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Executive summary

This document describes the design of the hylslibt prototypes developed in theYFLIERS
project. Based on thaitial system specification (D1.1) and f@ing the consideration of thgsdem
concept architecture (D1.2), two different prototypes are presented with different scope:

1 Hybrid Mobile Robo{HMR):
0 using a satellite slave robot that moves from the lander to the inspection location on
thepipe,
for landing on magnetic pipges
inspection of single pipes or in ragks
minimum clearance between tubes 100mm
inspection of the landing pipe only
0 straight sections, elbows as far as possible
1 Hybrid Robot with Arm (HRA)
0 using a robotic arm and a robot base with movement capability for landing on
magnetic and nemagnetic pipes
o modular concept whicbanwork in isolated pipgor racks
0 access to flerent pipes or structures from the landing pipe with a roboti¢ arm
o for more complex tasks on larger pipes

o O O O

The design of both platforms presented in this deliverable includes details about the aerial platform,
the different landing gears for the pipespection, the satellite robot (in HMR) and the robotic arm
(in HRA). It is also preseshow these systentanmount the UT sensors.

The global architecture of theYFLIERS system and the specifications of each platformate
described.
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Abbreviations and symbols

CAN
CATEC
CMD
CoM
CREATE
DBUS
DC
DN
DoF
EC
ETH
ESC
FPV
FRR
FuMo
GEIR
GPS
HD
HDMI
HLC
HYFLIERS
HMR
HRA
ICT
IMU
GCS
LCD
LiPo
LRR
PC
PPM
PWM
RGB
RPA
SAP
TRL
TX
UAV
USB
USE

Controller Area Network

Centro Avanzado déecnologia Aeroespaced
Commandprompt

Cente of Mass

Consorzio C.R.E.A.T.E.

Desktop Bus

Direct Current

Diameter Nominal

Degree of Freedom

European Commission

Ethernet

Electronic Speed Controller

First PersorvView

Full Requirement Robot

Functional Model

GE Inspection Robotics

Global Positioning System

High Definition

High Definition Multimedia Interface
High Level Computer

Hybrid flying rolling with-snakearm robot for contact inspection

Hybrid Mobile Robot

Hybrid Robot w/ Arm

Information and communications technology
Inertial Measurement Unit

Ground Control Station

Liquid Crystal Display
Lithium-Polymer

Limited Requirement Robot
Personal Computer

PulsePosition Modulation

Pulse Width Modulation

Red Green Blue

Remotely Piloted Aircraft

Snake Arm with pan and tilt Probe
Technology Readiness Level
Transmitter

Unmanned Aerial Vehicle
Universal Serial Bus

Universidad de Sevilla
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uT Ultrasonic
VMC Visual Meteorological Conditions
WP Workpackage
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1. Introduction

The objective of the WP2 is to design and develop the prototypes of versatile hybrid robot systems
for contact inspection with application to pipe inspection in industrial plants. This document is about
the design solution praged for each platform with their different inspection devices and capabilities.

1.1.BasicRequirements

Apart from the general requirements for an aerial vehicle, which are the capability ofd#king
flying and landing in safety conditions, the user requéets needed to develop the robotic system(s)
in the HYFLIERS project are listed in teliverableD1.1[1]. In short, these are:

1 remote UT inspection of pipes in refineries for loss of wall thickness
1 by a hybrid robotic system able to fly closehe location of interest, land on a pipe and move
along the structure to the inspectlocation and then perforthe inspection
1 geometries to be covered (as good as it gets):
o0 pipe elbows, joints
o diameter range of DN200 to DN600
o0 singlepipeandpipein pipe racks
1 operation under hetork permit
0 continuous monitoring of safety of environment (explosive atmosphere)
o robust emergency behaviour in case of dangerous condlitions
o able to land safely ith onerotor inoperable

Moreover, the endisers emphasized the importance of developing these robots as small as possible
in sizeand with the capability of interrupting the inspection as fast as possible in case of an emergency
in a safe way.

Thus, this document is focused omlesign which meets thesadu s eregaiments taking into
account all the constraints and the extpasiderations in terms of size, weight and security.

1.2. DesignApproach

To maximise the fulfilment of the industrial requirements and to achieve the jsetivs, two
unique prototypes following separate approaches will be designed, developed and verified in
HYFLIERS.

1.2.1.Approach 1 Overview: Hybrid Mobile Robot (HMR)

This approach is focused on a hybrid robot taaitake off, fly, land and move on a pipe p@rform

the inspection required by the ensders. This system is focused on the magnetic pipes inspection and
it is composed of an aerial vehicle adapted to the industrial environment and a satellite vehicle with
the capability of crawling along the pipe carry out the pipe inspection with the sensors maunte
onboard. The details of how this approach works and the design devoted to meet-tisersnd
requirements are presented along Se@ion

1.2.2.Approach 2 Overview: Hybrid Robot with Arm (HRA)

The HRA approach is focused on pipe inspection using a lightweight robotic arm with and UT probe
into the end effector and a miniaturised camera to provide close visual iofafpessurface. The
system will be able to lanoh norrmagnetic pipesvith different sizefrom 6 inches and could also
accomplish the inspection taskpiperacks. These capabilities will be readithrough the design of
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a modular aerial platform and téifent addons which will be used dependingthe application. The
details of this approach as well as the differentaulsl the detachable emergency mechanism and
the robotic arm are presented in SecBon

1.2.3.Comparison of the capabilities of the HMR and HRA prototypes

Approach 1: HMR Approach 2: HRA
Application 360° inspection of magnetic pipg Inspection of any location on the
possibleaxial and circular scans| pipe and adjacent location, rath¢
thanpoint measurements

Geometric constraints The dimensions of theybrid Depending on thinstalledadd
robot impose constraintso oninstalled therequired
access to the lower part of the | clearance between pipesuld
pipe racks change. Includsthe capability of
inspecing pipe racks.
Aerial system Multirotor Multirotor, rotors with tilting

capabilities to enable lateral
propulsion for stabilization on th

pipe

Magnetic attactor force 0.3 é 3x wei gh|Nomagnetic force

Axial drive Motor driven Motor driven

Circumferential drive Motor driven Motor driven or aerial propulsio
driven

1.3.Global SystemArchitecture

The architecture scheme lejurel presents a general overview of the compi€Yé-LIERS system

and its componentsvhich is based odgeliverable D2.2 [2]This architecture differentiates the ground
system and the aerial syste®m two main subsystems which are connected through a wireless link
while they exchange information about the mission state, the telemetry of the aerial platform and the
results of the inspection.

HYFLIERS ARCHITECTURE
GROUND SYSTEM

PROPULSIVE SYSTEM

AUTOPILOT

BACKUP
PILOT

INSPECTION
DEVICE LANDING GEAR
(ARM/SAT)

COMMUNICATION SYSTEM

Figure 1. HYFLIERS architecture.

p.11of 69



HYFLIERS Public D21

The ground system is composed of a ground control station (@G&)Ind communication system
and aremotepilot. The functions of the GCS are ranging from monitoring the mission and the
platform state to provide the close visual images collected byetiad platform to the operator®n

the other hand, theemotepilot will have the functions of carrying out the flights in an automatic or
semiautomatic mode and wélsooverseaecovering the aircraft in case of emergency, so the pilot
will always behefinal decision maker

The aerial system includes the aerial platform, the autopilot, the communication sydiear@and
ahightlevel computer (HLC) whictoverseesnonitoring and controlling the state of the mission and

the aerial platform o#board. This computer will also be responsilite collectingthe measurements

of the inspection tasks as well as running the vision algorithm to detect and land into the pipes.
Furthermore, the aerial system will have the inspection device onboard and the scteedi®d to
guarantee that the aircraft can establish safety conditions lamdéue pipe The autopilot will
accomplish theelatedtask relatedo the estimation of the platform and control of the aerial platform.
Lasty, both detachablemergencysysten and the different addns mechanisgiare also ofboard

and controlled by the HLC.

1.4.Description of the Operation

Figure2 presents a flowchart of the inspectigmerationfor whichthe HYFLIERS system has been
designed. The first part of the operation (fror8)lcould be accomplished in autonomous mode in
which the aerial platform approaches the inspection target navigating between different WPs or semi
autonomous mode in which the pilot is the responsible of carrying out this approaching task. Once
the platform is hovering close to the inspection target and pleepin the field of vievef the sensors

used for landingthe position control of the aerial platform will be switched to autonomous vision
based control and the autonomous land or perching in thepéarationis carried out. Then, when

the aerial pldbrm hadandedand it is maintaining a stable condition on the pipe the inspection phase
starts. In this inspection phase, the small satelliteefiIMR or the whole platform of HRA will start

to crawl and inspect the pipe. Last, if the inspectionnssfied the aerial platform goes back to the
safelanding zone ocontinuedo the next inspection target in autonomous or ssrtvnomous mode.

In case okmergency, the system will allow switching to a full manuedigtrolledflight by the pilot

for landing in asafearea. On the other hand, if the emergency mode is activated during the inspection
phase, the aerial platform wiletach the inspection device dedve the pipe to minimize the time

of takingoff the pipe.

