning the UAV can generate horizontal forces for moving horizontally while maintaining the attitude
fixed, in this case roll and pitch to zero.
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3.2.1 Control Architecture

The control architecture shown in Fig.10 is divided in three different main blocks executed in cascade:

* Attitude Control (Orange block of Fig.10): Implements a Proportional Derivative Integral (PID)
cascade controller that stabilizes the UAV in roll, pitch and yaw (¢, 6,y). When flying using the
"lateral forces fly mode", this controller keeps roll and pitch to zero ensuring the platform flies
level while moving horizontally.

* Lateral Forces Control (Purple block of Fig.10): also implements a cascade PID controller con-
verting the velocity reference (x, y, vy, vy) into a desired lateral force vector (Fy, Fy).

» Z Control (Blue block of Fig.10): an independent PID cascade controller that manages the altitude
and the vertical velocity (z,v;)

[ ATTITUDE CONTROL |

referenc_e reference reference reference RP [_ desired Mxyz _I

= P-XY XY velocity VPI-XY XY acc XY acc to RP angles P-RPY rates || PID-Rates moments

osition elocity RP angles controller 1" | controller
controller controller
RATES CONTROL

RPY CONTROL] | —J

VELOCITY CONTROL — — — —

POSITION CONTROL,

[ LATERAL FORCES CONTROL |

desired Fxy [_ corrected Fxy _] o,
PID-XY forces Fxy I forces | -a
locity ba: erd on pipe Mixer v
controller pS Pip: I I
interaction LATERAL FORCES
DIRECT COMMAND

[ (et commano) )
Z CONTROL

I a o
P-Altitude Y | | P2z sy Thrustto | | 1
controller - elocity | throtle J b
controller
| I THROTLE DIRECT Il
COMMAND
(PosiTION CONTROL]

[posiion conTror] | L — —

Fig. 10 UAV control architecture

3.2.2 Mixing Strategy

The mixer is a software component converting the output of the three different controllers (Fy, Fy,

F,, M\, M, M) into the individual Pulse Width Modulation (PWM) for each of the 8 rotors where the
forces/momentum generated (F;, M;) and the velocity of the rotors (w;) are defined by the dynamical

model of the rigid solid:

F)C n
Fy|=mg =) T;-ii
FZ i=1

Mx n

My| = > (Qi - 7y + 7 X (T; - 1)

M i=1

Z

where T; and Q; are the thrust and torque of the rotor i, 72; and 7; are the direction and position vectors,

and 7; indicates the direction of rotation of the i-th rotor. Expanding the equations and grouping terms,
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the following expression can be written:

:§\<§§Nﬁ‘<’}j:q

Given the system has 8 actuators for 6 DoF (Degrees of Freedom), the control set will not be
unique for a set of forces and moments. The control solution is being computed using the Moore-Penrose
pseudo-inverse since, based on this approach, the control set achieved is the one with minimum Euclidean
norm that guarantees the most efficient alternative in terms of energy.

In addition, a mixed attitude-forces control has been designed to allow, if necessary, the combination
of lateral forces and attitude commands to achieve greater lateral force and thus, better response to intense
wind gusts.

Before saturation

Attitude
controller

A

[Mx]
After Roll/Pitch control My]
saturation reference [Fx] [Mz]obj

Lateral forces Saturator [Fylobj
controller

Control [Fz]ob
references .
Vertical
controller

Mixer

wy

Fig. 11 Mixed Attitude Forces control

The approach, presented in Fig.11, relies on detecting a control command in lateral forces that
surpasses the physical threshold of the platform. In such cases, the portion of this command that cannot
be fulfilled solely by lateral forces is converted to a reference for roll or pitch.

Finally, there is a reactive control for mitigating rollover caused by pipe contacts. The approach for
landing on the pipe and on the crawlers represents the most critical phase of the operation. In particular,
the contact between the UAV and the pipe or crawler can create rollover moments compromising the
aircraft. The logic is such that if, during an approach and landing on the pipe or crawler, a deviation in
roll that exceeds a threshold occurs, a control action is executed to alleviate the contact.

3.3 Perception

The autonomous stack shown in Fig.8 contains a perception module composed of two main com-
ponents: The "Pipe Detector" [8] and the "ArUCO Crawler Detector" [18] [19]. These are the input for
the guidance system in order to land on pipelines and on the crawlers. Detections from both modules are
transformed to the global reference frame given by the Navigation module.

