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ABSTRACT

In order to establish a Flying Laboratory, serving the necessities and requirements of both research and didactic
activities, a project has been launched at Dipartimento di Ingegneria Aerospaziale of the Politecnico di Milano to
design, develop and operate a Flight Test Instrumentation (FTI) system to be installed in the Department owned
and operated Tecnam P92 Ultra Light Machine (ULM) small aircraft.
Mnemosine is the result of such an effort: it has been developed keeping in mind the particular combination of
requirements deriving from the ULM world, a class of aircraft that does not normall undergo any compulsory flight
test activity, and from the peculiar necessities of the Department.
Mnemosine is a distributed FTI system composed of a growing number of specialized nodes exchanging informa-
tion over a shared digital data bus. It is based on the industry standard CANAerospace protocol, and provides an
unique combination of low cost, flexibility, realiability, easy maintanability and upgradeability.

1. INTRODUCTION

In the last years a new class of aircraft has attained a tremendous commercial success. The definition of this
machines is different around the world-Ultra Light Machine (ULM), Very Light Aircraft (VLA), etc-but will
eventually converge to some kind of generally accepted Sport Aviation (SA) category.
Among the reasons for the mentioned success, the unique combination of enjoyable performance and very low
total cost of ownership can be considered preeminent.
One of the main contributions in keeping costs calm is the very relaxed-or in some cases (like Italy) totally absent-
Authority requirement for the certification of the machine.
For this reason, normally no systematic flight test activity is planned by the manufacturing companies as a part
of the design, development and production process. Even when it is performed, Flight Test activity is generally
carried out adapting to the task some kind of general-purpose, PC based data acquisition system. Such systems
tend to be bulky, highly intrusive-especially considering the lack of real estate available in a 450 Kg Maximum
Take Off Weight (MTOW) aircraft-and very little flexible.
Keeping in mind the particular requirements of ULM aircraft, and with the aim to realize a Flying Laboratory
capable of fulfilling the necessities and requirements of both research and didactic activities, the Dipartimento di
Ingegneria Aerospaziale of the Politecnico di Milano has launched the Mnemosine project to design, make and
exploit a low cost, federated FTI system to be installed on the Tecnam P92, the ULM owned and operated by the
Department (Figure 1).

2. THE MNEMOSINE SYSTEM

2.1. Requirements
The system requirements are deeply influenced by the academic nature of the project. Apart the unavoidable low
budget constraints, in fact, the highly dynamic nature of the project called for a system capable of being upgraded



Figure 1: The Tecnam P92 owned and operated by the Department od Aerospace Engineering

or maintained in one or more components without affecting the operational capability of the remaining parts. In
addition, it was clear that it was necessary to provide a huge growth potential, because of the predictable expansion
of the system as new inputs from the research activities will arise.
To summarize, the initial requirements identify the system as:

• Low cost

• Reliable

• Flexible

• Non intrusive

• Easy to manage and maintain

• Open

• Assuring a considerable growth potential

2.2. Architecture
It immediately appeared that the most suitable architecture to satisfy the above requirements was the federate one,
in which the system is divided in a number of autonomous nodes. Every single node can operate independently
from the others, and is specialized for specific task: it has processing power, memory, power supply and all the
signal conditioning/interface resources required to manage the particular sensor/device it manages. All the data
generated by the modules is then shared by means of a common communications line: a digital data bus.
Among the advantages of such an architecture, the possibility to distribute the units across the aircraft permits to
place every module as close to the sensor it manages as it is possible, avoiding to lay down long, noise sensible
analog signal lines, since information is immediately converted to a digital format, processed and transmitted over
a robust medium.

2.3. Digital Data Bus
The choice of which digital data bus could be more appropriate for the system has been made starting from the
analysis of the solutions traditionally employed in aerospace applications, namely the ARINC 429 bus [1], mainly
used in civil applications, and the MIL STD 1553-B [2], widely employed on military aircraft. Both solutions have
been discarded for their cost, definitely too high for this low budgeted application.
The decision has eventually been made in favor of the Controller Area Network (CAN) the digital data bus orig-
inally developed by Robert Bosch Gmbh for automotive applications [3]. According to the cited document, the
Controller Area Network (CAN) is a serial communications protocol which efficiently supports distributed real time
control with a very high level of security. Its domain of application ranges from high speed networks to low cost
multiplex wiring. In automotive electronics, engine control units, sensors, anti-skid-systems, etc. are connected
using CAN with bit rates up to 1 Mbit/s. At the same time it is cost effective to build into vehicle body electronics,
e.g. lamp clusters, electric windows etc. to replace the wiring harness otherwise required.