)
Piloted
navigation
‘ J ‘ N
h 4 D 7 . Y [ ' h Crawling Take-Off\ |
Take-Off H e Vision-based Land_mgon . from H Land
. 2 g o pipe Inspection pipe
e D
Automatic
navigation
~

Figure 2. Description of the operation
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1.4.1.Vision-basedController

This section briefly summarizes the first implementation of the visased controller to guide the
aerial platforms durinthe assisted landing operations, which has been presentedlihg3jupose

is to help the pilot to dock the robot to the desired pipe, previously selected by the pilot. The detection
algorithm uses theolour and depth images obtained from the Intel RealSense D435 deeee
Figure12). The detection occurs in two stages. At first instance, a convolutional neuronal network
(CNN) uses theolourimage to perform the segmentation. Then, the segmentation is used with the
depthimage to estimate the pose of the target pipe accurately.

The CNN used is baseamh the work presented ][ The idea behind it is the fact that grouped
convolutions and shuffled channels reduce computational cost while maintaining good accuracy. The
reallt of the network is a mask image, of the same size of the input image, with the segmentation of
the different classes. This mask corresponds tarip@axfunction of the probability of the classes.

In this case, only two classes are searched, the pipthafbackground, which will be all the other

parts of the image and will be shown as black at the output image.

The argmax image given by the CNN is used together with the depth information provided by the
depth camera to create a small point cloudhwhe points that are candidates to belong to the pipe.
However, this cloud is susceptible of containing noise points assowidtethe noise of the depth
camera. For this reason, a RANSAC implementation for detecting cylinders is used. This last stage
gives a robust estimation of the position and orientation of the pipe which feeds the autopilot.

i ' o -

|
Figure 3. Left: Encoder/Decoder structure of the neural network Right: visual estimation of
p i p eosit®n apdorientation.

ShuffleSeqg

Encoder

Unet SkipNet Dilation Frontend

Figure3 showsthe general structure of the CNN and an example frame with the results of the visual
estimation of t he piAnofsetaped desctiptiom oan lderfodnd mf4]. ent a

2. Hybrid Mobile Robot

The HMR approach consistd a hybrid robot which can flighend crawl over the pipe while the
inspection of magnetic pipes is being accomplished. This will be reached usitiggrated system
composed of an aerial platform and a-etipelled semindependent satellite which has an UT roller
probe to accomplish the inspection application.

2.1.Lander/Satellite Hybrid Robot Concept

The main novelty of the desigioncept of the HMRs that it is composed of two seindependent
subsystems: the aerial platform and the-padpelled satellite. Both subsystems have been designed
with different but complementary functionalities to meet the requirements of thesersl
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First, the landeis the aerial platform which is in charge of placing the satadlite target pipe
selected by the inspection operator. This system has not beenediesigim inspection capabilities;
however, its function is essential to transport and deploy the tosEatellite over the pipe. Then,

the satellite must be able to navigate along pipes and elbows of diameters ranging from 200 to 500
mm (8 to 20 inch) using magnetic wheels to maintain the attraction force between the magnetic pipe
and the twircrystal rdler-probe used to carry out the inspection task.

DN200...300
-
calm
<
Flyer part min 0.5m
______________________________________ < >
s T —em—
Robot b L
obot base
N
|
= lander max 2m
magnetic (satellite) umbilical satellite roller probe
attractor transport bay

Figure 4 Block diagram of the HMR

2.2. Aerial Platform (Lander)

Figure5 shows the current degi of the aerial platform of the HMRahder) which is composedf
aFlyer and a Robot base and its main parts.

Electronic
compartment

Landing [
gear !

Robot base

ramp Electro-magnets

Figure 5 Design of the HMRIlander and its main elements

As it can beseen inFigureb, the maincomponets of the current HMR design are the following:
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1 Electronic compartment: Over the top of the platform are integrated the autopilot, the PC and
the main sensors. It is important to note that the camerasiBAdRE mustbe placed with a
specific orientation that depesdn their functionalities so that several adapters will be added
to this top.

1 Energy compartment: Batteries and the energy manadesystem are installed in this
compartment.

1 Landing gear: The landing gear has been desigoadideringthe size and weight of the
satellite rdot. Currently, it consists of folegs. However, it is being studied the possibility
of replacing this desighy a thredegs prototype.

1 Robot base: It consists of a magnetic ramp that transports the satellite robot.

1 Ramp: It is a magnetic rampeployed during the inspection operation to facilitate the
attachment of the satellite robot to the pipgyure 6 shows the design of this part of the
HMR.

Figure 6 Ramp design

1 Electromagnets: The electromagnets angployed tattach the HMR to the pipe during the
landing maneuver. In this design, the electromagnets can rotate to adapt their orientation
according t o Fglre7 pnesensead slectoinagmeeattached to the landing
gear.

Figure 7 Electro-magnet and shock absorber design

1 Shock absorbers: The shock absorbers are installed to limit the impact on the robot base when
the HMR lands and touchdset pipe.
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2.2.1.Avionics Systems

Theavionics mounted in the lander of the HMRcomposed mainly by the autopilot, the propulsion
system, the landing geahe sensors and the energy management sy&igore 8 shows a more
detailed scheme of the devices onboard of the HMR lander.

In the first stage of the project, it is planned to test several combinations of all the sensors presented
in Figure8. Basedon theobtainedresults, these sears can be removed or replaced

Energy managment

CAM CAM
FPV FPV

Switch

PWM /CAN/...

cm
Landing Gear Video & Rc control
HOMI

serial
LIDAR

Stereo/RGB . Datalink
camera Switch
ETH  ETH ETH

ca

Figure 8 HMR avionics architecture

Gas detector j g

Tracking [ 2

A description of the selected systems for #rishitecture is presented in the following subsections.

Autopilot and HCL

As it was presented in the global system architecture in SekBpfor contolling and guiding the
HMR, there will be two different modules: the autopilot and the HCL.

The chosen autopilot for this robot has been the DJITAS system is optimized for professional
applicationsso it will assure that the TRL remaihigh. The A3 flight controller is characterized by

a strong control determination. Its medgnsor fusion algorithms improve its control's accuracy by

far whencompared to other autopilots. The devatso includes robust control algorithm which
enables the A3 to be adapted to a wide range of aircraft without the need for manual tuning. One of
the most interestingharacteristics that this autopilot provideshie HMRIs the faulttolerant control

system embedded in this systemhich allows landing safely to a hexacopter or octocopter, even in

the event of propulsion system failure.
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AD

Figure 9 DJI A3 autopilot

The HLC will be used maly during the landing phaskn this casethecomputereceives the camera

and LIDAR measurementsprocesses this information and sends the control commands to the
autopilot; it also can receive commands from the opewtdhe GS through the DatalinKhis
computer is one of the fastest, most poeficient embedded computing device in the market. It's
built around a-amily GPUDahdNoaded with 8GBEBf memory and 59.7GB/s of
memory bandwidth. It features a variety of standard hardwadanes that make it easy to integrate
any functions and sensors as needed for the project. Its main specifications are the following:

GPU:256c or e NVI DI A Pascal E GPU

CPU: DuaiCore NVIDIA Denver 2 68Bit CPU + QuadCore ARM® Cortex®A57 MPCore
Memory:8GB 128&it LPDDR4 Memory

Storage: 32GB eMMC 5.1

Power: 7.5W / 15W

= =4 4 -4 A

Figure 10 Jetson TX2 module

Radio-Link and communications system

For the radidink and communication system it has been chosen a DJI Lightbridgsdfle The
Lightbridge 2 has two main roles: In one hand, it provides the communication link between the GCS,
RC transmitter and the autopilot. In the other hand, it is a wireless HD video transmitter that enables
video streaming to a wide variety of devicasthe same time that it is able to transmit the analogue
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video froman FPV camera. In this way, the aerial images and commands can be transmitted with
very low latency at a high range. Between its key features are:

Integrated remote controller

Low latencyas low as 50ns

video transmission range of up tdim

Comes with SDI port and miHDMI port

Can stream video from two cameras simultaneously

Responsive navigation and intelligent algorithms

Multiple remote controllers

6000mAnh of battery for longer opei@tal time

MasterSlave mode

The controller comes with the USB, 3&DI ports and minHDMI that support the broadcast
output of 720p/59.94 fps and 1080if3, the video output of up to 1080p/B3.

= =4 =4 -8 _9_9_95_42_2°_-2

Figure 11 DJI Lightbridge 2

Motorization and Power Supply

Lithium-Polymer (LiPo) batteries have been chosen for the power supply of the HiRe main
reasons for this choice ateeirlow weight, high energy density, and low discharge rateis way,

the power supply of this system will consi$ta set of 6S LiPo batteries. This means that the battery
will have six cells where each cell has a nominal voltage of 3.7 volts (4.B/\¢harged). The total
pack voltage is 6 cells x 3.7V =22.2 V.

Regarding the motors, they will be chosen with the following assumptions:

1 Maximum takeoff weight = 12 kg
Satellite robot + components = 2 kg
Other elements (weight margin) = 5§0
Motor efficiency =9

Power in the working point = 166.