3.3.1 Pipe detection module

The autonomous stack shown in Fig. 8 contains a perception module composed of two main com-
ponents: The "Pipe Detector" [8] and the "ArUCO Crawler Detector" [18] [19]. These are the input for
the guidance system in order to land on pipelines and on the crawlers. Detections from both modules are
transformed to the global reference frame given by the Navigation module.
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In order to be able to land autonomously on pipelines, the guidance system requires a position
estimation of the pipe. This feature is provided by the Pipe Detection Module. The module architecture,
shown in Fig. 12, is based on sensor fusion for a better estimation [20]. The system uses a depth camera
and two 2D LiDAR. These sensors are processed by two independent detectors: "Cloud Pipe Detector”
and "Laser Pipe Detector".

Pipe Detector Module Pipes Global - : ;?pf}‘.ljcq‘:;:':;.cnlfgwa
Estimator D

Depth Camera Cloud Pipe Sensor to Odom

RS D435i > Detector T Frame Transformation ) )
Pipes KF-Based Fusion &
} Association
2D LiDAR
Hokuyo UST-10LX " Laser Pipe _|,  sensorto Odom
»  Detector Frame Transformation Pipes Real-Time Database
2D LiDAR A

Hokuyo UST-10LX

Lidar-Inertial
Odometry

Fig. 12 Pipe detector architecture Fig. 13 Test of Pipe Detection

The detections from both modules are transformed to the global reference system. Next, the "Pipes
Global Estimator" fuses these detections with a Kalman Filter. Pipe detections are stored in a database
that updates its position and radius with new detections. The final result is a stable pipe estimate that
serves as a reference for the guidance system. As detailed in a specific evaluation of this perception
architecture [20], this fused tracking system yields a mean geometric distance error of 2.6 to 2.9 cm and
an angular deviation between 1.43° and 3.2°, ensuring the precision required for a safe touchdown.

A detection example is shown in Fig. 13 where the pipe detector was able to detect different pipes
where purple represents the current estimate pipes and yellow the previously estimated ones.

3.3.2 Crawler detection module

For the crawler recovery phase, the
guidance system must identify with pre-
cision the 3D pose of the crawler, which
is located on top of a pipeline. This task
is performed using the "Crawler Detec-
tion Module" (Fig.14).

The system is based on computer

vision using a camera mounted at the Pick Up Phase: Basler
bottom of the UAV and facing down.
These cameras must identify a set of Fig. 14 Crawler detector representation

5 ArUCO markers with different sizes

located on top of the crawler. The use

of different sizes ensures a higher range of detection and guarantees pose estimation even if there is some
marker out of the image frame or presenting occlusion. Once the markers are detected, the system fuses
these detections with a Kalman Filter providing a single 3D pose estimation of the crawler target.

3.4 Mission Control and Guidance

The mission and Guidance is developed with a two layers architecture for ensuring safety and
robustness:
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* Flight State Machine: Manages the safety regarding the flying actions in autonomous. It is a bridge

for sending commands to the autopilot.

* High-Level Behavior tree: Handles the mission logic specifying the tasks for the autonomous
system. This also acts as the guidance module for the UAV.

3.4.1 Flight State Machine

This is an important component acting as a
bridge between the high level decisions and the au-
topilot. This module guarantees that the autonomous
flight actions are executed safely. It manages the
transitions between fly modes and commands basic
actions to the autopilot.

The State Machine, shown in Fig.15 differenti-
ates the mission from manual (green states) to au-
tonomous, defines stationary states (blue) for the au-
tonomous behavior such as "LANDED" and "HOV-
ERING" , handles action states (yellow) such as
"TAKINGOFF", "LANDING" and "GOING_TO".

Additionally, it has a fail-safe layer added
to it. In case of failure is detected, this gets
triggered and the system goes to an emergency
state (red) as "WAITING", "EMERGENCY_RTH",
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Fig. 15 Flight state machine architecture

"EMERGENCY_LANDING", "EMERGENCY_LANDED"

depending on the level of the failure.

3.4.2 High-Level Behavior Tree

The high-level Behavior Tree (BT) is the brain of the mission. It implements the logic for the required
task following a sequence of actions in order to reach an objective. For the objective of this paper, there
are two missions developed with BT: "Deploy XR crawler" and "Recover XR crawler".

Mission
Deploy XR
Sequence
1 1 ]
A Y A
Takeoff Sequence Takeoff Sequence
protocol - protocol -
{ ]
A A A A
Approach Land on Pipe Crawien Return Home Landing
Pipe Deployment protocol

Fig. 16 Simplified Behavior Tree for XR deployment

In general, the execution of a mission is done in a sequence mode that executes other sub-trees, for

example (see Fig.16):

 Takeoff protocol: BT calls the takeoff action from the Flight State Machine (Fig.15) and waits for
the state to change from "LANDED" to "HOVERING" passing by "TAKINGOFF".