The CAN protocol has the following remarkable properties that make it particularly suitable to the intended appli-
cation: prioritization of messages, guarantee of latency times, configuration flexibility, multi cast reception with
time synchronization, system wide data consistency, error detection and signaling, automatic retransmission of cor-
rupted messages, distinction between temporary errors and permanent failures of nodes and autonomous switching
off of defect.
Starting from the low-level CAN protocol, German company Michael Stock Flight Systems has developed a high
level standard: CANAerospace [4]. CANaerospace is an extremely lightweight protocol/data format definition
which was designed for the highly reliable communication of microcomputer-based systems in airborne applica-
tions via CAN. The purpose of this definition is to create a standard for applications requiring an efficient data flow
monitoring and easy time-frame synchronization within redundant systems. The definition is kept widely open to
allow implementation of user-defined message types and protocols.
The CANaerospace data format definition specifies 5 basic message types, which are used for different network
services. Each message type has an associated CAN-ID range defining the message priority. The identifier assign-
ment within the specified ranges is at the user’s discretion. A proposal for an identifier list addressing commonly
used data objects and devices in aerospace applications has been made, however.
For data representation, the most commonly used basic data types are defined. Additionally, combined data types
(i.e. two 16 bit and four 8 bit data types in one CAN message) are supported, others can be added to the type list
as required.

Figure 2: CANAerospace telegram format

The general message format (Figure 2) uses a 4 byte message header for node identification, data type, message
code and service code (for normal operation data (NOD), the service code field is user-defined). This allows
identification of each message by any receiving unit without the need for additional information. Every message
type uses the same layout for the CAN data bytes 0-3, while the number and the data type used for CAN data bytes
4-7 is user-defined.
The suitability of the CANAerosapce to aerospace data bus applications is guaranteed by the fact that it has been
the avionics data bus foundation in NASA’s Advanced General Aviation Transport Experiments (AGATE) program
[5], and is presently successfully employed in a number of commercial aircraft, including some Eurocopter and
AgustaWestland helicopters.
In partial deviation from CANAerospace specifications standard Ethernet CAT 5 cabling and RJ45 connectors
have been used as a physical support for the bus. The main reason for this is the low cost of the solution and the
availability of pre-assembled cables, at the acceptable cost of an acceptable mismatch in the line impedance, since
CAN driver expects 120 Ohms compared to the 100 Ohms of the Ethernet solution.
In addition, since Ethernet cabling provides a total of 4 twisted pairs, it has been possible to use the same cable
both for CAN data, using one pair, and for distributing power among the modules, using another pair. This solution
leaves 2 pairs unused available for future necessities.

2.4. Node hardware
The realization of a federate architecture involved some disadvantages with respect to the standard, integrated
solutions. First of all it was necessary to dedicate and additional amount of resources during the design and
implementation phases, because of the great number of different modules.
Moreover each single unit replicates in its own structure some common parts, namely the power supply and the
data bus interface: this implies a drawback in terms of additional volume and weight of the system. On the plus



side, however, such a fine grained power distribution architecture permits the power supply resources of every node
to be tailored to the needs of the particular sensor or device they manage.

(a) General purpose node control board (b) The board installed in it’s alluminum enclosure

Figure 3: The general-purpose node control board

In order to ease and speed up the development of the various hardware nodes, a board that comprises all the
parts common to the various nodes has been developed (Figure 3 (a)). It features a high efficiency switching mode
power supply section, a DsPIC30F4011 16 bit fixed point Digital Signal Processor (DSP) by Microchip Technology
Inc [6], and as CAN line driver Integrated Circuit (IC) the MCP2551 by Microchip Technology Inc [7]. Finally, on
the common board some real estate is provided in the form of wire wrap strip board for mounting the components
that specialize the node to it’s particular task, be it communicating with an external device by means of an RS-
232 line or sampling and converting signals from pressure transducers. The common board is then installed in an
aluminum enclosure (Figure 3 (b)).

Figure 4: System block diagram

The block diagram representing the system architecture can be seen in Figure 4. It consists, so far, of six units,
named after the Ancient Greek mythology Muses: Terpsicore, Urania, Melete, Polimnia, Eutherpe and Talia.
Terpsicore is the Inertial Measurement Unit (IMU) management unit. It controls inertial data acquired by a solid
state, Micro ElectroMechanical System (MEMS) based Attitude and Heading Reference System (AHRS) unit, the
AHRS 400CC-200 [8] by Crossbow Technology Inc (Figure 5 (a)).
The AHRS unit is installed as close to the Center of Gravity (CG) as it has been possible, on the small flat surface
located right behind the pilot seats (Figure 5 (b)). Data provided by this unit is shown in Table 1.
Urania is the Air Data Computer (ADC) management unit, that interfaces air data sensor to the data bus. Air data
is sampled by means of a sensor head (Figure 6 (a)), containing all the transducers, installed at the end of a pitot
boom.
First of all the sensor head features a pitot probe: dynamic (differential) and static pressure measurements are
performed by a couple of pressure transducer ICs manufactured by Freescale Semiconductors: MPXV5004G [9]
for differential and MPX5100 [10] for absolute pressure. These are a state-of-the-art monolithic silicon pressure
sensors and provide a temperature compensated, accurate, high level analog output signal that is proportional to
the applied pressure. Total temperature is measured by means of AD22100 [11] by Analog Devices, a monolithic
temperature sensing IC that includes signal conditioning circuitry. Finally, two vanes are installed on the sensor
head and connected to a couple of potentiometers fo sensing angle of attack (α) and sideslip angle (β ). Signals



(a) AHRS 400CC-200 by Crossbow
Technology Inc.