= =4 =4 A
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Sensors
Following, several sensors which had been tested are presented:

1 Depth Camera
The deth amera is being tested for obstacle avoidance and for the landing phase. Due to this
device is ablé¢o providingimages, depth ma@nd point touds, it is a good option for use in
the computer algorithms during a pipeding operation. The selected canistthe Intel Real
Sense 85 | (low-weight camera of 72)g

Figure 12 Depth camera

9 Tracking camera:
This camera is necessany performingthe localization task in scenarios where the GNSS is
not available For the HMR,it has been chosenlight-weight tracking camerg55 g) that
performs a SLAM algorithminternally. The integrated modé thelntel RealSense Tracking
Camera T265It includes two fisheye lens sensors, an IMU and arl Mtidius Myriad 2
VPU. All of the V-SLAM algorithms run directly on the camera, allowing for very low latency
and extremely efficient power consumption. It offers sub 6ms latency between movement and
refledion of movement in the pose.

Figure 13 Tracking camera

1 LIDAR:
Lidar technology will be used for obstacle avoidance and landing control. These sensors
provide very accurakg (up to 2 cm) point cloud measurements at very high riles, two
different LIDARs are being tested, dependingtlee results obtained during the test phase,
one of them will be chosen and integratei ithe Flyer. The first one is the 3D multibeam
LIDAR Ouster OSl of 16 channels. It weigB96 g, has a range of 120m andnmeasure
up to 327.680 points per second.
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Figure 14 LIDAR 3D

The second LIDAR is the HokuydST-10LX. This is a small and low weight (130 gr),
accurate, lgh-speed device. This model uses Ethernet interface for communication and can
obtain measurement data in a wide field of view upGoneters with millimeter resolution.

Due to its low power consumption, this scano@nbe used on battemyperated platfans.

This sensor uses a laser source to scrD° field of view. Positions of objects in the range
are calculated with step angle and distance.

—

Figure 15LIDAR 2D

1 EPV Cameras
These cameras will be used for First Person View control of the flyer. They have been chosen
as analogue because this kind of video does not have toodulaghso it is possible a good
remote control. The model chosen for the integration is the Foxerdcal Mi ni . It 6s
as an alaround camera that would work well undiiferent lighting conditionsThe Foxer
Falkor is switchable in the menu between 16:9 and 4:3 aspect ratio and PAL/NTSC video
formats in the settings, which makes it a great opforall FPV goggles and displays. Its
main properties are the following:

1200TVL CMOS Image Senso

Supports OSD: Pilot name, battery voltage, timer
Min. Hlumination: 0.01Lux

Supports Color and B&W

Input Voltage: 5Vi 40V

Dimension: 28x26mm

Weight: 13.5g

=A =4 =8 =4 4 -4 A
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Figure 16 FPV camera

T Gas Sensor:

Gas sensor will be used for detecting emergency situations. Currently the main option for this
system is the GasCard NG sendowever thisdecision may not bdefinitive. The Gascard

NG infrared gas sensor is designed for ease of integration with a wide range of gas detection
systems that require high quality, accurate and reliable measurement of GCCHKi@as
concentrationdt is set up for single use gas measurement at a time.

It includes reatime temperature and atmospheric pressure correction via onboard sensors and
has the flexibility to incorporate additional gas detection technologies. It has onboard true
RS232 communications along with the option of TCP/IP communications ptdtsaveight

is approximately 300 g.

Figure 17 Gas sensor
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2.2.2.First HMR prototypes.

In this sectiorare presentethe first prototypeitegrated for testing the different technologies that
are being developed for the HMR Landeigure 18 andFigure19 show the real implementation of
thedesign presented in the previous sectisimga DJI F550aerialframe.

Figure 19 Detail of the electromagnets

In some of the tests performed until now, it has been possible to land correcthigigee20).
However, it has been detected that the landing manoeuvre could be carried out more accurately by
replacing thdour-point landing gear with a thrgaint one. This decision will be considered as we

perform more tests.
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Figure 20HMR landed over a pipe.

Regarding the sensors, we are currently working in two different approaches for accomplishing with
the object avoidance blk@and the landing phase:

a) The first prototype is based tidar technology. Based on the scans of the lidar, it is possible
to avoid the obstacles around the HMR during the navigation. For the landing phase, the lidar
is placed looking down. Because thiDIAR is 2D, the scans show a section of the pipe and
it is possible to cent the robot over the pipe. In this case, the computational consumption is
low, so by using this configuration, it should be possible to use low grade andeigivt
computers for tis operationFigure21 presents the prototype with2® LIDAR integrated
and oriented for the landing phase.

Figure 21 HMR prototype based an LIDAR 2D technology

b) The second prototype is based onl3DAR and depth cameras technology. BixLIDAR
is placed on top of the HMR armhn seesverythingaround the multirotg which is very
useful for detecting thpossible obstacles. Currently, twifferent depth cameras have been
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installedon this modelthe first one is facing up and is used for avoiding obstacles when the
robot takeoff; the second one is facing down and it is used for obtaining cloud points which
allow creating a model of the @p and control the landing phase of the platform. This model
of the pipes can also be obtained with the lower layers of the 3D Lidar scan.

Figure 22 HMR based on stereo cameras and lidar 3D.

2.3. Satellite Design

To meet he userequirements within the HMBystem concept, the satellite has to be able to navigate
tubes and elbows of diameters ranging from 200 to 500 mm (8 to 28ginBloth circumferential

and longitudinal movement along pipes is required to reach any desiredtioggocation. The tether
(umbilical) to the satellite must allow enough range to access locations closer to larger structures
while allowing the HMR lander to keep a safe distance from anything that might interfere with flight
or landing operations. Th@ovement of the satellite shall be controllable from up to 100 meters
distance. The total weight of the robot shall stay under 1.5 kg, ideally below 1.0 kg, to allow the HMR
to meet flight time and mission duration requirements. The satellites primatyofurs to carry an
ultrasonic probe for wall thickness measurements. The sensor is an ultrasecocipling 5 MHz
twin-crystal rollerprobe. The UTunit is located on the lander. Transmitter and receiver analogue
signals must be routed between instratmand probe over a 2 m umbilical between lander and
satellite. To compensate for cable length, a preamplifier is to be placed on the satellite to boost the
return signal. Inspection locations mightdrestraight pipe and elbosection. The satellite mulsée

able to acquire continuous line scans and provide accurate relative position information.

2.3.1.Satellite Architecture

Figure 23 describes the interfaces between lander, satellite and remote. The satellite robot carrying
the ultrasonic thickness measurement sensor is tethered to the HMR Lander for power supply,
ultrasonc analogue signal transfer and incremental position information. The gsalacemote for
steering and video feedback is connected through two radio links between the satellite and the
handheld RC controller with an attached video display.
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Figure 23 HMR interfaces

The detailed block diagram of the satellite robot is showRigure 24. It is equipped with two
brushless DC motors, which are tmtled by GEIR motor drivers. Incoming RC speed control
signals are directly routed from the RC receiver to the motor controllers. An analogue switch
controlled over the RC remote connection allows toggling between two cameras. The UT signal
transmitter able from the lander is directly routed to the roller probe, while the receiver connection
first goes through a preamplifier to improve signal quality before being passed on back to the lander
and its UT instrument. An incremental encoder is connecteddmbthe motor drivers for power
supply. The encoder A and B signals are routed on through the umbilical to the UT instrument on the

flyer.

N
M)
@ S
o Motor Driver
a Encoder
3042-3-2001
UT Signal(coax)
UT Preamp UT
Wheel
@ Probe
9 |3042-3-20:2 - . HD Front
Back g RC S | Video TX Recorder Cam
Cam 3 Receiver €
2426V BT 3042-3-2003
Analog
Encoder Switch
o __
3 i N
925 Motor Driver (M )
S

3042-3-2001

Figure 24: Satellite system architecture
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2.3.2.Satellite Structure

Video antenna\

Video SD card slot
O T —————————— _—

/ Main body

Drive modules

Control antenna
Umbilical exits

Magnet wheed — § / —— \
Backarm / \ Front camera

Frontarm

Roller probe

Figure 25: Satellite components overview

Figure25 givesan overview of thenainsystem components of the satellite.

Each drive module houses a brushless DC motor with a planetary gearbox. A worm gear tansmissi
connects the motor axis to the wheel axis. A GEIR motor driver in each module allows short cables
to the motor windings to avoid potential electromagnetic interference with the inspection equipment.
An additional incremental rotary encoder is placedhenmotor axis and directly wired through the
umbilical to UT acquisition instrument on the flyer.

The magnet wheels are large neodymium ring magnets with steel discs on each side to form a
rotationally symmetric horseshoe magnet. They are mountedantifever positionto enable easy
exchange of applicatiegpecific wheels.

The lower main body houses the rolf@obe ultrasonic thickness measurement sensor. An absorbent
spongein a pocket over the probe stores and continuously appkesi@ingfilm. The sponge is
appropriately sized to provide enougbupling for at least one mission. An accessibtaipling
connection allows resuppheforeeach flight.

