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ABSTRACT
ARCADE-R2 is a technology demonstrator, whose aim is to prove the
feasibility of a small scale docking system, including automatic attitude
determination and control capabilities.
The experiment main objectives are to test three custom subsystems able to
perform relative proximity navigation, relative attitude control and docking
between a small aerial vehicle and its target on the gondola and to determine
the correlation between each subsystem performance and the disturbances
due to the external environment. The idea is to execute several navigationcontrol-docking sequences at different altitudes and to collect data on the
external pressure, temperature, wind speed and direction, in order to fully
characterize the external environment and thus the atmospheric loads applied
on the vehicle.
The experiment setup is composed by a gondola-mounted target vehicle and
a small external chaser vehicle, mounted on a rigid support structure that
provides a secure connection with the gondola. The small vehicle is provided
with two degrees of freedom, one translational perpendicular to the gondola
and one rotational around its yaw axis and the two units feature relative
navigation sensors, attitude control actuators and a docking mechanism
interface, along with temperature sensors, pressure sensors and probes to
monitor the direction of the wind.
The development of such technologies is fundamental to build, in the near
future applications, fleets of cooperative, automatic aerial unmanned vehicles,
which will be possibly exploited over the next decades in various scenarios,
including mapping, surveillance, inspection and remote observation of
hazardous environments that are inaccessible to ground vehicles (canyons,
interior of buildings, etc…).
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1
1.1

INTRODUCTION

Scientific/Technical Background

In the last decade, there has been a growing interest in the development of
Micro Aerial Vehicles (MAVs) for several commercial and defence
applications, such as mapping, surveillance, inspection and remote
observation of hazardous environments that are inaccessible to ground
vehicles. In particular, small-scale aircraft put together the advantages of
automatic operations to the ability of working in constrained environments like
urban canyons or even the interior of buildings.
Fleets of cooperative automatic miniature vehicles appear to be even more
appealing due to the further advantages they imply, such as the reduction of
costs and time of production by standardization and miniaturization, the
improvement of system flexibility, a better fault tolerance and many more.
Their attractiveness is also improved by the ability to operate in critical
environment – high temperature, toxic gases, flood, hurricanes, unsafe
buildings, etc…–, the wide range of possible applications and the number of
tasks that could be performed, such as docking, refuelling and data exchange.

1.2

Mission Statement

In this framework, several technologies require further development and
investigation. Among them, relative proximity navigation, relative attitude
control and automatic docking represent key aspects for the development of
cooperative systems of small-scale vehicles.
In fact, although such techniques have already been developed in the past for
large scale or manned systems, there is still a lack of applicative solutions for
both miniaturized and automatic vehicles. CISAS, the University of Padova
Centre of Studies and Activities for Space, aims to acquire precious top-level
knowledge in these fields which will be one of the technological frontiers of the
next years.

1.3

Experiment Objectives

The primary objectives of ARCADE-R2 experiment are:
1. To improve and test the subsystems required to perform relative
proximity navigation, relative attitude control and docking between
a small aerial vehicle and the gondola;
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2. To evaluate the disturbances that affect control and docking
operations at different altitudes during the ascent phase and to relate
the navigation, control and docking systems performances to such
disturbances;
3. To repeat several navigation-control-docking sequences in the lowdisturbances environment expected in the float phase.
As a by-product, it will be possible:
4. To determine the external temperature, pressure and density profiles
during the whole BEXUS flight;
5. To determine the wind direction and velocity with respect to the
gondola during the whole BEXUS flight.

1.4

Experiment Concept

The ARCADE-R2 experiment consists of three main parts (see Figure 1-1):
1. An external vehicle (SMAV, SMAll Vehicle), with dedicated navigation,
control and docking devices. It has two degrees of freedom: a
rotational one, around the vertical yaw axis, and a translational one,
perpendicular to the gondola;
2. A fixed assembly (PROXBOX, PROXimity BOX) containing the parentvehicle docking interface, the sensors to sound the environment and
most of the experiment electronics. The PROXBOX is placed inside the
gondola with a wall facing outwards;
3. A rigid intermediate supporting structure (STRUT, STRUcTure), that
houses the devices needed to translate the SMAV and safely connects
the external vehicle to the gondola;
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Figure 1-1: ARCADE-R2 main parts and SMAV degrees of freedom

A top level functional block diagram of the experiment is shown in Figure 1-2:

Figure 1-2: ARCADE-R2 experiment top-level block diagram
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The PROXBOX unit is the main one and determines the data sampling,
receives commands, sends telemetry/data to the ground station, provides
data storage and manages all the devices and sensors of the experiment. All
the ARCADE-R2 devices are connected to a common CANopen bus.
However, both the PROXBOX and the SMAV are provided with their own
battery packs as power source. This architecture has been selected to greatly
increase the power budget and to better represent a real cooperative docking
scenario with two separate vehicles.
The purposes of the functional subsystems of ARCADE-R2 are described
hereafter in more detail, with reference to the main objectives listed in section
1.3 above.
1.4.1

Navigation, Control and Docking

The first objective of ARCADE-R2 is to improve and test the subsystems
already developed with the previous experiment ARCADE and requested to
perform an aerial autonomous docking of the SMAV (i.e. the chaser vehicle)
on the gondola (i.e. the target vehicle):
1. A navigation subsystem, which determines the SMAV yaw rotation
with respect to the gondola and the distance between them. The
navigation subsystem will be located partly on the PROXBOX (IR LED,
MEMS gyro) and partly on the SMAV (IR receivers, MEMS gyro);
2. A control subsystem, which manages the yaw rotation and the
translation of the SMAV relative to the gondola. The control subsystem
will be located partly on the STRUT (linear translation) and partly on
the SMAV (yaw control);
3. A docking mechanism, which joins the SMAV to the PROXBOX,
providing a stable connection between them. Even the docking
mechanism will consist of two parts, one placed on the PROXBOX and
the other on the SMAV.
Each autonomous docking sequence will consist in three main phases:
position and attitude determination, manoeuvre execution and capture. In
case of a successful cycle, the following attempt will be preceded by a fourth
release phase, where the docking latches are opened and the SMAV is
detached from the PROXBOX. The docking cycles will be repeated during
most of the mission, starting from an altitude where aerodynamic disturbances
are expected to be low enough to allow a safe control of the SMAV
movements.
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1.4.2

Evaluation of environmental disturbances

The second goal of the experiment consists in evaluating the disturbances
that affect the system at different heights during the ascent phase and to
study their relation with the navigation, control and docking performances.
Data on the flow field around the SMAV– such as wind speed and direction,
pressure and temperature – will be collected during the whole BEXUS flight
by a set of dedicated environmental sensors, located outside the gondola
and directly connected to the PROXBOX. The sensor outputs will then be
used in conjunction with geometric information to estimate the aerodynamic
loads exerted to the SMAV (in particular the torque around the yaw axis).
Such loads will be finally related to the performances of the navigation, control
and docking systems.
1.4.3

Main differences between ARCADE and ARCADE-R2

The main differences between the original ARCADE and the new ARCADER2 experiment are summarized in the following figures:

Figure 1-3: main changes between ARCADE and ARCADE-R2 experiment
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Figure 1-4: list of the main issues encountered with ARCADE and solutions adopted for
the new ARCADE-R2 experiment
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University of Padova – working on
technologies for a telecommunication
constellation based on nanosatellites.
Francesco is responsible for the navigation
subsystem; he also works on the
environmental sensors and thermal control
subsystems.
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Livia Savioli was born in Rovigo in 1986.
She obtained her bachelor degree in
“Aerospace Engineering” in September
2008 with the thesis “Study of the ghost
images of the Stereo Camera of
SYMBIOSIS for the BepiColombo mission”.
She graduated in “Aerospace Engineering”
in July 2011 with the master thesis about
de-orbiting manoeuvres of space debris
using cooperative cubesats. She is now
attending the PhD at CISAS – University of
Padova – working on the study of possible
scenarios for ADR mission and on the
development
of
a
debris
capture
mechanism.
She is also a musician and she graduated in
flute at the Conservatory of Rovigo in 2007.
Livia is responsible for the test management
and data analysis.
Fabio Spinello was born in Piove di
Sacco(Padova) in 1988. He graduated in
“Electronic Engineering” in 2010 with a
thesis about Electromagnetic Compatibility.
He has just obtained the master degree in
“Electronic Engineering” with a thesis about
reconfigurable antenna’s arrays.
Fabio is working on the Electronic System
together with Marco and is responsible for
the design and implementation of the Power
System.
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2
2.1

EXPERIMENT REQUIREMENTS AND
CONSTRAINTS

Functional Requirements

The experiment shall:
Req. F.1 perform autonomous docking and release sequences
Req. F.1.1 determine the distance and the orientation of the SMAV with
respect to the PROXBOX
Req. F.1.2 control both the translation and the yaw rotation of the SMAV
Req. F.1.3 actuate the docking system
Req. F.2 monitor environmental conditions during the whole BEXUS flight
Req. F.2.1 measure the ambient temperature
Req. F.2.2 measure the static ambient pressure
Req. F.2.3 measure the free stream wind velocity and direction
Req. F.3 store the collected data
Req. F.4 prepare and send telemetry packages

2.2

Performance requirements
2.2.1

Response to F.1

The navigation subsystem shall:
Req. P.1.1

determine the SMAV distance relative to the PROXBOX
interface within the 50 mm to 400 mm range

Req. P.1.2

determine the SMAV distance relative to the PROXBOX
interface with a min accuracy of 5 mm

Req. P.1.3

determine the SMAV distance relative to the PROXBOX
interface with a min sampling rate of 10 S/s

Req. P.1.4

determine the SMAV yaw rotation relative to the PROXBOX
interface within the ± 40° range

Req. P.1.5

determine the SMAV yaw rotation relative to the PROXBOX
interface with a min accuracy of 2°
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Req. P.1.6

determine the SMAV yaw rotation relative to the PROXBOX
interface with a min sampling rate of 10 S/s

The motion control subsystem shall:
Req. P.1.7

align the SMAV to the PROXBOX interface in max 30 s

Req. P.1.8

align the SMAV to the PROXBOX interface with a min
accuracy of 2°

The docking subsystem shall:
Req. P.1.9

allow a misalignment of the SMAV of at least 5°

Req. P.1.10

secure the SMAV-PROXBOX connection with a minimum load
of 2N

2.2.2

Response to F.2

The experiment shall:
Req. P.2.1

measure ambient temperature within the -100°C to +30°C
range

Req. P.2.2

measure ambient temperature with a min accuracy of ±1 °C

Req. P.2.3

measure ambient static pressure within the 10 mbar to 1500
mbar range

Req. P.2.4

measure ambient static pressure with a min accuracy of 5
mbar

Req. P.2.5

measure wind velocity within the 0 m/s to 50m/s range

Req. P.2.6

measure wind velocity with a min accuracy of 2 m/s

Req. P.2.7

measure wind direction with a min accuracy of ±5°

Req. P.2.8

sample environmental
response time of 1s

2.2.3

data

on

Response to F.3

The experiment shall:
Req. P.3.1

store a total data volume of min 2GB
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2.2.4

Response to F.4

The experiment shall:
Req. P.4.1

2.3

transmit data with a data rate of up to 420 kbit/s

Design Requirements

The experiment shall:
Req. D.1 operate within a temperature profile ranging from -90°C to +30°C
and a profile pressure ranging from 1 mbar to 1 bar
Req. D.2 withstand a maximum vertical acceleration of +10 g
Req. D.3 withstand a maximum horizontal acceleration of ± 5 g
Req. D.4 not disturb or harm the gondola
Req. D.5 not have heavy and high-density parts (i.e. metal or plastic parts)
that could fall from the gondola
Req. D.6 use batteries qualified for use on a BEXUS balloon
Req. D.7 use batteries either rechargeable or having sufficient capacity to
run the experiment during pre-flight tests, flight preparation and
flight
Req. D.8 be designed to allow the access to the PROXBOX-mounted
batteries from the outside within 1 minute
Req. D.9 be compatible with the E-Link communication
transmit/receive data to/from the ground station

system

to

Req. D.10 have a maximum total mass of 32kg
Req. D.11 be provided with a power-on switch to activate all the systems
before flight
Req. D.12 be provided with a thermal insulation to protect the experiment
before and during flight

2.4

Operational Requirements

The experiment:
Req. O.1 the experiment shall be heated before launch so that the
temperature of the main components is as high as possible, within
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their operational range, depending on external environment
temperature, at the activation
Req. O.2 main system statuses shall be monitored and data sent to the
ground station after the experiment activation and during the whole
flight
Req. O.3 shall accept a request for radio silence at any time while on the
launch pad
Req. O.4 position shall be locked during the initial ascent phase after launch
and the final descent phase before landing
Req. O.5 shall autonomously perform navigation, control and docking
sequences at scheduled times in nominal conditions
Req. O.6 shall send decimated data from all the instruments during the
whole mission or send data at a higher rate for a single set of
instruments upon request from the ground station
Req. O.7 shall accept manual commands from the ground segment
overriding the autonomous controls during the whole flight
Req. O.8 shall perform an automatic reset/reboot in case
electronics/software malfunction or temporary power loss

of

Req. O.9 power system shall commute to the BEXUS gondola battery as an
emergency source if the primary one runs out of energy
Req. O.10 shall enter an emergency safe state in case of sudden strong winds
or other critical situations (e.g. by blocking its position with an
electro-mechanical lock)
Req. O.11 shall be shut off before landing

2.5

Constraints

The main constraint which drives and limits the design process of ARCADER2 is the hardware heritage derived from the previous ARCADE experiment
(BEXUS 12\13). Since the experiment requires a very complex structural and
electrical system, and considering that the ARCADE experiment hardware
resulted from accurate design approved by the panel and has been already
flight-proven as it was recovered without any damage after its flight, the
design, production, integration and testing of a completely new, alternative
experiment layout is prohibitive both in terms of available funds and
procurement, machining and testing time. Therefore, the ARCADE-R2 team
considers the refurbishment and update of the ARCADE hardware the best
option to obtain a fully functional, entirely tested system, as it will allow the
team members to focus their efforts in the development of the software –
which will be re-designed entirely – and the few new devices (such as the
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commercial anemometer or the optical fork sensors for the docking
mechanism).

2.6

Mission success definition

Five main subsystems were identified to determine the mission success:
navigation, docking, motion control, environmental sensors, and command,
telemetry and power. Each subsystem contributes to the mission success at
different levels. As the primary goal of the experiment is to test and validate
three different technologies, the success of the mission mainly depends on
the level of success of the first three subsystems (i.e. navigation, control and
docking) and it was set equal to 30% for each of them. The last two
subsystems have a lower impact on the mission success and we set the
correspondent level to 5% for each one.
The overall mission success can be expressed as the sum of the success
level obtained by each subsystem.
Table 2-1: Mission success definition

Subsystem

Success level

Navigation subsystem

TOT: 30%

Gyroscopes performances

TOT: 10%

Determination of SMAV yaw rotation relative to the
PROXBOX by means of the gyroscopes, with performance
worse than that specified in requirements P.1.1-P.1.6, but
still acceptable

Min: 6%

Determination of SMAV yaw rotation relative to the
PROXBOX by means of the gyroscopes, with performance
compatible to or better than that specified in requirements
P.1.1-P.1.6

Max: 10%

IR sensor performances

TOT: 20%

Determination of SMAV distance and yaw rotation relative to
the PROXBOX by means of the IR sensor, with
performance worse than that specified in requirements
P1.1-P1.6, but still acceptable

Min: 12%

Determination of SMAV distance and yaw rotation relative to
the PROXBOX by means of the IR sensor, with
performance compatible to or better than that specified in
requirements P.1.1-P.1.6

Max: 20%

Docking subsystem

TOT: 30%
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Approach and docking manoeuvre

TOT: 15%

All the actuators work as expected, but environmental
conditions or gondola inclination avoid docking manoeuvres

Min: 5%

Execution of a soft docking manoeuvre where the SMAV is
captured by the linear actuator, but the hard docking with
the solenoids is not reached.

10%

Execution of a complete docking manoeuvre where both the
linear actuator and the solenoids work as expected and the
SMAV is placed correctly in the hard docking configuration.

Max: 15%

Release manoeuvre

TOT: 15%

The SMAV is not released and remains in the docking
configuration.

Min: 0%

The release manoeuvre is performed successfully and the
SMAV is pushed away as expected according to the correct
procedure.

Max: 15%

Control subsystem

TOT: 30%

RW mode manoeuvre

Tot: 25%

Using SS controller with encoder feedback, alignment
between SMAV and PROXBOX is reached from a random
yaw position of the first.

Min: 5%

Using PID controller with encoder feedback, alignment
between SMAV and PROXBOX is reached from a random
yaw position of the first.

10%

Using SS controller with gyroscopes feedback, alignment
between SMAV and PROXBOX is reached from a random
yaw position of the first.

15%

Using PID controller with gyroscopes feedback, alignment
between SMAV and PROXBOX is reached from a random
yaw position of the first.

20%

Using PID controller with navigation sensors feedback,
alignment between SMAV and PROXBOX is reached from a
random yaw position of the first.

23%

Using SS controller with navigation sensors feedback,
alignment between SMAV and PROXBOX is reached from a
random yaw position of the first.

Max: 25%

Back up motor mode manoeuvre

Alignment between SMAV and PROXBOX is reached from
a random position of the first.
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Environmental sensors subsystem

5%

Measurement of the temperature with performances
compatible with that specified in requirements P.2.1 – P.2.2

2%

Measurement of the ambient static pressure performances
compatible with that specified in requirements P.2.5 – P.2.7

1%

Measurement of the wind velocity and direction with
performances compatible with
that specified in
requirements P.2.5 – P.2.7

2%

Command, power and telemetry
Data are only registered in board, but not sent to the ground
station during the whole flight.

5%

Data are both registered on board and sent to the ground
station during the whole flight.
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3
3.1

PROJECT PLANNING

Work Breakdown Structure (WBS)

The ARCADE-R2 team is composed by eight members; seven of them are
University of Padova students or alumni, and one of them is a student at
University of Venice. Six members are master graduate and are attending the
PhD at University of Padova: four in Aerospace Engineering, one in
Automation Engineering and one in Electronics Engineering. Finally, one
member is an Electronics Engineering master student and one is an
Informatic Engineering master student. The variety of the branches of study
ensures that the team has a sufficiently wide engineering and science
knowledge to design, build and test the complete experiment. More
information about each member is presented in section 1.5.
The detailed availability of the team members can be found in section 3.3.1;
no one is irreplaceable, however each team member is expected to complete
their amount of work to achieve the best outcome of this project.
All the workload expected for the project is divided into top-level Work
Packages (WPs), which are assigned to workgroups managed by a reference
person that becomes responsible for that work unit. The choice of the
reference person depends on their original field of studies or on their preferred
topics. The reciprocal help and communication between the team members
and among workgroups are, however, strongly encouraged. For the campaign
preparation, in particular, all the team members worked together to get the
best and most comprehensive results.
Table 3-1: Top-level Work Packages with designated reference person
TOP-LEVEL WPs

Reference Person

Project Management

Marco Barbetta

Test Management

Livia Savioli

Mechanical System

Lorenzo Olivieri

Docking Subsystem

Lorenzo Olivieri

SMAV Motion Control System

Francesco Branz

Navigation System

Francesco Sansone

Environmental Sensors Subsystem

Francesco Sansone

Thermal System

Francesco Branz

Electronics System

Marco Barbetta

Power System

Fabio Spinello

Software

Andrea Carron

BX16-17_ARCADE-R2_ v5-0_17Jan14.pdf

Page 29

Campaign Preparation

Whole Team

Data Analysis

Livia Savioli

Outreach Program

Francesco Sansone

Orders

Francesco Branz

Fund Raising

Andrea Carron

Report & Documentation

Livia Savioli
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Figure 3.1: ARCADE-R2 Project top-level WBS
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Figure 3.2: ARCADE-R2 Project second-level WBS: Design improvement
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Figure 3.3: ARCADE-R2 Project second-level WBS: Procurement & integration
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Figure 3.4: ARCADE-R2 Project second-level WBS: Tests
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Figure 3.5: ARCADE-R2 Project second-level WBS: Operations
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3.2

Schedule

The detailed task list and the Gantt chart of the ARCADE-R2 project are
attached to the present document. In particular, it is shown the ongoing status
of each activity related to the main Work Packages (WPs) mentioned in
section 3.1:
1. Project Management
2. Test Management
3. Mechanical System
4. Docking Subsystem
5. SMAV Motion Control System
6. Navigation System
7. Environmental Sensors Subsystem
8. Thermal System
9. Electronics System
10. Power System
11. Software
12. Campaign Preparation
13. Data Analysis
14. Outreach Program
The Gantt chart also shows the planned milestones:
1. SELECTION WORKSHOP
2. PRELIMINARY DESIGN REVIEW (PDR)
3. CRITICAL DESIGN REVIEW (CDR)
4. INTEGRATION PROGRESS REVIEW (IPR)
5. EXPERIMENT ACCEPTANCE REVIEW (EAR)
6. EXPERIMENT DELIVERY
7. LAUNCH CAMPAIGN
8. RESULTS SUBMISSION
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3.3

Resources

The project is totally funded on the financial aspect. The workforce is
guaranteed during all of the scheduled time.
3.3.1

Manpower

Every member gave its availability at the beginning of the project. The
guaranteed availabilities of the members are listed below:
Marco BARBETTA:

50% all the year

Francesco BRANZ:

20% all the year

Andrea CARRON:

50% all the year

Lorenzo OLIVIERI:

20% all the year

Jacopo PRENDIN:

20% all the year

Francesco SANSONE:

20% all the year

Livia SAVIOLI:

20% all the year

Fabio SPINELLO:

20% all the year

If a member becomes unavailable, there is always at least another team
member with the same background that can substitute the first. In case of
emergency, there is also the possibility to look for a substitute in the
Aerospace Class or in other courses of the University of Padova.
3.3.2

Budget

The estimated budget for ARCADE-R2 is reported in the Table 3-2; all costs
are expressed in €.
The price breakdown form resumes all the evaluated costs of the experiment.
The University of Padova completely funds these expenses through CISAS
(Centre of Studies and Activities for Space “G. Colombo”, http://cisas.unipd.it).
As it can be seen in section ‘Mechanical parts’ in Table 3-2, the Team is
supported by some companies for machining and assembly phases.
Moreover it has full access to the CISAS “Hypervelocity impact facility
laboratory" for system integration and thermal-vacuum testing.
The travel costs of the Team are not included in the budget; ESA is going to
pay board and lodging for four team members. We estimate, from the
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experience with ARCADE, that the cost for each member not sponsored,
during the whole project, is 2500 €.
Our team is composed by 8 members, so for the non-sponsored the
estimated total expense will be 10000 €. Nowadays, not all the members have
attended every meeting, so this expense is supposed to be lower at the end of
the project.
Table 3-2: ARCADE-R2 prospected budget
LABOUR

EXPENSES

INCOME

DIRECT COST
Electric/Electronic/Electromechanical components

a)
b)
c)
d)
e)
f)
g)

Attitude Control (plastic linear strip)

100

Docking (electromagnets, optical sensors, dampers, etc…)

420

Sensors (anemometers, … etc)

600

System (PC104, cables…etc)

600

1.

1720

TOTAL DIRECT COST

OTHER FUNDING
CISAS, Study Program in Aerospace Engineering of Aerospace
Engineering
Study Program of Aerospace Engineering

1720

2.

1720

OTHER FUNDING COST

TOTAL COST OF THE WORKPACKAGE AND FUNDING

1720

1720

TOTAL COST OF THE WORKPACKAGE AND FUNDING
(Safety factor 20%)

2064

2064

* funded by University as institutional didactical support work (not included in total experiment
cost)

3.3.3

External Support

The ARCADE-R2 Experiment is endorsed by one University of Padova
professor, as shown in Table 3-3:
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Table 3-3: University of Padova supporters

Dr. Alessandro Francesconi

3.4

Assistant professor of Space Systems, Master
Course in Aerospace Engineering

Outreach Approach

The ARCADE-R2 team has re-started an extensive Outreach Program to
promote awareness and interest in the project and in the REXUS/BEXUS
Program. A lot of activities have already been realized and are presented as
follows.
LOGO – The ARCADE-R2 has an official logo, derived from the initial version
designed for ARCADE, and shown below. It was created by the artist
supporter Sara Mantoan.

Figure 3.6: The official ARCADE-R2 logo

WEB - The team has an official website, www.experimentarcade.org that is
constantly kept updated. It offers the possibility to contact the team through
the “Contact Us” page and it features many interesting sections, such as:


News



Our Mission
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Roadmap



Team



Photos



Resources



Partners

Aside the main website, the team published a Facebook Fan Page, available
at
https://www.facebook.com/pages/ARCADE-R2-Experiment/152849438102788,
whose main purpose is to deliver very short news about the project, team
members’ ideas, updates, links to interesting materials and, why not, also
some funny posts.
PRESS – Two articles were dedicated to ARCADE-R2 on “Gazzettino di
Belluno”, a local newspaper, on Januaryl 19th and 24th. On AstronautiNEWS.it
web site, an article describes the experiment and RX/BX programme (July
2013).
PROMOTIONAL MATERIALS – A brochure about ARCADE-R2 has been
prepared for the presentation of the experiment during an exhibition showing
university courses and projects to high school students, which took place in
February 2013 at Legnaro (Padova). A promotional flyer (both in Italian and in
English) has been released to promote the experiment. All the resources are
available on the experiment official site and on the Facebook page.
EXHIBITIONS – In a recent event, the team exhibited ARCADE-R2 during the
“VenetoNight 2012 – Night of the Researchers”, where several demonstrative
approaching and docking manoeuvres were performed.
COLLABORATIONS AND MEETINGS WITH SMALL AND MEDIUM
ENTERPRISES – The ARCADE-R2 team will continue the cooperation with a
group of local Small and Medium Enterprises began with ARCADE.
OTHER ACTIVITIES
From 19th to 26th of January, the ARCADE-R2 team was hosted at the Centre
for Studies of the Alpine Environment of the University of Padova in San Vito
di Cadore for a full-immersion week entirely dedicated to the improvement of
the experiment. Thanks to the ambient conditions similar to those of Kiruna at
launch, the week represented a good training session for the launch
campaign; some tests were performed outside, at very low temperature
conditions. During this week, the team had two important promoting events:
the first one was an interview with Radio Cortina, a local radio emitter, where
it had the possibility to explain the main characteristics and objectives of the
experiment, and to talk about the REXUS BEXUS Program. During the
interview the ARCADE-R2 team was asked for updates on the project status
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before the launch campaign. The second important event was the meeting
with the mayor of San Vito di Cadore, which was very interested about the
project and invited the team to come back in San Vito after the launch to
present the entire experience and the results obtained during the flight.
The ARCADE-R2 experiment and the REXUS-BEXUS Program, were
presented in March 2013 to the university students of the Space Systems
class in Padova.
A radio interview with RADIO 3 Science took place on 11 September 2013.
More details and materials concerning the aforementioned outreach activities
are presented in Appendix B.

3.5

Risk Register

As indicated by the ECSS document ECSS-M-00-03B, the risk assessment is
a methodology to identify risks and to divide them into classes.
Every possible failure scenario is evaluated both on severity (S), ranging from
level 5 (catastrophic) to level 1 (negligible), and on probability (P), ranging
from A (minimum) to E (maximum). The risk is then assigned to one of the
following categories:
TC: technical/implementation
MS: mission (operational, performance)
SF: safety
VE: vehicle
RE: resources
Table 3-4: Risk Register
ID

Risk

P

S

PxS

Action

TECHNICAL IMPLEMENTATION

TC10

Critical component is
destroyed during testing

A

2

MISSION
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MS10

Structural failure

A

5

low

Carry out Finite Element
stress Analyses (FEA) of the
critical joints and perform
simple mechanical tests

MS20

Failure of a safety locking
solenoid

B

4

low

Use of the redundant locking
solenoid

MISSION: environment characterization
MS30

Failure of an external
pressure sensor

B

2

very low

ACCEPTABLE RISK, no
action required
(redundancy)

MS31

Failure of an external
temperature sensor

B

2

very low

ACCEPTABLE RISK, no
action required

MISSION: docking
MS40

Failure of the docking
electromagnetic attractor

B

3

low

Perform docking trough the
SMAV linear motor

MS41

Failure of the docking latches

B

2

very low

ACCEPTABLE RISK, no
action required
(redundancy)

MS42

Failure of the docking linear
actuator

low

Introduction of a safety spring
that is compressed by
pushing the SMAV with the
SMAV linear motor

B

3

MISSION: motion control and actuation
MS50a

Linear SMAV translation
motor freezes

C

3

low

Use of thermal insulation, use
of the motor windings as
heaters

MS50b

Linear SMAV translation
motor fails

B

3

low

ACCEPTABLE RISK,
redundancy not affordable

MS51

SMAV rotation bearing seizes

B

3

low

Use of low temperature/low
pressure qualified lubricant

MS52

Reaction wheel motor fails

B

3

low

Use of the redundant backup
motor to turn the SMAV

MS53

Reaction wheel early
saturates

C

1

very low

Use of the backup motor
electric motor to de-saturate
the wheel

MISSION: navigation and attitude determination
MS60

Failure of the IR navigation
system

B

2

very low

Use of a different navigation
system (redundancy)

MS61

Failure of the SMAV GYRO

A

2

very low

ACCEPTABLE RISK, no
action required (redundancy)

MISSION: electric and electronic subsystem
MS70

Failure of power distribution
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MS71

MS72

MS73

MS74

Experiment runs out of power

SMAV battery burst

B

A

PROXBOX battery burst

A

Drain the gondola power

B

low

Use of external power supply
for ground tests; batteries
replacement before flight;
keep margins on calculated
power budget for the mission

very low

Use of a separate box for
batteries; continue control
and docking sequences
relying only on PROXBOX
and STRUT systems

very low

Use of a separate box for
batteries; use of emergency
power from the gondola to put
the exp. in a safe state

very low

keep margins on calculated
power budget for the mission,
reduce the operations to
perform in this situation

3

4

4

2

MISSION: thermal
MS80

PROXBOX and/or SMAV
electronics overheat

B

4

low

Test electronics in vacuum; in
case, design of a thermal
control system

MS81

Failure of diagnostic thermal
sensors

B

2

very low

Implementation of a thermalsafe power policy (i.e.: reduce
currents...)

MISSION: software and data handling
MS90

Experiment software fails
during flight

A

4

very low

Deep debug and testing of
the flight software; real-time
patching of the software

MS91

E-Link communication fails

A

3

very low

Provide on-board data
storage

SAFETY
SF10

Parts of the experiment fall
from the gondola during flight

A

5

low

Design the experiment with
strict safety requirements and
ask the experts/Eurolaunch
how to make ARCADE-R2
flight compliant

SF20

The SMAV is uncontrollable
or unpowered

B

3

low

Ensure the SMAV with cables
in order to avoid any risk of
falling objects

VEHICLE
VE10

Destruction of the experiment
on landing

B

2

very low

Shock-resistant design;
experiment in a “safe state”
before landing

VE11

Damaging of the experiment
due to Hercules impact upon
launch

A

4

very low

ACCEPTABLE RISK, no
action required
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RESOURCES
RE10

Late shipment of parts

B

3

low

Early order of commercial
components

RE11

Delays in manufacturing

B

3

low

Early order of custom pieces

RE20

One or more members leave
the team

B

2

very low

New members recruitment

RE30

The available budget for the
experiment is reduced or
more expenses are needed

B

2

very low

Search of additional sponsors
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4
4.1

EXPERIMENT DESCRIPTION

Experiment Setup

The ARCADE-R2 experiment consists in three main assemblies: the SMAV,
the PROXBOX and the STRUT. The three parts are shown in the following
Figure 4.1.
= SMAV
= STRUT
= PROXBOX

Figure 4-1: PROXBOX, STRUT and SMAV, the main units of the ARCADE-R2
experiment

4.1.1

SMAV

The SMAV is a small external vehicle, which represents the chaser in the
experimental docking scenario. It has two degrees of freedom, one rotational
around the vertical yaw axis, and one translational, perpendicular to the
gondola. In particular, the first is actively controlled by an internal custom
reaction wheel, while the latter is provided by a no-cog brushless linear motor
mounted on the STRUT. It is important to highlight that a fin is installed on the
rear face of the SMAV, in order to increase the torque exerted by the wind
around the yaw axis and thus making its control more challenging. All the
remaining DoF are fixed.
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SMAV

Figure 4-2: SMAV degrees of freedom
Table 4-1: SMAV degrees of freedom

Translation

Status

X

CONTROLLED

Y

FIXED

Z

FIXED

Rotation

Status

ROLL

FIXED

PITCH

FIXED

YAW

CONTROLLED

In addition to the reaction wheel, which is part of the motion control system,
the SMAV houses the receivers of a redundant navigation system (composed
by an IR photodiode and a MEMS gyro) and a passive spring-damped
protruding docking interface, part of the docking subsystem.
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The unit relies on the PROXBOX for computations; however a motor driver,
an analog to digital conversion module and a PTC transmitter module - which
allows managing for four PT100 temperature sensors - are included. The
SMAV, on the contrary, is completely independent from the power point of
view. In fact it is powered by eight Lithium-Tiyonil Chloride batteries.
Thanks to the redundancy policy on critical components, the SMAV distance
from the gondola and its rotation angle can be determined even in the unlikely
case of complete failure of the small vehicle or run out/burst of its batteries,
thus allowing to translate it with the linear motor and to rotate it with the
rotation backup motor.