* Main sequence: this is the sequence where the task is going to be performed. In this case the UAV
will have to "Approach the pipe", "Land on the pipe" and finally "Deploy the crawler" by releasing
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the coupling mechanism. In this sequence, the BT acts as a guidance system receiving information
of the UAV from the Navigation module, the target pose is provided by the Perception modules
and commands the UAV in order to reach the target by using of the "Flight State Machine".

* Final sequence: Once the crawler has been deployed and the UAV is back "HOVERING", the
system is ready to go back to the "home" position. Again the BT guides the UAV to "home".

* Landing Protocol: BT calls the landing action from the Flight State Machine from 15 and waits
for the state to change from "HOVERING" to "LANDED" passing by "LANDING".

This structure ensures the maximum safety against any failure or abort during any part of the mission. It
has been proven to be very robust and flexible adding modularity to the whole system.

4 Demonstration and Validation

The SIMAR system was demonstrated and validated in a final pilot demonstration at Chevron’s
Oronite petrochemical facility in Gonfreville, France. The scenario for the test was a water treatment
unit with active pipes with diameters from 4 to 10 inches located at different heights. During the
demonstration, the system successfully executed the autonomous mission workflow point to point (de-
ployment, inspection, recovery). This demonstrated the real capabilities of the system in real industrial
environments, including flying with wind gusts of up to 8 m/s.

4.1 Autonomous mission execution

The complete cycle of execution was per-
formed as follows:

* Deployment of the XR crawler: The
UAV, carrying the XR crawler, flew
nearby the target pipe to be inspected.
Then, using the information from the
Pipe Detector, the UAV landed softly
on top and deployed the XR crawler.
Finally it took off from the crawler and
performed a "Return to home" maneu-
ver. Fig.17, 1 shows the UAV landing
on the pipe while Fig.17, 2 shows the
UAV landed on the pipe.

* Inspection phase: The XR crawler
was remotely operated by an inspec-
tor from the GCS moving along the
pipe for inspection purposes.

* Recovery of XR crawler: The recovery
process, the most critical autonomous
task, is shown in Fig.18. Image labeled
1 illustrates the moment when the UAV
is descending on top of the crawler, 2
shows the last phase of landing on the crawler, in 3 the UAV is already landed and attaching the XR
crawler using the coupling mechanism. Finally, 4 shows the UAV taking off from the pipe carrying
the XR crawler. The mission ends with the UAV landing successfully in the home position.

Fig. 18 Recovery mission during the final validation
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4.2 Perception validation

The autonomous operation was possible thanks to the performance of the perception in the real
environment. For landing on the pipe, the pipe detector worked perfectly during the landing process.
Fig.19 shows the detected target pipe (purple) and the GCS at the same moment where it is possible to
see the UAV placed on top of the target pipe.

Fig. 19 Detection of pipe during final demonstration

On the other hand, the crawler [
detection algorithm perfectly identified E — |
and localized the XR crawler while per- )
forming the recovery mission. The
image in Fig.20 shows the flight pro-
file of a XR recovery mission. The
top graph shows the attachment status
(yellow) and the zgqms and z,.r. On

the graph below, it is possible to see

X POS REF

the position status (x, ¥)gqms and ref- & = veosr

Y POS STATUS

erence (x,y)r.r. It is possible to see
that once the UAV reached the position
given by the crawler detector (x,y),.r
started descending until it landed on top
of the crawler, moment when the cou-
pling mechanism activated in order to
attach the crawler. Once this was com-
pleted the UAV took off, navigated to the Fig. 20 ArUCO markers of XR crawler (left). Flight profile
home position and performed a landing for recovery mission(right).

operation.

X POS STATUS
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5 Conclusions

This paper has presented the design, autonomous stack and the validation of an autonomous aerial
robotic system specifically designed for CUI inspections. This work pushes the previous work towards
a mature and well tested concept, successfully reaching TRL7 through the demonstration in the real
facilities.

This work has validated the complete autonomous workflow for deploying and recovering a robotic
crawler in a complex and cluttered environment without GNSS for navigation. The final validations
demonstrated the real value of this system compared to traditional methods for CUI inspections. A
process that typically takes around 176 labor hours, the presented system could perform the same task
in less than 4 hours, reducing the time by a factor of 44. Additionally, this system eliminates 100% the
need for human exposure to work at height. A demonstration video of the SIMAR system showing these
capabilities is available at https://simar-project.eu/multimedia/#videos

As a project, SIMAR presented the future of industrial inspections, where robotics is transforming
the sector by eliminating the exposure of humans to unnecessary risks and making inspections safer,
smarter and more efficient.
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