The upper main body is an electronics box for the communication equipmeptreardplifier.
Accordingly, the RC receiver antenna and the video transmitter antenna are mounted on this box. All
interface cables to the lander exit the satellite through this box.

The front and back stabilizer arms are mounted on the main body. Thexyugsped with ball rollers

for both forwards and sideways movement. Their rollers are backed by strong permanent magnets to
counteract the motor momentum. Additional leg springs may be added between the arms and the main
body. The forwards and backwardsreaas are mounted on the arms to adapt their field of view
based on the curvature of the surface.
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In thedriving direction, the satellite can adapt and clear outer diameters of 200 mm¢€§ Bunth
inner diameters as small as 300 mm as showiguare26. Figure27 shows the range of motion of
the magnetic wheels. It can adapt to comdiemeters of 200 mm and concave diameters of 300 mm.

Ba A

Figure 26: Adaptation in driving direction

Figure 27: Adaptation of magnetic wheels

Any combination of these two degrees of freedismpossible whemavigating geometries more
complex than movement along or aroundrajsi tube.

The satellite height allows it to move through clearances between pipes as low as 100 mm.

System specifications

Satellite
Speed mm/s 100
Weight kg 0.8
Power supply V 24 26
Peak load w 28.5
Size W x L x H Figure28) mm 138 x 171 x 9Q
Min. height clearance mm 100
RC control range m 100
Umbilical length m 2
Video feed HD 1080p
Protection rating IP 3x
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Test specimen
Diameter range fomavigation mm OD 200 e
Diameter range for inspection | mm OD 200
Surface temperature °C 0 é
Max. coating thickness mm 0.3
Material types C-Steel

UT Transducer
Material thickness range mm 5 é
Transducer frequency MHz 5
Coaxplug Lemo 00
Encoder type Incremental quadratur
Encoder resolution cnts/mm 424
Encoder plug Lemo 0B.306

138

90

151

171

Figure 28: Principle dimensions

2.3.3.Ultrasonic Sensor

A twin crystal pulseecho probe iplaced on the satellit€igure29). It is embedded in an axis facing
laterally outwards. A freely turning elastomer tire is suspenddtie axis to transmit the ultrasonic
wave from the probe face to the inspection sample. Although this design is classifigd@spling

a light oil film should be applied to the surface of the rubber tires.
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Figure 29: Roller-probe design

Sufficiently high contact forces are necessary to deform the rubber tire to generate a circular contact
area to the inspection sample. Any remaining air gap due to surface rougiustdse filled by
couplingfluid. Figure 30 depicts how the robot generates this force through deformation of the flat
spring suspension of the two magnetic wheels. The resulting counterforce on the central contact point
is used for coupling.

Figure 30: Coupling contactforce

A minimal contact force must be achieved when driving on flat surfaces. Smaller outer diameters will
increase the contact force due to higher deflection of the flat springs. The soft rubber tire will deform
based on the applied force resulting inywag distances betweedie probe face and inspection
sample. Thickness measurements between the excitation pulse and first backwall echo @viede 1)
therefore not feasiblénstead it is necessary tmeasure the distance between two backwall echoes
(Mode 3) to compensate for the unknown state of the tire.

2.3.4.Video Feed

Table1 lists the individual components chosen for the video feed system as laid out in the system
architecture described Figure23.
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Table 1. Video feed system components
Camera Video Transmitter 5.8/ Video Antenna Video Receiver 5.8

GHz

GHz

k').

o~

RunCam Split Mini 2

Team Black Sheep
Videosender Unify
Pro 5G8 RPSMA V2

ImmersionRC
SpiroNET V2 5.8GHz
RHCP

Graupner FPV DVR
Monitor 705,8 GHz
Diversity

Size: 19 x 19 mm
1080P/60fpdHD
recording & WDR
FPV camera
Weight 12.5g
Voltage Range5 -
20V

1 FPV aspect ratio
16:9/4:3
switchable

= =4

E

1 Operating Voltage:
4.55.5Vv

9 Dimensions: 18(H)
x 25(W) x 4(D) mm

1 Supply current: up
to 600mA

1 Weight: 5g

1 Up to 800mW of
output power

9 5.8GHz Band

9 Circular Polarization

1 Fully protected
against the element

1 Individually tested

9 Connector: SMA

9 Size: 33.5x 16 mm

1 Weight: 11.5g

9 Screen: 7" TFT
LCD monitor, LED
backlight, 800 x 480
pixels

9 Size 184 x 126 x 28
mm

9 1800mAh Lilo
battery

1 Weight: 5009

2.3.5.RC Control

The operator uses a RC remote to control the robot. A program running on the remote translates the
usefs input into appropriate speed values for each of the two satellite drives. These signals are
wirelessly sent to the RC receiver on the robot. It directly provides the speed value to each of the

motor controllers irtheform of a PPM signal. The PPM signsiconverted t@naloguevoltage and
fed back into the motor controller which is used as a spegubs#tscalerTable2 shows the specific
components chosen for theesk.
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Table 2. RC control system components

RC Transmitter 2.4 RC Receiver 2.4 GHZ
GHz

FrSky Horus X10

1 Weight: 980g 1211 x17x7.3mm
1 LCD: 48272 1 Weight: 2.99
1 Li-ion battery 1 Voltage Range: 3.5
1 16 channels 10V
1 Current:
100mA@5V
1 16 channel1-6 CH
PWM)

2.3.6.Risk Mitigation Testing

The functional model (FuMo) iRigure31 has been built to mitigate requirements risks. It included

the full kinematic model with motor driven magnetic wheels. The motor drives, cameras, RG remote
control and video transmission equipment was mountdzband. The rolleprobe could be installed

to evaluate the coupling and stability by assessing the signal quality. An absorbent cotton piece allows
the continuous application of an oil film on the rolgrobe. An encoder is attached to one arm to
enable recording of £cans.

Drive modules w/
magnetic wheels

Figure 31: Function model of the satellite

2.3.7.Energy Consumption

To measure the energy consumption, the test setup as depiEtgdreB2 has been built. It consists
of a vertical tube section of 1.0037 carbon steel with a diameg0omm. A spring scale attached
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to the bottom of the satellite measures the pulling forge Fhe corresponding current drain was

monitored on a laboratory power supply.

Test| Surface Condition Fpui [N] | Current [A]
1 blank 10 1
2 blank & water 5 -
3 blank & silicon brake fluid 9 -

Figure 32 Pulling force test

The maximum measured current under these test conditions was 1 Ampere at 24 Volt supply,
resulting in an energy consumption of 24 Watts. Missing frometstesetup was the UT preamplifier

with 2.5 Watts and the second camera with 2 Watts, resulting in a peak power draw of 28.5 Watts.
During flight, the motors may be deactivated to reduce the standby energy consumption to a

maximum of 12 Watts.

2.3.8.Control Range

The RC communication has been successfully tested up to a range of 175 Frigpiee3 shows
the respective location of the RC transmitter and receiver.

. 4
el i)

RC Receiver

Ffi i

Figure 33: RC control range test setup

These results meet the requirement of a 100 meters remote control range.

p. 32 0f 69



HYFLIERS Public

D21

2.3.9.Navigation

To test the navigation capabilities of the functional model, sereraément paths were determined
(Figure34) to checkany situation the robot may encounter in the field. All tests were carried out on
a bank dry surface of a 200 mm (8)idiameter pipe with a wall thickness of 6.3 mm. The elbow

radius is equal to 1.5 times the pipe diameter.

A result is considered passed if the satellite can be manually steered along ¢hermiedd path to

Figure 34: Navigation path scenarios

an accuracy of +/L0 mm. Closeup line of sight to the robot is permissible.

No. | Description Result
1 Moving on a tubdetweenl 2 o0 6 cl oc k t o|Pass
position in circumferential direction
2 Moving along the tube in lortydinal direction Pass
3 90° turn in an arc fronongitudinal tocircumferential Pass
direction with a turning radius of 1,5 times whspécing
4 90° spot turn from longudinal to circumferential Pass
direction
5 Moving along the circumferential seam between tube | Pass
el bow from 12 oéclock to
6 Moving in longitudinal direction along the outermost | Pass
point of the elbow
7 Moving in longtudinal direction along the innermost | Kinematics can adapt, but
point of the elbow motors cause a collision.
8 At 45° along the elbow, move in circular directivom | Pass
12 to 6 o0od6cl ock Probe partially loses contact.
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For the next satellite iteration, the drives will have to be angled upwards to enable navigation of path
7. No additional actions will be taken regardthgresult of test 8, as navigation isgsthle and line

scans could be done on path 7.

2.3.10.ThicknessM easurementAcquisition

Several line scan pathBigure35) were determined based on the project requirementadaitional
expected failure mechanism on process piping. All tests were carried out on a blank dry surface of a
200 mm (8n) diameter pipe with a wall thickness of 6.3 mm. The elbow radius is equal to 1.5 times

the pipe diameter.

A result has been considered passed if the ultraseficah signal is showing two clearly identifiable

Figure 35: Inspection path scenarios

backwall echoes over the entire length of the {guan.