Figure 4-3: SMAV external appearance (without insulation)
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Figure 4-4: SMAV internal layout
Table 4-2: SMAV mass
Structure + devices

5.25 kg

Cables and insulations

0.30 kg

Total

5.55 kg

4.1.2

STRUT

The STRUT provides mechanical support to the SMAV, houses the devices
involved in its translation to and from the gondola during the docking attempts,
a linear encoder optical row, two “L” shaped profiles with several holes where
the safety locking solenoids cores can extend through, the reference row for a
linear encoder and the environmental probes.
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Support bars
STRUT plates

Linear motor

Safety “L”
profile

Linear
encoder row
Cable chain

Wind sensor

Figure 4-5: the STRUT and all its components

In particular, the small vehicle is mounted on an intermediate supporting
structure (SMAV-STRUT interface) that houses a thrust bearing to allow the
rotation of the SMAV, the four carriages of the linear guide system, the safety
solenoids and the head of the linear encoder. It is translated, together with the
SMAV, by the aforementioned no-cog brushless linear motor.
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Figure 4-6: SMAV-STRUT interface

This solution provides a very strong connection in the weakest point of the
structure, ensuring a high level of safety and preventing any object from
falling. In addition, two steel cables directly secure the SMAV to the gondola
rails even in the very unlikely case of the SMAV-STRUT interface failure.
Their arrangement is detailed in section 4.2.1
The STRUT also includes a cable chain that houses the CANopen cable that
links the SMAV to the PROXBOX processing unit, the safety steel cables and
an electrical wire that prevents electrostatic discharges on the SMAV.
Table 4-3: total SMAV-STRUT interface mass and total STRUT mass

Total SMAV-STRUT
Interface Mass

2.3 kg

Total STRUT Mass

9.9 kg

(structure + devices)

(structure + SMAV int. + devices)
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4.1.3

PROXBOX

The ARCADE-R2 experiment setup is completed by the PROXBOX
assembly.
The heart of PROXBOX assembly consists of the main processing unit and
electronics modules which determine the whole experiment behaviour.
In particular they compute and send control commands to all the ARCADE-R2
active devices – including the ones located on the SMAV – they receive
instructions from the ground station and transmit telemetry data through the
E-Link, they provide data storage and they condition and acquire signals from
several sensors.
The PROXBOX internal components are (Figure 4-7):


PC104 SBC (Single Board Computer)



PCMU (Power Commutation and Management Unit)



CANopen industrial automation modules



CANopen motor drivers



Absolute pressure sensor



CANopen MEMS inclinometer



MEMS gyroscope



Navigation emitters drivers
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Figure 4-7: PROXBOX upper view

The front wall of the PROXBOX holds a series of components and devices.
Among these, the navigation system emitters, which consist in three IR LEDs,
are placed close to the gondola interface of the docking subsystem. The last
features an electromagnetic attractor, a linear actuator to pull the SMAV
towards the gondola and three locking solenoids to secure the connection
between the vehicles. The same wall also houses three rectangular
aluminium boxes containing the battery packs (total 20 cells). These boxes
have venting ports facing outwards to release gases in the event of a battery
malfunction. The last main component mounted on this wall is an IP camera
with spot lights used to monitor the experiment behaviour. The front wall
houses also connectors and LEDs (see Figure 4-8).
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Figure 4-8: PROXBOX front view
Table 4-4: PROXBOX masses

4.2

Structure

4.0 kg

Devices

5.3 kg

Cables and insulations

2.5 kg

Total

11.8 kg

Experiment Interfaces
4.2.1

Mechanical

The ARCADE-R2 structure is connected to the EGON rails by means of
bolted joints. Figure 4-9 shows the entire system assembly.
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Figure 4-9: ARCADE-R2 mounted within the EGON gondola

Figure 4-10: mechanical interface

In particular, each structural beam has two joints with the rails for a total of 8
screws. The rails involved (first and third from the gondola side) have a
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380 mm distance between them and the selected screws are 8.8 class M6.
The loads analysis show that the screw located on the right does not
experience any force while the screw on the left is axially loaded with 395 N.
The admissible tensile stress for this type of screws is 373 MPa, while the
computed stress due to the load is 19.7 MPa, therefore the safety factor is 28.
Since the required T-bolts are longer than the standard provided by Esrange,
two complete sets of 8.8 (or better) class screws will be procured. Figure 4-10
shows a section of the beam with the bolted joints that connect ARCADE-R2
to the gondola.
As an additional safety feature, the SMAV bottom plate is secured to the first
gondola rail trough two steel cables. Each shall be capable to resist to the
tensile load exerted by the SMAV+SMAV-STRUT interface mass (8.3kg) at
10g acceleration; if an ultimate tensile stress of 600 MPa (which is lower than
the actual value for every steel strand) is assumed, the resulting minimum
section is 1.34mm2, corresponding to a Ø≥1.31mm. At the IPR, however, it
was decided by the visiting experts that steel cables down to Ø=1mm can be
used as well, since they still ensure a reasonable safety level.
The following Figure 4-11 and Figure 4-12 show the safety cables installation
arrangement on both the gondola side and the SMAV side. The small metal
pieces that keep the cable in place are made of 4mm thick 5-serie aluminium.

Figure 4-11: safety cables connection (blue) to the first gondola rail
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Figure 4-12: safety cables connection (in blue) to SMAV bottom plate

4.2.2

Electrical

Due to the high power requirements of the motion system, ARCADE-R2 is
normally powered by on-board batteries. However, it is connected to
GONDOLA power line with a MIL-C-21482-S1 connector on the rear side to
grant a minimum power to the system in case of battery failure.
For development and debugging purposes, an additional bypass power
connector is present on the PROXBOX front plate. Connecting power to that
port will automatically exclude any other power source.
Another bypass power connector for debugging purposes is present on one
side of the SMAV.
The PC104 inside PROXBOX will be connected to the E-Link Airborne Unit
through the standard Amphenol RJF21B connector (on the rear of the
PROXBOX). It will be internally routed to a RJ45 Ethernet cable. Telemetry
and remote control will be performed through E-Link interface. Data rates for
both uplink and downlink are described in Software section.
A secondary Amphenol RJF21B connector on the rear of the PROXBOX will
be connected to the IP camera with another RJ45 Ethernet cable. IP camera
will be used for experiment live visual monitoring and video recording.
The SMAV electronic system is connected to the PROXBOX electronic
system only by the CANopen bus wires. These are three small diameter
Teflon-coated wires (ground, CAN-Hi, CAN-Lo) passing through the STRUT
cable chain and the SMAV bearing. The cables are given a little relief length
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inside the SMAV to minimize residual spring momentum given by the cables
themselves. A vibration-safe connector is used to secure the connection of
the cables once inside the SMAV. On the other side the cables are soldered
directly to the CANopen bus (see CANopen bus implementation description).
The grounding systems of the PROXBOX and of the SMAV are
interconnected by this wiring, which is not expected is in any way to carry a
power return.
4.2.3

Thermal

The experiment does not produce a significant amount of heat and thus only a
negligible amount of heat is exchanged through the mechanical interfaces
with the gondola and with close experiments.

4.3

Experiment Components
4.3.1

Summary

Table 4-5: Experiment mass and volume

Experiment mass (kg):

32 – 4.75 = 27.3 kg

Experiment dimensions (m):

0.530x0.500x1.000

Experiment footprint area (m2):

0.500

Experiment volume – envelope (m3):

0.265

Experiment COG (centre of gravity) 0.520m along the X axis from the inposition with the SMAV at its farthest gondola STRUT beam tips (gondola
position from the gondola:
external edge: 0.515m from beam tips)
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Figure 4-13: experiment centre of mass

Having the SMAV at is farthest position (i.e. the most critical one for weight
unbalancing) from the PROXBOX, the experiment COG is located 5mm out of
the external edge of the gondola.
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4.3.2

Mechanical components

Unit Cost €

Supplier

Current Status

Dimensions [mm]
& Weight [kg]

Reason(s)
for choosing

Inspection
performed

1 x Thrust
Bearing
SKF 51108

0

CATI

RF

Yes

Hole:40mm
Diameter:60mm
Thickness:13mm

-

Oper. Test

3 x Radial
Bearing
SKF W 618/8

0

CATI

RF

Yes

Hole: 8mm
Diameter: 16mm
Thickness: 4mm

-

Oper. Test

2 x Linear Rail
UTS GI 32

0

UTS

RF

Yes

Weight:0.450kg
Length: 500mm

Low
friction,
reliability

Oper. Test

4 x Linear Rail
Carts UTS GC
32

0

UTS

RF

Yes

Weight:0.090kg
Length: 65mm

Low
friction,
reliability

Oper. Test

1 x Cable Chain
IGUS serie 06
E2 “micro”, mod.
06-30 x 600mm

0

CATI

RF

Yes

Weight:0.120kg
Length: 600mm

Price,
reliability

Oper. Test

1 x Linear Rail
IGUS WSQ-0630 x
50mm(Drylin W)

0

CATI

RF

Yes

Weight:0.020kg
Length: 50 mm

Price,
reliability

Oper. Test

1 x Linear Rail
Sleighs
IGUS
WJ200QM-0106 (Drylin W)

0

CATI

RF

Yes

Weight: 0.020kg

Price,
reliability

Oper. Test

1 x Linear Rail
Floating Sleighs
IGUS
WJ200QM-0106 LLZ (Drylin
W)

0

CATI

RF

Yes

Weight: 0.020kg

Price,
reliability

Oper. Test

4 x Spring
Dampers

0

CUSTOM MADE

AV

Yes

Weight: 0.010kg

Price

-

4 x aluminium
PROXBOX bars

20

D.S.G. s.n.c.

AV

Yes

20x20x40 mm
1 mm wall

Mass
saving

-

4 x aluminium
PROXBOX bars

20

D.S.G. s.n.c.

AV

Yes

20x20x40 mm
2 mm wall

Mass
saving

-

T-bolts
105947
Hammerschr. B
DIN186 Mu 4.6
BM 6x60

Delivered

Component

Table 4-6: mechanical components
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4.3.3

Screws & nuts

Indicated amounts are those needed to build the whole experiment.
CYLINDER HEAD INNER HEX SCREWS
Size
M2 x 10
M2 x 30

Type
Cylinder head inner hex
“

Quantity
10
50

Size
M3 x 10
M3 x 15
M3 x 20
M3 x 25
M3 x 30
M3 x 40

Type
Cylinder head inner hex
“
“
“
“
“

Quantity
300
100
50
50
75
25

Size
M4 x 10
M4 x 15
M4 x 20
M4 x 25
M4 x 30
M4 x 40
M4 x 50

Type
Cylinder head inner hex
“
“
“
“
“
“

Quantity
50
25
50
50
50
50
25

Size
M5 x 10
M5 x 30
M5 x 50
M5 x 60

Type
Cylinder head inner hex
“
“
“

Quantity
10
25
25
25

Size
M6 x 10
M6 x 30
M6 x 50

Type
Cylinder head inner hex
“
“

Quantity
10
10
10

FLAT HEAD COUNTERSUNK CROSSED SCREWS
Size
M3 x 10
M3 x 15
M3 x 20
M3 x 25

Type
Flat countersunk head crossed
“
“
“
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50
50

Page 60

M3 x 30
M3 x 40

“
“

50
25

Size
M4 x 40
M4 x 50

Type
Flat countersunk head crossed
“

Quantity
10
25

Size
M5 x 10
M5 x 50
M5 x 60

Type
Flat countersunk head crossed
“
“

Quantity
10
25
25

Type
“

Quantity
50

HEX HEAD SCREWS
Size
M6 x 60

TEFLON HEX HEAD SCREWS
Size
Type
M3 x 40
Teflon hex head
NUTS

Quantity
10

Size
M2
M3
M4
M5
M6

Type
Standard
Standard
Standard
Standard
Standard

Quantity
10
800
350
150
100

SELF-LOCKING NUTS
Size
M3
M4
M5
M6

Type
Self-locking
Self-locking
Self-locking
Self-locking

Quantity
800
350
150
100
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4.3.4

Electric and electro-mechanical components

Reasons for
Choosing

Inspection
performed

Yes

Ø17mm
h=21mm
0.020kg

Small
diameter

Oper. Test

5 + 3 x Solenoid
C.E.I. Q2020

40

Elfe Elettronica

RF

Yes

Weight: 0.080kg
Stroke: 10mm

-

Lab Test

1 x Micro linear
actuator Firgelli
L12P-30

0

Firgelli Online
Shop

RF

Yes

Stroke:30mm

Small
dimension,
high force

Oper. Test

2 x Brushless
Motor
57BL54.000

0

Delta Line

RF

Yes

Weight:0.500kg

Reliability,
performance

Oper. Test

1 x Brushless
Linear Motor
Coil
Tecnotion
UC6Coil

0

SERVO
TECNICA

RF

Yes

-

Reliability,
performance

Oper. Test

1 x Brushless
Linear Motor
Rail
Tecnotion UC6
Rail
(264+66+99mm
= 429 mm)

0

SERVO
TECNICA

RF

Yes

Weight:
3.200Kg/m

Reliability,
performance

Oper. Test

1 x Br.less Lin.
Motor Hall
Sensor
Tecnotion Hall
Sensor

0

SERVO
TECNICA

RF

Yes

-

-

Oper. Test

10 x Microswitch
Saia-Burgess
XCG5-J1-Z1

0

RS
Components

RF

Yes

-

-

Visual
Inspection,
Oper. Test

1x
electromagnet
KENDRION
GT15B

0

DIEMME
COMPONENTI

RF

Yes

-

-

Oper. Test
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Delivered

RF

Current Status

Tecnopoint
S.r.l.

Supplier

0

Unit Cost €

5 x Holding
round
electromagnet
Mecalectro
5.11.05

Component

Dimensions [mm]
& Weight [kg]

Table 4-7: electric and electro-mechanical components
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4.3.5

Electronic components

1 x PC104
CANopen interface
ESD
CAN-PC104/20
1xPC104
CANopen Interface
Driver Library

0

ESD
Electronic
GmBH

RF

0

ESD
Electronic
GmBH

RF

1 x Digital I/O
CANopen module
SENECA ZC16DI8DO

-

Seneca
s.r.l.

1 x Analog DAC
CANopen module
SENECA ZC-3AO

-

2x PTC conv.
Seneca
ZC-4RTD

Yes

100x90x15
0.15

Performance,
simplicity of
integration

Yes

-

-

RF

Yes

17.5x100x11
0.100

Availability,
reliability

Seneca
s.r.l.

RF

Yes

17.5x100x11
2
0.100

Availability,
reliability

-

Seneca
s.r.l.

RF

Yes

17.5x100x11
2
0.100

Availability,
reliability

3 x A/D CANopen
module
SENECA ZC-8AI

-

Seneca
s.r.l.

RF

Yes

17.5x100x11
2
0.1

Availability,
reliability

1 - LAC - Firgelli
Linear Actuator
Control Board

0

Firgelli
Online
Shop

RF

Yes

50x50x15
0,050

-

Yes

56x40x13
0.060

Performance,
efficiency

Performance,
efficiency

1 x 28V to 12V
DC/DC converter
TRACO TEN 252412

0

Distrelec

RF

1 x 28V to 5V
DC/DC converter
TRACO TSRN 12450

8

Distrelec

RF

Yes

7.5x11.7x7.2
0.020

3 x Motor Driver
ELMO SOL-WHI
5/60

0

SERVO
TECNICA

RF

Yes

-

-

5 x Electric Heaters
Conflux
ZPZ-20-1003

0

Mouser

RF

Yes

Ø16,
0.002

Availability,
cost

1 x PC104
Versalogic Tomcat

500

Digi-Key

AV

Yes

96x91
0.1

Performance,
consumption

2 x 4Gb Transcend
TS4GCF100I
compact flash

0

RS
Componen
ts

RF

Yes

-

-
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Inspection
performed

Reasons for
Choosing

Dimensions [mm]
& Weight [kg]

Delivered

Current Status

Supplier

Unit Cost €

Component

Table 4-8: Electronic components

Visual
Inspection,
Oper. Test
-

Oper. Test

Oper. Test

Oper. Test

Oper. Test

Visual
Inspection,
Oper. Test
Oper. Test

Oper. Test

Oper. Test

Visual
Inspection,
Oper. Test
Oper. Test
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1 x 8Gb Fujifilm
P10NM00040A
micro SD

0

RS
Componen
ts

RF

Yes

-

-

4 x Osram
80143 LED
illuminator

0

RS
Componen
ts

RF

Yes

-

-

8 x 4 packs
Lithium batteries
EWT ER34615M

Seneca

OR
D

-

61,5xØ34,
0.100

Reliability,
performance

4 x 6 packs
Lithium batteries
EWT ER34615M

SENECA

OR
D

-

61,5xØ34,
0.100

Reliability,
performance

RS
Componen
ts

AV

Yes

Ø5,
0.002

Performance,
reliability

1 x LED emitter
Honeywell
SE5455-003

1 x IR transmitter

1 x IR receiver

4.3.6

0

0

0

-

-

RF

RF

Yes

Yes

60x60x20
0.150

60x60x20
0.150

Oper. Test

Oper. Test

-

-

-

Custom needs

Visual
Inspection
(PCB
copper
quality),
Oper. Test

Custom needs

Visual
Inspection
(PCB
copper
quality),
Oper. Test

Sensors

0

RS
Component
s

1 x Pressure
Sensors
Honeywell
SSC DANN
030PAAA5

0

RS
Component
s

RF

Yes

1.3x0.7
0.002

Availability,
performance

2 x Photodiodes
Vishay BPW34

0

RS
Component
s

RF

Yes

4.3x4.65x4
0.001

Performance
, reliability

Supplier

8 + 4 x PT100
RS 611-7873
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RF+
AV

Availability,
cost

Inspection
performed

Dimensions [mm]
& Weight [kg]

Reasons for
Choosing

Delivered

15x8,
0.005

Unit Cost €

Yes

Component

Current Status

Table 4-9: Sensors

Oper. Test

Oper. Test

Oper. Test
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1 x Dual-Axis
Inclinometer
Posital
Accelens
ACS-080

0

Posital

RF

1 x Linear Encoder
MICROE Mercury
II 1600-S

0

SERVO
TECNICA

1 x Tape scale
MICROE
PUREPRECISION

TBD

3 x Avago HedM

Oper. Test

Yes

52x47x1.6
0.100

Simplicity of
integration,
cost

RF

Yes

-

-

SERVO
TECNICA

AV

Yes

-

-

0

FARNELL

RF

Yes

30x18x41

0

Punto
Informatico

RF

Yes

-

-

Oper. Test

1 x CANopen
Gyroscope
[Based on
Sensonor SAR100]

-

Marco
Barbetta &
Fabio
Spinello

RF

Yes

50x50x10
0.050

Custom
needs,
simplicity of
integration

Oper. Test

6 x Fork LED
sensor NPN,U-TYP

13

RS

AV

Yes

-

Simplicity of
integration

-

1 x IP Camera
Vivotek MD7560

4.3.7

Oper. Test

Oper. Test

Cables and connectors

Supplier

Current Status

Dimensions
[mm]
& Weight [kg]

Reasons for
Choosing

0

RS

RF

Yes

18 AWG

Reliability

Alpha Wire
5857-3 RD005

0

RS

RF

Yes

18 AWG

Reliability

Alpha Wire
5857-5 YL005

0

RS

RF

Yes

18 AWG

Reliability

Alpha Wire
5857-10 VI005

0

RS

RF

Yes

18 AWG

Reliability

Alpha Wire
5857-8 OR005

0

RS

RF

Yes

18 AWG

Reliability

Alpha Wire
5853-2 BK005

0

RS

RF

Yes

26 AWG

Reliability

Alpha Wire
5853-6 BL005

0

RS

RF

Yes

26 AWG

Reliability

Lapp Cable
34302
(multicore)

0

RS

RF

Yes

3.9mm

Availability
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Inspection
performed

Unit Cost €

Alpha Wire
5857-2 BK005

Delivered

Component

Table 4-10: Cables and connectors

-
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PHOENIX
contact 1757019
(various pin
count)

0

RS

AV

Yes

3.5mm step

Reliability

PHOENIX
contact 1755736
(various pin
count)

0

RS

AV

Yes

3.5mm step

Reliability

HARTING
Circular
connector M12-L

0

RS

RF

Yes

20mm

Reliability

HARTING PCB
adapter M12

0

RS

RF

Yes

20mm

Reliability

Amphenol
MS3112E8-4P

0

RS

RF

Yes

12mm

Reliability

Amphenol
MS3116F8-4S

0

RS

RF

Yes

12mm

Reliability

Tyco Electronics
794953-2

0

RS

AV

Yes

3.5mm step

Reliability

Tyco Electronics
794954-2

0

RS

AV

Yes

3.5mm step

Reliability

Amphenol PCB
RJF21B

0

RS

AV

Yes

12mm

Reliability

4.3.8

-

-

-

Test equipment

Supplier

Current Status

Delivered

0

ADFWeb

AV

Yes

100x50x20
0.100

Debug of
CANopen
bus

2 x Laboratory power
supply

0

-

AV

-

-

Power on
Devices
under Test

-

Debug
analog and
digital
circuitry

-

Power
system
debug,
discrete

1 x Digital Storage
Oscilloscope

1 x Digital multimeter

0

0

-

-
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AV

AV

-

-

Inspection
performed

Cost €

1x CANopen
Bus Analyzer
ADFWeb
SW67216+HD67116 +
Usb Dongle

Reason(s)
for choosing

Component

Dimensions [mm]
& Weight [kg]

Table 4-11: Test equipment

Page 66

component
testing
1 x Digital Spectrum
Analyser

4.3.9

0

-

AV

-

-

EMI test

Spare components

The list of the spare components is shown in the following table:
Table 4-12: list of the spare components

Item

Quantity

In stock

Fork – LED sensor

2

YES

Solenoids

3

YES

Spring for optical encoder mounting

2

YES

LED illuminator

4

YES

Various

YES

-

YES

Various

YES

Non-magnetic SMAV head

1

YES

Magnetic SMAV head

1

YES

Anemometer blades

3

YES

Anemometer fin

1

YES

SMAV aluminium fin

1

YES

Linear motor stopper

1

YES

DC/DC

2

YES

Various

YES

Switch

1

YES

Absolute pressure sensor

1

YES

Magnetic supports for LED illuminator

3

YES

MLI

-

YES

SE3455 LED

3

YES (1)

BPW34F photodiode

11

YES (1)

ZC8AI Seneca Module

1

YES

Navi receiver board

1

YES

Cable chain elements
Velcro
Heaters

Cable gland
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Discrete electronics

-

YES

Coloured wires (blue, red, black, yellow)

-

YES

PC104

1

YES

various

YES

4

No

Mechanical components (plates, bars, etc)
PT100

4.4

Mechanical Design

The mechanical design of ARCADE-R2 mainly consists in the development of
the experiment structure, which is divided into three main parts: the SMAV,
the STRUT and the PROXBOX. In addition, particular attention will be
devoted to the interfaces between them.
A complete mechanical design is presented and described in details in the
following paragraphs, which also include mass calculations and FEAs for
critical parts and joints. The complete set of mechanical 2D drawings for
custom pieces and assemblies is available on request.
It is important to note that, since a moving vehicle is operated outside the
gondola, in first place the experiment structure must fulfil all the safety
requirements needed to make it BEXUS-compliant. This means that
ARCADE-R2 shall be designed with a safety factor higher than usual and
shall adopt additional technical solutions to guarantee that no object falls from
the gondola. Other key features of the proposed mechanical design are the
ease of manufacturing and assembly, the low cost of materials and the ease
of access to the PROXBOX and SMAV internal components.
4.4.1

Small vehicle (SMAV) configuration

Table 4-13: SMAV mass data
Structure + devices

5.25 kg

Cables and insulations

0.30 kg

Total

5.55 kg

The SMAV structure, including the external faces, measures
206x202x210mm. These slightly different sizes result from the need to
accommodate all the required devices, to remain as close as possible to a
200x200x200mm cubic shape and to not introduce dramatic changes to the
structure during the design process.
The main feature of the SMAV is its fully-bolted self-sustaining structure,
shown in the following Figure 4-14.
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Figure 4-14: SMAV internal structure

The only fixed SMAV face is the bottom one, which is mounted with bolts
having the nuts facing inwards. All the remaining ones – thus the front
(docking) face, the side (batteries) faces, the rear (fin) face and the top face –
are on the contrary inserted in protruding screws, having the nuts facing
outwards. This allows a very quick and easy removal, which is particularly
important for servicing and battery replacement.
All the faces are made of 5083-O Aluminium alloy. This is the standard
material for metal sheets if not differently stated.
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Figure 4-15: SMAV structure with exploded view of the removable faces

A fin is mounted on the rear face of the SMAV. Its purpose is to increase the
torque around the yaw axis due to the winds and aerodynamic disturbances,
thus allowing to determine the real capabilities of the reaction wheel.
The disturbing torque is calculated with the following equation, assuming the
wind to be perpendicular to the fin:
𝑀𝑤𝑖𝑛𝑑 = 0.5 𝐴 𝜌 𝑉 2 𝐶𝐷 𝑏
The fin dimensioning is a trade-off between the maximum wind velocity that
should be managed and the fin effectiveness at low wind speeds. For this
reason a small fin is suitable for stronger winds (up to 10m/s), but it risks to be
ineffective with lower wind speeds (below 6m/s) that are expected for most of
the mission, whereas a big fin allows to produce appreciable torques with
weak winds, but it can make the SMAV totally uncontrollable if wind speed
increases.
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For this reason it was chosen to calculate the aerodynamic torque determined
by winds having different velocities on several models of fins, different in both
heights and the widths.

Figure 4-16: torques produced with different combinations of wind speeds, fin heights and fin widths;
blue squares shows the chosen configurations for maximum winds of 9 m/s, 10.5 m/s, 12 m/s and 15 m/s
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The following assumptions were made:


ρ = 0.4 kg/m3



CD = 1.65; it represents an intermediate value between the drag
coefficients for a flat plate in free 2D (2) and 3D (1.28) flows. It was
chosen because the flow around the fin is a slightly constrained 3D
flow (due to the presence of the SMAV wall) and to use a conservative
value that can only lead to calculated torques higher than actual ones



Maximum allowable torque: 30mNm; it is the theoretical net torque
capability of the reaction wheel, after the subtraction of disturbances
due to frictions, cables elastic effects, motor cog torques and gondola
pitch and roll misalignment.

A fin was acceptable for a certain wind speed when the produced torque was
below the maximum allowable torque. Since it is still not clear what winds can
be realistically expected and what will be the real torque frictions on the
SMAV, it was chosen to produce four different fins, the ones marked with
black squares in Figure 4-16. They all have a height of 100mm and their width
ranges from 75mm to 150mm, with 25mm increments. Depending on the
selected fin, the maximum wind that still allows the SMAV rotation control
ranges from 6 m/s (biggest fin) to 10 m/s (smallest fin). The smallest fin
(75 mm) was finally selected in order to allow a good controllability of the
SMAV, even in the case of strong wind gusts at medium altitude (8 – 12 km).
The estimated value of 10 m/s accounts for possible gusts due to the
interaction between high altitude streams and the gondola volume. The
original fin has been replaced by a new light-weight version of it, made of a
rigid polymeric material.
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→

Figure 4-17: comparison between the 75mm and the 150mm fin, mounted on the SMAV

From the structural analysis point of view, the SMAV concept has three
possibly critical parts/junctions that need to be verified through FEA: the
central plate, where the reaction wheel is mounted, the “L” brackets that
support it and the face hosting the docking interface.
In the first analysis the plate is loaded with 120N that are due to the RW
assembly weight (12N) at 10g acceleration. The force is applied in the actual
positions as well as the constraints due to the supporting brackets.
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Figure 4-18: FEA for the central plate of the SMAV

The material of the central plate is Aluminium 5083-O, which has a yield
strength of 120MPa. The maximum equivalent Von Mises stress is 44.81MPa,
thus the safety factor is 2.67.
In the second analysis one “L” bracket is loaded with 30N that are
corresponding to one fourth of the aforementioned RW weight at 10g vertical
acceleration. The force is applied in the actual position as well as the
constraints.

Figure 4-19: FEA for the supporting L bracket
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The material of the “L” bracket is Aluminium 6060-T6, which has yield strength
of 150MPa. The maximum equivalent Von Mises stress is 118.05MPa, thus
the safety coefficient is 1.27.
In the third analysis the docking interface is loaded with 50N, which are
equivalent to its own mass (5N; it is actually 3.5N in the final design) at 10g
acceleration. The force is applied on the central groove and the constrained
areas are placed around the fixing screws.

Figure 4-20: FEA for the docking face

The material of the central plate is Aluminium 5083-O, which has a yield
strength of 120MPa. The maximum equivalent Von Mises stress is 24.81MPa,
thus the safety coefficient is 4.83.
4.4.2

SMAV-STRUT interface

Table 4-14: SMAV-STRUT interface structure mass data

Structure + devices

2.3 kg

The most critical joint of the whole ARCADE-R2 assembly is the connection
between the SMAV and the supporting STRUT. In fact, the small vehicle must
be placed on a bearing to ensure its yaw rotational degree of freedom but, at
the same time, it must withstand the high radial torques that could be caused
by sudden winds.
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The first idea was to use a slewing ring bearing, but it was found that the
friction coefficient – and thus the friction torque - was too high and the
reaction wheel was not able to rotate the SMAV.
Then, a custom support structure was designed using a commercial ball
bearing. The selected one is the SKF 51108 thrust bearing, whose most
relevant data are presented in Figure 4-21.

Figure 4-21: datasheet for SKF 51108 thrust bearing

It is important to point out that the load ratings are way higher than the
required ones (the total SMAV weight in no case will exceed 60N and also
applying a 10g vertical acceleration the load only reaches about 600N) and
the friction coefficient of the SKF 51108 bearing is 0.0013. An estimation of
the friction torque is given by:
𝑀𝑓 = 0.5 𝜇 F d 𝑈𝑓
Having:
Mf = friction moment [Nm]
μ = friction coefficient = 0.0013
Uf = friction uncertainty factor = 3 (not tested)
F = applied load [N] = 60N (worst total mass estimation for the SMAV)
D = mean diameter of the bearing [m] = 0.050 m
The resultant friction torque is 5.85mNm, which is less than 6% of the reaction
wheel maximum torque. Using the online SKF calculation tool it was also
verified that the SMAV weight exceeded the minimum requisite load and that
the starting torque is about 7mNm, so again well below the RW torque
capability.
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The 51108 thrust bearing does not resist to tilting moments or radial forces,
thus a structural shaft assembly shall be designed to overcome this problem.
The complete proposed SMAV support is shown in Figure 4-22.

Figure 4-22: section view of the SMAV-STRUT interface

The screws pass through a top disk, the central shaft and a bottom small
plate. The latter is then connected to the backup motor rotor through two “U”
profiles and another small plate. With this solution:
1. The SMAV cannot tilt, because its rotation is blocked by the top disk, the
bottom plate and the motor rotor;
2. The backup motor actuation directly drives the SMAV rotation.
It shall be verified that the assembly - and in particular the top disk - resists to
the loads that could be possibly generated by sudden winds added to
horizontal and vertical accelerations.
1) Wind tilting moment can be estimated as:
𝑀𝑤𝑖𝑛𝑑 = 0.5 𝐴 𝜌 𝑉 2 𝐶𝐷 𝑏
The most critical loads may occur at an altitude of about 10km, where the
wind speed could reach 65m/s. In this worst-case scenario:
A = impacted area [m2] = 220x220 mm2 = 0.0484 m2
ρ = air density [kg/m3] = 0.5 kg/m3
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V = free stream velocity [m/s] = 20 m/s
CD = drag coefficient [] = 1.05 (for a cube)
b = moment arm [m] = 0.100 m
The resulting maximum moment due to the wind is 0.5082Nm  ~1Nm
2) Tilting moment due to horizontal accelerations can be estimated as:
𝑀𝑎𝑐𝑐 = 𝑚𝑆𝑀𝐴𝑉 𝑎 𝑏
mSMAV = worst-case SMAV mass estimation [kg] = 6 kg ~= 60N
a = horizontal acceleration [g] = 5 g ~= 50m/s2
b = moment arm [m] = 0.100 m
Therefore, the resulting maximum torque due to a horizontal acceleration of
5g is 30Nm.
3) In case of vertical 10g acceleration, the load on the SMAV bottom plate
due to the small vehicle own mass (6kg in the worst-case) is 600N.
The behaviour of both the top disk of the assembly and the bottom face of the
SMAV under these loads has been assessed with a FEA, giving the results
shown in Figure 4-23.

Figure 4-23: FEA of the top plate of the thick shaft assembly
and the SMAV bottom plate
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The material of the top disk is Aluminium 5083-O, which has yield strength of
120MPa. The maximum equivalent Von Mises stress is 102.82MPa, thus the
safety coefficient is 1.16.
As an additional safety device, the SMAV is secured to the gondola with a
couple of steel cables that tie one of the gondola rails to the SMAV bottom
plate assembly. A detailed description is given in paragraph 4.2.1. In the
extremely unlikely situation that the linear guides or the SMAV-STRUT
interface break, the cables prevent the SMAV from falling.
4.4.3

Support structure (STRUT)

Table 4-15: STRUT structure mass data

Structure + devices

7.6 kg

The STRUT is characterised by four Aluminium 6060-T6 beams with a
rectangular section of 40 mm x 30 mm and 3 mm thickness. The beams
length is 1000 mm. Since it is the most critical system of ARCADE-R2 from
the safety point of view, an extensive analytic and numerical structural
analysis has been conducted.
From an analytical perspective the structure can be modelled as four beams
with two constraints in correspondence of the bolted joints that connects
ARCADE-R2 to the Egon rails. At the free end of the beam it has been
considered a concentrated force F calculated considering an approximated
total mass of the SMAV + SMAV/STRUT interface of 12 kg (which resulted in
a high overestimation at the end of the design) and a value of gravitational
acceleration of 10 g, as requested for mechanical acceptance. This force is
considered to be concentrated at the beams end for safety. For each beam
the concentrated force is considered to be Fb = F/4.

1

2

𝐹𝑏 = 294 𝑁

Figure 4-24: STRUT beam load geometry and section

The loads-supports scheme of the structure is:
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F1

F2

F

Figure 4-25: beam mechanical scheme

where F1 and F2 are the constraint reactions.
The diagrams of the moment and of the shear are:

Figure 4-26: beam moment diagram

Figure 4-27: beam shear diagram

The critical section is that of the central support that applies the F2 force with
a computed value of 690 N. A value of the stress intensity factor of 2.5 was
assumed to take into account the notch effect due to the support bolt holes.
Technical documentation provided by material suppliers specifies a minimum
yield stress of 150 MPa for Al-6060 T6. The maximum value of the Von Mises
equivalent stress is 109 MPa thus leading to a 1.38 safety factor.
In addition to this calculations finite element analysis has been performed.
The applied load is simply the Fb force located at the beam tip section. The
supports are two compression-only supports at sections number 1 and 2. The
first simulates the presence of the nut with washer in the bolted joint and is
located on the upper face of the beam. The second support represents the
reaction applied by the gondola mounting rail on the beam and is located on
the lower face of the beam. Due to the beam’s longitudinal symmetry, only
half of it is considered in simulations, and frictionless supports are added
accordingly. Figure 4-28 shows the equivalent Von Mises stress along the half
beam.
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Figure 4-28: beam FEA results

The notch effect causes the stresses to concentrate at the screw hole at
support number 2 where the maximum Von Mises equivalent stress turns out
to be 95 MPa thus leading to a 1.58 safety factor.
The linear guides on which the SMAV translates are the second structural
components located on the STRUT. The original choice was a couple of
miniature IGUS Drylin-T TK-04-15 linear guides. These are slipping guides
with no moving parts. Although they appeared to be the best choice
particularly due to their extremely simple design and low weight, the
assembling procedure turned out to be very difficult because of the strict
alignment tolerances. As a result, the driving force of the complete SMAV
assembly resulted to be very high and the linear motor (see Section 4.6.8)
was not able to provide it.
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Figure 4-29: Roller guide carriages setup

The substitute component is a UTS GI 32 roller guide. The rails setup is
unchanged and the total number of carriages is still four. Every carriage is
equipped with three in-line wheels. The central one is mounted on an
eccentric pivot and its position can be tuned in order to change the rigidity of
the carriage - rail connection.

Figure 4-30: UTS GI 32 load scheme

Table 4-16 shows the carriage (UTS GC 32) main limit loads. Notice that the
UTS carts can withstand to larger stresses compared to the original IGUS
components.
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Table 4-16: UTS GC 32 cart characteristics

Cart

UTS GC 32

Weight
90 g

Fa

Fr

320 N

960 N

Ma

4 Nm

Mb

7 Nm

Mc

11 Nm

The actual forces acting on the carriages are described in Section 4.4.1. In
order to verify the system strength, the worst case scenario is considered.
The loads are divided by the number of carts (4) and summarized here:
1. Axial force (Fa): 150 N
2. Radial force (Fr): 75 N
3. Tilting moments (Mb and Mc): 7.5 Nm
4. Yaw moment (Ma): negligible
The only load that appears to exceed the datasheet values is the Mb tilt
torque. In fact, given the ARCADE-R2 cart arrangement, this torque will act on
the carriages almost entirely in the form of an axial force. It is therefore
reasonable to increase the axial load by the corresponding force and to
neglect the tilting loads on the carriages. Assuming a moment arm b = 0.1 m
(roughly half of the SMAV side length), the resulting force becomes:
Fa ∗ = Fa +

1 Mb 1 Mc
+
= 225 N
2 b
2 b

The safety factors on axial and radial loads computed with the described
approach turn out to be 1.4 and 12.8 respectively.
As far as friction calculation is concerned, no information is provided by the
manufacturer. Anyway a reasonable value for the friction coefficient, µ, ranges
between 0.003 and 0.006 for this class of linear guides. The driving force for
the entire assembly is computed assuming the nominal load with a 6 kg
SMAV and the worst case friction coefficient. The resulting friction force is
0.36 N. This value is extremely low because it does not take into account the
additional friction due to mounting misalignments. Anyway, the actual friction
value experienced after the experiment mounting was completed was
acceptable and the linear motor was capable to easily provide the required
driving force.
This computation was performed considering ambient temperature. Since no
information was provided on the low temperature behaviour of the guides, a
dedicated series of tests was performed. When the cart temperature drops
below -35° C, the torque required to rotate the small ball bearings located
inside the carriage wheels increases dramatically. This phenomenon is due to
the increased viscosity of the bearing lubrication grease. A second test was
performed after the grease had been removed and the guide performance
improved significantly.
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A second drawback of the new linear guides is the increased weight in
comparison to the original system. The total mass including both the rails and
the carts becomes approximately 1.6 kg.
Since the two linear guide rails are supported by the STRUT main plates, their
resistance to the same worst-case scenario loads has also been verified by
means of a FEA, whose results are shown in Figure 4-31.

Figure 4-31: FEA of the left STRUT main plate with worst-case scenario loads

The material of the STRUT main plates is Aluminium 5083-O, which has a
yield strength of 120 MPa. The maximum equivalent Von Mises stress is 52.5
MPa, thus the safety factor is 2.3.
4.4.4

Proximity box (PROXBOX)

The Proximity Box structure is directly connected to the structural beams of
the STRUT and is completely composed by aluminium profiles or plates. A
base plate (380 x 460 mm, 2 mm thickness) is placed on top of the beams
and connected to them through eight screws. Two L-shaped profiles are
perpendicularly bolted to the beams to provide more flectional stiffness. Four
columns are bolted to the external beams at the vertices of the base plate.
The column section is 20 x 20 mm (hollow, 2 mm thick wall) and they are
supposed to sustain the front wall of the PROXBOX with all its components as
well as the insulation layers all around the box. Four hollow beams (20 x 20 x
460 mm, 1 mm wall thickness) are suspended on top of columns and
reinforced with seven diagonal supports obtained from 2 mm thick aluminium
BX16-17_ARCADE-R2_ v5-0_17Jan14.pdf

Page 84

plates. All the components inside the PROXBOX are directly bolted to the
experiment base plate. Figure 4-32 gives an overview of the PROXBOX
structure.

Figure 4-32: PROXBOX structure

The structure is completed by an aluminium plate (3 mm thickness) as
PROXBOX front face. It is shaped in a peculiar way in order to house all the
features required. Figure 4-33 is an overview of the front plate.
The overall PROXBOX structure mass is 4.0 kg.
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Figure 4-33: PROXBOX front face

4.5

Docking Subsystem Design

The docking mechanism is an electro-mechanical device specifically designed
to create a stable connection between the SMAV and PROXBOX external
wall. The subsystem design accounts for initial misalignment of the SMAV
greater than 7°.
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Figure 4-34: representation of a 7° misalignment between the docking interfaces

Figure 4-35: magnified view of the reciprocal position of the docking interfaces with a
7° misalignment

Other remarkable features of the subsystem are the capabilities to withstand
radial forces up to 300N (i.e. that tend to push the SMAV outwards or
inwards), thanks to three locking solenoids, and to release the SMAV from the
parent-vehicle after the opening of the solenoids, due to a spring-loaded
release plate.
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As it can be seen in Figure 4-35, the device comprises two mating parts, one
protruding from the SMAV and one attached to the PROXBOX external wall.
4.5.1

SMAV docking interface

Table 4-17: SMAV docking interface mass data

SMAV docking interface mass

0.350 kg

The SMAV docking interface consists of a spring loaded plunger protruding
from a cone that is bolted to the front SMAV external plate. A magnetic disk
(CANDRION GT15B) mounted at the end of the plunger completes the
assembly.
The cone is made in 2011 Aluminium alloy.

Figure 4-36: SMAV docking interface
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The spring assembly reduces the impact loads during the first contact and it
has been chosen in place of a more effective hydraulic damper to avoid the
risk of fluid outgassing due to low ambient pressure and due to the very low
amount of energy involved. An 8.5 kg SMAV + support travelling at 50mm/s
(more than two times the actual velocity) have, in fact, 0.011J of kinetic
energy. The selected item, a CAMOZZI NPR-FF-M5-10 whose relevant data
are reported in Table 4-18, is able to store 0.043J of elastic energy
(E=0.5*K*Δx2 thus E0=0.012J, E10mm=0.055J) along its 10 mm stroke thus
braking a SMAV moving at more than 100 mm/s.
Table 4-18: SMAV spring damper mechanical data
Model

K
(N/mm)

F0
(N)

Stroke
(mm)

Max vertical
load (N)

Max horizontal
load (N)

Weight (g)

NPR-FF-M5-10

0.323

2.75

10

1500

97

16

4.5.2

PROXBOX docking interface

Table 4-19: PROXBOX docking interface mass data

PROXBOX docking interface mass

0.745 kg

The PROXBOX docking interface is the most complex of the whole docking
subsystem and it contains many active devices.
The main part is a machined bar made of 2011 Aluminium alloy, which
features a tapered bore whose dimensions exactly match those of the cone
on the SMAV docking interface and that is bolted to the external wall of the
PROXBOX through two “L” brackets and an additional custom support.
Three equally spaced 8mm holes allow three locking solenoids to extend their
cores inside the PROXBOX docking interface and to block the SMAV when it
is inserted. The selected solenoids are the C.E.I. Q2020V24 that provide the
best trade off between power consumption (4.6W each), radial strength (100N
each) and stroke length (10 mm). The selected model is normally retracted,
i.e. it needs to be powered during the docking phase. Even though this choice
has a considerable impact on the power budget, in this case the failure of one
of the solenoids would not compromise the possibility to continue the docking
trials with the remaining ones.
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Figure 4-37: parts of the PROXBOX docking interface directly bolted to the PB external
wall (front)

The PROXBOX docking interface includes a signalling system to confirm its
correct coupling with the SMAV interface. In details, four microswitches are
used to assess the compression of the spring loaded plate that secures the
connection between the SMAV and the PROXBOX, while three optocouplers
allow to confirm the activation of the locking solenoids.
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Figure 4-38: parts of the PROXBOX docking interface directly bolted to the PB external
wall (rear), with the four micro-switches (red) and three optocouplers (blue) well visible

Behind the main interface an “attractor assembly”, that includes a micro linear
actuator and a miniature holding electromagnet, is located.
The micro linear actuator is a FIRGELLI L12-30-210-P, which has a stroke of
30 mm and an integrated position feedback. The chosen 210:1 gear ratio
allows pushing or pulling with a peak force of 45N at 2.5 mm/s and the peak
efficiency point is 18 N at 4mm/s, a value very close to the load necessary to
win the dynamic friction of the SMAV on the linear guides.
The electromagnet is a Mecalectro 5.11.05 round electromagnet, that has
been chosen because of its small dimension (ext. diameter=17mm), low
power consumption (1.6W) and high attraction force (35N at contact).
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Figure 4-39: "attractor assembly" of the PROXBOX docking interface, featuring the
holding electromagnet and the linear actuator

The complete PROXBOX docking interface is shown in Figure 4-40.

Figure 4-40: side view of the complete PROXBOX docking interface
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Figure 4-41: front view of the complete PROXBOX docking interface

4.5.3

Release Springs

The gondola docking interface is also equipped with four springs mounted
around the PROXBOX mating interface, which are able to push away the
SMAV once the locking solenoids are opened. The selected spring
assemblies are the CAMOZZI NPR-FF-M3-05, which are about half the size
of the one used in the SMAV interface and whose main data are presented in
Table 4-20.
Table 4-20: RELEASE PLATE spring dampers mechanical data
Model

K
(N/mm)

F0
(N)

Stroke
(mm)

Max vertical
load (N)

Max horizontal
load (N)

Weight (g)

NPR-FF-M3-05

0.596

1.49

5

550

47

9

Thanks to the pulling force of the Firgelli-L12-30-210-P the four springs are
compressed by 2mm before the activation of the locking solenoids, exerting a
total repulsive force of 4.768N. This is the force that actually secures the
connection between the docking interfaces, and it is more than twice the one
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prescribed in the requirements. Its effect is to push the SMAV docking
interface against the locking solenoid cores.
4.5.4

Docking sequence

The nominal docking sequence starts with the SMAV interface aligned - within
the specified tolerance - with its counterpart on the gondola. It includes 4
steps plus the release.
1) The SMAV is moved towards the gondola and the spring loaded rod enters
the cone receptacle on the PROXBOX wall.
2) The internal holding electromagnet catches the round magnetic disk
mounted at the end of the rod. The SMAV is now connected to the
gondola, but the joint is not rigid. This configuration is called SOFT
DOCKING.
3) The holding electromagnet and the SMAV are pulled backwards by the
linear actuator until the cone on the SMAV docking interface is completely
inserted into the PROXBOX mating bore and the groove is aligned with the
locking solenoids cores. During the last 2mm of the small vehicle approach
towards the gondola the release springs are compressed.
4) The docking latches are closed and the holding electromagnet is shut off.
The SMAV is now rigidly connected to the gondola and then it is in a
HARD DOCKING configuration.
5) Once the SMAV needs to be released, the docking latches are opened
and the release springs push away the small vehicle.
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Figure 4-42: magnified view of the miniature electromagnet, the SMAV interface and
one of the locking solenoids in HARD DOCKING configuration

BX16-17_ARCADE-R2_ v5-0_17Jan14.pdf

Page 95

Figure 4-43: section view of the docking mechanism while in HARD DOCKING
configuration
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4.5.5

Safety Factors

Table 4-21: structural safety summary table (calculations are performed assuming 10g
vertical and 5g horizontal acceleration)

Safety
factor

Margin
of
safety

Component

Load type

EGON-ARCADE-R2 interface bolts
Safety steel cables (2 cables)
SMAV central plate
SMAV “L” brackets (central plate
supports)
SMAV docking face
SMAV bottom plate
STRUT horizontal bars

vertical
vertical
vertical
vertical

28
1.52
2.67
1.27

27%

vertical
vertical+horizontal
vertical (analytical)
vertical
(FEA)
vertical
horizontal
vertical
shear
compression

4.83
1.16
1.38

383%
16%
38%

1.58

58%

1.4
12.8
2.3
18

40%
1180%
130%
1700%

15

1400%

radial (analytical)
radial (local
intensification - FEA)
angular velocity
(analytical)
angular velocity+axial
(local intensification FEA)

12.7

1170%

6.4

540%

16

1500%

4.6

360%

Roller guides
STRUT plates
SMAV Reaction Wheel: shaft screws
SMAV Reaction Wheel: local stress
on shaft
Reaction Wheel: shaft
SMAV Reaction Wheel: flywheel

4.6

270%
52%
167%

SMAV Control System Design

The ARCADE-R2 Motion Control Subsystem main task is to actively control
all the SMAV movements and thus permit the docking manoeuvre sequences.
A correct attitude during the approach to the proximity box located on the
gondola is necessary in order to successfully complete the experiment.
For this purpose two main kinds of electric actuators are used: one reaction
wheel on board the SMAV and a single external linear actuator. A backup
solution is foreseen for the reaction wheel, i.e. a brushless DC motor directly
connecting the SMAV to the support plate.
A state-space control is being designed considering the SMAV angular
position and velocity and the reaction wheel speed. In order to achieve a more
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accurate control, the disturbance due to the gondola attitude, that could cause
small gravitational torques due to SMAV centre of mass misalignment, will be
rejected outside the feedback loop. As a matter of fact, the inclinometer
located inside the proximity box will provide the necessary angle
measurements and allow predicting the consequent torques that will be
therefore fed forward as a RW command. Hence, the RW will be actuated
before these external torques can affect the SMAV attitude.
Also, the linear movement of the SMAV is not included in the control loop and
will not affect the yaw angle control in any significant way. This is because the
linear motor is intended to accelerate in a few centimetres and thereafter it will
let the SMAV approach the gondola with constant speed.
We have changed the docking cycle period from 20 to 30 seconds because
we have discovered that after this time there is the minimum statistic error on
the integral of the measure of the gyroscope.
4.6.1

Differential model

The differential equation that governs SMAV's angular acceleration is this:
𝜋
𝐼𝜃̈ = 𝑀𝑔𝑒 (𝑠𝑖𝑛𝛼 ∗ 𝑠𝑖𝑛(𝜃 − 𝜃0 − 𝜋) + 𝑠𝑖𝑛𝛽 ∗ 𝑠𝑖𝑛 (𝜃 + 𝜃0 − )) + 𝜏𝑤 − 𝑉𝑓 𝜃̇
2
+ 𝜏𝑎𝑐𝑐 𝑠𝑖𝑛(𝜃0 + 𝜃 − 𝜋) + 𝜏𝑚
where:
 M [kg] is the mass of the SMAV
 g[m/s2] is the gravity acceleration
 is the gondola pitch misalignment
 is the gondola roll misalignment
  is the SMAV yaw misalignment
 0 is the centre of mass angular position of the SMAV
 e is the centre of mass eccentricity
 w is the wind disturbance torque
 Vf is the viscous friction coefficient
 acc is the linear acceleration disturbance torque
 m is the input torque provide by the reaction wheel
An example of the configuration of the system is given by the following image.
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Figure 4-44: SMAV position configuration

And the equations that govern the motor’s voltage and torque are these:
𝑑𝐼𝑎
+ Ω𝐾𝑒 Φ
𝑑𝑡
𝑀 = 𝐾𝑒 Φ𝐼𝑎

𝑈𝑎 = 𝑅𝑎 𝐼𝑎 + 𝐿𝑎

𝑀 = 𝐽𝜃 + ̈ 𝐵𝜃̇
where:
 Ua is the motor voltage
 Ra is the winding resistance
 La is the winding inductance
 Ia the winding current
 the rotor speed
 𝐾𝑒 Φthe torque constant of the motor
 J is the rotor inertia
 B viscous friction coefficient
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4.6.2

T.F. and S.S. Continuous Model

From the previous differential equations we obtain the state space
representation.
First of all we can rewrite in this way the first equation:
𝑥1̇ = 𝑥2
𝑥2̇ =

𝜋
1
[𝑀𝑔𝑒 (𝑠𝑖𝑛𝛼 ∗ 𝑠𝑖𝑛(𝑥1 − 𝜃0 − 𝜋) + 𝑠𝑖𝑛𝛽 ∗ 𝑠𝑖𝑛 (𝑥1 + 𝜃0 − )) + 𝜏𝑤 − 𝑉𝑓 𝜃̇
2
𝐼
+ 𝜏𝑎𝑐𝑐 𝑠𝑖𝑛(𝜃0 + 𝑥1 − 𝜋) + 𝜏𝑚 ]

where 𝑥1 = 𝜃.
With the feed-forward technique we can compensate the non-linear
components in the equations (see 4.6.6.4), so the model becomes linear and
its matrix representation is:
0
̇
𝑥1
[ ]=[
0
𝑥2̇

1
0
0
𝑉𝑓] [𝑥1] + [1] 𝜏𝑚 + [1] 𝜏𝑤
−
𝑥2
𝐼
𝐼
𝐼
𝑥1
𝑦 = [1 0] [ ]
𝑥2

This is our state space continuous representation.
Now we will work on the motor equations.
First of all we have simulated the BLDC motor using the Matlab Power Sim
Toolbox. The box schematic is in the figure below, and it is very important to
insert between the PI controller and the inverter a saturator that simulates the
voltage limits of the battery.
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Figure 4-45: BLDC motor model

After the implementation of this scheme we have realized with simple discrete
time blocks, that we have obtained a transfer function with ten poles that is
very difficult to manage, so we reduced it at the 3th order using balred Matlab
function. Analysing the Bode plot we have not seen a particular difference
between the 2 models. So we using ss Matlab function we obtained the state
space model of the motor. In the figure below we can see the speed ramp
responses of the systems and also the relative torque output.

Figure 4-46: Motor comparison
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Figure 4-47: Speed Response

Figure 4-48: Torque Response

4.6.3

Discrete Time Space Model

The discretization is necessary because we want a digital implementation of
the controller. Matlab provides a powerful routine that converts an analog
system to a discrete system, the c2d() function.
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4.6.4

Feed-Forward and Controller

The control techniques that we want use are the state feedback and the
integral controller. The first permits to adjust the transient parameter (rise
time, settling time and overshoot) and the second the steady state parameter
(feedback error). Besides, since we can know with the inclinometer the
position of the Gondola, we can reject the disturbance induced by roll and
pitch misalignment: this technique is called feed-forward. A logic scheme is
the following:

Figure 4-49: Logic scheme of the control concept

4.6.5

PID Controller

We have implemented a backup solution for the SMAV yaw control that is
realized by a PID controller. After a manual tuning of the gain we reached a
good performance of the system even though the state space controller
promises a rise and a settling time better than the PID.

4.6.6

Reaction wheel

The SMAV yaw axis rotation is performed by means of a customized reaction
wheel (Figure 4-50).
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Figure 4-50: ARCADE-R2 Reaction Wheel assembly

The design requirements for this device come from the external disturbances
acting on the vehicle.
During the design phase two main disturbing torques have been considered:
these are the aerodynamic torque due to wind gusts and the gravitational
torque due to the gondola unbalance about pitch and roll axes. Some
additional disturbance torques are added to the total in order to account for
ball bearing friction, backup motor cog torque and cables elasticity.
The aerodynamic torque was initially estimated through the calculation of the
forces generated in the flow around a cubic body. The calculation exploited
the data shown in Figure 4-51. This first approach was later considered not
reliable since it was based on extremely approximate and unreal
assumptions. Further analysis revealed that it is reasonable to assume that
the gusts around the cubic SMAV do not produce any significant disturbance
due to the highly symmetric shape of the vehicle. For this reason the fin
described in Section 4.4.1 was included in the SMAV design, in order to make
the object more sensitive to winds. The torque allocated in the preliminary
design to counteract the wind disturbance was roughly 30 mNm and this value
is assumed in the fin sizing.
From the fin design it is possible to estimate the maximum wind speed that
the SMAV can withstand without losing yaw control. Assuming the smaller fin
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is mounted, the maximum allowed wind is around 10 m/s. This value is not
very high but it is expected to be a reasonable mean value throughout the
entire mission. As a matter of fact, the balloon will float freely in the air stream
thus leading to very low relative wind velocities. Of course strong impulsive
gusts can occur, particularly around the 10 km altitude. Even though these
events would cause loss of control, the risk is accepted since they appear to
be not frequent, limited in time duration and constrained below a certain
altitude. The wind torque value is calculated with the following equation:
Tw = 0.5 A ρ v 2 CD b = 30x10−3 Nm
where A is the fin surface area, ρ is the air density, v is the wind speed, CD is
the drag coefficient and b is the moment arm.

Figure 4-51: Cp in the flow around a cube

The gravitational torque was estimated as follows: the SMAV centre of mass
was assumed to be off its geometric centre by 10 mm maximum, e and the
gondola attitude, θ, is considered to stay within 5 deg from the nominal null
position. Therefore, the gravity force acting on the vehicle causes it to rotate
about its yaw axis and the resulting torque is therefore computed with the
following equation:
m
ms = 6 kg e = 0.01 m g = 9.81 2 θ = 4 deg
s
Tg = ms ge sin θ = 41x10−3 Nm
All the disturbance components are summarized in Table 4-22. The friction
torque is calculated from the information included in the ball bearing
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datasheet, the motor cog torque is reasonable for that class of brushless
motors and the cables elasticity torque is reasonably estimated.
Table 4-22: disturbance torque components summary

Torque component

Value

Wind

30 mNm

Gravity

41 mNm

Friction

7 mNm

Motor cog torque

10 mNm

Cables

2 mNm

TOTAL

90 mNm

The RW required torque comes from the sum of all these values. The torque
safety factor considered in the first design phases is now neglected due to the
confidence on disturbance values gained during manufacturing and tests.
The disturbance is assumed to be a cosine function whose frequency is
0.1 Hz in the hypothesis of a 5 seconds wind gust. The angular momentum
storage required is computed integrating the cosine function with a small extra
amount available for manoeuvres.
𝑇𝑟𝑤 = 𝑇𝑤 + 𝑇𝑔 + 𝑇𝑓 + 𝑇𝑐𝑜𝑔 + 𝑇𝑐𝑎𝑏𝑙𝑒 = 90x10−3 Nm
1 𝑇𝑑
= 225x10−3 Nms
𝑓𝑑 = 0.1 Hz
ℎ𝑑 =
4 𝑓𝑑
𝜃𝑚𝑎𝑛
𝐼𝑠 = 0.04 kg∙m2 𝜃𝑚𝑎𝑛 = 𝜋 𝑡𝑚𝑎𝑛 = 30 s 𝜔𝑠 =
𝑡𝑚𝑎𝑛
−3
ℎ𝑚 = 𝐼𝑠 𝜔𝑠 = 4x10 Nms
ℎ𝑟𝑤 = 𝑛ℎ (ℎ𝑑 + ℎ𝑚 ) = 275x10−3 Nms 𝑛ℎ = 1.2
Aiming to keep low power consumption and vibration frequencies, the nominal
reaction wheel speed is limited to 3000 rpm, thus determining the flywheel
moment of inertia. The actual flywheel represented in the CAD drawings has a
slightly higher inertia.
𝐼𝑟𝑤 = 8.52x10−4 kg∙m2

𝐼𝑟𝑤,𝐶𝐴𝐷 = 8.83x10−4 kg∙m2

The chosen motor is the DPM 57BL54 brushless DC motor. The motor main
parameters are summarized in the following Table 4-23:
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Table 4-23: DPM 57BL54 brushless motor data

Rated voltage

36 V

Rated speed

4000 rpm

Rated torque

0.11 Nm

Max peak torque

0.35 Nm

Torque constant

0.063 Nm/A

Line to line resistance

1.5 ohm

Line to line inductance

4.5 mH

The peak power consumption is approximately 39 W, while the overall mass
is about 1100 g and can be split between the motor (500 g), the flywheel
(410 g) and the case (190 g, roughly). Power budget calculations allocate
1.5 A to this motor. Given the torque constant it is easy to compute the actual
value of nominal torque available which turns out to be approximately
95 mNm.
The assembly shown in Figure 4-52 is the final version. It is intended to allow
easy access to all the device components for mounting, maintenance and
heating.

Figure 4-52: wheel-shaft connection
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Figure 4-53: Flywheel shaft connection

After some investigation and meetings with manufacturers, a pretty
uncommon connection technique has been designed in order to join the
rotating component to the motor shaft (Figure 4-52 - Figure 4-53). Two holes
are drilled axially at the interface between the shaft and the wheel hub and
two small M2 x 5 grub screws transmit the torque in a shear only stress
configuration. This design allows to have a more symmetrical and balanced
flywheel. The 8.8 class screws resistance is verified for a shear load
assuming the torque to be 0.68 Nm (peak torque of the bigger ordered motor).
The procedure results follow.
Screw design shear strength = 395 MPa
Shear stress in screw = 22 MPa
Safety factor = 18
The joint resistance has also been verified in terms of pressure on the internal
surface of the holes both on the hub and the shaft. The resistant surface is
assumed to be the screw length times its core radius for safety. The material
is C40 steel with 325 MPa of yield stress (the minimum for this class of
material). The procedure results follow.
C40 yield stress = 325 MPa
Compression stress in holes = 22 MPa
Safety factor = 15
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Figure 4-54: flywheel section

The rotating component resistance is verified applying some analytical
models. In particular it has been treated as a thick shell with variable depth
along the radius and the Grammel approach has been used. The material
chosen for this component is the AISI 304 stainless steel. The nominal motor
rotational velocity is 4000 rpm from the datasheet, while the disc is verified
assuming that the maximum speed is 8000 rpm. Figure 4-55 shows the Von
Mises and Guest equivalent stresses computed at variable radius along the
disc while Figure 4-54 shows a section of the component. The minimum
safety factor is 16.

Figure 4-55: thick shells safety stresses in flywheel

The motor shaft is subjected to two main loads: the torsion load due to the
motor torque and the radial load due to any flywheel mass, mfw.
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Manufacturers confirmed that the centre of mass eccentricity e for the rotating
component can be as low as 0.1 mm. From this the radial force Fr is
estimated as follows still assuming 8000 rpm for rotational velocity ω:
𝐹𝑟 = 𝑚𝑓𝑤 𝜔2 𝑒 = 29 𝑁
The shaft is supported by two ball bearings which are both in contact with the
flywheel hub. Figure 4-56 shows the loads-supports scheme. The middle
section is considered to be critical and it is verified assuming a stress intensity
factor due to the notch effect of the grub screw half hole on the surface of the
shaft. The value of Kt is 2.5 for bending and 2 for shear loads. The static
analysis results follow.
C40 yield stress = 325 MPa
Von Mises equivalent stress = 25.6 MPa
Safety factor = 12.7
Even though some loads are actually constant (radial force) they are assumed
variable for safety and a simple fatigue analysis is performed in addition
assuming the following coefficients for fatigue limit modification.
Table 4-24: coefficients for fatigue limit modification

Effect description

Value

Dimension

1

Load type

1 (instead of 0.8)

Surface condition

1.2 (roughed)

Notch (full sensitivity)

2.5

The modified fatigue limit turns out to be 93 MPa while the load amplitude is
13 MPa, meaning that the shaft can work for an infinite number of cycles.
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Figure 4-56: shaft loads-supports scheme

As seen in Figure 4-52 the reaction wheel assembly includes two ball
bearings that hold both the radial and the axial loads. The chosen ball
bearings are two IS0 15-RBB-188. Each bearing has to sustain a 40 N axial
load that comes from the mass of the flywheel with a 10g acceleration, while
the radial force on each bearing is half of that calculated for the motor shaft.
Datasheets confirm they are well capable to sustain such axial and radial
loads.
In addition to the analytical models used for structural verification some finite
element simulations have been performed for both the flywheel and the motor
shaft. Only a portion of the flywheel is simulated exploiting its axial symmetry.
Some inertial and force loads are applied to the rotating component and they
include:


Rotational velocity – 8000 rpm



Linear vertical acceleration – 10 g



Motor torque applied at the central hole – 680 mNm

The supports used in the simulation are:


Compression only supports at the interface between the flywheel and
the shaft or the bearings



Frictionless support at the symmetry faces



Fixed support on half of the grub screw notch

The stresses are low all over the disc except for a local peak at the screw
notch. The maximum Von Mises stress in the component is roughly 70 MPa
locally, thus leading to a minimum safety factor of 4.6. Figure 4-57 shows the
equivalent Von Mises stress all over the geometry.
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Figure 4-57: flywheel FEM results

As far as the motor shaft is concerned the following loads are applied:


Tangential force acting on the screw notch – 240 N (comes from 680
mNm motor torque)



Radial force acting on one side of the shaft – 50 N (computed value is
29 N)



Axial force due to the wheel weight at 10 g acting on the screw notch –
50 N (this hypothesis is pessimistic since the ball bearings are
supposed to carry this load)

The simulation is performed in two different configurations with different
directions of the radial force (x and y axes). The supports assumed are the
following:


Fixed support on the shaft section at the motor flange



Cylindrical supports at the ball bearing positions

Once again the peak stresses are due to local concentration phenomenon,
but still the maximum Von Mises equivalent stress is approximately 51 MPa
with a 6.4 safety factor. Figure 4-58 shows the equivalent Von Mises stress all
over the geometry.

BX16-17_ARCADE-R2_ v5-0_17Jan14.pdf

Page 112

Figure 4-58: motor shaft FEM results

4.6.7

Yaw rotation backup motor

In the case the reaction wheel were not able to work properly for any reason,
a backup solution is designed, i.e. a brushless motor located between the
SMAV and the support plate connected to the STRUT.
For budget issues, the expensive original choice, i.e. the Allied Motion hollow
shaft motor, has been discarded and replaced by a DPM 57BL54 brushless
motor, the same model used for the reaction wheel. A particular mechanical
configuration is required in order to permit cables to pass through a hole and
provide the data link to and from the proximity box. The motor shaft has been
conveniently machined in order to transfer the rotation to the SMAV.
A critical aspect of the presence of this motor is the residual torque necessary
to rotate it while not actuated. The chosen model cogging and friction torques
are not known and tests will be performed in order to determine these values.
4.6.8

Cog-free linear motor

A linear ironless brushless motor performs the linear translation of the SMAV;
the chosen coil is the UC6, from Tecnotion. A cog-free motor is necessary in
order to let the SMAV free to translate without any applied force when the
docking mechanism captures and completes the approach manoeuvre.
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Figure 4-59: Tecnotion linear ironless brushless motor
Table 4-25: UC6 coil performance data

The total rail length is 429 mm and the nominal translation speed will range
from 1cm/s to 2cm/s. A coil capable of a continuous force of 20N with a force
constant of 11.4N/Arms was estimated to be adequate for our application and
the Tecnotion simulation tools confirmed our calculations.
The translation of the SMAV can be blocked in emergency cases by means of
an electro-mechanic locking system, consisting in two C.E.I. Q2020V24
locking solenoids - the same used in the docking system - and by two “L”
shaped profiles with a series of holes. When activated, the solenoids push on
the profile. In case of free movements, the core of the solenoids extend
normally inside the holes, preventing the small vehicle to further move. The
two solenoids resist a total radial force of 200N without experiencing electrical
damages; the pure mechanical strength, however, is much higher.
4.6.9

Attitude Determination Sensors

The SMAV Motion Subsystem is integrated by a complete set of sensors that
provides the position and velocity information required by the control loop
algorithm.
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The primary sensors are those included in the Navigation System (see
Section 4.7). These absolute sensors are assisted by two MEMS rate
gyroscopes, one mounted inside the PROXBOX, the other inside the SMAV
(see Section 4.7.2). The use of two inertial sensors allows to obtain the
relative rotation of the SMAV with respect to the PROXBOX (i.e. the gondola)
at every time step: this is done by simply subtracting the signals of the two
gyros. The resulting signal is the angular velocity error and it is fed back to the
control law.
In addition to these devices, an inclinometer included in the PROXBOX
measures the pitch and roll misalignment angles of the gondola. These
signals are necessary to compute the value of the gravitational disturbance
due to the gondola oscillations (see Section 4.6.1).
The three motors, including the cog-free linear motor, are also equipped with
encoders that provide an accurate measurement of position and velocity.
These devices represent the backup solutions for the navigation sensors and
will be used in the case the latter fail or a more precise estimation of the
attitude is required for any reason.