No. | Description Result

1 Inl ong. direction at the 6 (Pass

2 Circumferentially from 12 tPass

3 On the circumferential seam between tube and elbow from | Pass
6 ob6cl ock

4 In long. direction along the outermost point of the elbow Pass

5 In longitudinal directioraligned tothe innermost point of the | Pass
elbow for 45°

Significant variations in time of flight to the first baakall echo hae been observed between and
within individual linescans. Signal amplitude is however not adversely affected. It is aoEthat
flat-spring suspension of the magnetic wheels applying varying contact force on the soft rubber probe
tires causing alteredistance between the probe face and the backwall. A mode 1 measurement
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technique is therefore not possible with thisigetinsteagthe thickness must be evaluated based on
the time of flight between two baakall echoes (mode 3) as showrFigure36.

] i i i i i o

Figure 36: B-Scan of an 8inch tube in longitudinal direction

3. Hybrid Robot with Arm

The HRA approach consistéf a hybrid robot which can flyand crawl over the pipe while the
inspection is being accomplished. This will be reached using a modular design of the aerial platform
in which therearea main aerial system and different amits which actas landing gear aground

system with different capabilities. Moreover, due to the demonstration and the final application of the
system being focused on the inspectbpipesin oil and gas industry, the system has been designed
whit the possibility of enteringnto an energency mode as follows: the aerial and ground subsgstem
can be separateih a very short time, so that the aerial subsystem moves away along with the batteries
and leaves the ground subsystem behind, guarantesietyconditions in the endsers faclities.

3.1. Modular Hybrid Robot Concept

The modularity of the HRA is one of its best advansagjth respect to a conventional aerial platform.

This system has been designed with a modular concept, so it can be adapted to the inspection scenario
TheHRA sygem will be composed of three main parts, the aerial system, the magnetic linker and the
different addons. The first two components (aerial system and magnetic linker) have been designed
with transversal capabilities whiawo not depend on the applicatisnenario (isolated pipes, racks,

the need of movement c agaibbefocused @aore jype ohappkcatiena s ¢
with different capabilities. This allowsnprovingthe inspection performance through the selection

of the proper adan for each situation. Furthermore, the system could be easily extended in future
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exploitationthroughthe design of dedicated adds which will improve the overall performance or
will meet new requirements.

The scheme of this modular hybrid robot is présgmFigure37 and Sections 3:3.4 will carefully
explain the design result of each part.

Aerial Platform

&
-

Magnetic Bridge Robotic Arm

-

Add-ons
)

Rollers Soft Clamp Crawler Clamp Articulated Crawler

Figure 37: Modular Hybrid Robot Concept

3.2. Aerial Subsystem Details

The aerial system of the HRA has been designed to meet the ®er@lr s 6 and t he
requirements while minimizing the size of the platform as much as possible. These requirements are:

1 The aerial platform must be able to fly with tldotic arm and the inspection device.

1 The landing gear must be able to accomplish a safedaedthe pipe in autonomous or
semiautonomous mode using a vislmsed controller.

1 The aerial platform must be stable over the pipe in safelitions and it must be able to
crawl along it to reach different inspection points while it is landed.

1 The propellers must be covered or protected to increase the safety conditions during the
operation.

1 Incase of emergency, the aerial robot must |&#a&@spection area as soon as possible taking
away the batteries and the sensitive equipment.

In order tomeetthese requirements, the first step of the design process consisted on approximating
the mass distribution of the different subsystems demanded by thesersdand the applications
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except for the aerial subsystem, because to define it, the mass andasig®tihe other subsystems

are needed. This approximation was based on the previous results in other European projects and
specific prototypes which have been developed during the first design stage of the HYFLIERS
project. This approximation was:

Table 3. HRA first approach of mass system distribution.

Avionics System
Autopilot 100 g
HLC 100 g

Inspection System
Arm 1000 g
UT Sensor 200 g

Landing System (only one at the same time)

Clamp 650 g
Rollers 650 g
Soft Clamp 650 g

Security System
Magnetic Bridge 2209
Propellers case 100 g
TOTAL 2270 g

Through this previous mass characterization, it is possible to estimate the size and the total weight of
the platform which will be used in the HYFLIERS project. After several studies and iterations, the
recommended size is a quadrotor platform waitliagonal between two oppositetor axes of 620

mm. However, as the endsers emphasized in using an aerial platform as small as possible, we
propose a smaller solution with a diagonal base ofd@0)and which presents some limits to their
requirements. Botplatforms have the same layout but with different seeét is presented irigure

38. From now onthe biggest solution proposed will be called the Full RequireReindt (FRR) and

the smallest the Limit Requirement Robot (LRR).
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Figure 38 Layout and dimensions of the proposed solutions.
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If it is assumed that the twoaindifferences between the FR and the LR platform are the size and
themotorization, the following subsections present a detailed description of the common parts of both
aerial platforms proposed and the equipmamboard It is needed to remark that the HRA is a
modular platform and this section is only focused on the amdhllity system and not on the ground

part, so the details of the landing gear will be presented along the section dedicatelésoripgon

of the addons (Section3.4).

3.2.1.Airframe Description

Due to the demanding requirements of the project, it was decided to develop a custom airframe
minimizing the size and the weight of the aerial platform without lacking the structural strength and
following the guidelines of thexpertise obtained in previous projects.

The airframe designed is presentedFigure39.

Figure 39: Airframe design

The chosen materials have been cariaore for the central plates, the motor stands and the fubes
andaluminium for the separators. The size of the central plate has been designed to fit the autopilot
and the HLC in the upper part, along with the battestyere they are far enough of the landing gear
and the magnetic bridge to avoid the magnetic interferences.

3.2.2.Avionics systems
Autopilot and HLC

As it was presented in the global system architecture in Séc8ptine avionics will be composed of

three main parts: the autopilot, which is in charge of running the main parts of the low level controller
of the aerial system and the high level computer which has the funofioantrolling and monitoring

the mission and accomplishes the most complex parts related with the image processing or the task
manager for the inspection device.

The autopilot solution used during the development phase in the HRA is the combination of a
Raspberry Pi + Navio2 sensor shield. However, if it is possible and the final algorithms are light

enough, we will use the common Pixhawk autopilot during the last phase of the project because it is
a widely tested device which will allow us to increase TRL during the final demonstrations.
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Figure 40: Raspberry Pi 2 Model B + Navio2

This autopilot has the foll owiolbg agdresi@grtsatiurs t

aircraft:

T A dual | MU, with a MPU9250 9DOF | MU and a |
inerti al data in three axdas adfs oa chcaesl enreocanseutr

magnetic fieladuesed3taxdetwhmche the orient
T A MS5611 barometer for measuring the barom

T An intebraxeM8N GLONASS/ GPS/ Beidou receive
MC X.
Theaerial robotalso has a camera which will be used to carry out the vision algorithm to detect the

landing taget (a tube selected by an operator) and to feedback the controller during théassadn
landing manoeuvre.

The HLC will be an embedded computer, in this ctmechoice is a Jetson TX2, as this board is able
to run the vision algorithirwhich is themost restrictive in terms of computation.

Radio link and communications system

The control system for the pilot has a radio link witRI$SS (Frequency Hopping Spread Spectrum)
modulation, which automatically changes the frequency of the communicatioinsnaze the effect

of interference, making the link more robust.

The transmission of the telemetry data or the video streaming to ground will be done through a
datalink Ubiquiti R5ACLite in 51565875 MHz with a maximum transmitted power of 2100mW, or
othewise using a wireless modem integratet the HLC.

3.2.3.Payload

One important difference respect to the classical assumption is that in this case, the landing gear has
been considered as payload. This is due to the modular design that allows the usedifféneat

modules with different functions during the inspection task. The other subsystems considered as
payload are the robotic arm for inspection and the magnetic bridge used to connect the different
modules.

Although these subsystems have tlosin subsection3.3, 3.4and3.6, an estimation of the masses
hasbeen previously presentedTiable3.
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3.2.4.Motorization and power supply system

The final step irthe aerial subsystem design is the choice of the motorization and the power supply
system. Due to the two solutions presenteBigure 38, two motorizations have beemnoposed in

order to meet the requirements. The estimated performance of both solutions is summaebés in

4.

Table 4. HRA aerial motorizatio and power supply details and performance.

KDE 4215XF465 KDE 4213XF-360

Propeller Triple- Blade:p & Gw® Triple- Blade:p @& Gy

Mixed Flight Time w p Hyee

Maximum additional . o

payload P @ wed oguuQ

Throttle X ¢ b (e )

Drive Weight ¢ Y @ ¢ Y i

Estimated maximum - b B

temperature

ThrustWeight PR p&

Battery LiPo 10000mAR25/50C
3.2.5.Fault tolerancefunctions
Response to loss of GPS signal
| t he GPS signal i's |l ost during an autonomou:¢
posittbeiagtopilot wild.l i mmétfihaeat GPY swpghnhah 16
2 seconds el apse,tvnietnhd hte lmuuK lopgwiot chghabket g a:
in which the |l oss of GPS signal occurredtdhwhen
operation would not be affected since in thes

Response to loss of canunications

Ift he radio | ink comtrr alories Itdset afud ro pdhl aentg e mtdia
fai mpafke tht&ecaygsfem i s c domfdilgne emda inteou vpeeer. f coar
of not having a GPS$nosti gmeal abltdhet @ai per adt mwt
procepeed f st mt &a o nmarnye uMarg.ht

Battery level protection level
|l fhe voltage of the fKletght mbatt e@emrioe ®cits ome Imow

| ow bat tTdhrey el avel t wo | evels of protection:
T The Ifaolwesvte l battery protection is activat ec
istil | enough to maintain the manameuviabicla
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the aircraft wildl aut omat ilcha lgloyo dmaGkPeS as i ngani
avail able, the system Wwhpilwobletakaslptbei mos it &i
an indtcahercontrol station.

T The second | ow battery proltewdli onedacheasta v
| evienl .t hi s case, the aircr afctemtinlole Gfhreceqe ¢ it
wil hobefied with anstadiocator at the contr

I n any casefldghtngheb&spraed during the fligtl
periodicabDuwyi mpetctkedp!l anning of flighwsay ¢thae
a margin of a couple of minutes of autonomy i
to the | evels of protection.

Thaeeri adl s@blhas two acoustic warnings that mea
and auditbl e beeps when the cell l evel i's bel o
|l evel of the battery.

These protection modes may be varied dependin

Lights installed

These flights are planmedetoco obh®gecaradi ednaut iw
to visual flight rules, between sunrise and s
navigation | ights.

3.3.Magnetic Bridge Description

The Magnetic Bridge is one of the main novelties includedh& HRA. During the phase of
specifications of the HYFLIERS proje@ndusersemphasised the need of including an emergency
protocol to takeoff from the pipe moving all the sensible parts like LiPo batteries away from the pipe
as soon as possible. However, due to the characteristics of the robotic arm previouslgpireseat

D1.2 and detailed inegtion3.6 of this report, the emergency protocol could be limited because the
arm hasto return to its home positioand folced itself to takeoff from the pipe. Thus, the final
decision to meet thend users requirements without changing the arm concept was to design a
magnetic bridge which is able to detach the aerial system from the landing gear leaving it in the pipe
with the iobotic arm.

Therefor e, dthhe demmor Bnt er f accres f aired baottti acc hairnr
the aeri al platform and has two main function

is the core of the modutaercbangepbipi ovyi

ovides the
ic arm. Th
attercesdu
etic Bridg is composed of five perm
, and five ferreomhggéltec targets fixe

f

o]

capability of remoomr| gnde-t
us, -thmeawddonkeecanm] eanveé qbhi
Dimagsaheeménmagency condition
e

p |Faitget poefi st me 2dnmmonteéhi(ckness car bon
ate by aluminium spacers. The bott
r s, dtehr &Jsmdefr ttihe sfipyatel ectr omagne:!
re tubes are fixed through <c¢cl amps.
nets placed in their end tips.

on its r
car bon f
el ectrom
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The top pl adndi(gi Breiagcdhdheaiidg4d ei s a 2mm t hi ckne:
plate with mounting holes for the | anding mec
pl at e, aligned with themtphlraetee edfe ctthreo magrnied Is
side, two carbon fibre tubes are cl amped, e Xt
the end tips of these tubes, also aligned wit
The robotic amen fisomntt t awdne ddftyoefdcxh nggdd t t o t
fibre tubes clamped to the top plate, so that
targets and el ectromagnets. Thi s tceonndf itgou rsaetpiaor
el ectromagnets from the targets.
Theatbhier ypl aced in the rear side of thermeria
attached to the front side.
El ement Di mensi ons
Frame bottom pl ate 350x165
Frame bottom pl ate 430x165
Frame bottom to ce 60
Bottom piloat s etp@r a 15
Addn plate di mensi ( 300x165
tubes)
Addn plate di mensio 388x165
Table 5. Magnetic Bridge dimensions.
Di mensions are subject to change, as the desi
of the arm.

Battery

Central plate of the
drone

Ferromagnetic
targets
Top plate of the
add-on

Arm attachment

Rear
electromagnets

Bottom plate
of the drone

Frontal
electromagnets

Figure 41: General view of the Magnetic Bridge.
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429

Battery c.m.

60

Rear electromagnets 214 Robot Arm
c.m.
Q

110

Frontal
electromagnets

350

Figure 42. Dimensions of the bottom plate of the aerial platform.

Robot Arm c.m.

\
\1/

Frontal ferromagnetic

Rear ferromagnetic
targets

targets

Figure 43. Dimensions of the top plate of the clamp addn.
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Robot Arm c.m.

110

300

N\ .

\//
Rear ferromagnetic Frontal ferromagnetic
targets targets

Figure 44. Dimensions of the top plate of theollers add-on.

Robot Arm c.m.

110

388 \
Rear ferromagnetic .
targets Frontal ferromagnetic

targets

Figure 45. Dimensions of the top plate of the flexible clamp addn.

The permanent el eddircamdgiémm akegdpemeaTleey (can

screwed to the bottom plate of the aeri al pl a
a ferromagnetic met al pl ate between two carbo
bomt @l ate and cl amps. The magnetic field 1s
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adhesive Kgrpoer opi Rc l®tod y dins aappl i ed, t he mag!
with a consWmpdri omi eoede 3. a&npdr ondoucpeud .l i ng f orce i
The permanent el ectromagnets can be powered
batteries. A microcontroller enables or disabl
el ectromagnets are notanpmo vkeereepd-mmgp a rhikki nagdedt h ® b
attached to the aeri al pl atfor m. Il n -carasa&ndft le
robot iFec gaiym (

M4x6mm \

k 15mm

15mm )._ =

Figure 46. Permanent electromagnets.

Normal operation Emergency
+ [ c/ o + [ o0—-o
24V 24V
Permanent —
+ electromagnet

I |
\ Ferromagnetic /

target

Figure 47. Operation of the permanent electromagnets of the Magnetigridge.

El ement Wei ght
El ectromagne 100
Clamps and t g 160
Topdan pl ates 80
Bottom drone 90
Carbon Fibre 50

Tot al 480

Table 6. Weights of the MagneticBridge elements.
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The hardware is composed of a small microcontroller which activates or deactivates the magnet
through a Puie Width Modulation (PWM) signal. The microcontroller is directly connected to the
onboard computer which commands it. A software library has been implemented to allow to operate
the attaching system from ei t he roveldibghavsorofthed i o
attaching system software is showrFigure48.

RADIO

Q' RC CONTORLLER PILOT

8

UNLOCK EMERGENCY STOP

GITHUB

AUTONOMOUS LIBRARY

PROGRAM ARDUING
PWM

Figure 48 State diagram of the electromagnetic attaching system to exchange the aalaks.

3.4.Add-Ons Description

This section presents the different amlts and their functionalities proposed for the HRA platform,
it also presented a comparisorTiable7, whereareshown the advantages and disadvantages of each
addonwith respect to the others afteslaortdescription of them.

Clamp Soft Clamp Rollers Articulated
Crawler
Linea movement X X
over the pipe
Rotation passive X
movement
Rotation active X
movement
Steering capabilitieg X
Detachable X X
emergency system
Soft materials X
Passive docking X
Racks inspection
Adaptability on X X X
pipes with different
diameter

x| X
X

XXX

Table 7. Add-ons capabilities comparison.

The minimum and the maximum clearance between the plagsa key role in design faan
inspection operatiorkigure49 details the clearance limits for each aud
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Min clearance Max clearance , J —
[ 8inch clearance [ Ginch clearance

Figure 49 Clearance requirements for each adebn

3.4.1.Clamp Add-on

This addon isdesignedo allow the aerial system to land owasingle pipgseeFigure50andFigure

51), so it can perform inspections solated pipes. It consists of two pair of clamps which can be
opened and closed simultaneously. The aerial platform approaches the pipe, and when about to land
over the pipe, the clamp closes around it. This mechagsisapable of graspingpes with different
diameters.

Once over the pipe, the clamp does restrict the movement. A set of omwmheels on the clamp

make possible to displade the forward direction of thpipe andallow lateral movement over its
circumference. The longitudinal displacerhencontrolled with a traction wheel, which consist

a continuous rotation servo plus a rubber wheel for better grip to theApghmck absorber allows
overcomingpipe joints and other minor obstacles over the pipe surfduoe lateral displacement

allows for stabilization in the case the platformdoes | and over the 12 o06cl
case, the propulsion systdaterally stabilizes the HR around the pipe

The concept of a clamp with omwiheels has previously been presented in thigept, in the
deliverable D1.2, and has already been tested over single isolated pipes where the crawler could
displace over straight pipes. However, this concept was unable to displace over elbows. This is
especially important, as elbows araportant aeas for inspectianTo solve this problem, an
ingenious yet rather simple mechanism has been designed.

The new clamp design addpassive mechanismhich makest possibleto overcome elbowBigure

51. It allows each clamp to freely tunwjthout the need of actuatoregardlessf one to respect the

ot her . During flight the mechanism is | ocked,
disturb the flight.Once the aerial platform lands over the pifpe, weight of the platform over the
crawler releases ielbowmechanismThe crawler displaces along the pipe as normal thanks to the
traction wheel. If an elbow is reached, the crawler adapts to its cuenatdrkeeps moving over the
elbow. When over an elbow, the traction wheel direction is controlled with an additional servo, so it
eases the turn by projecting the traction in the proper direction. The mechanism is passively locked
again after taking off,sathe weight of the aerial platform does no longer rest over the crawler.