4.7

Navigation System Design

In order to acquire the position and attitude of the SMAV relative to the
PROXBOX docking interface, a custom navigation sensor based on infrared
emitters and receivers was designed, developed and tested. In addition, two
custom MEMS gyroscopes will be installed, one inside the SMAV and the
other inside the PROXBOX. A differential measure using the gyroscopes
leads to the determination of the SMAV rotation and rotation rate relative to
the PROXBOX. It represents a redundant, back-up solution to be used in the
unfortunate case of failure of the IR sensors, and allows to improve the
accuracy of the attitude and position estimates in post processing.
The IR sensor will be tested during the flight, with a dedicated motion
procedure: the SMAV will be moved to three different positions along the
linear guide (home, proximity and halfway), and a -40 to +40 deg yaw rotation
will be executed for each translational position. Data obtained with the IR
sensor will be compared to those from the encoders, in order to evaluate the
accuracy of the self-developed device. Also, a full approach-docking-release
sequence exploiting the IR sensor is scheduled among the flight experiment
activities.
Both the IR sensor and the couple of gyroscopes underwent testing at
subsystem level (see Chapter 5).
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4.7.1

IR sensor

The relative range and yaw IR sensor is composed by a transmitter infrared
LED onboard the PROXBOX and two infrared photodiode receivers mounted
on the face of the SMAV containing the docking mechanism, at a relative
distance of 120 mm (see Figure 4-60).
4.7.1.1 IR sensor theoretical model
The sensor is based on the output signals of the two photodiodes lit by the
LED, Vi (i=1,2), see (4.7.1) and (4.7.2), which are functions of the power
emitted by the LED PLED, the LED-photodiode distance ri, the photodiode
sensitive area Ai, the photodiode photosensitivity ki, the angle of incidence i,
the angle γi between the LED optical axis and the line joining the LED to
the i -th photodiode, and the amplification gain of the receivers conditioning
electronics ei. The term f(γ) represents the ratio between the LED radiant
intensity (Wsr-1) at a given γ and the radiant intensity at γ=0; it was
determined experimentally and it can be represented as cos(3𝛾 ⁄2) with good
approximation. The LED beam width was also determined experimentally, and
is ~ 90° (see Chapter 5). For simplicity, we define 𝐶𝑖 = 𝑃𝐿𝐸𝐷 𝐴𝑖 𝑘𝑖 𝑒𝑖 , which
represents a constant contribution for each channel that has to be determined
experimentally. The equations from 4.7.1 to 4.7.8 fully describe the system
mathematically. As the translational motion of the SMAV can occur only along
the LED central axis direction (X-axis in Figure 4-61), the parameters ri, αi and
γi result from simple geometrical relations involving the SMAV distance  and
yaw rotation  relative to the PROXBOX. The values of d and δ are known
from the geometry of the SMAV. According to (4.7.1)-(4.7.8), once the
distance ρ and the yaw angle  are known, it is possible to obtain the maps
V1(ρ,) and V2(ρ,), which relate ρ and  to the receivers outputs V1 and V2,
as shown by (4.7.9) and (4.7.10).
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Figure 4-60: elements of the IR sensor on the PROXBOX (left) and on the SMAV (right)

Figure 4-61: IR sensor configuration (left) and operation (right)

V1 

PLED A1 k1 e1 f   1  cos 1  C1 f  1  cos 1 

r12
r12

(4.7.1)

V2 

PLED A 2 k2 e2 f   2  cos  2  C2 f  2  cos  2 

r22
r22

(4.7.2)
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4.7.1.2 IR sensor reconstruction algorithms
The determination of the SMAV distance ρ and yaw rotation  relative to the
PROXBOX from a measured (V1,V2) couple is possible because a given
(V1,V2) can be generated only by a unique (ρ,) couple. The univocality of
both maps (ρ, ) → (V1,V2) and (V1,V2) → (ρ, ) was numerically verified. Two
algorithms were developed to estimate ρ and  the from the photodiode
receivers outputs V1 and V2.
The first algorithm is based on two look-up tables, containing, respectively,
the values of V1 and V2 generated from the maps described by (4.7.9) and
(4.7.10) for different values ρ and , using values of C1 and C2 experimentally
determined previously. ρ can assume nρ equally spaced values in
the [0.1, 0.45] m range, and  can assume n equally spaced values in the [40, 40] ° range; thus, the domain H of both maps is a 2-dimensional nρ x n
discretized and bounded domain which contains all the possible (ρ,)
couples. Given a measured (V1, V2) couple, for each couple (ρ,) ∈ H the
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distance ε of (V1, V2) from the values (V1(ρ,),V2(ρ,)) stored in the tables is
calculated according to (4.7.11). Finally, the actual SMAV distance and yaw
rotation are estimated as the couple (ρ,) ∈ H which corresponds to the
minimum value of ε. The steps of subsequent values of ρ and  in the domain
H affect both the accuracy of the estimates and the computation time; steps of
2mm and 0.5° for ρ and  respectively seem appropriate to meet the
navigation subsystem accuracy requirements while keeping the computational
burden at an acceptable level. In addition, the latter is reduced by actually
searching the solution only considering half of the total values of 𝜓 each time,
since the sign of the yaw rotation is simply determined by comparing the
receivers output values.
2

  V1  V1   ,    V2  V2   ,  

2

(4.7.11)

The second reconstruction algorithm is based on an iterative least square
minimization process. The model is described by (4.7.12) and (4.7.13).

V1   f1   ,  
V    f  ,   G   , 

 2  2
 f1   , 


Gi 
DG   ,  

x j  f 2   , 




f1   ,  



f 2   ,  




(4.7.12)

(4.7.13)

Starting from an initial guess   , 0 , the solution is determined by an
iterative algorithm which, at each step k, computes an updated solution
  , k    , k 1    ,  k based on the difference between the
measured V1 and V2 and the values given by (4.7.12) taking as input the
previous solution   , k 1 . The solution correction at step k   ,  k is
computed according to (4.7.14); the process stops when the aforementioned
difference is below a preset threshold.
1
  
T
T
     DG   , k DG   , k  DG   , k

k
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According to numerical simulations, the solution is always found in less than
10 steps.
4.7.1.3 IR sensor electronics
The IR LED is driven by a sinusoidal carrier frequency of 10 kHz. This allows
to allocate the signal into a spectral band different from the ones of
surrounding light noise. As from the previous description, the angular
inclination of the receiver will determine an AM modulation over the carrier.
The IR receivers exploit photodiodes with internal daylight filter, and have the
structure of an optical AM demodulator. In this design, each IR photodiode is
amplified by a current op-amp amplifier. Then the amplified signal is filtered by
an active high-selectivity passband filter. Its selectivity determines the noise
and near-band interference rejection of the whole system (reasonably the
surrounding light interference will be limited to a few tenth of Hertz, or even
less).
The AM modulated signal, spectrally filtered, is demodulated by an active
peak-to-peak envelope detector.
This demodulated signal is proportional to the received intensity I 1,2 of each
photodiode. It is acquired by a CanOPEN A/D converter and numerically
processed into the PC104 board.
The LED emission level was kept constant thanks to a precision sinusoidal
current source featuring a power op-amp with current shunt as output stage.
As major source of error, a shunt with high temperature stability was selected
More details in section 4.10.1.

Figure 4-62: photodiodes conditioning system

.
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4.7.2

MEMS gyro

A MEMS-based gyroscope is placed inside the SMAV, and another inside the
PROXBOX. They are both aligned with the yaw rotation axis.
The gyroscopes are based on the SENSONOR SAR-100 MEMS chip gyro
sensor. This is integrated into a circuit board with a microprocessor
(Microchip) interfaced with the on-board CanOPEN bus.
The microprocessor reads the rate of turn from the SAR-100 through its SPI
port with a sample rate of 1kS/s. Numerical integration and filtering is
performed to calculate the yaw angle. Then such data is available on the bus
and queried by the PC104 board on the PROXBOX. The system is
theoretically able to measure angular rates up to 100°/s with 1% precision and
0.02°/s drift.
Furthermore, CanOPEN commands are implemented to perform calibration
and diagnosis of the gyro system. More details in section 4.10.1.

Figure 4-63: MEMS gyroscope system layout

4.8

Environmental Sensors Subsystem Design

In order to fully characterize the external atmospheric environment in terms of
pressure, temperature and wind velocity, ARCADE-R2 is equipped with
pressure and temperature sensors and wind sensors.
4.8.1

Wind sensor

In order to determine the wind direction and intensity in the horizontal plane
an ultrasound sensor is employed. The originally selected ultrasonic sensor
(FT Technologies FT702LM) was later discarded due to procurement issues
and a simpler mechanical anemometer (Nuova Ceva Automation ANTC-V1 &
ANTC-D1) has been selected as backup. The device is composed by a wind
velocity sensor (ANTC-V1) and a wind direction sensor (ANTC-D1); both of
them are very compact and lightweight (250-300 g) and, therefore, are
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mechanically suitable for mounting on ARCADE-R2. The sensors will be
installed on the external end of the STRUT, as far as possible form the
gondola by means of custom supports, in order to accurately measure the
wind profile that acts on the SMAV. Table 4-26 summarizes the sensor main
performances.
Table 4-26: Wind sensor performances

Wind Speed

Wind Direction

0 – 40 m/s

0° - 360 °

 3%

 3°

Resolution

0.3 m/s

1°

Zero error

 2 m/s

-

Range
Accuracy

Figure 4-64 ANTC-V1 wind velocity sensor
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Figure 4-65 ANTC-V1 wind direction sensor

Finally, an absolute pressure sensor is included inside the PROXBOX in order
to measure the atmospheric pressure as a reference value.
4.8.2

Temperature Sensors

In order to measure the external ambient temperature and monitor the
temperature of the most critical devices of the experiment, a total of 8 PT100
sensors will be used. Table 4-27 shows the distribution of the sensors.

Table 4-27: PT100 temperature sensors distribution

PT100

Monitored Item
SMAV

1

Battery pack

2

Reaction wheel driver

3

Navigation receiver electronics

4

External environment
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PROXBOX
1

PC104

2

Battery pack

3

Linear motor and back-up motor
drivers

4

Webcam

Also, the Seneca modules temperature will be monitored reading their own
internal sensor.
4.8.3 Pressure sensor
In order to gather the information on the atmospheric density, an absolute
pressure sensor completes the environmental sensor suite. The selected
model is the Honeywell SSC DANN 030PAAA5 and is located inside the
PROXBOX.

4.9

Thermal Design

Most of the components of the experiment require to be kept within their
particular operational temperature ranges, whose lower limits are typically far
above the minimum expected temperature during the whole mission. While
the average minimum external temperature is about -50°C, we can expect it to
drop to much lower values. Data retrieved from past BEXUS missions, such
as BEXUS 9 and 10, show that the minimum detected temperature can reach
-80°C (see Figure 4-66 and Figure 4-67). Thus, an active thermal control is
strictly required.
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Figure 4-66: temperature profile during the BEXUS 9 mission

Figure 4-67: temperature profile during the BEXUS 10 mission (from SCRAT
Experiment).
Table 4-28: storage and operational temperature ranges for the ARCADE-R2
components

Device

Storage Temperature
[°C]
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SMAV
Battery Packs

-50 to +90

-40 to +85

MEMS Gyroscope

-40 to +60

-40 to +50

RW Motor

-30 to +50

-20 to + 50

RW Driver

-20 to +50

-20 to +50

RTD CanOPEN

-30 to +60

-10 to +50

A/D CanOPEN

-30 to +60

-10 to +50

Navigation Sensors

-40 to +120

-20 to 85

PROXBOX
Linear Actuator

-

-50 to +85 (tested)

ELMO drivers

-20 to +60

-20 + 85

PC104

-30 to +60

-20 to +85

Battery Packs

-50 to +90

-40 to +85

-

-20 to +50

-40 to +60

-40 to +50 (tested)

PCMU

-

-40 to +85

Seneca modules

-

-10 to +55

LED emitter
Pressure Sensors

External Devices
Ballbearing

-

>-50

Linear actuator

-

-50 (tested) to + 85

4.9.1

SMAV and PROXBOX thermal control

In order to estimate the required power to maintain each component of the
experiment within its operational temperature range, a thermal model of
ARCADE-R2 has been developed. After some technical and efficiency
considerations, the team decided to provide each single component which
requires active thermal control with its own heater, as well as an adequate
insulation layer, rather than developing a system to keep both the inside of the
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PROXBOX and the SMAV at a certain temperature. In fact, the former
solution will require much less power than the latter. Anyway, both the SMAV
and the PROXBOX external surfaces will be covered by foam panels with
thickness of 10 mm and 20 mm, respectively. The panels will be attached to
the experiment structure by means of Velcro strips. In addition, the foam
panels external surface will be covered by MLI sheets, providing further
insulation with respect to the external environment. The MLI will be fixed with
aluminium tape. This whole arrangement is identical to the one which flew onboard the ARCADE experiment (BEXUS 13), proving itself strong enough with
respect to the wind and also the landing phase. In fact, after the recovery both
the foam panels and the MLI sheets were intact.
Table 4-29: solutions for the SMAV components investigated by numerical simulations

Device

Adopted Solution

Battery Packs

Plastic box with internal foam
insulation layer + dedicated heaters

MEMS Gyroscope

Plastic box + foam insulation

RW Driver

Dedicated heater

RTD CanOPEN

Plastic box + dedicated heater

A/D CanOPEN

Plastic box + dedicated heater

Navigation Sensors

Plastic box

Table 4-30: solutions for the PROXBOX components investigated by numerical
simulations

Device

Adopted Solution

Firgelli linear actuator

Dedicated heaters

ELMO drivers

Rubber foam insulation
dedicated heater

PC104

Plastic box

Battery Packs

Plastic box with internal foam
insulation layer + dedicated heaters

Power distribution electronics

Plastic box with
insulation layer
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Seneca modules

Plastic box + dedicated heaters

LED

Insulation layer + dedicated heater

A thermal model of the whole experiment based on heat exchange between
nodes has been developed and implemented in a Matlab tool. This allows to
simulate the time-varying thermal behaviour of the experiment throughout the
pre-launch, launch and flight phase, so that it is possible to estimate the
temperature distribution inside the experiment during the mission. The
experiment has been divided into 14 nodes, which are listed in Table 4-31,
plus a 15th node which represents the air inside the PROXBOX. Both
conductive, convective and radiative heat exchanges are taken into account
and the thermal links between nodes are shown in Figure 4-68 - Figure 4-70.
In order to validate the thermal control subsystem, numerical simulations were
performed considering three different cases: a worst cold case (WCC), a
realistic case (RC) and a worst hot case (WHC). In the WCC, no thermal
interaction with the environment are considered but the sky and the external
air, and the internal heat generation of the electronic devices is minimum. In
the WHC, all the possible interactions with the environment are taken into
account (Sun, Earth, sky, external air) and the electronics heat generation is
maximum. In the RC all the interactions with the environment are considered
and the heat generation of the electronics is kept at an average level.
The number of heaters required by each device was determined performing
several numerical simulations in an iterative process. The results are shown in
Figure 4-71 - Figure 4-73, and summarized in Table 4-32.
Table 4-31: thermal nodes of the experiment
Node

Element / device

1

PC104

2

Seneca modules (Proxbox)

3

Navigation transmitters

4

ELMO drivers (Proxbox)

5

Gyroscope (Proxbox)

6

Linear actuator Firgelli

7

PCMU

8

Batteries (Proxbox)

9

LED

10

SMAV exterior

11

SMAV interior

12

STRUT

13

Proxbox lateral, top and rear panels
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14

Docking plate

Figure 4-68: conductive links between thermal nodes

Figure 4-69: convective links between thermal nodes
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Figure 4-70: radiative links between thermal nodes

Figure 4-71: temperature profile of the experiment thermal nodes in the WCC
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Figure 4-72: temperature profile of the experiment thermal nodes in the WHC

Figure 4-73: temperature profile of the experiment thermal nodes in the RC
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Figure 4-74: altitude model used for thermal control simulations

Table 4-32: end-of-flight estimated temperature of the thermal nodes for both the WCC,
WHC and RC, and operational temperature ranges (last 2 columns)
Thermal Node

TWCC final

TWHC final

TRC final

Tmin

Tmax

PC104

319

337

319

233

358

Seneca modules
PB

277

297

288

263

358

TRX

229

268

267

233

358

Driver ELMO PB

270

272

271

253

323

Gyro PB

220

236

235

233 (tested)

358

Firgelli Linear
Actuator

251

253

252

223 (tested)

323

PCMU

232

258

251

233

358

Large battery packs

243

245

244

Smav Interior

233

242

239
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Linear motor

217

220

219

223 (tested)

353

According to the simulation results, most of the thermal nodes remain within
their operational temperature limits at end of flight. The TRX and Gyro nodes
temperatures fall slightly below their minimum operational limits in the WCC;
however, given the model approximations and the heritage from tests and the
previous flight, we are confident that during the flight their functioning will not
be affected. The same applies for the linear motor whose temperature is in all
cases slightly below the minimum temperature it was ever tested.
The PROXBOX batteries temperature constantly drops over the flight, but
remaining within their operational limits. The temperature dropping below the
desired limit may cause the batteries to reduce their life; nevertheless this
happens only after more than two hours, i.e. when the main mission
operations should be already completed.
The temperature of the SMAV Interior node is more concerning, since it drops
quickly below the minimum limit, which is given by the ELMO driver
requirements. This implies that as many operations as possible will be
completed within the first hour of flight, especially those which strictly require
the exploitation of the ELMO driver of the SMAV; still, about 70% of the
mission objectives can be achieved also in the case of a failure of this driver.
Starting from the results obtained via numerical simulations, the heaters
required by each component have been selected. However, due to power
budget limitation, we decided not to actively heat those devices whose
functioning has been tested and validated with low temperature tests. Those
are represented by the gyroscopes, the inclinometer, the RW motor and
encoder. Also, both the PC104 and the PCMU board do not need any
heaters, as their own internal heat generation, combined with an adequate
foam insulation, is sufficient to keep them within their operational temperature
range. 2W Conflux HF-20-1003 LCD Heaters are used for all the remaining
devices (see Figure 4-75). These heaters automatically regulate the emitted
thermal power depending on the ambient temperature (the lower the
temperature, the higher the emitted power). Therefore, no feedback loop is
required to regulate the power emitted by the heaters.
Nevertheless, in order to optimize the power absorbed by the thermal control
subsystem, the experiment has been divided in “zones”, which can be turned
on and off in order to power only those zones which require it. This will be
performed manually, monitoring the zones temperatures by means of the
PT100 sensors described in 4.8. This procedure is not a standard operation,
but is considered as an emergency action that allows to avoid unsustainable
peak power consumption and low temperature peaks.
A more sophisticated and efficient PWM control has not been investigated,
due to its complexity.
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The SMAV will be divided in 2 zones, and the PROXBOX in 3 zones (see
Table 4-33).
Table 4-33: zones and number of heaters for each component of the SMAV and the
PROXBOX

Zone

Device

No. of 2W heaters

SMAV
1

2

Battery packs

4 (2 per pack)

Reaction wheel driver

2

RTD CanOPEN

1

A/D CanOPEN

1

PROXBOX
1
3

4

Large battery packs

4 (2 per pack)

Webcam batteries

2

Seneca modules

4

Firgelli linear actuator

2

Navigation IR LED

1

Motor drivers

4

Figure 4-75: 2W Conflux HF-20-1003 Heaters
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In addition, the batteries packs of the PROXBOX will be heated from the
launch countdown start until late access, by means of two Conflux HF-301009 heaters (max. power output: 8W) which will be fed by the umbilical line.
4.9.2

External components

The SMAV ball-bearing, the linear motor and the sliding carts have been
tested successfully at low temperature and do not need active thermal control.
4.9.3 Experiment pre-heating
Finally, in ARCADE-R2 thermal design the possibility of a pre-heating of
critical components was considered. During the pre-launch phase the
experiment is still connected with umbilical alimentation, so a pre-heating
circuit is implemented to warm the experiment before the flight without using
the experiment batteries.
In the next figure, a sketch of the pre-heating circuit is presented: in blue,
ARCADE active thermal control, that is composed by small heaters that can
help to maintain the target temperature, in green the pre-heating circuit, which
is supplied only by the umbilical.

Figure 4-76: Pre-heating configuration
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The implementation of the pre-heating circuit solves many issues related to
the harsh space environment, allowing the experiment to survive.
In next table, the pre-heated element are listed:
Table 4-34: Pre-heated components and their required temperature at external power
deactivation (under development)

Number Component Pre-heating Temperature
1

4.10

Batteries

300K

Electronics Design

The whole electronics system has been conceived keeping in mind the need
to control many types of actuators, and to acquire different types of physical
measurements. Therefore an industrial CANopen bus solution has been
adopted. Most of the selected devices are CANopen compatible, and will be
queried by the main intelligence of the system, an x86-based PC104 singleboard computer. The CANopen bus will grant a data rate of max 1Mbps (it will
be used at 250kbps) with minimum latency; this will allow real-time attitude
control.
All systems will be normally powered by on-board batteries, with an
emergency connection to the gondola power line that will be used to reach
safe configurations in case of battery power failure.
A general diagram of the electronic and power system can be seen in Figure
4-77. A detailed wiring diagram of the whole electronic and power system is
attached to the document. (Appendix C ).
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Figure 4-77: Electronics system block diagram
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4.10.1 SMAV electronic system
Most part of signal conditioning on board of the SMAV is done by the
Photodiode receiver. It will include the same chip used for the MEMS
gyroscope, which will acquire the analog demodulated signals and make them
available on the CANopen bus.
As for the PROXBOX, all the data acquisition (environmental sensors,
receivers) and actuation (motors) is performed through the on-board
CANopen bus, writing or reading data from industrial automation modules.
The CANopen devices on board of the SMAV are:


an industrial PT100 conditioner and A/D converter module;



an industrial voltage A/D converter module;



an integrated MEMS gyroscope;



a brushless motor driver (similar to the one used for the STRUT motion
system) for the SMAV reaction wheel motor;
4.10.1.1 Photodiode receiver

The PHOTODIODE receiver is the part of the Navigation system on the
SMAV side. The overall structure is the one described in Navigation section.
The modules have been implemented in a small-size PCB, including the
demodulation circuitry and the CANopen interface chip.
The structure of the receiver is represented in the following schematic
diagrams.
The design is made of the cascade of the following stages:
1. Input preamplifier: a selectable k=100 voltage amplifier or g=10000
current transconductance amplifier matches the output impedance of
the sensing element and amplifies the signal. Four SMA coaxial
connectors are be used to connect the sensing elements;
2. AC amplifier: a variable-gain (1…10) AC amplifier provides a second
level of amplification;
3. RC High-Q tuned filters: two selective filters (Q=3) are tuned on the
carrier frequency (10kHz), with a total bandpass of 1kHz. With a dipswitch they can be shifted to 7.5kHz to match photodiode system
carrier frequency;
4. AC amplifier: a variable-gain (1…10) AC amplifier provides a third level
of amplification. The presence of such configurable amplifiers is
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needed to reconfigure quickly the device in case of higher or lower gain
demand;
5. Precision full wave rectifier and detector: the precision rectifier is made
by two half-wave precision rectifiers and a differential amplifier. A lowpass third order Butterworth filter with Sallen-Key topology is used to
extrapolate the continuous component of the rectified signal.
6. Post-amplifier: a direct output and a 10x post-amplified output are
connected to two different channels of a 10bit ADC into the Microchip
uController. In that way the quantization noise due to the ADC
resolution can be improved of at least 3 bits. Two entire channels
described by stages [1…6] are present in each board.
7. uController and CANopen interface: a Microchip PIC18F2480is used to
acquire the signal and make it available on the CANopen bus through a
Microchip MCP2551. This last block is the same as in the MEMS
gyroscope and is afterwards described in more depth.
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Figure 4-78: Receiver schematic – input stage
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Figure 4-79: Receiver schematic – amplification & filtering stage
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Figure 4-80: Receiver schematic – detection & output stage
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Figure 4-81: Receiver schematic – uController & CAN interface
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The Photodiode receiver will be connected to the SMAV PMU +/- 12V power
output.

Figure 4-82: Receiver PCB layout

The features of the Photodiode receiver are summarized in Table 4-35.
Table 4-35: Photodiode receiver specifications
Input voltage
+12, -12 Vdc
Power consumption

1W

Input

2 x PiN photodiode

Carrier frequency

7.5 kHz

Pass band

1 kHz

Sensitivity

1 uA

Sample rate

1 kHz

Non linearity

0.1%FSO

Output33

2x16 bit integer

Operating temperature

-40…+85°C

CAN implementation

CANopen CiA 406
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4.10.1.2 MEMS gyroscope

The MEMS integrated gyroscope has been designed following the structure
described in the Navigation section. The device is made up by four main
parts:


power supply: a low-power DC/DC converter steps down the 28V bus
voltage to 5V. The converter is controlled by a Linear Technology
LT3470 regulator. Diode protection against reverse connection has
been implemented;



microcontroller: a Microchip PIC18F2480 is configured with a 8MHz x 4
PLL crystal oscillator and connected to the 5V power supply;



MEMS gyroscope: a Sensonor SAR100-100 gyroscope is connected to
the 5V power supply and to the microcontroller through the SPI port;



CAN transceiver: a Microchip MCP2551 CAN transceiver interfaces the
Microchip CAN device with the bus. The transceiver can reach bus
speeds of 1Mbps;



CAN connector: a HARTING M12 5pin CAN connector brings both the
CANH and CANL lines, plus shielding, power earth and power line
(28V bus).

A schematic and PCB layout of the device are shown in Figure 4-84 and
Figure 4-83. The PCB has been designed to be mounted inside a small
enclosure and to be held by the CAN connector nut and additional 3 corner
screws. The device is connected to the on-board CANopen bus and to the
SMAV 28V power line.
The device firmware has been developed into Microchip MPLAB IDE and the
CANopen stack has been derived by Microchip AN945 CANopen
implementation. The gyroscope output is affected by a bias and a drift, and
can be modelled as follows:
𝜔𝑜𝑢𝑡 (𝑡) = 𝑘𝜔(𝑡) + 𝑏 + 𝑑(𝑡) + 𝑤(𝑡)
where 𝜔𝑜𝑢𝑡 is the angular rate output of the device, whereas 𝜔 is the real
angular rate, b is an initial bias value, d(t) is a drift on the initial bias value and
w(t) is an additive random noise. A scale factor k is usually inserted in
gyroscope modelling, but in this case it can be considered unity. The signal
processing algorithm is as simple as:
1. The signal is averaged on the first 20 seconds of steady operation,
through a closed loop system with integrative feedback that tries to null
the output by guessing the bias b (integrator output);
2. After that calibration time the feedback integrator input is switched to a
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fixed value, so the bias value b is quite hold and only that fixed value,
used to model the drift d, is constantly added to b;
3. The corrected rate is calculated subtracting the b value to the gyro
output;
4. The angle position is obtained by integrating over time the corrected
rate, this integration also reduces the additive noise of the initial signal,
but unfortunately it is not stationary and so cannot be totally removed. It
will determine the minimum angular random walk (ARW) of the
gyroscope.
The features of the integrated MEMS gyroscope are summarized in Table
4-36.
Table 4-36: MEMS gyro specifications
Input voltage
7 – 40 Vdc
Power consumption

1 W max.

Input range

±100°/s

Sampling rate

1kHz

Accuracy

± 1%

Non linearity

0.1%FSO

Overall stability

0.02°/s

Operating temperature

-40…+50°C

CAN implementation

CANopen CiA 406 –
Device profile for
encoders

Figure 4-83: MEMS integrated gyroscope PCB layout
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Figure 4-84: MEMS integrated gyroscope schematic
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4.10.1.3 PT100 CANopen converter

The PT100 converter is used to acquire PT100 temperature signals and make
them available on the CANopen bus. The selected device is Seneca ZC4RTD industrial automation module. It supports a wide variety of temperature
transducers and allows a precision 4-wires reading. Four sensor ports are
available.

Figure 4-85: Picture of Seneca ZC-4RTD

The module is designed to be stacked on a DIN-type rail with other modules
of the same type. Power line and bus are shared through the rail, so that only
the first module of the stack has to be physically wired to the bus. The module
is connected to 28V SMAV power line and on-board CANopen bus, and 4
PT100 sensors are connected to the input channels.
The features of the PT100 CANopen converter are summarized in Table 4-37.
Table 4-37: PT100 converter specifications
Input voltage
10 – 40 Vdc
Power consumption

1 W max.

Channels

4

Input range

PT100 (-200…+650°C)

Resolution

14 bits

Precision

± 0.05%

Response time

< 20ms

Operating temperature

-10…+65°C

CAN implementation

CANopen CiA 401
v.2.01
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4.10.1.4 Analog CANopen converter

The analog converter is used to acquire operating voltages of the power
system. First channel is used to measure battery voltage and voltage drop
across current shunt. The selected device is Seneca ZC-8AI industrial
automation module. It supports voltage or current-mode acquisition on 8
channels, each couple isolated.

Figure 4-86: Picture of Seneca ZC-8AI

The features of the analog CANopen converter are summarized in Table 4-38.
Table 4-38: Analog converter specifications
Input voltage
10 – 40 Vdc
Power consumption

1 W max.

Channels

4

Input range

PT100 (-200…+650°C)

Resolution

15 bits

Precision

± 0.05%

Response time

< 20ms

Operating temperature

-10…+65°C

CAN implementation

CANopen CiA 401
v.2.01

4.10.1.5 Brushless motor driver

The brushless motor driver is used to control the SMAV reaction wheel motor.
The device chosen is the Elmo SOLO WHISTLE. It is capable to drive 3phase rotary or linear brushless motors with up to 5A winding current. It has a
wide range of feedback types, including digital and analog halls, digital
BX16-17_ARCADE-R2_ v5-0_17Jan14.pdf

Page 149

incremental and sin/cos encoders; moreover it has digital I/Os and supports
CANopen communication. The control loop can be closed with both main and
auxiliary feedback. The 5V power for encoders is provided by the driver itself.

Figure 4-87: Picture of Elmo SOLO WHISTLE

The motor controller is powered by the 28V SMAV power bus and interfaced
with the on-board CANopen bus. Drive output is connected to the DPM SMAV
brushless motor winding phases. Main feedback comes from the Avago
HEDS digital incremental encodes, whereas auxiliary feedback is from the
motor hall sensors. Digital I/Os are used to power on/off heaters zones
through a boost FET.
The features of the brushless motor driver are summarized in Table 4-39.
Table 4-39: Brushless motor driver specifications
Input voltage
7.5 – 59 Vdc
Power efficiency

99%

Max. drive current

5A

Power output

240 W max.

PWM frequency

22 kHz

Switching method

Unipolar PWM

Position loop bandwidth

< 80 Hz

I/Os

4 analog inputs, TTL.
2 open collector analog
outputs, Iout = 10mA
max.

Operating temperature

0…+40°C

CAN implementation

CANopen DS 402
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4.10.1.6 Single-ended encoder adapter

The encoder adapter is used to adapt the signalling standard of the encoder
used for the reaction wheel motor (HEDS-5540) to the decoder inside the
ELMO motor driver. The HEDS encoder output for A, B and Index channels is
compliant to the single-ended 5V TTL standard, whereas the decoder input is
an EIA-422 differential input, with 120Ω termination resistor.

Figure 4-88: Schematic of the single-ended encoder adapter

As explained in the schematic, the adapter is made of three EIA RS-485
differential transceivers ADM485 by Analog Devices, of which only the
transmitter amplifier is used. The encoder signal lines are pulled up by 2.2kΩ
resistor as recommended in the encoder manual for open-drain outputs.
The encoder deserves also as pass-thru for the hall sensors lines and gets its
5V supply from the ELMO motor driver 12-pin feedback connector.
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Figure 4-89: PCB layout of the single-ended encoder adapter

The features of the single-ended encoder adapter are summarized in Table
4-40.
Table 4-40: encoder adapter specifications
Input voltage
5 Vdc
Power consumption

1 W max.

Channels

3

Inputs

Single-ended encoder
signals + single-ended
hall signals

Outputs

differential EIA RS-485
encoder signals +
single-ended hall
signals

Bandwidth

5 Mbps

Operating temperature

-40…+85°C

4.10.1.7 Digital quadrature encoder

The digital quadrature encoder is used to provide feedback from the SMAV
reaction wheel motor to the motor driver. The device chosen is the AVAGO
HEDS-5540. It provides 2048 points per revolution, TTL two quadrature
channels + index digital outputs.
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Figure 4-90: Picture of AVAGO HEDS-5540

The encoder is mounted on the rear of the brushless motor and fixed on its
shaft. It is connected to the motor driver digital encoder input and powered by
the 5V encoder line of the driver.
The features of the brushless motor driver are summarized in Table 4-41.
Table 4-41: Digital quadrature encoder specifications
Input voltage
-4.5…5.5 Vdc
Input current

40 mA max.

Count frequency

100 kHz max.

Required pull-up

2.7 kΩ for 100 pF

Output signals

A, B, Index

Operating temperature

-40…+100°C

4.10.2 PROXBOX & STRUT electronic system
The SBC board contains a real-time OS which executes the control
application described in Software section. All the data acquisition
(environmental sensors, switches) and actuation (motors, transmitters, and
latches) is performed through the on-board CANopen bus, writing or reading
data from industrial automation modules. A PC104-compatible CANopen
interface allows the SBC to access the bus.
Analog sensor data and power status (currents, voltages) are sampled by
industrial automation modules, which include sensor conditioning, A/D
conversion and bus interfacing.
Digital inputs/outputs are sampled/actuated by industrial automation modules,
provided by optoisolated inputs and open-drain driver outputs.
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Brushless motors (DPM, TECNOTION UC3) are driven by a switch-mode
integrated PWM motor driver with built-in feedback acquisition and control.
This driver will be interfaced with motor winding hall sensors and motor
encoder to provide control feedback.
The brushed linear actuator (L12-P) is driven by a FIRGELLI Linear Actuator
Control Board. Control setpoint will be transmitted in current mode (4-20 mA)
through a DAC industrial automation module.
Both the LED emitter on board of the PROXBOX is driven by an analog sine
wave generator followed by an impressed-current driver. The RMS values of
the driving currents have been estimated to be around 100mA. Digital outputs
will be used to switch power to these devices.
The CANopen devices on board of the PROXBOX are:


a MEMS industrial inclinometer:



two pressure sensor boards;



an industrial PT100 conditioner and A/D converter module;



two industrial voltage A/D converter modules;



an industrial digital I/O module;



an industrial current-mode DAC module;



a brushless motor driver for the STRUT linear motor;



a brushless motor driver for the STRUT yaw backup motor.

All of them are cascaded with a CANopen bus wiring, which is also shared
(through the hollow shaft) with the SMAV CANopen bus.
4.10.2.1 PC104 Single Board Computer

The PC104 single board computer is used to perform all the control and data
handling operations, as described in the Software section. The device
selected is the Versalogic Tomcat VL-EPM-16F board. It is based on a
Vortex86DX 800MHz CPU, with 256MB RAM. On the board, USB, serial, and
CompactFlash ports are available.
The board has a 10/100-BaseT Ethernet. A programmable watchdog timer is
available, and it will be used to reset the board in case of a software crash or
malfunction.
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Figure 4-91: Picture of the Versalogic Tomcat VL-EPM-16F SBC (left) and of the same
board stacked with the CANopen BUS board (right).

The SBC is powered by the 5V PROXBOX power line. It is then interfaced to
the E-Link through the Ethernet connector. A CANopen interface board will be
mounted on the PC104 connector to allow communication with the on-board
CANopen bus. A CompactFlash containing the operating system and space
for log storage will be mounted on the board, together with a USB key, used
as a backup solution.
The features of the PC104 SBC are summarized in Table 4-42.
Table 4-42: Versalogic Tomcat VL-EPM-16F specifications
Input voltage
5 Vdc
Power consumption

3W

Cooling mode

Fanless Heatsink

CPU

Vortex86DX

CPU frequency

800 MHz

Memory

256MB ram

Interfaces

UART, USB 2.0/1.1,
PC104, ETH 10/100BaseT, CF

Operating temperature

-40…+85°C

The board is equipped with a passive heatsink on the main CPU (which can
be seen on the photos). Vacuum tests are planned to verify if the heat
dissipation is sufficient under very low thermal convection to maintain the
board within operating range for the flight duration.
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4.10.2.2 PC104 CANopen interface

The PC104 CANopen interface is used to connect the SBC to the on-board
CANopen bus. The device selected is the ESD Electronics CAN-PC104/200.
The board contains a Philips SJA100, an Intel 82527 and a Siemens 81C91
controller connected to the PC104 data bus. An isolated 1Mbit/s CAN
transceiver connects the CAN controller to the physical CANopen bus.

Figure 4-92: Picture of ESD Electronics CAN-PC104/200 interface

The features of the PC104 CANopen interface are summarized in Table 4-43.
Table 4-43: ESD Electronics CAN-PC104/200 specifications
Input voltage
5 Vdc
Controllers

Philips SJA100
Intel 82527
Siemens 81C91

PC interface

PC/104, 8-bit, IRQ 1-12

Bus

1 Mbit/s isolated CAN
on 9-pole DSUB male

Operating temperature

0…+50°C
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4.10.2.3 Dual-axis MEMS CANopen inclinometer

The PC104 CANopen interface is used to measure PROXBOX attitude with
respect to gravity acceleration. The device selected is the Posital ACCELENS
ACS-080. It contains a 2-axis MEMS inclinometer capable of measuring
inclinations of +/-80° with an accuracy of 0.1°. The inclinometer is provided
with a CANopen interface.

Figure 4-93: Picture of Posital ACCELENS ACS-080

The device is connected both to the PROXBOX 28V power line and to the onboard CANopen bus through its M12 5-pin CAN connector.
The features of the 2-axis MEMS CANopen inclinometer are summarized in
Table 4-44
Table 4-44: Posital ACCELENS ACS-080 specifications
Input voltage
10 - 30 Vdc
Input current

53 mA max.

Measuring range

± 80°

Axes

2

Measuring accuracy

0.1°

Typ. sample rate

10 Hz

Response time

10 ms

CAN implementation

CANopen 410

4.10.2.4 MEMS gyroscope

A secondary MEMS gyroscope will be located into the PROXBOX. It will be
connected to the 28V PROXBOX power line and to the CANopen bus.
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Together with the gyroscope into the SMAV, it will be used to determine the
real-time relative attitude by difference.
4.10.2.5 Analog CANopen DAC

The analog DAC is used to generate setpoint current signal for Firgelli L12-P
docking linear actuator. Moreover, the secondary output channel is used to
power up the SYS front led. The selected device is Seneca ZC-3AO industrial
automation module. It supports voltage or current-mode generation on 3
isolated channels.

Figure 4-94: Picture of Seneca ZC-3AO

The device will be connected to the PROXBOX 28V power bus and to the onboard CANopen bus. The current-mode channel 1 will be connected to the
current input of the docking linear actuator.
The features of the analog CANopen converter are summarized in Table 4-45
Table 4-45: Analog converter specifications
Input voltage
10 – 40 Vdc
Power consumption

2.5 W max.

Channels

3

Output range

± 10 V, 0…20 mA

Resolution

14 bits

Precision

± 0.05%

Response time

< 20ms

Operating temperature

-10…+65°C

CAN implementation

CANopen CiA 401
v.2.01
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4.10.2.6 Digital CANopen I/O

The CANopen I/O is used to switch the power to various electrical and
electro-mechanical devices (transmitters, solenoids, brakes, heaters, etc.) and
to detect the status of digital sensors (switches, etc.). The selected device is
the Seneca ZC-16DI8DO industrial automation module. It provides 16
protected digital inputs with common ground, and 8 open-source PMOS
outputs with common ground, each capable of carrying 0.5A continuous
current.

Figure 4-95: Picture of Seneca ZC-16DI8DO

The device outputs are connected to the EM and LED transmitters and to the
docking solenoids, emergency brakes and heaters zones. The inputs are
connected to the docking system micro-switches and optical forks, allowing
the signalling of correct docking position. Finally, a digital input is used to
detect wind sensor pulses and PCMU battery fault signal.
The features of the digital CANopen I/O are summarized in Table 4-46.
Table 4-46: Seneca ZC-16DI8DO specifications
Input voltage
10 – 40 Vdc
Power consumption

2.5 W max.

Channels

16 Input common-ground
8 Outputs open-source PMOS

Input range

0…16 V

Output current

0.5 A max.

Response time

< 1ms

Operating temperature

-10…+65°C

CAN implementation

CANopen CiA 401 v.2.01
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4.10.2.7 Photodiode transmitter

The Photodiode transmitter is the part of the Navigation system on the
PROXBOX side. The overall structure is the one described in the Navigation
section.
The device will be implemented with the cascade of the following stages:


microcontroller-based 7.5kHz digital synthesis;



high order Bessel lowpass interpolator filter;



OP-AMP-based power output stage connected to the coil.

A Silicon Labs 80C51 microcontroller with 12bit DAC is used to synthesize the
carrier frequency, which is filtered by a 5th order Bessel filter implemented in
Sallen-Key topology. OPA548 by Burr-Brown power operational is used to
make the current-mode output stage. The stage is based on a current shunt
resistor used as feedback for the OP-AMP. The transmitter LEDs will be
located on the PROXBOX front plate. 100mW IR LEDs were used for first
tests. The emitted signal can be considered an AM modulated signal, as
angle displacement will determine change in received intensity.
The profile of the emission is the following:


carrier frequency: 7.5 kHz;



pass-band: 1kHz (estimated maximum band of mechanical angle
displacement);



emitted power: 200 mW max. (200mA on Vd~1V);



peak wavelength: 900nm near-IR;



modulation: AM modulation with modulation factor k ≈ 1.

The transmitter will be powered by the 28V PROXBOX power line and
switched on/off by the digital IO module.
The schematics and layout of the Photodiode transmitter are represented on
the following figures.
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Figure 4-96: Schematic of the Photodiode transmitter – digital stage
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Figure 4-97: Schematic of the Photodiode transmitter – analog output stage

BX16-17_ARCADE-R2_ v5-0_17Jan14.pdf

Page 162

Figure 4-98: PCB layout of the Photodiode transmitter.

The features of the Photodiode transmitter are summarized in Table 4-47.
Table 4-47: Photodiode transmitter specifications
Input voltage
18 – 36 Vdc
Power consumption

1.5 W

Carrier frequency

7.5 kHz

Power

200 mW max.

THD

< 1%, 35dBV 2nd
harmonic

Output

900nm IR LED emitter

Operating temperature

-40…+85°C

The emitted spectrum, measured on the current shunt, is reported on the
graph in Figure 4-99. A 35dB 2nd harmonic distortion can be noted.
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Figure 4-99: Current output measured spectrum.

4.10.2.8 IP camera

The IP camera is used to visually monitor the live experiment status and
record video. The system is totally independent from the rest of electronics,
allowing to monitor the status regardless of the failure of the other systems.
The selected model is the Vivotek MD7560 2Mpixel fixed dome IP camera.
It provides 2Mpixel video acquisition, with MJPEG/MPEG-4 digital video
recording. The video stream can be seen through IP connection, and be
automatically and continuously recorded into an SD flash memory installed on
the camera. The horizontal FOV angle of the camera is about 98°, sufficiently
high to allow the entire SMAV and STRUT to be seen from the PROXBOX
main plate, where the camera will be mounted. The camera includes an
internal heater to extend the operating temperature range.
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Figure 4-100: Picture of Vivotek MD7560

The device, originally designed for PoE operation, has been modified to
support 12V and is provided with its own battery pack (12V camera battery
pack). It is connected to the E-Link with its Ethernet interface, using a
separate connector than the one used for the SBC. The estimated battery run
time is over 10 hours.
The features of the IP camera are summarized in Table 4-48.
Table 4-48: Vivotek MD7560 specifications
Input voltage
12 – 36 Vdc
Power consumption

7.5 W max.

Resolution

10 fps @1600 x 1200
30 fps @ 800x 600

Lens

f = 2.8 mm F2.0

FOV

98° horizontal
73° vertical

Compression

MJPEG/MPEG-4

Recording

On-board SD/SDHC slot

Streaming

Over UDP, TCP, HTTP, HTTPS

Interface

10/100 – baseT Ethernet

Operating temperature

-25…+50°C

4.10.2.9 LED illuminators

The led illuminators are used when the external environment is too dark for
the IP camera to work correctly. This includes the case that the launch is done
in the evening or at night. The selected devices are the OSRAM DOT-IT
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CLASSIC BK BLI1. They consist of an aluminium round housing with three
ultrabright LEDs, delivering a total power of 0.23W.

Figure 4-101: Picture of OSRAM DOT-it illuminator

Two of these illuminators will be positioned on the PROXBOX main plate,
towards the SMAV. They will be connected in series (4.5V x 2 = 9V) and
powered by the 12V camera battery pack, through a limiting resistor (which
anyway will contribute to the battery heating). Because of their low
consumption, they will be always on.
The features of the LED illuminators are summarized in Table 4-49.
Table 4-49: LED illuminators specifications
Input voltage
4.5V
Input current

50 mA

Power consumption

0.3 W

4.10.2.10 Linear actuator controller

The FIRGELLI L12-P will be controlled by a FIRGELLI Linear Actuator Control
Board (LAC). This allows to control the motor position by giving a currentmode setpoint (4-20 mA). A position feedback signal can also be read from
the controller.
The controller will be located into the PCMU box, and will be connected to the
12V PROXBOX power line. The setpoint line will be connected to one of the
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CANopen DAC modules outputs, and the feedback line will be connected to
one of the Analog CANopen converter inputs.

Figure 4-102: Picture of the FIRGELLI controller

The features of the linear actuator controller are summarized in Table 4-50.
Table 4-50: FIRGELLI LAC specifications
Input voltage
5-24 Vdc
Input signal (setpoint)

USB, RC servo, 1kHz PWM, 420 mA current mode, 0-3.3V

Output current

4A peak 10%

Output signal
(feedback)

0…3.3V

Operating temperature

-10…+70°C

4.10.2.11 Pressure sensor board

The pressure sensor board is used to mount the pressure sensor and the
connectors for the cables that will go to the CANopen A/D converter. The
board will contain an absolute sensor, as described in the Environmental
Sensors section.
The selected sensor, manufactured by Honeywell is SSC DANN030PAAA5:
single axial port, 30 psi absolute, 10/90% Vdd output, 5V supply.
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Figure 4-103: Picture of the Honeywell SSC pressure sensor

The sensor has a 5V input voltage, and contains an integrated amplification
and conditioning circuitry, that provides a fully linearized 10%-to-90%Vdd
output signal. It is housed in large dual-in-line 8-pin plastic package. The
sensor board, described by the Figure 4-104, has a connector for the 5V
sensor power, a decoupling capacitor and signal connectors.

Figure 4-104: Schematic of pressure sensor board
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Figure 4-105: PCB layout of pressure sensor board

The board will be connected to the PROXBOX 5V power line and to the
Analog CANopen converter.
The features of the pressure sensor board are summarized in Table 4-51
Table 4-51: Pressure sensor board specifications
Input voltage
4.75 – 5.25 Vdc
Input current

12 mA max.

Input range

0 - 30 psi (absolute)

Overpressure

60 psi (absolute)

Burst pressure

120 psi (absolute)

Resolution

0.03 %FSS

Accuracy

± 2 %FSS worst conditions

Output

10…90% Vdd linearized

Response time

1 ms

Operating temperature

-40…+85°C

4.10.2.12 Analog CANopen converters

The analog converter is used to acquire operating voltages of the power
system and sample environmental sensors. The selected device is Seneca
ZC-8AI industrial automation module.
The device is connected to the 28V PROXBOX power line and on-board
CANopen bus.
The input channels connections are:
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CH1-2-3: battery voltage 28V – 12V – 5V;



CH4: battery current 28V;



CH5: Firgelli linear actuator analog feedback;



CH6: absolute pressure sensor board;



CH7-8: wind direction sensor, aux;
4.10.2.13 PT100 CANopen converter

The PT100 converter is used to acquire PT100 temperature signals and make
them available on the CANopen on-board bus. The selected device is Seneca
ZC-4RTD industrial automation module.
The module is connected to 28V PROXBOX power line and on-board
CANopen bus, and 4 PT100 sensors are connected to the input channels.
4.10.2.14 Brushless motor drivers

The two brushless motor drivers are used to control the STRUT linear motor
and the yaw backup motor. The device chosen are the Elmo SOLO
WHISTLE. They are connected to the PROXBOX 28V power line and to the
on-board CANopen bus. The two different configurations are:



driver 1: connected to the Tecnotion UC3 linear motor coil phases, to
MICROe MERCURY II linear encoder as main feedback and to
TECNOTION digital hall sensors into motor coil as auxiliary feedback;
driver 2: connected to the DPM rotary motor coil phases, to Avago
HEDS digital incremental encoder as main feedback and to DPM motor
internal digital hall sensors into motor coil as auxiliary feedback;
4.10.2.15 Single-ended to differential encoder adapter

An encoder adapter of the same type of the one used inside the SMAV, is
used to adapt signals of the encoder used for the RW backup motor to the
ELMO brushless motor drive feedback input.
4.10.2.16 Linear position encoder

The linear position encoder is used to provide position feedback to the linear
motor driver. The model selected is the MICROe MERCURY II 1600 optical
row encoder. It has differential digital quadrature outputs with INDEX signal.
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The encoder head is mounted facing a MICROE PUREPRECISION encoder
strip that contains the encoded trace. The device grants a resolution up to
5μm with speed up to 20 m/s.

Figure 4-106: Picture of MICROe MERCURY II 1600 linear encoder

The device is connected to the ELMO WHISTLE motor driver used for the
linear motor. It is interfaced to the driver as any digital incremental encoder,
with standard A, B, Idx digital signals. The device is powered by the 5V motor
driver output for encoders.
The features of the linear position encoder are summarized in Table 4-52
Table 4-52: MICROe MERCURY II 1600 linear encoder specifications
Input voltage
5 Vdc± 5%
Input current

48 mA max.

Resolution

5 μm

Speed

20 m/s

Output signals

A, A-, B, B-, IDX, IDXdifferential

Operating temperature

0…+70°C

4.10.2.17 Wiring board

A board with cable terminals was designed for all the wiring which will be
connected to the Seneca modules. The aim is to provide a fast identifications
of the cables, fast access to the I/O lines for debugging and verification and to
tidy up the massive quantity of wires. The board is realized with 44-line
mammut terminals mounted on a FR-4 vetronite board on both sides. A label
on both sides identifies both the origin and the destination of the wire line.
The wiring board label is reported on Table 4-53.
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Table 4-53: Wiring board label
DEV

CH

TERM

WIRE

VAR

ZC-3AO

1

5

SIG +

FIRGELLI SP

ZC-3AO

2

7

SIG +

S/W LED

ZC-3AO

3

11

SIG +

AUX

6-9-12

GND

GND

ZC-3AO
ZC-8AI

1A

2

SIG +

VOLTAGE 28

ZC-8AI

1B

3

SIG +

VOLTAGE 12

ZC-8AI

2A

6

SIG +

VOLTAGE 05

ZC-8AI

2B

7

SIG +

CURRENT 28

ZC-8AI

2A

10

SIG +

FIRGELLI FB

ZC-8AI

3B

11

SIG +

ABS. PRESSURE

ZC-8AI

4A

14

SIG +

WIND DIR

ZC-8AI

4B

15

SIG +

AUX

4-8-1216

GND

GND

ZC-8AI
ZC-4RTD

1

1

SIG +

RTD WEBCAM

ZC-4RTD

1

2

SIG +

RTD WEBCAM

ZC-4RTD

1

3

SIG -

RTD WEBCAM

ZC-4RTD

1

4

SIG -

RTD WEBCAM

ZC-4RTD

2

5

SIG +

RTD DRIVER

ZC-4RTD

2

6

SIG +

RTD DRIVER

ZC-4RTD

2

7

SIG -

RTD DRIVER

ZC-4RTD

2

8

SIG -

RTD DRIVER

ZC-4RTD

3

9

SIG +

RTD BATTERY

ZC-4RTD

3

10

SIG +

RTD BATTERY

ZC-4RTD

3

11

SIG -

RTD BATTERY
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DEV

CH

TERM

WIRE

VAR

ZC-4RTD

3

12

SIG -

RTD BATTERY

ZC-4RTD

4

13

SIG +

RTD PC104

ZC-4RTD

4

14

SIG +

RTD PC104

ZC-4RTD

4

15

SIG -

RTD PC104

ZC-4RTD

4

16

SIG -

RTD PC104

ZC-16DI-8DO

O1

5

SIG +

DOCK SOL. 1

ZC-16DI-8DO

O2

6

SIG +

DOCK SOL. 2

ZC-16DI-8DO

O3

13

SIG +

DOCK SOL. 3

ZC-16DI-8DO

O4

14

SIG +

BATT. HEATER

ZC-16DI-8DO

O5

21

SIG + DRIVER HEATER

ZC-16DI-8DO

O6

22

SIG +

ZC HEATER

ZC-16DI-8DO

O7

29

SIG +

DOCK MAGNET

ZC-16DI-8DO

O8

30

SIG +

BRAKES

7-15

GND

GND

ZC-16DI-8DO
ZC-16DI-8DO

I-1

1

SIG +

PCMU

ZC-16DI-8DO

I-2

2

SIG +

OPT SWITCH 1

ZC-16DI-8DO

I-3

3

SIG +

OPT SWITCH 2

ZC-16DI-8DO

I-4

4

SIG +

OPT SWITCH 3

ZC-16DI-8DO

I-5

9

SIG + DOCK SWITCH 1

ZC-16DI-8DO

I-6

10

SIG + DOCK SWITCH 2

ZC-16DI-8DO

I-7

11

SIG + DOCK SWITCH 3
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ZC-16DI-8DO

I-8

12

SIG + DOCK SWITCH 4

ZC-16DI-8DO

I-9

17

SIG +

WIND SPEED

23-31

GND

GND

ZC-16DI-8DO

4.10.3 CANopen bus system
The communication bus of ARCADE-R2 is a CANopen bus according to CAN
in Automation (CiA) draft standard 301/401/402. All CANopen devices
onboard of both SMAV and PROXBOX are connected to the bus. Considering
the smart dimensions of ARCADE-R2, no more than 2m total of bus wiring
are present, so that the maximum available speed is 1Mbps. However, the
bus will be used at 250kbps, with no more than 10% of bus load experienced
during tests. The bus is made of three terminals: GND, CAN-Hi and CAN-Lo.
The physical layer is a differential half-duplex signalling. All the nodes are
peers, and the collisions are solved by a dominant/recessive bits mechanism.
The two endpoints of the network are the Seneca modules on the PROXBOX
and the ones on the SMAV. A 120Ω termination resistor is present on both
DIN rails, so that the total line impedance is 60Ω. The connection diagram of
the CANopen network is represented in the following figure.

Figure 4-107: Schematic of the CANopen bus implementation

4.11

Power System

Because of the mechanical structure of the experiment the power systems of
PROXBOX and SMAV are isolated and totally independent.
This is due to the high power requirements and the fact that the PROXBOX
and the SMAV have to simulate separated vehicles. Lastly, this helps to avoid
the presence of thick power cables through the rotary joint of the carriage.
The power supply consists of EVT ER34615M Lithium Thionyl-Chloride
battery packs.
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Both the SMAV and the PROXBOX power systems are equipped with current
and voltage diagnostics in order to monitor the voltages of the battery packs
and the intensity of drained current. This is done with the purpose of
controlling the charge state, avoiding any dangerous situation and taking the
best performance from the batteries.
The PROXBOX has a power supply commutation system that excludes the
battery pack in case of low battery voltage and connects the experiment to the
GONDOLA power line. With this backup system, in case of serious damage to
the battery packs, power is guaranteed to accomplish emergency operations.
4.11.1 PROXBOX + STRUT power system
The PROXBOX power system is made of two battery packs with a total of 16
EVT ER34615M Lithium Thionyl-Chloride batteries. They provide a nominal
voltage of 28.8V with a maximum continuous current of 4000mA and a total
charge of about 812Wh.
A 50mΩ shunt resistor is connected in series with the batteries, and is used to
measure the drained current.
A power commutator is cascaded to the battery packs; in case of low charge,
it automatically changes the power supply of the PROXBOX connecting it with
the batteries of the GONDOLA. In any case this occurrence is considered
extremely improbable and consequent to a serious damage of the batteries.
Most of the electronic devices are connected directly after the power
commutator because they can work with a wide range of voltages (20 – 30V).
However part of the devices need regulated voltages of 12V and 5V; for this
reason a DC/DC buck converter is used. The converter is connected to the
28V power line after the commutator.
In addition there is an independent battery pack for the power supply of the
IP-camera. The separation of the supply of the camera is due to the high
power request and to the fact that this system has to be independent from the
rest in order to provide, in any case, a documentation of the experiment.
The power consumption of all electronic devices, during different experiment
phases, is summarized in the following table:
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Electronic
Motion
Electronic
Navigation
Electronic
Motion
Electronic
Electronic
Navigation
Electronic
Power
Power
Power
Motion
Motion

Emergency

Electronic

Back up
approach

Electronic

Docking

Electronic

Approach

PC104 SBC
CANopen interface
Heaters
MEMS inclinometer
Docking coupling
sensors
Analog transmitter
ZC8AI
PTC transmitter
ZC4RTD
Analog transmitter ZC
3AO
Brushed motor Firgelli
Motor driver Elmo
whistle for CM 2600
Brushless motor DPM
(BACKUP)
Motor driver Elmo
whistle for Tecnotion
UC6
Linear ironless motor
Tecnotion UC6
Digital IO ZC16D1800
Anemometer
LED transmitter
Linear encoder MercuryII
DC/DC converter
Power commutator
Shunt
Emergency brake
solenoids
Docking solenoids
TOTAL
Phase duty

Stand by

Component

Electronic
Electronic
Thermal
Navigation

Power

Subsystem

Table 4-54: PROXBOX + STRUT power budget expressed in W

3
1
18
1.5

3
1
18
1.5

3
1
0
1.5

3
1
0
1.5

3
1
0
1.5

3
1
0
1.5

0.1

0

0

0.1

0

0

5

5

5

5

5

5

0.7

0.7

0.7

0.7

0.7

0

2.5

2.5

2.5

2.5

2.5

0.1

3

0

0

3

0

0

0.2

0

0

0

0.2

0.1

27

0

0

0

27

0

0.3

0

0.3

0

0.3

0

26

0

26

0

26

0

2.5
3
1.5
1
1
0.6

2.5
3
1.5
1
1.5
1
0.6

2.5
3
1.5
1
1.5
1
0.6

2.5
3
1.5
1
1.5
1
0.6

2.5
3
1.5
1
1.5
1
0.6

2.5
3
1.5
1
1.5
1
0.6

9.2

0

0

0

0

9.2

13.8

0
42.8
0.6

0
51.1
0.3

13.8
41.7
0.05

0
78.3
0.05

0
31
0

The average weighted power consumption is about 46W, corresponding to a
current of 1.65A. The estimated battery life is 7.5 hours.
In case of power emergency (experiment powered by the gondola), the
average power consumption can be considered to be the same, whereas the
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maximum peak power allowable is 56W (28V/2A) by design. This means that
“backup approach state” cannot be reached, but “Approach” state operations
can still be performed. By these considerations, the emergency peak power
consumption is 51W.
The IPcam with spotlight is not included in the preceding budget because it
has an independent battery pack. Considering that it needs 10.5W its battery
time is about 10h.
Normally the PROXBOX power consumption is about 43W when the
experiment is in a stand by state.
4.11.1.1 Batteries

In the PROXBOX there are three battery packs.
The first pack is made of four batteries series connected. This pack gives a
voltage of 14.4 V and a maximum current of 2000mA and is used to power the
IP camera and the LED illuminators.
The second and the third packs are made each by 8 batteries series
connected. Every pack has a voltage of 28.8 V and a maximum current of
2000 mA. This two battery packs are parallel connected and used to power all
the rest of the electronic devices in the PROXBOX. The parallel connection of
the two packs allows to double the maximum current up to 4000mA; moreover
in case of damage of a pack the power supply is guaranteed even if with a
leak of power.
Every battery in the pack is an EVT ER34615M Lithium Thionyl-Chloride that
has a nominal voltage of 3.6 V and a maximum continuous current of
2000 mA. This type of battery is designed for critical environment and work in
a wide range of temperature (-65 / 80 C). It is provided with an internal PTC
current limiter to avoid over temperature or fire.
It is important also to consider the normal continuous current absorbed from
every battery pack in order to estimate the duration time of the battery packs.
To obtain the best performances from the batteries the temperature should be
above 25°C, however for draining the maximum current it is sufficient to keep
it above 0°C; in order to satisfy this requirement a heater will be placed on the
battery packs. Extensive battery tests will be performed to establish the real
battery life in operating conditions.
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Figure 4-108: Picture of the discharge profile of the battery

The PROXBOX battery and power connector layout (see following chapters)
is depicted in the following scheme.

Figure 4-109: PROXBOX battery and connector wiring schematic
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4.11.1.2 Power Commutation & Power Management unit

The Power Commutation & Power Management unit (PCMU) is used to select
the proper power source for the supply, and generate the needed voltage
lines. The power sources available on the PROXBOX are:


GONDOLA power line (28 V)



BATTERY power line (28 V)



BYPASS power line (< 30 V)

The power commutator selects the appropriate power line automatically
according to the table below:
Table 4-55: POWER commutator statuses
GONDOLA
power only

GONDOLA +
BYPASS
power

BATTERY
good (>Vth)

BATTERY

BYPASS

BATTERY
bad (<Vth)

GONDOLA

BYPASS

The commutator is designed to minimize voltage drops, using oversized
schottky power diodes. The output of the power commuter is either directly
distributed, or converted to the needed voltages:


28V PROXBOX power line (4A rated);



12V PROXBOX power line (2.5A rated);



5V PROXBOX power line (0.6A rated);

The PCMU schematic is represented in Figure 4-110. A push-pull voltage
comparator (U2) with external hysteresis circuit is used to compare the battery
voltage (Vbat) with the voltage reference. The hysteresis is about ±1 V and
the trip voltage can be set with a multiturn precision trimmer. A reasonable
value could be 22-24V.
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Figure 4-110: PCMU circuit schematic
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The comparator output is then inverted with a common-source MOS (Q2) and
then used to drive a pMOS pass-transistor (Q1) that enables the GONDOLA
power input (Vaux). In normal condition, a pull-up resistor nulls the gate-tosource voltage of the pMOS, keeping it in the interdiction zone. When the
voltage comparator trips, the gate voltage is brought down by the commonsource MOS and the pMOS goes in triode region when loaded.
Three common-cathode diodes select the node that is at higher voltage
among Vbat (battery), Vaux (when enable), and Vbp (bypass) as power
source. In that way, Vaux is enabled only when the batteries are low, and
when Vbp> 30V is applied it bypasses the circuit and power is drained from
the Vbp port. The system is resilient to power drops at Vaux, in fact in case
both batteries are low and Vaux is not present, the diodes will select Vbat.
The selected schottky diodes are ST Microelectronics STPS1545. They allow
a 15A maximum continuous current (more than 3 times the max. current of
the battery pack) and a 220A surge current, with 45V reverse voltage blocking
capability. The estimated voltage drop at 5A is about 0.6V.

Figure 4-111: STPS1545 diode forward current/voltage characteristic

The selected power pMOS is an International Rectifier IRLIB9343, capable of
14A continuous drain current, 60A pulsed drain current and 55V reverse
blocking. The estimated voltage drop at 5A is about 0.25A.
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Figure 4-112: IRLIB9343 forward current/voltage characteristic (consider Vgs = 12V)

The voltage comparator integrated circuit (U2) is powered by a 5V linear
voltage regulator (U1) that drains current from 3 common-cathode diodes,
selecting any available power source. An optoinsulated digital output is used
to signal the battery state, and will be connected to the digital I/O CANopen
module.
The output of the commutator (Vout) is connected to the Power Management
Unit. That is made of two DC/DC converters:


TRACO TEN 25-2412, 12Vdc 2.5A output



TRACO TSRN 1-2450, 5Vdc 1A output

Figure 4-113: Picture of TRACO POWER DC/DC converters
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A 28V power line is taken directly after power commutator. Maximum
continuous current is 4A (battery packs). Power dissipative elements will be
connected to the box wall that will act as a heatsink.
The PCB layout of the PCMU is represented in Figure 4-114.

Figure 4-114: PCMU circuit PCB layout

The features of the PCMU are summarized in Table 4-56.
Table 4-56: PCMU specifications
Input voltage
20 – 36 Vdc
Input current

10A max.

Output voltages

28V – 4A unregulated
12V – 2.5A regulated
5V – 1A regulated

Output signals

Battery trip status – digital
optoinsulated, current shunt
monitor

Efficiency

> 80%

Operating temperature

-25…+60°C
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4.11.1.3 Shunt resistor

The resistive shunt is a 50mΩ resistor and is used to control the current
drained from the batteries. The shunt is on board of the PCMU and is
connected in series to the main power line between the battery packs and the
electronic devices.
The system is based on the measurement of the voltage drop across the pins
of the resistor and in the application of the Ohm law. The drop voltage of the
resistor is amplified by a Texas Instruments INA193 shunt monitor and then
acquired by the Analog CANopen transmitter ZC-8AI.
4.11.1.4 Power connectors

To activate the power system of the PROXBOX a four pole “dummy” MIL
connector is used. In that way, it is possible to connect or interrupt two cables
with a single insertion or removal, respectively, and emulate the function of
two switches.
The socket of the connector is fixed in the PROXBOX front plate. The wire
that has to be interrupted is cut and each terminal is soldered to a different pin
of the socket, for example pin A and pin B. Then a short circuit is made
between pin A and B of the plug of the connector. In this way the circuit is
closed when the plug is inserted into the socket.
Using this system four lines are interrupted using two connectors.
The first connector (labelled ‘MAIN’) is used to interrupt the positive power
supply line between the battery packs and the PCMU, and to interrupt the
positive power line between the gondola and the PCMU. With this solution
when the connector is unplugged the PCMU is switched off.
The scheme of this ‘switch’ connector is represented in the figure below.
Detailed information on wiring can be seen on PROXBOX battery layout
schematics on chapter 4.11.1.1.

Figure 4-115: PROXBOX ‘switch’ connector scheme.
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The second connector (labelled ‘CAM’) is used to interrupt the positive and
the negative power lines of the IP camera and spotlight.
A third and fourth MIL connectors are located in the rear of the PROXBOX to
connect to the GONDOLA power system. The two connectors are parallelized
by the power system in order to provide up to 2A continuous current from the
gondola in case of emergency.
4.11.1.5 External pre-flight power supply

For the PROXBOX and the SMAV there is a custom external power supply
that feeds the experiment during the pre-flight operations.
The scheme of the power supply is shown in the figure below.
As the negative power lines of the PCMU and the WEBCAM are shared, it is
possible to use the ‘switch’ connectors described in the preceding chapter to
bypass power to the PROXBOX. Once the webcam is powered through the
‘CAM’ connector, +28V is delivered to the ‘MAIN’ connector to power the
PCMU as if it was powered by batteries. The ‘switch’ connector is bypassed in
this configuration.

Figure 4-116: Pre-flight power supply.

Power supply is contained in a 32x22x13 PVC box. The cable between the
230V plug and the power supply box is 12m long, whereas the cable from the
box to the experiment is 4m long. The umbilical power supply is shown in the
photo below.
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Figure 4-117: Pre-flight power supply.

4.11.1.6 LED indicators

Above the power connectors there are three LEDs that detail the state of the
PROXBOX power system:
1) Proxbox power bus on/off;
2) Control System on/off;
3) IP camera on/off:
4) Auxiliary heaters on/off.
Each LED is connected to the relative power source with a current limiting
resistor (Appendix C).
4.11.1.7 Braking chopper

This circuit is placed between the positive and the negative power lines of the
backup motor. It is used to avoid an excessive voltage level on the power bus
due to the motor deceleration. In fact the H-bridge inside the ELMO motor
drive is made in such a way that the braking current of the motor is directly
injected into the power bus. This causes a bus overvoltage in case the other
devices of the bus are not able to sink the aforementioned current.
The circuit is made by five Zener diodes series connected between the
collector and the base of an NPN power Darlington transistor as depicted in
the scheme below.
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Figure 4-118: Braking chopper circuit schematic.

When the power bus voltage exceeds the sum of the Zener voltages plus
Vbe, the transistor begins to conduct. In this way the overall
transcharacteristic of the circuit (for forward polarization) is similar to a
forward diode with a threshold voltage of 33 V. The transistor used is a
STmicroelectronics TIP137 Darlington BJT. It can sustain a collector
continuous current of 8A and has a Vbe of 2.5V at 4A, which can be
considered much higher than the current generated during the braking phase,
assuming a brake torque and current similar to the acceleration phase (1.5A
allocated in worst case for the RW).
The braking chopper is connected directly to the 28V PROXBOX power line.
The transistor body is thermally connected to the PROXBOX chassis.
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Figure 4-119: TIP137 transistor Safe Operating Area

The features of the braking chopper are summarized in Table 4-57.
Table 4-57: Braking chopper specifications
Operating voltage
0 – 36 Vdc
Sink current

8A cont., 12A pulse.

Clamp voltage

about 33 V

Power dissipation

40W during worst-case motor
braking

Operating temperature

-40…+85°C

4.11.1.8 Heaters

Heaters used are Conflux ZPZ Foil 30-1009 and 30-1010 models. These
devices are self-regulating because their surface automatically controls its
heating power depending on the surface temperature increase. In fact as the
temperature grows up, the resistance of the material increases, with a
consequent reduction of the heating current. This excludes the risk of
overheating and so no thermostats are needed. The estimated power
consumption, depending on the surface temperature is shown in the table
below:
Table 4-58: Heater power
Model/Temperature

-20°C

20°C

ZPZ-30-1009

2.7 W

1.36 W
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ZPZ-30-1010

4W

2W

ZPZ-30-1003

0.6 W

0.3 W

The heaters have been series connected (2 or 3) to avoid current peak and to
respect the power consumption reported into the power budget.
The heaters are connected to the ZC-16DI-8DO digital input output module
(which is capable to handle the whole heater current, so they can be switched
on/off by the telecommand.
4.11.1.9 Grounding

All the negative terminals of the devices are connected together. A specific
grounding layout is not implemented, good grounding is demanded to the fact
that all devices share the same negative power line. 10 kΩ shunt resistors in
parallel with 100pF capacitors are connected between ground and chassis
earth.
4.11.2

SMAV power system

The SMAV power system is made of two battery packs. These provide a
nominal voltage of 28.8 V with continuous current of 2000mA and a total
charge of about 415Wh. In order to measure the drained current there is a
shunt made with a resistor like in the PROXBOX. Also in this case this device
will be used to monitor the battery state and to prevent dangerous situations.
In the SMAV all the electronic devices can accept a wide range of voltages
(20 – 30 V). For this reason no power management unit is needed. All the
devices are directly connected to the battery line.
The detailed power consumption of all electronic devices is shown in the table
below:
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Docking

Backup
approach

Emergency

2.5

2.5

2.5

2.5

2.5

2.5

0.2

0

0.2

0

0

0

Approach

Standby

Motion

Analog transmitter
ZC 8AI
Motor driver ELMO
for DPM

Power

Electronic

Component

Subsystem

Table 4-59: SMAV power budget expressed in W
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Navigation
Electronic
Thermal
Navigation
Navigation
Electronic
Power
Power

Brushless motor
DPM
Incremental
Encoder AVAGO
Heater
OPTO receiver
Gyro sensor
PTC transmitter
ZC-4RTD
Power commutator
Shunt
TOTAL
Duty

37

0

37

0

0

0

0.1

0.1

0.1

0.1

0.1

0.1

15
1
0.5

15
1
0.5

0
1
0.5

0
1
0.5

0
1
0.5

15
1
0.5

0.7

0.7

0.7

0.7

0.7

0.7

0.5
0.1

0.5
0.1
20.4
0.6

0.5
0.1
42.6
0.3

0.5
0.1
5.4
0.05

0.5
0.1
5.4
0.05

0.5
0.1
25.4
0

The average weighted power consumption is about 25.5W, corresponding to
a current of 0.9A. The estimated battery life is 7.5 hours.
The peak current is 950 mA.
It is very important to keep the batteries to a temperature of 25°C. For this
reason a heater will be located around the pack in the SMAV.
4.11.2.1 Power Management Unit

The Power Management Unit in the SMAV is composed by a shunt resistor
and a Traco DC/DC converter. The shunt resistor is used to monitor the
current consumption as like in the PROXBOX.