To integrate and validate all these conceptssagrototypas made of PLAadditive manufacturing,

which is suitable for fast prototypin@nce validatedpngoingprototypeswill employcarbonfibre

for weight reductiorand higher resistance. Future designs will be focussed on reducing the number
of pieces for ease of assembly and improving toleraiocesdiuce loosenessdvibrations
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Figure 50 Clamp concept

Elbows
mechanism

Traction
wheel

Clamp
mechanism

Omniwheels

Figure 51 Clamp add-on main parts

Figure 52 Passive elbow mechanism
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3.4.2.Soft Clamp

Figure 53. Softclamp 1 fixed Version.

This section dscribes a soft clamp module to attach the UAV robustly to the pipe during inspection
and maintenance tasks. Two designs will be introduced, the first of them is a preliminary concept
model used to strongly attach the UAV. The second design foonsasablingthis soft gripper to
creepover the pipe, the UAV can move along the pipe while inspecting.

In both caseghe limbs are made in filaflex. This material is elastic and has great friction coefficient
and softness. The principal advantage of udiggyrhaterial against other soft materials is that it can

be used in additive manufacturing. Thus, it is possible to design a variety of models without
restrictions that are typical of other manufacturing processes. Parts made in filaflex are rigid enough
for keeping the shape, but also flexible to be

Soft Clampi Fixed Version

AN

Figure 54. Fixed soft clamp design.

For the fixed landing gear, two limlse usedThese limbs have been carefully dgsd with special
geometry and shape, that allothkemto deform and adapt to a variety of pipe diameters and shapes
The top left image in Figure 46 shows the profile of the lirhasing different undulationgandbeing
more pronounced at the base andrelasing close to the tip. This design achieves greater
deformations at the base of the limb to better adapt to the shape of the pipe.
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The fixed softlanding gears composed of a rigid PLA chassiad two soft limbs that atike a claw.

A servomotor is placed in theentreof the rigid chassis with eeel that pul the different nylon
threads to close and open the soft cl@he base of theehassishas beercovered with silicone to
increase the adherence anctidarge the conth@area between the pipe and the cla@p the sides

of the chassis are two soft limlase placedEach limb contains a reel that serves to roll up the nylon
threads and, thus, bend the limbs. The end of this reel is inserted into a bearing in the wpposite
to reduce friction.

A design of the soft fixed landing gear has been developed during this per@aveight and the
dimensions of the landing system are critical so that they have been optimized as much as possible
obtaining a weight of 304.6 gramdgthout the servomotor and 345.8 grams with the servomotor,
having a dimension of 140 mm width and 96.5 mm heighé servomotohas dimensions of 40 x

20 x 40.5 mm, moperating voltage 68,4V, a weight of 41 grams and a torque of Ildgskm The
advantages of this sefinding gear are a great grip for@mdit is very compactachieving low

weight and dimensions. Consequently, it allows better mobility in small spaces, and the soft material
ensursthat the pipeline is not damaged.

The choice of limb shape has been obtained after looking for different nonlinear studies and tests,
obseringlimbsd def or mati on and finding the best adaj]
base of théimb was embedded, and a force was applied at the other end. This force was equal to the
maximum force the threads would accomplBbttom images in Figure 46 shows example numerical

tests performed for theptimization of limbs shape.

Figure 55final limbs, displacement and stress analysis

Each limb weights 36.9 grams, and they have dimensions of 52 mm width and 230 mmTeight.
maximum angle of grip to the pipe and the maxinsiope to which it can be caught in thipeline

has been experimentally studjedbtaining for the first one a maximum angle of 35° degrees and a
maximum slope of approximately 45° degrelse final characteristics of the profile are shown in
Table8. 11

Table 8 Limbs optimized angles and lengths

Angle | | | |
Degrees 132 135 166 170
Length I I E l4
Millimetres 13 15 90 180
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Soft Clampi Mobile Version

(o) -
%

bl

Figure 56 Mobile soft clamp system

The second design, i.de soft mobile landing gearonsists of aloubled clamp device that allows
the UAV to move. o symmetrical basesne fixed and one mobile, located on the front and rear
of the UAV are used to create this displacement. Each base has a pair of limbs that act as soft grippers

The fixed base iginedto the frame through the connecting structltr@as two servos inside, one

of them is responsible for operating the two soft limbs, with a reel that serves to roll up the nylon
threads and bend the soft limbs to get the closure or opesrsgmas the fixed versiamhe other

servo is used to spin an endless screwist@nnected to the symmetric babethis way the second

base exerts llnear movement. From the top of the hdkere are two metal bars to guide the mobile
part of the mechdsm. The bottom part of the base has a semicircular geometry to adapt better to the
shape of the pipeline. Finally, there are several wheels that only move longitudinally at the ends of
the base to facilitate the movement through the pipe and reduaanfrict

The mobile base is identical to thedtkbase except for the fact that only has one servo to move
thesecond pair o$oft limbs The second servo is replaced by a nut that is fixed to the outer wall of
the base where ielates tahe endless sew. On the otheside, it has two linear bearings in the upper
part where the metallic bars of the fixed base will fit to allow a better slittirijis way it is possible

to approach and separate lsas®ng the smallest number of servos possible atichiging the space

and weight of the systenfihe same servos with the same characteristics as theffiand geamare
used.

Moving alongthe piperesembles a caterpilar c r alwd depictgd ifFigure57 and it is described
as follows:

1. In the initial position, the mobile base is in the closest position respect to the fixed base, and
both pair of clamps are closed around the pipe.
2. For a forwad (backwards) displacement, the pair of clamps belonging to the mobile (fixed)
base is opened.
3. Theservo connected to tlendless screw staitio move:
3.11If the clamp of thenobilebasewas opened, ivill advance until it reaches the top
of theendless screw.
3.21If the clamp of the fixegpartwas opened, the whole platfommill advance until
the top of the endless scréesweached
4. Oncethis point is reached, thendless screw servo stops, and dpened pair ofimbs are
closed.Now themobile base is in the furthest positith respect to the fixed base.
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5. To keep moving forward (backward#)e pair of clamps belonging to tlied (mobile) base
is opened.
6. The servo connected to the endless screw starts to move in the opposite disscrdied in
3:
6.11f the clamp of the fixedbasewas opened, the whole platformill advance until
it reachethe mobile base.
6.21f the clamp of thenobile basevas openedit will advance untilit reaches the
fixed base.
7. Once this point is reached, the endless screw servo stops, and the opened pair of limbs are
closed. Now the mobile base is in ttlesestposition respect to the fixed bases same as
described in step.1

Figure 57 Soft mobile landing gear moving over a pipe

Flight experiments have been carried out by landing on the pipeline with the soft fixed land gear, all
the experiment have been performed outdaamd in various weather and wind ditions, for this
purposea test benchas been builvith a shaped structure with -lisch PVC.
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Table 9 Specifications of two designs ofaft clamp system

FIXED SOFT LANDING MOBILE SOFT
GEAR LANDING GEAR
ANGLE (°) 35 -
STRENGTH (N-CM) 112.6 112.6x2
WEIGHT (MM) 304 800
WIDTH (MM) 140 290
HEIGHT (MM) 96.5 96.5
MAX SLOPE (°) 45 -

;TN

IIH W

i m, itu l|n|| : Im mu 1I|11I IHIN "ililk I_l

Figure 58 Sequence of autonomous landing using a soft clamp. It can be observed that the
gripper has enoughstrength to pull the UAV towards the pipe to stick to it.

3.4.3.Rollers add-on (racks)

The requirements of the project contemplate the need to develop-an #titlallows inspections in
pipe racksUnder this consideration,landing gear made up of two rollers is carried uthis way,

the HRA carleanon two or more pipes. The number of pipaswhich HRA can move will depend
on the size and separationtioé same Figure59 shows the design of the landing gear with the rollers.

Theactual arrangement of the rollers on the pipe implicitly has several advantages:

1 This configuration allows passive docking. After landing, the propulsion system can be turned
off and the rollerganmove along the pipes to perfoitime inspection.

1 The design is intrinsically stable and does not need stabilization control

1 Greater precisin in handling.

1 The landing procedure is simpler because the alignment of the rollers with the pipe is easily
done.

The following figure shows the design of the landing gear with the rollers.

Figure 59 Rollers add-on and exploded view.
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This landing gear consists of two rollers that can rotatesvd over several pipes. The rollers move
by a gear system placed in the central zdine® gears are powered by @antinuous rotatiorserva
This design has a single motor winigas been tested and provednove a platform of up to 1@k

This addon is made of diffe@nt plastic parts, a carbon fiédshatft for each roller, four bearings, a
continuous rotation servo, and a carbondilate where the magnetic linker is mount€lde rollers
are attached tehe carbon filve plate by twocolumns madeof plastic. In addition, bearingasre
installedto ea® therotationof the rollers.