Figure 4-120: PMU circuit schematic.

The DC/DC converter is used to generate the required voltages (+12 and 12 V) to feed the navigation receiver.
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Figure 4-121: PMU PCB layout schematic.

The features of the PCMU are summarized in Table 4-60.
Table 4-60: PCMU specifications
Input voltage
20 – 36 Vdc
Input current

10A max.

Output voltages

12V – 0.333A regulated
-12V – 0.333A regulated
28V – 4A unregulated

Output signals

Current shunt monitor

Efficiency

> 90%

Operating temperature

-25…+60°C

4.11.2.2 Battery pack

In the SMAV there are two packs connected in series used to power all the
devices.
Each pack is made by four EWT ER34615M batteries connected in series.
This gives a total nominal voltage of 28.8 V and a maximum current of
2000mA.
As for the PROXBOX, a ‘switch’ connector is used to power on/off the battery
power and connect it to the umbilical power supply.
The SMAV battery and power connector layout (see following chapters) is
depicted in the following scheme.
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Figure 4-122: SMAV battery and connector wiring schematic

4.11.2.3 Power connectors

To control the SMAV power system a four pole dummy connector with the
same configuration described for the PROXBOX is used.
The connector is used to interrupt the positive and the negative power lines
between the batteries and the SMAV electronics.
With this configuration it is also possible to power the SMAV with an external
source connected between the appropriate pins of the power connector.
The scheme of this ‘switch’ connector is represented in the figure below.
Detailed information on wiring can be seen in the SMAV battery layout
schematics on section 4.11.2.2.
4.11.2.4 Braking chopper

The SMAV has a braking chopper for the reaction wheel motor. The circuit
description is the same as for the PROXBOX.
4.11.2.5 Heaters

The heaters used are Conflux ZPZ Foil 30-1009 and 30-1010 models, as in
the PROXBOX.
The heaters have been series connected (2 or 3) to avoid current peak and to
respect the power consumption reported in the power budget.
It's exactly the same heaters and connectors and link to 4.11.1.8
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4.11.2.6 Grounding

All the negative terminals of devices inside are connected together. A specific
grounding layout is not implemented, good grounding is demanded to the fact
that all devices share the same negative power line. 10 kΩ shunt resistors in
parallel with 100pF capacitors are connected between ground and chassis
earth. Continuity between SMAV and PROXBOX grounds is assured by the
CANopen three-pole connector between the two bus sides. Chassis earth
continuity is demanded to mechanical contact and safety steel wires.
4.11.3 Connectors
A brief list of the connectors used for power system and electronic system is
provided in Table 4-61: Connector list.
There are three type connectors on the PROXBOX.
The first is the Amphenol MS3112E8-4P used to implement the “dummy
socket power connectors” to replace switches and to connect the SMAV to the
gondola auxiliary power supply.
The second is the Amphenol MS3116F8-4S used to implement the “dummy
plug power connectors”.
The third and the fourth are Amphenol PCB RJF21B used to connect the
PC104 main board and the IPcam to the network.
On the SMAV there are only an Amphenol MS3112E8-4P and an Amphenol
MS3116F8-4S to implement the “dummy power connector”.
Battery packs are restrained into plastic cases of various dimensions
depending of the type of the pack. Each battery pack is connected to the
experiment with the connectors of Tyco Electronics shown in the table below.
In detail in each battery box there is a panel mount plug connected to the
internal power lines. A wire socket is connected to each battery pack. So, in
order to remove each battery from the box it is sufficient to disconnect the
plug. With this solution the battery change is simple and quick.
Table 4-61: Connector list
Model

Producer

PHOENIX contact
1757019 (various
pin count)

Phoenix
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PHOENIX contact
1755736 (various
pin count)

Phoenix

Max. Current: 12A
Nom. Voltage: 250V

HARTING

5 pin cable
connecting plug
adapted for extreme
condition

HARTING

5 pin cable
connecting plug
adapted for extreme
condition

Amphenol

4 pin cable
connecting socket
adapted for extreme
condition

Amphenol
MS3116F8-4S

Amphenol

4 pin cable
connecting plug
adapted for extreme
condition

Tyco Electronics

Tyco Electronics

Battery pack socket
connector

Tyco Electronics

Battery pack plug
connector

Amphenol PCB

Ethernet Connector

HARTING Circular
connector M12-L

HARTING PCB
adapter M12

Amphenol
MS3112E8-4P

794953-2

Tyco Electronics
794954-2

Amphenol PCB
RJF21B
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4.11.4 Cables
The cables used in the PROXBOX and the SMAV are summarized in the
table below.
Table 4-62: Cable list
Model
Alpha Wire
5857-2 BK005
Alpha Wire
5857-3 RD005
Alpha Wire
5857-5 YL005
Alpha Wire
5857-10 VI005
Alpha Wire
5857-8 OR005
Alpha Wire
5853-2 BK005
Alpha Wire
5853-6 BL005
Lapp Cable
34302
(multicore)

Producer

Nominal Current

External diameter

Colour

Alpha Wire

24A

1.75mm

black

Alpha Wire

24A

1.75mm

red

Alpha Wire

24A

1.75mm

yellow

Alpha Wire

24A

1.75mm

Violet

Alpha Wire

24A

1.75mm

orange

Alpha Wire

7A

0.99mm

black

Alpha Wire

7A

0.99mm

blue

Lapp Cable

2A

3.99mm

grey

The wires with a nominal current of 24A are used for the power whereas the
cables with a nominal current of 7 A are used for signal.
The multicore cable of Lapp Cable is used for the CANopen connection in
PROXBOX and SMAV but not in the rotary joint. In this section will be used
the blue Alpha Wire5853-6 BL005.
Many counter measures have been taken to avoid electrostatic charge of
electronic devices during flight. In particular:




many 10 kΩ shunt resistors will be connected between the negative
power line and the chassis;
a 100Ω shunt resistor will be connected between the can ground and
the chassis;
the negative power lines of the SMAV and the PROXBOX will be
connected together with a 7A rated wire through the rotary joint.
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4.12

Software Design

The current software design involves two segments: the flight segment,
operating on the PC104, and the ground segment, connected to the previous
one through the E-Link.
The flight segment software autonomously manages the SMAV motion
control, the data storage on a solid state memory and the connection with the
ground segment through the E-Link system.
The ground segment allows an additional manual control on the experiment
operations and to retrieve information from the on-board sensors.
In the following paragraphs, the high-level architecture for the ARCADE
software package is presented. QNX has been chosen as the real time onboard operative system since it is 100% compatible with the available PC104.
The chosen programming language for control flight software is ANSI C and
Python and the software will be written and compiled in Momentics IDE and
Emacs. The ground station applications and graphical front-ends, however,
will be written in JAVA.
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Figure 4-123: high-level software architecture
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4.12.1 PC/104
The PC104 computer, equipped with a 4Gb CompactFlash memory card, is
housed inside the PROXBOX. We chose this hardware for these principal
reasons:


possibility of mounting additional modules.



High power efficiency and small form factor.

The main features are these:


800Mhz Vortex86DX CPU.



256MB on board SDRAM memory.



5V supply input.



-40°C to +85°C operation temperature range.



3W maximum power consumption.
4.12.2 Operating system

QNX Neutrino is a real time operating system developed by QNX. This
software is Unix-based and is distributed with commercial and academic
license. Moreover it is fully compatible with PC104 computer.
Neutrino comes up with full POSIX support, and it provides functions for multithreading programming, inter-process communication and synchronization,
timing and protected access to system resources.
Real-time applications frequently need execution of periodic tasks or
execution of tasks at precise instants previously defined. QNX provides the
POSIX timer, a software device which signals a user-defined event in the
following situations:
- Reaching of a particular instant defined on absolute time.
- Reaching of a particular instant defined on relative time.
- End of a period (cyclic mode).
4.12.3 CANopen Controller
The following can-open controller is installed on the main board to allow the
communication between the can-open network and the pc104:
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Figure 4-124: CAN-OPEN controller

The ESD PC104/200 board is fully compatible with PC104 and QNX.
4.12.4 Flight segment
The flight software is based on a multiprocess design. Nearly every task is
managed by a single program (process) which communicates to other
processes through a socket. This approach is safer than a single-process
multi-threaded implementation because of the following:
1. Each process is independent. A failure on a process does not affect
others.
2. It is easier to debug a single program with a low thread number than a
multi-threaded one.
3. Only a little amount of synchronization
semaphores, locks or monitors is necessary.

mechanisms,

such

as

4. A fail in a process can be detected because it will not reply to I/O
requests. An unresponsive process can be easily identified, then killed
and restarted.
Processes are depicted in the chart on Figure 4-123. The first process to be
launched is Arcade WATCHDOG, which will take care to start the other
processes.
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ARCADE CORE: CORE process thread 1
Written in: Python
Arcade CORE manages communications among other processes. It stores
“official” hardware state and drives data requests from and to hardware for
non-critical processes. Arcade CORE is a Finite State Machine: each state is
associated to a mechanical/physical state of the experiment. State transitions
are performed executing high-level procedures. Those high-level procedures
are sequences of Arcade HAL primitives to be sent to the Arcade HAL
process.
Arcade CORE works on a while loop. At every iteration, it:
1. looks for incoming messages
2. passes requests to ArcadeFSM
1. ArcadeFSM checks if new request is a simple command or a higt-level
state transition
1. If it is a simple command, it is send directly to HAL
1. If request is a state transition
1. Checks if it is a valid transition (allowed from current state to destination
state)
1. Parse command and translate it to simpler Arcade HAL commands
1. Sends these simpler commands to HAL
ArcadeFSM requires an external function to communicate with HAL. This
function is provided by ArcadeCORE. This solution was chosen to keep Logic
separated from Communication, granting a granular debug and a simpler
design.
In case of emergency, e.g. a loose of connection to GSE for a long time,
Arcade CORE will automatically execute standard test or safety procedures.
Arcade WATCHDOG : WATCHDOG process thread 1
Written in: ANSI C
Arcade Watchdog is the first program launched for Arcade-R2. It must
manage four tasks:
•

Launch other Arcade-R2 processes in right order

•

Check Arcade-R2 processes state

•

Kill unresponsive processes and re-launch them

•

Verify ground link

Arcade Watchdog operates in this way:
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1. Start all required processes calling ArcadeProcessinit; this call will execute
two tasks:
i. Create a new process
ii. Create a new ArcadeProcess
iii. Link a process with structure
2. Check each process with ArcadeProcessIsRunning() function, this is done
by checking for response to a ‘PING’ query to the target process
3. If process does not reply, kill it and restart it calling ArcadeProcessReboot()
4. Wait for reset by ground segment by listening to standard input (if process
is started with “-g” option). In case of no reset within 5 minutes, reboot the
PC104 board.
5. Reset hardware watchdog
6. Go to point 2
Note: ARCADE WATCHDOG is asked to verify ground segment link only
when started with “-g” option. This happens when ARCADE software is
started by ground segment. In case of system reboot, WATCHDOG is not
required to check for ground segment, in this way ARCADE-R2 can perform
demo sequences.
Arcade HAL : HAL process thread 1
Written in: ANSI C
HAL stands for “Hardware Abstraction Layer”. This process is written in ANSI
C, and manages multiple incoming connections with a “select()” call. Its
function is to show a virtual machine able to execute abstract operations to
other processes, such as:


Move SMAV 0.1 meters forward



Rotate SMAV for 4/3π radians



Activate reaction wheel



Poll bus data

In pseudo-code, Arcade HAL works this way:
1. Wait for a connection
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2. Receive message from incoming transmission
3. Parse message: separate command name from parameters
4. Choose required hardware control function
5. Call function with passed parameters
6. Wait for function execution/timeout
7. Return to 1
Hal is directly interfaced to the hardware bus through a CanOPEN library
designed for the ESD PC104/200 board, and this allows Arcade HAL to
control all ARCADE-R2 hardware devices.
Moreover, HAL manages the telemetry data coming from the bus. The bus
pushes data through scheduled/on change CanOPEN PDOs. Telemetry data
from the bus is then packed and sent to the GSE with an UDP multicast
streaming connection. Finally, all data from the bus is logged on the local
filesystem with timestamped files, one for every minute of data in order to
minimize data loss risk.
Finally, HAL includes the navigation sensors reconstruction algorithm. This
algorithm, whose principle and implementation are described in separate
chapters, gets photodiode voltage values from PDO messages and recovers
Distance and Yaw data. Such data is available on request through the
command socket (typically requested by CORE process) and forwarded
though telemetry connection too.
Arcade CONTROL : HAL process thread 2
Written in: ANSI C
Arcade CONTROL will generate feedback values to perform closed-loop
control of the reaction wheel/backup motor. It works by getting velocity and
position data directly from HAL, applying matrix algorithms according to
control models, and finally pushing reaction commands to HAL. The hardware
real-time features of QNX will be used to grant the precise sampling rate to
the algorithms.
Control gets bus variables thanks to access methods to HAL and writes
feedback control in the same way.
4.12.5 Logging
Every process has a custom file to log its data. Log files will be located on the
directory arcade/log/processname.log
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Log rows are of two types: message logs and operation logs.
A Message Log is written every time a message is sent. It is a record with
these fields:
1.
2.
3.
4.
5.

datetime: when this row has been written
id: process id. It is usefull to detect when a process has been rebooted
message received: text of last message received
message sent: text of last message sent
reciver: id of process whom recive reply

Operation Log are written to record internal operation results, such as
“calculated angle 0.3343 rads”. Operation Log fields will be
•
•
•
•

datetime: when this row has been written
process id: process id
operation name: operation performed
operation result: result of this operation, with error messages or other
informations (such as, “parse error: expected double, recived ”)

LOGS EXAMPLE INSTANCES
Watchdog
2012-05-10
2012-05-10
2012-05-10
2012-05-10
2012-05-10

15:00:00;
15:00:00;
15:00:00;
15:00:00;
15:00:00;

Core
2012-05-10 15:00:00;
HOMING procedure; 22
2012-05-10 15:00:00;
procedure;
2012-05-10 15:00:00;
2012-05-10 15:00:00;
2012-05-10 15:00:00;
Control
2012-05-10
2012-05-10
2012-05-10
2012-05-10
Accepted;
2012-05-10
2012-05-10
ERROR;

15:00:00;
15:00:00;
15:00:00;
15:00:00;

11;
11;
11;
11;
11;

ping
ping
ping
ping
ping

to
to
to
to
to

PID
PID
PID
PID
PID

65
65
62
65
63

(CORE); pong;
(CORE); pong;
(CONTROL); pong;
(CORE); pong;
(DATA); pong;

65; Received HOMING command; Started
65; None; Completed HOMING
65; None; Motor driver 2 ERROR;
65; Received PING request; Pong;
65; None; Motor driver 2 RESTART;
62;
62;
62;
62;

Received state vector; None;
Computed control vector; None;
Received PING request; Pong;
Sending control vector;

15:00:00; 62; Received PING request; Pong;
15:00:00; 62; Sending control vector; Comm.
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4.12.6 Software profiles
Arcade CORE is normally controlled by the ground segment through
interactive socket connection. In case of network failure, it is necessary for
ARCADE-R2 to operate independently, performing docking operations and
navigation tests in order to collect the data to be analysed. For this reason,
predetermined actions and actuation sequences, called ‘software profiles’ are
defined inside Arcade CORE process, and will be operated in case of
prolonged absence of the ground segment connection or ground segment
interaction.
4.12.7 Ground segment
The ground segment is made of the ground support equipment hardware
described in chapter 4.13 and of the software described in the following.
4.12.8 Ground segment GUI
In the next images the GUI of the ground segment that we will use during the
launch is described. The GUI is a java application which listens to the UDP
port 2021, captures telemetry packets, unpacks, logs and displays them on
nice indicators. Briefly, this is the data displayed on each panel:







Navigation panel: inclinometers and gyroscopes data;
Wind panel: barometric pressure and calculated altitude, wind direction
and speed;
Motion panel: linear and rotational motors position;
Power panel: power system voltages and currents, battery charge;
Chart panel: real time chart of relevant variables;
Main panel: solenoids and switches status, socket connection
configuration.
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Figure 4-125 Navigation panel

Figure 4-126: Temperature panel
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Figure 4-127: Wind panel

Figure 4-128: Motion panel
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Figure 4-129: Power panel

Figure 4-130: Main panel
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Figure 4-131: Main panel

4.12.9 Data handling
The samples acquired from the bus are directly pushed to the ground
segment thanks to an UDP socket connection.
As can be seen from the link budget, the estimated necessary bit rate for
telemetry data is less than 20 kbit/s. However, the overhead of UDP
encapsulation causes a measured bitrate of 120 kbit/s.
4.12.10 Data storage
Assuming a bit rate for telemetry of 120 kbit/s, and a mission duration of 6
hours the total required storage is less than 1GB. The Log file will be split into
small size chunks in order to avoid file corruption in case of power outage.
4.12.11 Software Implementation
Process of ARCADE-R2 flight software offers its services acting as a TCP/IP
Server or a client asking for a specific function. To be able to serve multiple
connections without having to rely on threads, we chose to use select()
function offered by UNIX-based systems. This allows us to serve, among a
set of file descriptors (so sockets too), the first who sends a request and
managing automatically the right sequence. This approach is not truly multiconnection, because a connection isn't served until all previous sections aren't
terminated. Fortunately, our project is not susceptible to this limit because of
the following:
1. all ARCADE-R2 socket messages are very small (less than 64 bytes);
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2. it takes less time to change a file descriptor with a select than a “context
switch” for threads.
Finally, for small messages, select() results very efficient. Both for TM/TC and
local sockets, no packet checksum has been implemented, because
TCP/UDP protocols are already CRC checked. Packets with invalid CRCs are
not accepted by the GSE Ethernet interface.

CONTROL CODE IMPLEMENTATION
Here it is explained how the C implementation of ARCADE CONTROL
algorithm works. First of all there is an initialization phase:
double ALC[2][2] = {{0.093094246486349, 0.003643647488288},
{-28.534190711995226,0.238219364293349}};
double B[2] = {0.333333333333333,66.666666666666671};
double L[2] = {0.906905753513651,28.534190711995226};
double K[2] = { 0.031125237711623,0.005155069481796};
double Ki

= 0.0003340240574455921;

double uOld = 0;
double memIntegrator = 0;
double yOld = 0;

The most important variables are the feedback-loop matrix (ALC) and the
feedback gain vector (L) of the observer, the gain vector of the state-space
control feeback (K), the gain (Ki) and memory (memIntegrator) of the integral
that are all known quantities.
Every time that the process is called it executes the function
internalFeedback() that estimates the state of the system using a Luenberger
estimator and calculates the state space feedback using the gain K.
double internalFeedback(double ALC[][2],double xEstimate[],double
xEstimateOld[],double B[],double L[],
double y,double u, double K[])
{
xEstimate[0] =
ALC[0][0]*xEstimateOld[0]+ALC[0[1]*xEstimateOld[1]
+B[0]*u+L[0]*y;
xEstimate[1] =
ALC[1][0]*xEstimateOld[0]+ALC[1[1]*xEstimateOld[1]
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+B[1]*u+L[1]*y;
return -(K[0]*xEstimate[0]+K[1]*xEstimate[1]);
}

The last operation is the computation of the torque that the reaction wheel has
to supply. In this last part the outer feedback loop based on a discrete
integrator is implemented; the input for the system is given by the sum of the
output of the integrator and the state space feedback.
memIntegrator
yOld));

=

memIntegrator

+

Ki/2*((setPoint-y)+(setPoint-

uAct = uAct + memIntegrator;
Old = y;
uOld = uAct;
xEstimateOld[0] = xEstimate[0];
xEstimateOld[1] = xEstimate[1];

NAVIGATION SENSOR CODE IMPLEMENTATION
Here it is explained how the c implementation of the navigation sensor
position reconstruction works. The code, which is part of the ARCADE HAL
process, is based on the iterative least square algorithm. The main loop is the
following
while (error>TOLL)
{

v_eval(X0,calc_y);
gradientV(X0,DG);

delta_y[0] = y[0]-calc_y[0];
delta_y[1] = y[1]-calc_y[1];

computeDelta(delta_y,delta_x,DG);

X0[0] = X0[0] + delta_x[0];
X0[1] = X0[1] + delta_x[1];
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error = sqrt(pow(delta_y[0],2) + pow(delta_y[1],2));

if (iter>MAX_ITER)
break;

iter=iter+1;
}

it is executed until a certain precision (it usually requires 5-8 iterations) is
reached, or the number of iterations become too large. The functions v_eval()
and gradient() compute the expected value of the voltage in function of the
distances and the gradient of the voltages in function of the distances
respectively. The estimate distances are so adjusted making a comparison
between the measured voltages and the voltages computed using the
v_eval() function.

ARCADE WATCHDOG
Arcade Watchdog stores processes information in a C-structure named
ArcadeProcess, that contains all necessary information to kill, launch and
check a process. So, it contains these fields:
•

name: process name for logs and debug

•

command: shell command to lauch process

•

port: process TCP/IP port associated

•

pid: process id

•

socketdescriptor: connection to specified TCP/IP port

•

connectionactive: process status

The spawnve() function of the QNX operating system is used by WATCHDOG
to instantiate the other processes.
The Versalogic Tomcat PC-104 has two watchdog timers which can be
configured in CMOS setup. The watchdog timers can be set to generate a
reset, NMI or an interrupt when a timeout occurs. The expiration time can be
set to a maximum of seconds.
A driver for QNX OS is provided in board support package by Versalogic.
Specific functions are present to configure and refresh the hardware
watchdogs:
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SetWDTx
These functions set respective watchdogs with a timeout and set action to
lauch when timeout occurs. For our project, it will be set to
WDT_SYSTEMRESET to force system reboot.
int SetWDT0(unsigned int nTime, unsigned char nEvent);
int SetWDT1(unsigned int nTime, unsigned char nEvent);

ResetWDTx
These functions are designed to reset respective hardware watchdogs. At
every loop iteration ArcadeWatchdog will call one of them.
void ResetWDT0(void);
void ResetWDT1(void);

DisableWTDx
These functions are used to disable respective watchdog.
void DisableWDT0(void);
void DisableWDT1(void);

Only WDT0 will be used by ArcadeWatchdog process and will be configured
with a timeout of 10s which is a comfortable but still reasonable loop/startup
time for this process.
When started with “-g” option, WATCHDOG needs to be reset from standard
input with a timeout of 5 minutes, after which the PC104 board is restarted
with a RST hardware signal.
ARCADE DATA
Telemetry is sent to ground station by UDP data multicasting. The UDP
connection-less approach allows to receive the biggest possible fraction of the
packets even in case of frequent loss of connection. Packets are multicast to
the whole address range of ARCADE-R2 E-Link (172.16.18.140-146).
The packet structure is described in the following:
struct __attribute__((__packed__)) telemetry_packet
{
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unsigned
time_t
unsigned
unsigned
unsigned
float
unsigned

char
short
short
char
char

header;
time;
millitm;
index;
subindex;
data;
footer;

//
//
//
//
//
//
//

1
4
2
2
1
4
1

byte
bytes
bytes
bytes
byte
bytes
byte

};

Packet header and footer are respectively 0xFF and 0xF0 by default. The size
of each packet, including the UDP encapsulation overhead, is 60 bytes.
No packet checksum has been implemented, because UDP protocol is
already CRC checked. Packets with invalid CRCs are not accepted by the
GSE Ethernet interface.
4.12.12 CORE state machine
In order to control the ARCADE-R2 system in a better way, a finite state
machine handling all the procedures will be implemented, and is described in
the following scheme. Four states are defined: home position where the
SMAV is in the homing position in the opposite side of the PROXBOX; the
proximity position is about 2cm far from the PROXBOX; in the docking
position the small is attached to the PROXBOX with all the solenoids on; and
the alarm state that can be reached from all the other states in case of
excessive roll or pitch misalignment or excessive turbulence.
This state machine will be implemented inside the CORE process, which will
hence be aware of the position the experiment currently is in. The ground
segment will be able to command the process to move from one position to
another, and alarm conditions or impossible movements will be considered
while performing the transition. Transitions between states are complex highlevel procedures, or actuation sequences, which will be expanded into basic
actuation instructions and forwarded to the HAL process with the correct
timings.
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Figure 4-132 Finite states machine of ARCADE

BX16-17_ARCADE-R2_ v5-0_17Jan14.pdf

Page 214

4.12.13 Link budget
Table 4-63: link budget
Channels

Sample Rate
[S/s]

Bits per
Sample

Data Rate
[kbit/s]

RW Motor speed, current

2

10

16

0.32

GYRO angle

2

10

16

0.32

IR Navigation RX, raw +
processed

4

10

16

0.64

Internal Temperature sensors

4

1

16

0.064

2

10

16

0.32

2

10

16

0.32

Docking Actuator status

1

10

8

0.08

Pressure Sensors

1

10

16

0.16

Inclinometer

2

10

16

0.32

Internal Temperature Sensors

6

1

16

0.096

External Temperature Sensors

2

1

16

0.032

Docking System status, position

2

10

16

0.032

IP camera (240x180 MPEG-4)

1

25

8640

216

Device

Horizontal Actuator position,
current
Yaw backup motor position,
current

Telemetry * OV + Camera
TOTAL (measured)
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4.12.14 Can Open Addressing
The figure below contains the can open addressing of all the devices
connected to the bus.

Figure 4-133: Can Addressing
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4.13

Ground Support Equipment

The ground support equipment was chosen to provide independent control
and monitoring of Arcade-R2, which will be executed on different personal
computers:





GSE PC1: RLogin connection to QNX console + TELNET connection to
telecommand (ARCADE CORE process);
GSE PC2: telemetry software with GUI for data visualization and logging;
GSE PC3: IP camera video streaming (low resolution) with VideoLan video
player and recording with FFMpeg;
GSE PC4: backup computer [usable for Outreach purposes].

As the ground segment software is split in different applications (RLogin,
TELNET, VLC, Telemetry sofotware), in case of failure of a single PC only a
part of the GS would fail, and the backup PC can be easily configured to bring
up the failed service.
A network switch will be used to interconnect the GS PCs with the E-Link
cable.
The umbilical power supply described in 4.11.1.5 is considered part of the
GSE too.
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5

EXPERIMENT VERIFICATION AND TESTING

The verification and testing of the ARCADE-R2 experiment will be fully
supported by the University of Padova, which will provide test facilities and
equipment to the team. The endorsing professors and researchers will also
contribute with their experience to the test procedures definition.
The experiment verification consists of identifying the method(s) through
which the requirements will be verified. The result of this process is reported
in Table 5-1, called the ‘verification matrix’.
The complete list of tests, both at component and subsystem level, is shown
in the test plan in section 5.2.
The possibility to perform an immunity RF test was investigated, but
unfortunately University of Padova does not have the facility to perform such
test, nor funds are available to have them performed by an external company.

5.1

Verification Matrix

The verification matrix is issued according to the requirements presented in
Chapter 2 and the verification methods are indicated as follows:


T: verification by test



I: verification by inspection



A: verification by analysis or similarity



R: verification by review-of-design

Table 5-1: verification matrix
ID
Req.
F.1
Req.
F.1.1
Req.
F.1.2
Req.
F.1.3
Req.
F.2
Req.
F.2.1
Req.
F.2.2

Requirement text

Verificati
on

Status

perform autonomous docking and release sequences

R, T

√

A, R, T

√

R, T

√

actuate a docking system

R, T

√

monitor environmental conditions during the whole
BEXUS flight

R

√

measure the ambient temperature

R

√

measure the static ambient pressure

R

√

determine the distance and the orientation of the SMAV
with respect to the gondola
control both the translation and the yaw rotation of the
SMAV
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Req.
F.2.3
Req.
F.3
Req.
F.4
Req.
P.1.1
Req.
P.1.2
Req.
P.1.3
Req.
P.1.4
Req.
P.1.5
Req.
P.1.6
Req.
P.1.7
Req.
P.1.8
Req.
P.1.9
Req.
P.1.10
Req.
P.2.1
Req.
P.2.2
Req.
P.2.3
Req.
P.2.4
Req.
P.2.5
Req.
P.2.6
Req.
P.2.7
Req.
P.2.8
Req.
P.3.1
Req.
P.4.1
Req.
D.1
Req.
D.2
Req.
D.3
Req.
D.4

measure the free stream wind velocity and direction

R

√

store the collected data

R

√

prepare and send telemetry packages

R

√

A, T

√

A, T

√

A, T

√

A, T

√

A, T

√

A, T

√

align the SMAV to the PROXBOX interface in max 30 s

R, T

√

align the SMAV to the PROXBOX interface with a min
accuracy of 2°

R, T

√

allow a misalignment of the SMAV of at least 5°

R, T

√

R, T

√

R

√

R

√

R

√

R

√

measure wind velocity within the 0 m/s to 50 m/s range

R, T

√

measure wind velocity with a min accuracy of 2 m/s

R, T

√

measure wind direction with a min accuracy of 5°

R, T

√

sample environmental data on change with maximum
response time of 1s

R

√

store a total data volume of min 2 GB

A, R

√

transmit data with a data rate of up to 420 kbit/s

A, R

√

operate within a temperature profile ranging from
-90°C to +30°C

A, T

√

withstand a maximum vertical acceleration of +10 g

A, R, T

√

withstand a maximum horizontal acceleration of ± 5 g

A, R

√

not disturb or harm the gondola

A, R

√

determine the SMAV distance relative to the PROXBOX
interface within the 50 mm to 400 mm range
determine the SMAV distance relative to the PROXBOX
interface with a min accuracy of 5 mm
measure the SMAV distance relative to the PROXBOX
interface at a min sample rate of 10 S/s
determine the SMAV yaw rotation relative to the
PROXBOX interface at least within the ± 40° range
determine the SMAV yaw rotation relative to the
PROXBOX interface with a min accuracy of 2°
measure the SMAV yaw rotation relative to the PROXBOX
interface at a min sample rate of 10 S/s

secure the SMAV-gondola connection with a minimum
load of 2 N
measure ambient temperature within the -100°C to +30°C
range
measure ambient temperature with a min accuracy of
±1 °C
measure ambient static pressure within the 10 mbar to
1500 mbar range
measure ambient static pressure with a min accuracy of
5 mbar
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Req.
D.5
Req.
D.6
Req.
D.7
Req.
D.8
Req.
D.9
Req.
D.10
Req.
D.11
Req.
D.12
Req.
O.1
Req.
O.2
Req.
O.3
Req.
O.4
Req.
O.5
Req.
O.6
Req.
O.7
Req.
O.8
Req.
O.9
Req.
O.10
Req.
O.11

minimize the risk to have heavy and high-density parts
(i.e. metal or plastic parts) falling from the gondola

A, I, R

√

use batteries qualified for use on a BEXUS balloon

A

√

A, R

√

I, T

√

R

√

T

√

R

√

I

√

A

√

A, R

√

R, T

√

use batteries either rechargeable or having sufficient
capacity to run the experiment during pre-flight tests, flight
preparation and flight
be designed to allow the access to the PROXBOXmounted batteries from the outside within 1 minute
be compatible with the E-Link communication system to
transmit/receive data to/from the ground station
have a maximum total mass of 32 kg
be provided with a power-on switch to activate all the
systems before flight
be provided with a thermal insulation to protect the
experiment before and during flight
main components shall be heated before launch in order
to have their temperature within the operational range at
the experiment activation
main system statuses shall be monitored and data sent to
the ground station after the experiment activation and
during the whole flight
shall accept a request for radio silence at any time while
on the launch pad
position shall be locked during the initial ascent phase
after launch and the final descent phase before landing
shall autonomously perform navigation, control and
docking sequences at scheduled times in nominal
conditions
shall send decimated data from all the instruments during
the whole mission or send data at a higher rate for a
single set of instruments upon request from the ground
station
shall accept manual commands from the ground segment
overriding the autonomous controls during the whole flight
shall perform an automatic reset/reboot in case of
electronics/software malfunction or temporary power loss
power system shall commute to the BEXUS gondola
battery as an emergency source if the primary one runs
out of energy
shall enter an emergency safe state in case of sudden
strong winds or other critical situations (e.g. by blocking
its position with an electro-mechanical lock)

I, R

√

A, R, T

√

A, R, T

√

R, T

√

R, T

√

R, T

√

I, R, T

√

shall be shut off before landing

R, T

√
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5.2

Test Plan
5.2.1

Ambient condition test

5.2.1.1 Structure

Test N° 1 – STRUT support structure (component level)
Table 5-2: test #1 description table

Test number
Test type
Test facility
Tested item
Test objectives
Covered Req.
Test procedure

Test duration

#1
Structural test at ambient condition
CISAS hypervelocity impact facility, University of Padova
Component test: STRUT main support beam
Verify the beam strength and deformations under a known load
D.2, D.3
The beam is securely constrained to a test table using the bolted
connections that constitute the actual ARCADE-R2-EGON
mechanical interface. A known weight is suspended to the beam
tip by means of a steel cable.
1 hour

5.2.1.2 Navigation

Test N° 2 – IR sensor (subsystem level)
Table 5-3: test #2 description table

Test number
Test type
Test facility
Tested item
Test objectives
Covered Req.
Test procedure

Test duration

#2
Test at ambient condition
CISAS hypervelocity impact facility, University of Padova
Subsystem test : IR sensor
Calibration and performances verification of the IR sensor
F.1.1, P.1.1 to P.1.6
With LED on, photodiodes data acquisition and real time attitude
and position determination from photodiodes output signals for
different relative positions and rotations between the transmitter
and the detectors.
1 week
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Test N° 3 - Motion Control System (subsystem level)
Table 5-4: test #3 description table

Test number
Test type
Test facility
Tested item
Test objectives
Covered Req.
Test procedure

Test duration

#3
Test at ambient condition
CISAS hypervelocity impact facility, University of Padova
Subsystem test : Motion Control System
Verify the performance of the Motion Control Subsystem as a
whole and the single components integration
F.1.2, P.1.7, P.1.8
Once the subsystem is assembled, several tests will be performed
in order to determine the ability of the subsystem to meet the
requirements, such as:
3. yaw orientation accuracy (+/- 2°)
4. manoeuvres overshoot and settling time (20 s)
5. linear movement speed
6. simultaneous actuation of RW and linear motor
7. backup motor position accuracy (+/- 2°)
1 week

5.2.1.3 Docking subsystem

Test N° 4 – Docking Subsystem (subsystem level)
Table 5-5: test#4 description table

Test number
Test type
Test facility
Tested item
Test objectives
Covered Req.
Test procedure
Test duration

#4
Test at ambient condition
CISAS hypervelocity impact facility, University of Padova
Subsystem test : Docking Subsystem
Verify the Docking Subsystem single components integration and
its performance as a whole
F.1.3, P.1.9, P.1.10
Once the subsystem is assembled, several tests are performed
to verify the ability to complete a docking manoeuvre.
1 week

5.2.1.4 Environmental sensors

Test N° 5 – Anemometers
Table 5-6: test #5 description table

Test number
Test type
Test facility
Tested item
Test objectives
Covered Req.

#5
Test at ambient condition
CISAS hypervelocity impact facility, University of Padova
Component level: anemometers
Verify the datasheet information about the anemometers
behaviour.
F.2.3, P.2.5 to P.2.8
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Test procedure

To be defined

Test duration

TBD

5.2.1.5 Electronics / Power subsystem

Test N° 6 – Batteries (component level)
Table 5-7: test #6 description table

Test number
Test type
Test facility
Tested item
Test objectives
Covered Req.
Test procedure
Test duration

#6
Device monitoring
CISAS hypervelocity impact facility, University of Padova
Single component test: Batteries
Acceptance test for batteries
D.7
Verification of discharge profile, peak power, continuous power
and total charge at -40÷-80°C. Until full discharge. (< 24hrs).
2 days (1 day build-up, 1 day testing and packing)

Test N° 7 – Power System (component level)
Table 5-8: test #7 description table

Test number
Test type
Test facility
Tested item
Test objectives
Covered Req.
Test procedure
Test duration

#7
Device monitoring
Electronic laboratory
Subsystem test : Power System
Acceptance test for power system
D.7
Measurement of power consumption of each subsystem in
different operating status and drive commands. Measurement of
overall system power consumption. 5hrs manual operation.
2 days (1 day build-up, 1 day testing and packing)

Test N° 8 – Telemetry System (subsystem level)
Table 5-9: test #8 description table

Test number
Test type
Test facility
Tested item
Test objectives
Covered Req.
Test procedure
Test duration

#8
Device monitoring
Electronic laboratory
Subsystem test : Telemetry system, control system
Failure statistic test for telemetry system
F.4, P.4.1
Verification of telemetry data exchange, 10hrs continuous
listening with GUI client.
2 days (1 day build-up, 1 day testing and packing)
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5.2.1.6 System

Test N°9 – Operational test (system level)
Table 5-10: test #9 description table

Test number
Test type
Test facility
Tested item
Test objectives
Covered Req.
Test procedure
Test duration

5.2.2

#9
Ambient conditions
CISAS hypervelocity impact facility, University of Padova
System level: whole mission simulation
Acceptance test for every subsystem
F.1, F.3, F.4
Simulation of a sequence of docking and release manoeuvres;
Data acquisition and storage.
3 days (1 day set-up, 2 day testing)

Low temperature and vacuum test

Low temperature and vacuum tests are foreseen to test the performances at
components level.
For the vacuum tests a vacuum chamber that operate in the range 0.5 mbar –
1 bar will be used.
It is not possible for us to combine thermal and vacuum tests since we do not
have the availability of a facility required for this kind of tests.
5.2.2.1 PC104

Test N°10 – PC104 vacuum test
Table 5-11: test #10 description table

Test number
Test type
Test facility
Tested item
Test objectives
Covered Req.
Test procedure
Test duration

#10
Vacuum
CISAS hypervelocity impact facility, University of Padova
PC104 (component level)
Acceptance test for PC104
D.1
The PC104 with its case is placed inside the vacuum chamber
and kept active while the pressure is lowered down to 1 mbar and
its temperature will be monitored to verify it does not overheat
2 hours
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5.3

Test Results
5.3.1

Test #1: STRUT support structure

This test was performed on the flight component to verify it can withstand the
loads expected during the mission. The tested beam is the weakest one since
a larger number of holes are drilled through it compared to the others.
5.3.1.1 Test Setup
The beam is securely constrained to a rigid test table using the actual bolted
connections that constitute the ARCADE-EGON mechanical interface. The
rigidity of the assembly is ensured by the screws tightening and by the use of
strong clamps (see Figure 5-1).

Figure 5-1: Support beam test setup

A known weight is suspended to the beam tip by means of a steel cable.
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F1

F2

F

Figure 5-2: beam mechanical scheme

5.3.1.1 Test description and results
The beam length is 1000 mm and the portion protruding outside from the
gondola is approximately 480 mm.
The test was first performed with a 25 kg weight, which is almost the
maximum load expected in the case of a 10 g acceleration during the most
critical mission phases. The beam shows a significant elastic deformation
(roughly 5 mm at the tip) but no apparent permanent deformation. The total
number of beams in the structure is 4. The test results show that the STRUT
is capable to hold at least a total of 100 kg hanging from the tip of the four
beams. This value verifies that the structure is safe and satisfies the BEXUS
load requisites.
Since the measured deformation is not negligible and, in some cases, could
cause a docking system malfunctioning, also a test under nominal load was
performed. The nominal load considered in the structure design is 12 kg for
the four beams, meaning 3 kg for the single element. The actual weight used
in the test was a little heavier, around 3.3 kg. The test resulted in no
significant beam deflection, meaning that the structure rigidity is enough to
ensure a correct docking sequence.
5.3.2

Test #2: IR sensor

Tests have been performed on flight-level components of the IR sensor in
order to characterize its emitter and receiver elements and to evaluate the
robustness of its reconstruction algorithm based on look-up tables.
5.3.2.1 Test Setup
For the calibration of the LED emission lobe and the photodiodes polar
response, the test setup comprised a 0.5 m long linear guide mounted on a
base, a sliding cart which could be placed in any position along the linear
guide to simulate the SMAV translational motion, a rotating support placed on
the cart to simulate the SMAV yaw rotation, a telescope support, a precalibrated IR photodiode and a 6½-digit multimeter. This setup is shown in
Figure 5-3.
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Figure 5-3: test setup set for the LED calibration

Figure 5-4: test setup for subsystem-level tests, with the transmitter assembly (left)
and the receiver assembly (right)
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Then, for the subsystem-level functional tests, a more sophisticated setup
was exploited. The infrared LED assembly and the SMAV front face with the
photodiode receivers were mounted onto sliding carts placed on a rail, which
was secured to an optical bench, as shown in Figure 5-4. The LED assembly
was kept in a fixed position, representing the PROXBOX, while the receiver
assembly could translate and rotate using the sliding cart and an adjustable
rotational support (resolution: 0.5°) on which it was mounted. Also, the
receiver assembly was provided with fine-adjustment translators for precision
movements (resolution: 1/20 mm). Two 6½-digit multimeters were used to
acquire the output voltages of the infrared receivers. A LED Honeywell SE3455 has been used as emitter, and Vishay BPW34F photodiodes as
receivers.
5.3.2.1 Test Description
First, the LED polar emission γ(θ) and the polar response of the receiver
photodiodes f() were calibrated. The polar emission of the emitter element
has been determined by rotating the LED with the telescope support and
acquiring its emission with a pre-calibrated IR receiver. Then, the IR
photodiode polar response has been determined mounting the LED on a fixed
support, one photodiode on the telescope support and acquiring its output
voltage for different rotation angles. The results are shown in Figure 5-5 and
Figure 5-6.
Then, functional tests were carried out to validate the look-up table
reconstruction algorithm and to evaluate its performance. The test procedure
was carried out in 4 steps:
1) Setup alignment. Once the setup was mounted, a laser (not shown in
Figure 5-4) was installed with its beam (red dashed line in Figure 5-4)
passing through a hole in the emitter support plate and parallel to the LED
central axis; furthermore, a mirror was placed on the SMAV front face to
reflect the laser beam (see Figure 5-4). With this system, it was possible to
minimize the linear misalignments of the receiver assembly relative to the
transmitter along the lateral and vertical directions Y-Z, as well as the
angular roll ϕ and pitch θ misalignment, by adjusting the setup until the
reflected laser beam went back through the hole in the receiver assembly.
The final parallelism deviation of the laser beam with respect to the LED
central axis was also estimated by simple geometrical relations: the hole
diameter is assumed to be the maximum linear divergence between the
incoming and reflected beams, and, given the hole-mirror distance, the
angular error is determined. This procedure allowed to assess the residual
linear and angular misalignments ΔY, ΔZ, Δϕ and Δθ of the receiver
assembly. Such values are summarized in Table 5-12, along with other
identified sources of uncertainty (resolution of the voltage acquisition
system wres and uncertainty on ρ and  nominal values wρ and w).
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Table 5-12: uncertainty on linear and angular misalignments ΔY, ΔZ, Δϕ and Δθ,
uncertainty on the nominal values of distance and yaw wρ and w and electronics
resolution wres

ΔY
ΔZ
Δϕ
Δθ
wρ
w
wres

0.5E-3 [m]
0.5E-3 [m]
5.0E-1 [°]
3.0E-1 [°]
0.3E-3 [m]
5.0E-1 [°]
0.5E-2 [V]

2) Determination of C. The value of C was experimentally determined for
each receiver channel by acquiring the receivers output voltages for
different values of ρ from 0.20 to 0.42 m, for  = 0°. For each value of ρ,
the values of γ1 = γ2 = α1 = α2 were calculated from geometry according
to 4.7.12 and the values of C1 and C2 were calculated simply inverting
equations 4.7.1 and 4.7.2. Then, the mean value of C was calculated for
each channel and used later to generate the map (ρ,) → (V1,V2) in order
to test the reconstruction algorithm.

d sin  

   d cos  



   0      0   tan 1 

(5.3.1)

3) Test Sequence. The photodiodes voltages were measured placing the
receiver assembly at several increasing distances from the transmitter,
from 0.20 to 0.42 m, for five different values of the yaw rotation (0, 10, 20,
30 and 40°). After that, the outputs of the receivers were measured placing
the receivers at several increasing values of  from -40 to 40 °, for five
different distances from the transmitter (0.20, 0.25, 0.30, 0.35 and 0.42 m).
4) Reconstruction of Distance and Yaw. Finally, the reconstruction
algorithm was executed in order to estimate the values of ρ and  starting
from all the measured (V1,V2) couples, using a (ρ,) → (V1,V2) map with
ρ step of 0.002 m and  step of 0.5°, generated by using the mean values
of C1 and C2 calculated previously.
5.3.2.2 Test Results
As shown in Figure 5-5, the LED polar emission can be represented with good
approximation as cos(3𝛾 ⁄2), and the emission lobe is ≈90° wide (or ±45°).
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Figure 5-5: LED polar emission f(γ)
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Figure 5-6: IR receiver polar response f()

The calculated mean values of C1 and C2 were 0.064 and 0.059 [Vm2]
respectively. They were used to generate the output maps of the receivers.
Figure 5-7 and Figure 5-8 present two examples of reconstruction of nominal
values of ρ and , respectively. Table 5-13 and Table 5-14 summarize the
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results obtained by applying the reconstruction algorithm to all the
experimental data, regarding the distance ρ and the yaw angle  respectively.
For each set of measurements, the reconstruction error is expressed in terms
of standard deviation σ of the difference between the estimates of ρ,  and
their nominal values (second column of Table 5-13 and
Table 5-14). Also, the propagated uncertainties of the estimates were
calculated according to the Kline-McClintock approach. The third column of
Table 5-13 and Table 5-14 presents the propagated uncertainty μ considering
all the uncertainty sources due to the experimental setup and procedure,
while the fourth column of Table 5-13 and Table 5-14 shows the uncertainty
μe obtained considering only the effects of the electronics resolution, thus
representing a real operational situation. The fifth and sixth column of Table
5-13 and Table 5-14 show the slope m and y-intercept q of the regression
lines fitting the estimated values of ρ and  for each data set.
The standard deviations of the error of the estimates σ ρ and σ are compatible
with the ARCADE experiment navigation subsystem requirements, with mean
values of 1.9 mm and 1.0°, respectively. However, in case of estimation of
both distance and yaw angle, a worsening of performance was noticed for
values of  close to its upper bounds (|| = 40°). This was due to the angle of
incidence of the LED emitted radiation approaching the visibility half-angle of
the photodiodes, thus causing the SNR of the measured signals to decrease.
Similarly, the propagated uncertainty μe due only to the resolution of the
conditioning electronics of the receivers increased for high values of both
distance and yaw angle. Given all the setup uncertainty sources (in particular
on the nominal yaw angle), the a priori, expected accuracy of the estimates is
represented by μ which, however, is in general greater than σ, that is the
estimated accuracy given by an a posteriori statistical analysis. Apparently the
uncertainties are combined in a more favourable way than expected, thus σ is
considered to be more realistic as derived from actual experimental data, and
is assumed to be a good representation of the sensor performance.
The regression lines coefficients show a good linearity between nominal and
estimated values of both ρ and . Also, the correlation index between
estimated and imposed values deviates from 1 by a negligible value.
Table 5-13: standard deviation σρ, propagated uncertainties µρ and µρe of the estimates
of ρ from laboratory tests, and regression lines coefficients for different values of the
yaw angle
 [°]

σρ mm]

μρ [mm]

μρe [mm]

mρ

qρ [mm]

0

0.8

2.3

0.9

0.996

0.001

10

1.2

2.3

1.0

0.993

0.002

20

1.2

1.9

1.0

0.994

0.002

BX16-17_ARCADE-R2_ v5-0_17Jan14.pdf

Page 231

30

1.9

3.1

1.6

0.997

0.000

40

4.6

7.5

4.5

1.015

-0.015

AVERAGE

1.9

3.4

1.8

Table 5-14: standard deviation σ, propagated uncertainties µ and µe of the estimates
of  from laboratory tests, and regression lines coefficients for different values of the
distance
ρ [m]

σ [°]

μ [°]

μe [°]

m

q[°]

0.199

1.1

1.2

0.3

1.041

-0.087

0.249

1.0

2.2

0.5

1.023

-0.022

0.299

0.9

1.6

0.5

1.001

0.022

0.348

1.1

2.1

0.7

0.966

-0.043

0.421

0.8

1.1

1.0

0.921

0.043

AVERAGE

1.0

1.6

0.6

Figure 5-7: reconstruction of different nominal values of ρ and propagated uncertainty
µρ, for  = 10 °
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Figure 5-8: Reconstruction of different nominal values of  and propagated uncertainty
µ, for ρ = 0.300 m

5.3.3

Test #3: Motion Control System

The goal of this test is to verify the performance of the Motion Control
Subsystem as a whole and the single components integration.
5.3.3.1 Test setup
This test was performed using:
 Complete ARCADE assembly (RW, backup motor, linear motor and
guides, motor encoders, motor drivers, PC104, power supply)
 Wi-Fi connection
Laptop computer
5.3.3.1 Test description
After ARCADE was mechanically and electronically assembled several tests
were performed both on component and subsystem level.
Initially all the motor controllers were tuned using the motor drivers, so that it
was possible to test the backup motor in position and torque, the RW in
velocity and torque and the linear motor in position with a maximum velocity of
1 cm/s.
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After all the component tests were concluded, a complete series of subsystem
tests are performed. Many manoeuvring procedures proved the correct
functioning of the system as a whole and the proper behaviour of the single
elements integrated together.
5.3.3.1 Test results
The most relevant numerical results for each device follow:
 Backup motor:


SMAV pointing accurancy: < ±1°



SMAV pointing settling time: ~5 s



SMAV pointing overshoot: negligible

 Reaction wheel:


SMAV pointing accurancy: ±2°



SMAV pointing settling time: 15 - 20 s



SMAV pointing overshoot: 5° (best case); 15° (worst case)

 Linear motor:


Velocity: 1 cm/s



Position accurancy: < 1 mm

These values satisfy the requisites and prove the performance of the
subsystem.
5.3.4

Test #4: Docking system

The test was performed to address possible criticalities in the docking
mechanism geometry, in the docking sequence and in the docking signalling
system.
5.3.4.1 Test setup
The docking mechanism was tested at ambient conditions within the fully
integrated ARCADE experiment.
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5.3.4.2 Test description
Each test consisted in a “Backup Docking” sequence, in which ARCADE is
brought from the PROXIMITY state to the DOCKING state (see
Figure 4-132), followed by a “Nominal Release” sequence in which the
opposite operation is performed. In these transitions the alignment of the
SMAV is kept by means of the backup motor.
5.3.4.3 Test results
The docking and release sequences were verified to be successful and, in
general, the device worked properly all the times.
5.3.5

Test #5: Anemometers

The test has not been performed since an appropriate facility was not
available.
5.3.6

Test #6: Batteries

The test consists in the evaluation of the performance of the batteries at
different discharge rates and operating temperatures.
5.3.6.1 Test setup

A two-cell battery pack (7.2 V nom.) is placed in a fridge at the temperature
between 0 and -5°C and it is connected to a programmable electronic load.
Then, a second three-cell battery pack (10.8 V nom.) is also tested.
5.3.6.2 Test description

The first pack is discharged at full nominal current (2A), whereas the second
is discharged at half nominal current (1A). Discharge data is logged until
battery cutoff voltage (2.8 V approx. per cell) is reached.
5.3.6.3 Test results

The discharge profile of the two battery packs is reported below:
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Figure 5-9:discharge profile of the two battery packs.

The test proves that the cells can withstand the nominal load, although the
voltage drop is very high under heavy load, quite down to 3V per cell. This
causes no problems to ARCADE electronics, which is designed to work down
to 22 V without problems. Also the solenoids, with the “unspringed”
configuration of the bottom one, can work well at their 24 V nominal voltage,
and should work down to 22 V. The only critical point is to perform a correct
calibration of the PCMU switching threshold to avoid unwanted commutations
or oscillations between the PROXBOX and the GONDOLA power.
The battery life, under the aforementioned load conditions, is compatible with
the predictions of the Power Budget section.
5.3.7

Test #7: Power system

The test consists in the verification of the power consumption of each device.
5.3.7.1 Test setup

The test is conducted with the experiment fully integrated.
5.3.7.2 Test description

Nominal docking sequences are performed and, in the meanwhile, the power
consumption of the main devices is registered.
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5.3.7.3 Test results

Every subsystem has been found to be compliant to the allocated power
budget.
5.3.8

Test #8: Telemetry system

Tests have been performed on Telemetry server and GUI client systems to
evaluate its correct behaviour.
5.3.8.1 Test setup

The test apparatus consists in a computer directly connected to PC104 by an
Ethernet cable. On the PC104 ARCADE HAL is running with telemetry system
engaged. On the computer, the Java GUI client is opened and listening to the
telemetry port with logging enables. A network packet sniffer is run on the
client computer too.
5.3.8.2 Test description

The test consists of four phases:
1) The telemetry logs on flight segment and ground segment are cleared.
2) ARCADE HAL is started and both telemetry server and ground segment
logging are activated.
3) Telemetry is left running for the time of the test.
4) Flight segment logs, ground segment logs and sniffed traffic are
compared.
5.3.8.3 Test results

The telemetry and the ground segment logging work as expected. The two
logs are almost identical and only a negligible amount of data got lost.
5.3.9

Test #9: Operational test

This test was performed in order to evaluate the capabilities of the system as
a whole to execute a series of operations which will take place during the
mission. Those consist of:
 Homing procedure using the linear motor
 Complete docking-and-release procedure using the backup motor
 Complete docking-and-release procedure using the reaction wheel
 Motion sequence for testing the self-developed navigation sensors
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5.3.9.1 Test setup

The entire, assembled ARCADE-R2 experiment was fixed to three trestles
and provided with power supply. The PC104 was via wireless operated using
a laptop.
5.3.9.2 Test description

Homing procedure: it was executed several times starting from different
positions of the SMAV along the linear guides.
Docking-and-release procedure using the backup motor: a sequence
compose by an automatic homing procedure followed by an automatic
docking-and-release procedure using the backup motor for the SMAV rotation
control was executed many times.
Docking-and-release procedure using the reaction wheel: a sequence
compose by an automatic homing procedure followed by an automatic
docking-and-release procedure using the reaction wheel for the SMAV
rotation control was executed many times.
Any time the two previous procedures were executed, little modifications to
the parameters of the control loop were made in order to achieve a smooth
docking-and-release manoeuvre.
Motion sequence for the navigation sensors: the SMAV was commanded
to reach three different positions along the linear guides, and to execute a
slow yaw rotation from -40 deg to +40 deg for any translational position. This
procedure was executed a couple of times in order to set properly the rotation
velocity.
5.3.9.3 Test results

The required tuning of the control parameters of the motors, of the delay times
between each actuation and their synchronization allowed to execute each
procedure successfully.

5.3.10 Test #10: PC104 vacuum test
A Vacuum Chamber test has been performed in order to define the PC-104
thermal response and to confirm thermal subsystem design. The PCMU and
one of the RTD acquisition modules were also tested.
A preliminary model of the behaviour of PC-104 with its protective box was
developed to simulate the vacuum chamber environment: the temperature
variation during the test are represented in next figure.
As visible, after a first transitory phase, the temperature stabilizes at less than
75 °C.
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Solving the thermo-dynamics equations, it was found that in this configuration
the most important thermal exchanges are related to conduction. The
radiative effects were quite negligible, so the test result help to better define
the conductance values.
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Figure 5-10: Simulated behaviour

5.3.10.1 Test setup

The Vacuum Chamber setup is summarized in the next figure: the external
alimentation and the facility control electronics are put out of the chamber,
allowing the acquisition of both the internal pressure (Lab sensor) and the PC104 temperature (custom sensor – Pt-100). One of ARCADE RTD acquisition
modules, independent from the facility electronics, conditions the temperature
signal. All the connections on the chamber wall are based on 9-pin standard
connectors. An Ethernet connection is established to monitor the CPU and the
communication. Both the RTD module and the PCMU are in the vacuum
chamber, to control their behaviour in vacuum environment.
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Figure 5-11: Vacuum Chamber Setup

5.3.10.2 Test description

The thermal test procedure defines the test main events and describes the
operations order. It is important to follow the procedure in order to collect
repeatable and reproducible results. The test procedure is listed in the next
table:
Table 5-15: Procedure list table

ID

Time
(hh.mm)

Activity

P-01 -01.00

Chamber preparation

P-02 -00.30

Cabling

P-03 -00.15

PC-104 in chamber – switch-on

P-03 -00.07

Camber closing

P-04 -00.05

Start monitor data acquisition

P-05 -00.01

Start compressor

P-06 -00.00

Internal Pressure < 5 mbar

T-01 00.00

Start test data acquisition

T-02 01.00

Stop test data acquisition

A-01 01.05

Chamber pressurization

A-02 01.10

Stop monitor data acquisition
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A-03 01.11

Chamber open

A-04 01.15

Operations end

The PC-104 can produce a variable thermal flux, depending on CPU
utilization: in order to simulate the worst possible case, a simple program has
been executed, causing the CPU to work at full usage (100%).
5.3.10.3 Test results

The test allowed to validate both the PCMU and the RTD modules in vacuum
environment, with no issues or failures during and after depressurization.
The collected temperatures regarding the PC-104 are visible in the next
figure: during the test, the temperature rises from a starting value and
demonstrates an exponential behaviour. Compared to the simulation (blue
line), the test demonstrates a good correlation. A simple analytical model
(green line) has been realized after the test, evaluating only the conductive
thermal flows and the internal heat transfer. Solving the differential equation:
𝑚 ∙ 𝑐 ∙ 𝑑𝑇⁄𝑑𝑡 = 𝑊 − 𝑘 ∙ (𝑇 − 𝑇𝑒𝑥𝑡 )
where W is the heat production from PCU and k the conductive coefficient, it
was found the time-dependant relation:
𝑘

𝑇 = 𝑇0 + (𝑇𝑒𝑥𝑡 − 𝑇0 + 𝑊 ⁄𝑘) ∙ (1 − 𝑒 𝑚∙𝑐(𝑡−𝑡0 ) )
with T0 the temperature at starting time t0 and Text the vacuum chamber
temperature.
Both the experimental data model and the simulations demonstrate that at
room temperature in vacuum conditions (i.e. negligible convective cooling) the
PC-104 survives. The conductive link is predominant on radiative effects and
the calculated conductance value allowed performing cold-case simulations:
in the worst cold case, the PC-104 temperature never cools under 270 K
(about 0 °C), for CPU utilization of about 10 %.
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Figure 5-12: Comparison with simulated behaviour and test results

In conclusion, the test allowed to validate the PC-104 in vacuum environment
and to evaluate its conductive link. Further simulations demonstrated that its
worst-case working temperatures (0 – 73°C) are compatible with datasheet
specifications (operative temperatures: -40 – 85°C). At the same time, both
the PCMU and a RTD module survived the vacuum test.
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6

LAUNCH CAMPAIGN PREPARATION

6.1

Input for the Campaign / Flight Requirement Plans
6.1.1

Dimensions and mass

Table 6-1: Experiment mass and volume

Experiment mass (kg):

32 – 4.75 = 27.3 kg

Experiment dimensions (m):

0.530x0.500x1.000

Experiment footprint area (m2):

0.500

Experiment volume – envelope (m3):

0.265

Experiment COG (centre of gravity) 0.520m along the X axis from the inposition with the SMAV at its farthest gondola STRUT beam tips (gondola
position from the gondola:
external edge: 0.515m from beam tips)
-

Figure 6.1: experiment centre of mass
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Table 6-2: SMAV mass
Structure + devices

5.25 kg

Cables and insulations

0.30 kg

Total

5.55 kg

Table 6-3: SMAV docking interface mass data
SMAV docking interface mass

0.350 kg

Table 6-4: STRUT structure mass data
Structure + devices

7.6 kg

Table 6-5: total SMAV-STRUT interface mass and total STRUT mass
Total SMAV-STRUT
Interface Mass
(structure + devices)

2.3 kg

Total STRUT Mass
(structure + SMAV int. + devices)

9.9 kg

Table 6-6: PROXBOX masses
Structure

4.0 kg

Devices

5.3 kg

Cables and insulations

2.5 kg

Total

11.8 kg

Table 6-7: PROXBOX docking interface mass data
PROXBOX docking interface mass

6.1.2

0.745 kg

Safety risks

The only risk involved in the ARCADE-R2 experiment is to have objects falling
from the gondola. For this reason particular attention was paid to the
structural design, choosing a very reliable mechanical solution with redundant
safety features and carrying out extensive FEA, as also stated in section
4.2.1.
In addition, the team did its best to get the most from the reviews of the
Experts and it will continue to carefully listen to their suggestions.
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6.1.3 Electrical interfaces
Table 6-8: Electrical interfaces applicable to BEXUS

BEXUS Electrical Interfaces
E-Link Interface: E-Link required? Yes
Number of E-Link interfaces:

2

Data rate - downlink:

250Kbit/s

Data rate – uplink

10Kbit/s

Interface type (RS-232, Ethernet):

Ethernet

Power system: Gondola power required? Yes (emergency case)
Two powerlines required1
Peak power (or current) consumption:

51W

Average power (or current) consumption:

46W (1.65A)

Power system: Experiment includes batteries? Yes
Type of batteries:

Li-SOCl2

Number of batteries:

28

Capacity (1 battery):

14.5 Ah

Voltage (1 battery):

3.6 V

6.1.4 Launch Site Requirements


Ethernet connection to E-Link for 4 PCs at ground station (Ethernet
switch will be provided by the team, 4 IP addresses will need to be
allocated for ground station, in addition to the two needed for flight
segment). None of those will be connected also to the internet.



Power supply for pre-flight operations. This power supply will be
provided by the ARCADE-R2 team. It will be able to deliver up to 10A

Gondola power is needed to keep experiment alive at minimal functional status only in
power emergency condition (e.g. battery failure). However, a single gondola power line as
from RX/BX user manual (1A/28V) is not sufficient for this purpose, so two powerlines will be
needed to provide 1.65A continuous current at least.
1
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at the 28V. It will be powered by the Hercules 230V generator, and
enclosed into a water-proof carrying case. The power supply will be
connected with long cables to the PROXBOX front plate MIL
connectors and to the SMAV side connector.


6.2

In order for the actuators to work correctly, gondola inclination has to
be less than 1.5 degrees (as in CHECKLIST #6). This will be checked
with ARCADE-R2 internal inclinometers, but during pre-launch
operations it needs to be corrected by ESRANGE personnel by means
of eye-bolts regulation.

Preparation and Test Activities at Esrange

The following activities will be performed at ESRANGE during Experiment
Preparation sessions to make the experiment ready for flight (see APPENDIX
F for checklists):
Day one (nominally Sat 5/10) experiment preparation:






unpacking of components;
assembly of the SMAV on the STRUT;
verification of CHECKLIST #01.
mounting ARCADE-R2 on the EGON gondola;
verification of CHECKLIST #03;

Day two (nominally Sun 6/10) experiment preparation:









navigation systems testing and calibration verification;
sensor, actuators and motor drivers test;
heaters test;
verification of CHECKLIST #02;
system functional test maneuvers;
preparation for Electrical Check-outs and Interference tests (installation
of “test” battery set and loading of demo sequence for test);
electrical Check-outs and Interference tests;
preparation for FCT (loading of demo sequence for test).

Day three (nominally Mon 7/10) test preparation:



preparation for Flight (installation of “flight” battery set);
gondola inclination check. (CHECKLIST #6) Requirement: gondola
lifted.
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6.3

Timeline for countdown and flight

Before and after launch the experiment will follow this sequence of events:
Time (h:mm)

Action

T – 4:00

Connection of umbilical power supply [external
power], removal of lock thread.
Functional test.
Lock thread remount.

T – 2:30

Disconnection of umbilical power supply [external
power].

T – 2:20

Connection of umbilical power supply [Hercules
power], removal of lock thread.
Experiment power-on

T – 2:00

E-Link connection test

T – 1:50

Flight software test and system functional test
sequence (CHECKLIST #4)

T – 1:10

Thermal/power system status check (CHECKLIST
#5)
Umbilical power supply disconnection, cover removal
(if present), additional heaters disconnection.

T=0

Lift off and beginning of data recording

T + ~ 0:20

Beginning of cyclic docking sequences with different
procedures and actuation/feedback modes

T + ~ 5:00

Experiment shut down and stopping of data
recording

Battery replacement is done before decision meeting. RF-test Battery Set will
be exchanged with Flight Battery set.
The timing of the experiment docking cycles between T+0:20 and T+5.00
could actually be very flexible, due to the need to do real-time performance
analysis with trial/errors in different actuation and feedback modes.
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6.4

Post Flight Activities

During flight, all data relative to external environment, navigation sensors and
attitude control and docking system will be stored in a SSD memory.
Meanwhile, these data will be downloaded to the ground station for real time
monitoring of the experiment.
After landing, experiment will be recovered according to recovery sheet as in
8.2Appendix F . Immediate experiment inspection by the team will be
performed to check mechanical and power system status and completely
remove the batteries for separate shipment. Experiment will then be sent back
to Padova.
Once back in Padova, the external temperature and pressure data will be
used to calculate the atmospheric density at every altitudes and the
aerodynamic loads applied to the SMAV.
This will allow a correlation between the external environment characteristics
and the ARCADE performance. All the collected information will be used to
verify the experimental results and to produce the final report.
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7

DATA ANALYSIS PLAN

7.1

Data Analysis Plan

Data collected during the flight will be analysed according to the experiment
objectives described above.


The data from the IR navigation system will be used to reconstruct the
SMAV position and rotation with respect to the PROXBOX during the
whole flight, which will be compared to the values obtained with the
onboard commercial devices (MEMS gyro, encoders...). The behaviour of
the custom systems will be assessed in different ambient conditions and
operational ranges (i.e. relative distance and attitude).



Pressure, temperature, wind speed and direction will be related to
geometric information, the instantaneous control torque and the rotational
speed of the SMAV, to estimate the aerodynamic disturbances induced on
the small vehicle and the capability of the custom reaction wheel to
compensate this kind of disturbances;



Pressure, temperature, wind speed and direction will be used to
reconstruct the environmental condition during the whole flight.