In order to minimize weight, the rollers are maddilaflex, the samdlexible materialas the soft
clamp,so they can adapt to different pipe diameters and separdtaiel0 presents a first approach

of the rollers adeébn mass distributianFurthermore, the rollers have been designed with certain
roughnesglike car tiresto provide sufficient friction force when they are in contaith the pipes.

Element Weight (9
Rollers 300x 2
Motorization 100

Total 700

Table 10 Roller add-on mass distribution

The separation between the rolles2P0mm. Thelengthof each roller iSO0mm, and its weight is
approximately300 g. The motorization has a weight 800 g. Therefore, the total weight ¥0g.

The integration of the landing gear with the aerial platform and the magnetic linker can be seen in
Figure60.

Figure 60 Rollers add-on concept

3.4.4 Articulated rover

A novel patenpending vehicle has been designed. The vehicle can walk on rectilineaursaad c
pipes thanks to its 2 Dadticulation. Moreover, the rover can auto stabilize itself on the pipe using
wheels and propellers and thanks to the novel designed kinenratitsermorewe planned to use
the rover also in combination with the ARAP180 and ARAP90, as it is possibeetmsections
3.4.3and 3.4.4.
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The wheel position and the rover structure have been designed to be adaptable to pipe with different
diameters. In details, we are building a prototype able to walk on pipes with diameter in the range [6,
10] inches,thatare the most common arefinery.

Moreover, we developed the rover to be articulated using two revolute joints. The two actuated
articulations are designed to allow the rover to move along the pipe standard curve (curvature ratio
of 1.5D).

We used a totadf three geamotors to actuate the four wheels (two for the Meccanlneels and
one coupled for the Omuwheels). Maxon gear motors with a gear ratio of 1:103, a maximum torque
of 0.8Nm and provided with encoders have been chosen.

Moreover, in this firstprototype, the two joints are actuated using two Actuonix linear motors
(https://www.actuonix.com/) with a linear displacement oin2@. This translates into a maximum
angular displacement of the two joints in the rang@,[30] degFour laser distanceensors have
been adopted to control the joints positiorcontrol the rover movement along pipes curve.

The articulated rover weight &pproximately750g.

92{:.# J.... 1 ';‘
| i\F'z !

Figure 61 Articulated rover concept and proof of concept

3.5. HRA Stabilisation System using Propellers with Variable Pitch

The conventional multirotor design uses fixgtth propellers mainly due to their simpler
mechanisms and easier cahtvhen compared with variabjatch propellers. In the case of operation
on the pipe with some grip mechanism, like magnets, the-pxret solution seems to be suitable
because its control, while operating on the pipe, is reduced to switch the matjtigs as the case
of the HRA. On the other hand, when the design does not have a grip mechanism thepitsiable
solution becomes the only suitable one, because its atuliygneratanegative thrust (unlike the
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fixed-pitch one) becomes necessary tekehe multirotor position under circumstances such as
inaccurate landing position due to wind disturbances or clearance for the gripper.

Figure62 shows the HRA(a) and variablepitch propeller (b). The dynamics of the multirotor on
the pipe can be described as-B@F radialand rotational motiogr(t), g(t)} , in direction of a line
between centre of pipe armkntreof-mass CoM) of the multirotorFigure 62(a) the motion is
depictedin XZ plane (b) the linear motion of the central rod changes the angle of the blade while
the rotor is rotatingThewhole motion isalsolimited by the clearance of the clamp around the pipe.

(a) (b)

Figure 62(a) Multirotor on a pipe, 2-DoF rotating; (b) propeller with the variable pitch
(a) ()

Figure 63. (a) Variable pitch propeller at minimum angle of the blade position (b) maximum
position.

The direction of thrust changes by variatiothafangle of the blade between minimum and maximum
range ofal g24.45 ,34.83 , Figure63 (a) and (b), to produce a variable thrust force at a constant

angular velocity of rotomm,. The time response of the blade angle is very short, providing agile

manoeuvability. The change in the thrust is also highlightedrigure 63. The blade angle was
changed from minimum positioi24.45 degrees to the maximum value, 34.83 degidesthrust
increases accordinglyy blade angle, from negative zone to positive one. The range for rotor angular
velocity waswi [620, 1240] (rad/s).
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Figure 64. Thrust versus rotor angular velocity.

For the sake of comparisoet Irecall belowhe control allocatiowf the fixedpitch propeller

(D) g ek k BT «
&) G\E Kk Ik g&,m 1

in which | (m) is a distance betweerotor and CoM, k (NS’ /rad ) is the thrust factorand
w (t) (rad/s]istheangular velocity ofhei-th rotor.Notice that this case is limited to one size rotation

of the rotor, implying that the propeller can omjgneratepositive thrust. On the other hand, the
propelles with variable pitch possess the advantage of providing both negative and positive thrusts.
Thus allowing, nare manoeuvrability, upright or inverted flight, detach/attach equipment in out of
reach positions and negative thrust deceleraimong other$5][6]. [7] presents a control system

for a quadrotor with variable propellerBhe challenges are also complexity in rotor mechanism
design, control approach and reducihg flight stability of the multirotor, buat the expense of an
allocation scheme more involved. In particular, the thruster allocaionbedefined in terms of

thrust coefficient as [8], and becomes

&Cr,() gegK B BeT,(1) ¢ a(t)=6CT‘ ® 3[S®
.0 BEgk w BE,0 8 YT s 22

whereg is 1 for normal flight and1 for inverted flight andk = r &* Zin which r (kg/nt) is air

density andw/ (rad/s) is the nominakngular velocity of the rotorgg; and C, are blade angle and
thrust coefficient ofi -th rotor, C, is aerofoil lift curve slopes =N,c/( /R in which N, is the

number of the blades ehchrotorc(m)i s r ot or 6 s R (mpis the rddiesrofghe hotora n d
Notice the additional DoF with respect to fixed pitch of varyin{t) (positive and negative),
providing much more manoeuvrability. To simplify tdescription,it has beerconsideredat its
nominal valuew. This first prototype haR = 140 mm andnominal u/_» 900(rad/s).

To show theadvantagesa couple of simulations has been carried out}E model on a pipe under

a wind gust (vanishing disturbance) dewiateom the top desireposition ancclosing the loop with

a standard LQRype cascade controller. Figure65(a) the wind gust provides a force/weight ratio
>1 making hat the fixedpitch one fails under its impossibility of generating a counteracting negative
thrust. InFigure65(b) with the force/weight ratio <1 the fixgutch onewas able to recover but, it
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was forced to an undesirable excursion. However, in both cases the vpiielblene succeeded in
reaching tle target near the pipe, overcoming such disturbance.

() (b)
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Figure 65 Performance of fixed and variable pitch in stabilisation

In summary, the variablpitch design can go to a negative thrust regime by changiramte of the
blaces, and so it is able to compensate disturbanéésreover, this design generates torque
Df =f, §{, (N) without any contribution to the total thrust, unlike the femtth design that

generates a total thrust while producing torque. Thig lelti@racteristiemphasizethat the variable
pitch design also consumes lesgrgy to balance the system.

3.6. Robotic-Arm Description

As discussed with the project parteand with the endisers we choose to develop different solutions
for the HYFLIERS robotic arm at different TRL. The solutions will be presented with increasing
level of complexity that translatés an increasing level of dexterity. In this task we sunimeasnly

the main aspects and capabilities of the different solutions, more details are described in the
deliverable D3.19].

3.6.1.Fixed Articulation with 180° Probe (FAP180)
ThEeAP1BrOot ot ype has been designed to observe

1T Reduced weight respgaa@atxitm stehd hcet Hdri gshdal utiim

reduce the damdewadi gnetnsi ons

T A simple folding sotledtiiecn ad fl -otivif e» gsnddrak arnidz en

T Si mple mechanics and contr ol to reduce f ai
T Possibility to execute measures along |1
curves.

Based on t he FARLEIUS reaonmemd se d hley :

1. Anovel ki oempbsed by a revol.ute joint and

2. Ameasur ement t ool abl e tadbowot at8d o amamwredk §t

i nstr umdnctssr cad neafnegr en c e
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ThEAP1IBeleds t o be mounnoabdvddbeadal € r boanli pes as s h
i n the f ol (Figureb6a gFdureGy)ur e s

Tech specs:

Arm weight 200¢g
Tool WwW&3y0ght

Permitted tool rotation: 180 degrees
Number of UT sensors: 2

Number of DoFs3

= =4 A -4

Figure 66 FAP180 design concept

In Figure67 some use cases are reported. From the left to the right: measurement along linear pipes,
measurement along vertical curves, measurement along horizontal curves.

Figure 67 FAP 180 use cases

The drone vehicle frame will be attached over the central element of the articulated mobile vehicle.

3.6.2.Anthropomorphic Robotic Arm with 180° Probe (ARAP180)

ThARAP180pr ot ot ype hasi rhperemv e etsh eg nFeAdP 1180 by enha
I n details, the ARAP180 is composed by:

1. Anrant hr opomorphic robotic ARM with 5 DOFs
2. A measur ement t ool able to rotate around
instruments alang its circumference
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