7.2

Launch Campaign

The launch campaign started the 4th of October and ended the 14th of October
2013. The activities the ARCADE-R2 team performed during the week were
already planned (see section 6.2) and were carried out as follows (BEXUS
activities are highlighted in bold).
DAY

DATE

ACTIVITIES

0

04 Oct.



Arrive at ESRANGE

1

05 Oct.

2

06 Oct.







Beginning of launch campaign
ARCADE-R2 unpacking
Mechanical interfaces check
ARCADE mounting on BEXUS17 gondola
Individual functional test

3

07 Oct.

4

08 Oct.








ARCADE-R2 pre-flight test
Failure of SMAV Gyro
Investigation on SMAV Gyro Failure
BEXUS-16 launch
ARCADE-R2 pre-flight test
Investigation on SMAV Gyro Failure
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5

09 Oct.




6

10 Oct.

7

11 Oct.

8

12 Oct.












9

13 Oct.




Interference test
Definition of new flight procedure after the SMAV
Gyro Failure
Flight compatibility test
BEXUS-17 launch at 18.15
BEXUS-17 E-Link lost
BEXUS-17 landing at 00.01
BEXUS-17 recovery
ARCADE-R2 visual check
BEXUS-17 E-Link failure investigation (by SSC)
ARCADE-R2 post-flight check
ARCADE-R2 preliminary flight data evaluation
BEXUS-17 experiments preliminary results
presentation
Campaign Dinner
ARCADE-R2 packing

10

14 Oct



End of launch campaign

On day 3, the SMAV Gyroscope failed during a pre-flight test. Investigations
demonstrated that the malfunction was not related to the custom electronics
(that was possible to refurbish with spare components) but to the MEMS
sensor of which no spare was available. Such failure caused the overall
mission success to reduce to 75% before ARCADE-R2 launch. After the flight,
the mission success lowered to about 68% due to other components not
nominal behaviour.
ARCADE-R2 was launched on board the BEXUS-17 balloon on the 10th of
October 2013 (day 6), and reached the maximal altitude of about 27 km.
During the ascending phase, the E-Link connection was lost at 18.46 UTC,
causing ARCADE-R2 to stop communicating with the ground base. SSC
investigations defined the failure cause with the extremely low temperatures
reached inside the E-Link box; differently, temperatures inside ARCADE-R2
were kept above -10°C until cut-off. Unfortunately, more details on SSC
equipment malfunction were confidential and not communicated to BEXUS-17
payload teams. ARCADE-R2 is designed to operate without command from
the ground station when everything is nominal. Unfortunately, due to some
difficulties in the SMAV movements probably caused by the particularly harsh
conditions during the flight (cable chain increased rigidity for low temperature),
the experiment was switched into manual mode. The manual operations were
successful in slightly improving the system mobility when the E-Link failure
occurred. Once ARCADE-R2 recognized the lost connection, the on board PC
was rebooted and the automatic test sequences started, which were not able
to move due to the mentioned mobility issues. If the E-Link connection was
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not lost, the experiment could have been operated from ground segment and,
most likely, the mobility of the SMAV could have been improved.
ARCADE-R2 softly landed at 00.01 in the forest in Finland and the PROXBOX
electronics continued to work until it was switched off by the recovery team
around noon. Main damages were registered only on the lower protection
plate under the STRUCT.
Post flight inspection of the experiment showed a limited mobility of the SMAV
translational DoF due to interference between the linear encoder optical head
and the supporting structure; minor mechanical refurbishment is required.

7.3

Results

As described in Table 2-1, the overall mission success depends on the
success of the single critical subsystems.
The overall mission success for ARCADE-R2 is estimated to be 67%, as
shown in the table below. For more details, see the following subsections.
Table 7-1: Overall mission success estimated for the ARCADE-R2 experiment

Subsystem

Success level

Flight

MIN [%]

MAX [%]

6

30

12

Gyroscopes performances

6

10

0

IR sensor performances

12

20

12

Docking subsystem

5

30

30

Approach and docking manoeuvre

5

15

15

Release manoeuvre

0

15

15

5

30

15

RW mode manoeuvre

5

25

10

Back up motor mode manoeuvre

5

5

5

Environmental sensors subsystem

5

5

5

Measurement of temperature, pressure
and wind velocity

5

5

5

2.5

5

5

2.5

5

5

Navigation subsystem

Control subsystem

Command, power and telemetry
Data storage and telemetry
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TOTAL

67

7.3.1 Docking subsystem
The experiment was launched in mated configuration, so after the take off a
release manoeuvre was performed in order to execute the first navigation and
control operations. After that, two complete release and docking procedures
were successfully executed before the E-Link loss. All the related sensors
worked nominally, confirming the live video data from ARCADE CAM.
7.3.2 Navigation subsystem
The IR sensor was tested during each automatic procedure that was executed
by the experiment. At the beginning of each of them, the function navical was
called, which was responsible for determining the calibration constant of each
photodiode receiver acquisition channel, C1 and C2. This solution was
adopted as both the LED emitter and the photodiode receivers are sensitive to
temperature variations, requiring a periodic calibration during the whole flight.
Table 7-1 reports the values calculated for the calibration constants, relative
to the flight interval the automatic procedures were performed (T+5 to T+30).
Table 7-2: infrared receiver calibration constants evaluated during the flight

Cright

Cleft

0.919884

0.81368

0.819768

0.860072

0.910474

0.85094

0.851408

0.826777

0.880379

0.85565

0.885074

0.85104

0.896044

0.84827

After the execution of navical, the reconstruction algorithm was applied to the
measured photodiode voltages, providing a real-time estimation of the SMAV
distance ρ and yaw rotation ψ relative to the PROXBOX. Figure 7.1 shows the
results of the estimation process compared to the values of SMAV position
and attitude provided by the linear and back-up motor encoders, and indicates
the instants when navical was executed.
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Figure 7.1: estimates of the SMAV linear position (up) and yaw rotation (bottom)
compared to the reference values given by the linear and back-up motor encoders

The IR sensor performance is expressed in terms of standard deviation σ ρ, σψ
of the difference between the estimates ρ, ψ and the reference values given
by the encoders. The calculated values of σρ and σψ are, respectively, 0.0167
m and 2.66 °.
7.3.3 Motion Control subsystem
The motion control subsystem mission results can be divided between the
various actuation, feedback sensors and control algorithm options available
on ARCADE-R2. In detail:
-

reaction wheel / backup motor

-

motor encoder / IR navigation sensor / gyroscopes

-

PID controller / SS controller (only for reaction wheel)

The feedback loop on the backup motor is a PID position loop internal to the
motor driver; it was not possible to control it with the custom controllers
developed for ARCADE-R2.
Unfortunately, a few days before launch the SMAV gyroscope experienced a
major failure. Despite of intensive refurbishing operations, it was not possible
to have the sensor working. For this reason, it was not possible to collect any
data on the control with gyro feedback.
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In addition, the SS feedback loop on the IR sensor signal showed to be
unreliable during pre-flight tests and, consequently, was not included within
the flight operations.
The backup motor positioning always worked properly. Several homing and
pointing manoeuvres were executed during the flight and the accuracy was
always within the target performances. Figure 7.2 shows the results of an
example manoeuvre.

Figure 7.2: SMAV pointing manoeuvre: backup motor on encoder feedback

The reaction wheel control with encoder feedback worked properly during the
two manoeuvres tested, one with PID controller and one with SS controller. A
4 deg dead band is implemented in order to avoid the saturation of the RW.
Figure 7.3 shows the pointing angle with RW controller, encoder feedback
and PID controller, while Figure 7.4 shows the pointing with SS controller.
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Figure 7.3: SMAV pointing manoeuvre: reaction wheel on encoder feedback, PID
controller

Figure 7.4: SMAV pointing manoeuvre: reaction wheel on encoder feedback, SS
controller

Some manoeuvres were tried on the IR sensor feedback. The results were
not satisfying. Figure 7.5 shows the yaw angle vs. time for one of these
manoeuvres.

Figure 7.5: SMAV pointing manoeuvre: reaction wheel on IR sensor feedback, PID
controller
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7.3.4 Environmental sensors
The environmental sensors (external temperature, pressure, wind sensors)
were able to collect data throughout the flight.
External temperature conditions were harsh during BEXUS-17 flight and the
ARCADE-R2 temperature sensor recorded data as low as -58°C. The sensor
is mounted on the experiment structure and, therefore, the measured
temperature profile could be slightly different from the actual air temperature.
Figure 7.6 shows the recorded external temperature profile over the whole
mission.

Figure 7.6: external temperature profile over time

The pressure sensor recorded the atmospheric pressure over time. The
minimum value measured is 10 mbar reached during the floating phase. The
pressure time profile suggests that the actual value should not have fallen
below the minimum sensor threshold, since the signal is never locked to a
fixed constant value. Figure 7.7 shows the atmospheric pressure profile as
recorded by ARCADE-R2.
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Figure 7.7: absolute atmospheric pressure profile over time

Figure 7.8 shows the altitude profile as registered by E-Bass GPS sensor
compared to the reconstructed altitude from ARCADE-R2 pressure data.
Some discrepancy is present and it is probably due to the zero accuracy of
ARCADE-R2 pressure sensor. Nevertheless, since a precise reconstruction of
the altitude profile is not an objective of ARCADE-R2, the implemented
barometric altitude algorithm considered may not be very accurate and could
lead to some inaccuracies.

Figure 7.8: absolute atmospheric pressure profile over time

The wind speed sensor was supposed to measure the horizontal wind
intensity over time. Since a commercial sensor was selected, it was only
guaranteed to operate at low altitudes / high air density. It collected data
throughout the flight, although they have to be carefully interpreted for the not
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nominal operative conditions. The sensor is affected by a minimum threshold
speed (zero error) required to overcome the initial friction torque and to trigger
the sensor rotation; this threshold is not constant with changing air density.
The raw wind speed measured above the threshold is presented in Figure 7.9,
a more detailed discussion on the actual wind speed inferred from the
collected data can be found in Section 7.4.3.

Figure 7.9: wind speed measured above the sensor threshold vs. time

The wind direction sensor worked properly. When the measured wind speed
is close to the sensor threshold, it is not possible to know if the measured
wind direction is correct, since the aerodynamic forces may be too low. Figure
7.10 displays the measured wind direction.

Figure 7.10: wind direction vs. time
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7.3.5 Electronic/power subsystem
No malfunction of the electronic system was encountered during flight. The
only failure was on a gyroscope and happened before launch. It could not be
fixed due to the absence of a spare part. The communication bus, motor
drivers, instrumentation, on-board computer and e-link interface worked
properly during the whole flight.
As can be seen from the following pictures, the power system voltages
remained within acceptable limits during the whole flight. Due to the
premature failure of the link, the power system was clearly understressed due
to the absence of further actuations. Fluctuations can be seen on the 28V
Proxbox bus voltage, due to the switching of heaters (during ascent) and
emergency brakes (during descent). No explanation was found for late power
fluctuations. Also on 5V Proxbox bus voltage fluctuations can be noticed, and
they are quite large. The most probable cause, when compared to the mean
voltage during floating phase, is the pc104 CPU load, although this behaviour
was not spotted during tests and PSU output impedance was appropriate by
design. In any case the performance of the electronic subsystem was not
affected by these voltage fluctuations.
It is worth to say that the system delivered power to the Proxbox electronic
system for the whole night and morning until recovery, without switching to the
auxiliary gondola power. This is supported by the availability of continuous
recorded data for the whole mentioned period. Smav power died only few
hours before, but as it can be noticed recording electronics worked until a bus
voltage of 6V.

Figure 7.11: 28V Proxbox bus voltage
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Figure 7.12: 28V Smav bus voltage

Figure 7.13: 12V Proxbox bus voltage
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Figure 7.14: 5V Proxbox bus voltage

7.4

Discussion and Conclusions

7.4.1 Docking subsystem
The data collected during the flight was enough to declare the total success of
the docking subsystem. The mechanism behaved as planned, with only a
small difference on the FIRGELLI linear actuator stroke control: due to the
mechanism thermal deformations the actuator was initially not able to capture
the SMAV tip, so the planned stroke was increased of one millimeter, allowing
the interface to dock; this did not influenced the overall subsystem success
which was 100% (30% of total, section 2.6). These results demonstrated the
mechanism intrinsic robustness and confirmed the design process; future
works may improve the docking interfaces to improve the mass utilization and
the power budget, evaluating the implementation of passive hard docking
latches. Last, the whole design process and the data collected during the
flight gave important suggestions to similar docking systems developed by
CISAS.
7.4.1 Navigation subsystem
The IR sensor was tested during the execution of the automatic procedures in
the first part of the ascending phase (T+5 to T+30). The calibration process
worked, showing a noticeable but not dramatic sensitivity of the sensor to the
variation of temperature. As regards the estimation of the SMAV position and
yaw rotation relative to the PROXBOX, the process worked, providing fair
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results for most of the time. However, it was noticed a degradation of
performance in two situations:
-

SMAV rotation close to its maximum (±40°)
SMAV very close to the PROXBOX.

In these cases, the higher discrepancy of the position and attitude estimates
with respect to their reference values given by the motor encoders is due to
inaccuracies of the model of both the LED emission lobe and the power
decay. Figure 7.11 shows the photodiode voltages measured during the flight
compared to the expected values calculates from the SMAV position and
rotation given by the encoders; it is clear that the two data sets do not agree
well in the above mentioned situations (circled in green).
The estimates error of such cases affects badly the standard deviation of the
error σρ, σψ relative to the whole collected data, making them greater than the
sensor required accuracy (0.005 m for ρ and 2° for ψ), as reported in Section
7.3.2.

Figure 7.15: comparison between measured and estimated infrared receivers voltages

Such behaviour of the sensor prevented its exploitation for a complete
approach and docking manoeuvre, as the reconstruction errors were too high
for the SMAV control system to reach the PROXBOX docking interface with
the correct alignment. Nevertheless, the data gathered during the flight are
sufficient to validate the sensor technology and indicate that a refinement of
the emitter model can lead to a significant increase of performance of the
sensor. In conclusion, the navigation subsystem achieved 40% of success
(15% of total). One third of its success was lost as the gyroscope of the SMAV
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encountered a major failure on the third day of the launch campaign, thus
preventing the navigation mode based on the gyroscopes to be tested.
7.4.2 Motion Control subsystem
The motion control subsystem achieved 50% of success (15% of total).
Nevertheless, this fact did not affect the other experiment subsystem, since
the basic motion capabilities were provided by the SMAV linear motor and
backup motor which worked properly. In particular, the backup motor was
always able to correctly point the SMAV toward the PROXBOX for the various
operations. The angle vs. time profile shows clearly the behaviour of the
system and it is possible to recognize the speed limited performance of the
backup motor. Some overshoot is also present and the steady state error is
negligible.
The reaction wheel capability to properly rotate the SMAV was proven with
encoder feedback. This means that the reaction wheel itself was able to
provide a proper control torque, with both PID and SS controller, also
considering the external disturbance torques. For both controller the rise time
is approximately 2 s. In the case of the SS controller an overshoot of 28%.
Nevertheless, it is important to notice that this behaviour is influenced by the
design choice of introducing the 4 deg dead-band.
On the contrary, for some reason, the feedback on the IR sensor signal was
not able to give valuable results.

7.4.3 Environmental sensors
The environmental sensors provide the information required to determine the
disturbance torques acting on the SMAV. The aerodynamic forces are
strongly dependent on the wind speed, thus an estimate of the actual wind
speed is required. The already mentioned wind speed sensor threshold is due
to the initial friction at the sensor rotor. The threshold wind speed, vthr, relation
as a function of air density is the following:
𝜌𝑔𝑛𝑑
𝑣𝑡ℎ𝑟 = √
𝑣
𝜌 𝑡ℎ𝑟@𝑔𝑛𝑑

(7.4.1)

where ρ is the air density, ρgnd is the air density at ground level and vthr@gnd is
the threshold wind speed at ground level. Figure 7.12 shows the profile of vthr
during the flight.
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Figure 7.16: wind speed and sensor threshold vs. time

The wind speed considered for the calculation of the disturbance torque is the
sum of the threshold speed and the measured speed above the threshold.
Assuming always a lateral incidence of the wind against the experiment, the
disturbance torque, Tdis, is estimated with the following equation.
1 2
𝜌𝑣 𝐶𝑝 𝐴𝑏
(7.4.2)
2
where v is the wind speed, Cp is the pressure coefficient (assumed to be 1), A
is the SMAV fin surface area and b is the moment arm measured from the
SMAV rotation axis and the fin center of pressure. The computed disturbance
torque is presented in Figure 7.13.
𝑇𝑑𝑖𝑠 =

Figure 7.17: estimated disturbance torque vs. time
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The frequency distribution of both the aerodynamic torque and wind direction
has been estimated from the collected data. It appears that almost all the wind
gusts are limited below 0.05 Hz, confirming that the design assumption of 1
Hz was quite conservative.
The disturbance torque due to wind gusts is fairly low. During the design
phase a worst case torque of 30 mNm was assumed and this value matches
the peak torques estimated from flight data. Nevertheless, this peak value
was experienced by the experiment only during the ascent and descent
phases. The majority of the flight was characterized by torques below 5 mNm
with peaks at 10 mNm. In addition, during the floating phase the disturbance
torque was extremely low and hard to determine. Given these results, it is
clear that the environmental disturbances were very low and, reasonably, did
not affect the SMAV motion for the majority of the flight. During the ascent
phase the disturbance was more considerable but definitely within the
rejection capability of the control system.
The environmental sensors subsystem achieved 100% of success during the
ARCADE-R2 mission (5% of total).
7.4.4 Electronic/power subsystem
The behavior of the electronic/power system allows stating its total success,
although not accounted by design as part of the mission success.

7.5

Lessons Learned

REXUS/BEXUS program gives students the exciting possibility to realize a
real, little space mission, teaching them all those processes and
methodologies that cannot be learned from academic formation. In this case,
the ARCADE-R2 team was further motivated by the disappointment from
BEXUS-13 flight and worked to avoid all the possible mistakes and delays
that led to that failure.
The most important lesson learned is to keep the experiment as simple as
possible, with accessible components and easy-to-remove parts: it is not
unusual to repeatedly dismount and remount the whole experiment or one
subsystem, due to manufacture errors, test failures and assembly
inaccuracies. A simple experiment is more likely to fulfill its objectives
avoiding delays and dead-end design phases. If allowed by budget
requirements, using COTS components reduces the design and
manufacturing time. More than this, COTS/industrial components are
generally more robust and reliable than the ones than can be self-built in the
project timeframe. What can be done with existent technology should be done
that way.
The nine-month-long BEXUS program forces student to learn scheduling and
organization; a space program has standard milestone and this experience
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gave the team an idea of the required documentation to be produced before
every deadline.
Another lesson learned is related to the software subsystem: the ARCADE
experience demonstrated that a team mainly of mechanical-aerospace
formation may undervalue the amount of work related to such subsystem,
arriving at launch campaign with not completely tested software or unsolved
secondary bugs. At the same time, software modifications during the
campaign or worst during the flight must be avoided, due to the excessive risk
to cause catastrophic events.
Last, but not the least, the team had to learn the uneasy way to balance the
group work and the need to separate and delegate tasks. Every member shall
have its duty and well-defined responsibilities and it may be able to develop
its work with no interferences from other members; at the same time, delays
and errors are common and the whole team shall support every one,
dedicating spare time to solve hard situations.
In conclusion, the BEXUS program gave ARCADE-R2 team a valuable
experience for the future, with the exciting possibilities to visit important
European research centers and to work with space sector experts.
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8

ABBREVIATIONS AND REFERENCES

8.1

Abbreviations

This section contains a list of all abbreviations used in the document.
A/D

Analog/Digital

ARW

Angular Random Walk

AV

Available

CAN

Controller Area Network

CDR

Critical Design Review

COG

Centre of Gravity

DAC

Digital to Analog Converter

DLR

Deutsches Zentrum für Luft- und Raumfahrt

DoF

Degree of Freedom

DSUB

D-Subminiature

EAR

Experiment Acceptance Review

EM

ElectroMagnetic

ESA

European Space Agency

ESRANGE

Esrange Space Center

FET

Field Effect Transistor

FOV

Field-Of–View

FSO

Full Scale Output

GSE

Ground Support Equipment

I/O

Input/Output

IDE

Integrated Drive Electronics

IPR

Interim Progress Review

IR

Infra-Red

LAC

Firgelli Linear Actuator Control Board

LED

Light Emitting Diode

Mbps

Mega Bits per Second

MEMS

Micro Electro Mechanical System

MJPEG

Motion-JPEG
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ORD

Ordered

OS

Operating System

PCB

Printed Circuit Board (electronic card)

PCMU

Power Commutation and Management Unit

PDR

Preliminary Design Review

PLL

Phase-Locked Loop

PMOS

P-channel Metal Oxide Semiconductor

PoE

Power Over Ethernet

PROXBOX

PROXimity BOX

PT100

Positive Temperature Coefficient 100 Ohm

RF

Refurbished

SED

Student Experiment Documentation

SMAV

SMAll Vehicle

SS

State Space

STRUT

STRUcTure

T

Time before and after launch noted with + or -

TBD

To Be Determined

TBM

To Be Manufactured

TBO

To Be Ordered

THD

Total Harmonic Distortion

TTL

Transistor-Transistor Logic

UART

Universal Asynchronous Receiver and Transmitter

USB

Universal Serial Bus

WBS

Work Breakdown Structure

WPs

Work Packages
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Appendix A – Experiment reviews
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APPENDIX B – OUTREACH AND MEDIA COVERAGE
Publications / Activities / Conferences
Table 8-1: Table of all outreach actions performed and media coverage received
Publication / Activity/
Conference

Author (s)

Title

Link (when
applicable)

Date

1. Presentation of
ARCADE-R2 at the
“VenetoNight – The
night of the
Researchers”

F. Branz
A. Carron
F.Sansone
L.Olivieri
L.Savioli

ARCADE-R2

-

28/09/2012

2. Website and facebook
page - Updated

F. Sansone

ARCADE Experiment

www.experiment
ARCADER2.org

From Jan
2013

3. Articles on "Gazzettino
di Belluno", local
newspaper (ITALIAN)

L. Olivieri

Lorenzo, genio
aerospaziale

-

19/01/2013

4. Articles on "Gazzettino
di Belluno", local
newspaper (ITALIAN)

Whole team

-

24/01/2013

5. General public
brochure (ITALIAN)

F. Sansone
L. Olivieri

Jan 2013

6. Public experiment
divulgation

Whole team

Radio interview at
Radio Cortina

7. Public experiment
divulgation

Whole team

Meeting with mayor of
San Vito di Cadore

8. Public experiment
divulgation

Whole team

High school students
exhibition

Feb 2013

9. Presentation to Space
Systems class University of Padova

Whole team

University students
presentation

Mar 2013

10. General public flyer
(ITALIAN/ENGLISH)

L. Olivieri

-

11. Articles on
AstronautiNEWS.it
(ITALIAN)

12. Public experiment
divulgation

L. Olivieri

ARCADE-R2:
l’Università di Padova
partecipa al programma
REXUS-BEXUS

M. Barbetta

Radio interview at
Radio 3 Scienza
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24/01/2013
-

http://www.astro
nautinews.it/201
3/07/06/arcader2-luniversita-dipadovapartecipa-alprogrammarexus-bexus/
http://www.radio.
rai.it/podcast/A4
2669564.mp3

24/01/2013

Jun 2013

Jul 2013

11/09/2013

Page 283

Pictures
WEB

Figure 8.1: ARCADE-R2 Experiment Official Website homepage

BX16-17_ARCADE-R2_ v5-0_17Jan14.pdf

Page 284

Figure 8.2: ARCADE-R2 Facebook Fanpage

PRESS

Figure 8.3: Article "Lorenzo, genio aerospaziale" on the “Gazzettino di Belluno”, a local
newspaper
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EXHIBITIONS & PROMOTIONAL MATERIALS

Figura 8.1: ARCADE-R2 experiment at VenetoNight – The night of researchers 2012

OTHER ACTIVITIES

Figura 8.2: The ARCADE-R2 team in the lab of the Centre for Studies of the Alpine
Environment of the University of Padova in San Vito di Cadore.
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Figura 8.3: The ARCADE-R2 team with the mayor of San Vito di Cadore

Figura 8.4: The ARCADE-R2 team during the tests outside the Centre for Studies of the
Alpine Environment
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Figura 8.5: Presenting ARCADE, SCRAT & RX/BX to university students

ARCADE FLYER & BROCHURE

BX16-17_ARCADE-R2_ v5-0_17Jan14.pdf

Page 288

BX16-17_ARCADE-R2_ v5-0_17Jan14.pdf

Page 289

APPENDIX C – ADDITIONAL TECHNICAL INFORMATION
ARCADE-R2 3D CAD model

Figure 8-1: ARCADE-R2 3D isometric (16-09-11)
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Figure 8-2: ARCADE-R2 3D PROXBOX side view and SMAV side view (16-09-11)
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APPENDIX D – MASS SAVING
In order to tackle the mass reduction requirements, the following strategy was defined
considering the BEXUS Panel reviews, BEXUS User Manual safety prescriptions and the
overall experiment functionality. The mass reduction develops through two different tasks:



Task 1: removal of devices that are no more in use or structural elements that are not
critical for the experiment safety
Task 2: substitution of massive structural elements with lighter versions without
affecting the overall strength

Task 1, which has been accomplished completely, led to a 1.16 kg mass saving; Task 2
actions are almost accomplished and are expected to achieve a mass reduction of 3.66 kg.
The considerable improvements that the experiment is undergoing determined also the
addition of two new components to the system mechanical layout: the substitution of the
PTFE support of the linear motor optical encoder with an aluminium, adjustable version and
the implementation of a wiring board for a more rational wiring organization inside the
experiment. The mass increment due to these modifications is estimated in approximately
0.07 kg.
The total experiment mass will consequently reduce by 4.75 kg, which is approximately the
15% of the estimated original mass and leads to a final experiment mass of 27.3 kg.
Table D.1: Mass reduction breakdown (values marked with * are estimated)
ITEM

ACTION

MASS SAVING
[Kg]

COMPLETED

PC-104 on board computer

Substitution

0.190*

70%

EM
sensor
receivers,
supports)

Removal

0.350

100%

SMAV fin

Substitution with plastic
fin

0.025

100%

Wind probes

Substitution
with
commercial anemometer

0.190*

50%

Differential pressure sensors
w/ mountings & electronics

Removal

0.210

100%

SMAV structural L-bars

Removal

0.050

100%

SMAV top plate

Substitution
with
polymeric component

0.170

100%

Docking mechanism release
plate

Removal

0.055

100%

PROXBOX battery boxes

Substitution with homemade lighter boxes

1.340

100%

PROXBOX support columns
and horizontal bars

Substitution with hollow
and lighter components

1.750*

30%

PROXBOX base
mounting interfaces

Removal

0.490

100%

Addition

-0.070*

100%

(emitter,
electronics,

device

Linear encoder support and
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wiring board
TOTAL

4.750

Wiring plate
Fig. 1: New PROXBOX internal organization (right side)
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New mountings layout: components
directly bolted to the experiment base plate

Fig. 2: New PROXBOX internal organization (left side)

Fig. 3: PROXBOX battery box substitution with lighter component
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APPENDIX E – CODE COVERAGE FACTOR

Code stress test units have been developed with the aim of providing 100%
code coverage. Each single process will be tested to be 100% covered, which
means that:



the state-machine based processes will be provided inputs in a way to
generate all possible states and state transitions;
the data relaying or data processing processes will be provided almost
all possible inputs within the input range and the output values will be
tested for consistency.

The designed test units are reported in the following.
CORE: CLEANROOM Test Unit
"CL Test" is a stress test unit designed to test Arcade-R2 behaviour with no
possibility to damage Arcade-R2 hardware. This is possibile thanks to ArcadeR2 modular design which allow us to "unplug" HAL process and replace it with
another process, called Arcade HAL Simulator
Arcade HAL Simulator
Arcade HAL Simulator will be a simple program that replicates HAL process
without managing hardware: it will just reply to other processes calls with
credible messages and randomly will simulate crashes or other errors, such
as
•
•
•

Generate missing data with probability of 1%
Hangs for a random time (0.1÷3 secs) with probability of 10%
Hangs forever with probability of 5%

All messages, replies and errors will be stored in a file to find error
sequences, dangerous situations and critical errors.
Simulator Logs
Arcade HAL Simulator will save whatever happens in a log file called
halsimulator_yyyy_mm_gg_HH_MM.log. This long filename allows us to
easily manage many test sessions. A log file will be stored as commaseparated-values file with these columns
datetime; process-name; message; generated error; process reply
An istance could be
2013-03-12 16:44; Watchdog; ping; None; pong
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2013-03-12 16:44; DataLogger; get pressure; None; 1024.5
2013-03-12 16:45; ArcadeControl; reaction wheel 12 rpm; hangs for 5 seconds;
None
2013-03-12 16:46; Watchdog; ping; None; pong

Log analisys
After a normal debug, more analisys will show other problems, such as
•
•
•

Check medium time to re-launch HAL
Analize (and resolve) problems related to a HAL restart
Detect other strange behaviours

HAL Test Unit
The HAL test unit is designed to verify HAL functionalities: hardware control,
telemetry relay and navigation sensor reconstruction. The following operations
will be performed to separately test the functionalities:




Hardware control: all available commands will be tested. Actuator
control commands will be tested with different setpoints, and sensor
reading commands will be checked for consistency.
Telemetry relay: telemetry will be checked for consistency with sensor
status; inconsistent data will be tracked.
NAV sensors reconstruction: telemetry will be checked for consistency
with parallel sensor reconstruction based on MATLAB model;
inconsistent data will be tracked.

DATA Test Unit
The DATA test unit is designed to verify DATA functionalities: GSE data relay
and onboard data save. The following operations will be performed to
separately test the functionalities:



Telemetry data relay: test data will be delivered to DATA and relayed
data will be monitored for errors. Error statistics will be analyzed.
Onboard: test data will be delivered to DATA and saved data will be
monitored for errors. Error statistics will be analyzed.

WATCHDOG Test Unit
The WATCHDOG test unit is designed to verify WATCHDOG functionality.
Random unresponsive or crashing processes will be delivered to
WATCHDOG for monitoring by the test unit. Simulated process fail or crash
will be independently signalled to the test unit by the process and the time for
WATCHDOG to restart the process will be tracked and analysed for statistics.

BX16-17_ARCADE-R2_ v5-0_17Jan14.pdf

Page 296

CONTROL Test Unit
The CONTROL test unit is designed to verify CONTROL functionalities:
control algorithm and timing synchronization. A generated test input vector will
be delivered to CONTROL process and output vector will be tested against
the output of the same state space control implemented in a MATLAB script.
Timing synchronization of the process will instead be tested with a combined
hardware/software method. A digital output pin of the PC104 SBC will be
toggles at each control output generation, to which is demanded exact timing.
Timing jitter will then be analysed for statistics.
Test units implementation
Test units will be written in Python programming language. This task doesn't
require hard-realtime and Python rich standard library will be used.
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APPENDIX F – CHECKLISTS

CHECKLIST #1: SMAV mounting

□ Remove ARCADE-R2 from shipping box
□ Remove SMAV from shipping box
□ Remove all protections from SMAV
□ Remove ball-bearing assembly from package
□ Place ball-bearing and connecting aluminium component on the
STRUT cart

□ Remove left or right side wall from SMAV
□ Place SMAV on the four connecting M3 screws
□ Let steel cables and CAN bus wire pass through hollow mounting
□ Secure SMAV to STRUT cart by means of nylon nuts
□ Secure the steel cables to the aluminium mounting on the SMAV
structure

□ Connect the CAN bus wire
□ Mount the removed SMAV wall
(estd. time: 1h)

BX16-17_ARCADE-R2_ v5-0_17Jan14.pdf

Page 298

CHECKLIST #2: PREPARATION calibrations and
tests

□ Position SMAV aligned with PROXBOX
□ Set SMAV distance from PROXBOX to standard calibration values (d =
25cm)

□ Take navigation photodiodes zero reading, reset gyroscopes
□ Rotate SMAV fully clockwise
□ Verify correct angle reading (photodiodes, gyroscopes, encoder)
□ Rotate SMAV fully counter-clockwise
□ Verify correct angle reading (photodiodes, gyroscopes, encoder)
□ Repeat steps 4-7 with d=35cm
□ Set linear motor to position mode, set d=10cm
□ Verify correct positioning
□ Repeat for d=35cm
□ Set backup motor to position mode, set angle=+15°
□ Verify correct positioning
□ Repeat for angle=-15°
□ Set reaction wheel to velocity mode, set v=1000rpm
□ Verify correct speed reading
□ Repeat for v=2000rpm
□ Test docking solenoids extraction
□ Test emergency brakes extraction
□ Set firgelli position=50%
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□ Verify firgelli positioning
□ Repeat for position=100%
□ Verify correct ambient pressure detection
□ Verify correct power system current detection (reasonable value)
□ Power on heater #1
□ Verify current consumption increase
□ Power off heater #1
□ Verify current consumption decrease
□ Repeat for remaining heaters
(estd. time: 1h30)
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CHECKLIST #3: ARCADE-R2 mounting on
EGON
PLEASE NOTE: ARCADE-R2 has to be mounted perpendicularly to
EGON rails and the STRUT protrudes from the side of the gondola.

□ Put the T-bolts (8x) in place on the gondola rails (rail #1 and #3)
□ Place ARCADE-R2 on EGON and secure the nuts with threadlocker
□ Reposition wires/connectors if displaced
□ Check cable terminals on wiring board – Side A (connectors from 1 to
24 and grounds from 1 to 12)

□ Check cable terminals on wiring board – Side B (connectors from 25 to
48 and grounds from 13 to 24)

□ Cover PROXBOX with MLI insulators: 4 sides + front panels.
□ Cover SMAV with MLI inculators: 4 sides.
(estd. time: 1h30)

BX16-17_ARCADE-R2_ v5-0_17Jan14.pdf

Page 301

CHECKLIST #4: COUNTDOWN software checks

□ Open SSH connection to PC104
□ Start flight software (WATHCDOG process)
□ Verify correct process launch by watchdog process
□ Start ground telemetry client and connect
□ Open FTP connection to PC104
□ Verify LOG creation in filesystem via FTP+SSH connection
(/arcade/telemetry and /arcade/log)

□ Connect IP camera client (VideoLAN+ffmpeg)
□ Start IP camera recording on server side
□ Start IP camera recording on client side
□ Verify telemetry data rate and consistency
□ Run test sequence to verify telecommand/sensors/actuators
(estd. time: 10m)
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CHECKLIST #5: COUNTDOWN thermal/power
checks

□ Verify thermal system status/temperatures
□ Redistribute heater power (accounting for heaters to be disconnected
in late access) to equilibrate temperatures

□ Verify thermal system status/temperatures in 10 mins.
□ Verify power system parameters before umbilical disconnection
□ Verify LED illuminators to be switched ON
□ Disconnect SMAV power umbilical (WHITE) (T – 1h00)
□ Disconnect PROXBOX power umbilical (GREEN)
□ Disconnect WEBCAM power umbilical (RED)
□ Connect WEBCAM switch connector (RED)
□ Connect PROXBOX switch connector (GREEN)
□ Connect SMAV switch connector (WHITE)
□ Wait for system reboot (45 sec.)
□ Verify power system parameters after umbilical disconnection
(estd. time: 20m)
LATER:

□ Verify battery current/variation within 10 mins.
□ Verify battery current/variation within 25 mins.
□ Verify battery health from measurements
□ Declare ready for flight
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CHECKLIST #6: EGON balancing

□ Wait for EGON to be lifted in flight configuration
□ Measure inclination by means of ARCADE-R2 inclinometer
□ Communicate to ESRANGE personnel the modifications to eye-bolts to
be made for correcting inclination

□ Measure inclination by means of ARCADE-R2 inclinometer
□ Repeat points 2. to 4. until EGON inclination is below 1.5 deg
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APPENDIX G – RECOVERY SHEET
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