(b) Installation of the AHRS400 and Terpsicore

Figure 5: Terpsicore

Parameter CANA-ID Unit Range Resolution Rate
Roll angle 312 deg -180/+180 0.01 deg 58 Hz
Pitch angle 311 deg -180/+180 0.01 deg 58 Hz
Yaw angle 321 deg 0/360 0.01 deg 58 Hz
Roll rate 304 deg/s -200/+200 0.01 deg/s 58 Hz
Pitch rate 303 deg/s -200/+200 0.01 deg/s 58 Hz
Yaw rate 305 deg/s -200/+200 0.01 deg/s 58 Hz
X acceleration 300 m/s2 -200/+200 0.001 m/s2 58 Hz
Y acceleration 301 m/s2 -200/+200 0.001 m/s2 58 Hz
Z acceleration 302 m/s2 -200/+200 0.001 m/s2 58 Hz
Node temperature 1601 ◦C -15/+80 0.01 ◦C 10 Hz
Node voltage 1651 V 0/33 0.01 ◦V 10 Hz

Table 1: Terpsicore acquired parameters

from the sensor head are routed to Urania, which is installed at the other end of the boom (Figure 6 (b)), and there
converted, engineered and sent over the data bus. The pitot boom is secured to the wing 6).
Power supply and distribution to the various nodes is managed by Melete. At present, in order to avoid messing
with the aircraft’s electrical system, power for the Mnemosine system is supplied by a dedicated sealed lead acid
12V 7Ah battery. Melete has the ability to power on and off the entire system, to monitor battery parameters,
including voltage and current consumption, and to recharge the battery when connected to a suitable external
adapter.
Polimnia is the Global Positioning System (GPS) management node. It includes an AC12 Original Equipment
Manufacurer (OEM) Module by Thales. The AC12 is a 12 channel, Satellite Based Augmentation System (SBAS)
enabled GPS engine, providing Position, Velocity and Time solution at 1 Hz rate. Signal is received by an active,
low profile antenna (VIC1-LP by Matsushita Electric Works) installed on the upper surface of the airplane, at the
intersection bentween the fulesage and the wing.
Flight Control (FC) position acquisition is accomplished by Eutherpe. Three linear potentiometers are clamped
to the kinematic chain that conveys stick and pedal commands to the relevant aerodynamic surfaces. Signal from
potentiometers passes through a signal conditioning and anti aliasing filtering block, is sampled, converted and
numerically filtered by Eutherpe before being sent on the data bus at a rate of 10 Hz.
Finally, Talia, the engine data module, acquires propeller rpm by means of a hall sensor and a magnet directly
mounted the propeller mast. Talia also provides a 2 channel thermocouple signal condition circuitry, so as soon
as the thermocouples will be installed in the engine compartment it will be possible to acquire Cylinder Head
Temperature (CHT) and Exhaust Gas Temperature (EGT) values.

2.5. Data logging
In it’s future versions Mnemosine will include a logging node, capable of saving all the data traffic flowing through
the CANAerospace bus onto a solid state removable media, like an USB flash memory or similar. At present,



(a) Air Data Sensor Head (b) Urania Installed on the boom

Figure 6: Air Data System

Parameter CANA-ID Unit Range Resolution Rate
Altitue rate 314 m/s -999.9/+999.9 0.1 m/s 10 Hz
TAS 316 m/s 0/1000 0.1 m/s 10 Hz
CAS 314 m/s 0/1000 0.1 m/s 10 Hz
Mach number 318 - 0/10 0.001 10 Hz
Baro correction 319 hPa 0/2000 0.01 hPa 10 Hz
Baro Corrected Altitude 320 m 0/10000 1 m 10 Hz
Standard Altitude 322 m 0/10000 1 m 10 Hz
Total Air Temperature 323 ◦C -100/+100 0.1 ◦C 10 Hz
Static Air Temperature 324 ◦C -100/+100 0.1 ◦C 10 Hz
Dynamic Pressure 325 hPa 0/2000 0.01 hPa 10 Hz
Static Pressure 326 hPa 0/2000 0.01 hPa 10 Hz
Angle of Attack 1514 deg -180/+180 0.01 deg 10 Hz
Sideslip Angle 1515 deg -180/+180 0.01 deg 10 Hz

Table 2: Urania acquired parameters

however, it has been decided to acquire an USB to CAN interface (USB-to-CAN compact by IXXAT Automation
GmbH [12]) to have access to the CANAerospace bus from a notebook PC, and to develop a PC software that non
only permits to save all CANAerospace data on the computer’s hard disk, but also permits to analyze in detail the
data bus traffic, providing an invaluable help during development and debugging phases.
The major drawback of this solution is the necessity to have a bulky notebook PC on board when executing the
flights, and a severe limitation on the maximum amount of data that can be collected, since the notebook batteries,
especially when additional power is drained by the USB-to-CAN interface, tend to last far less than expected. Most
of the times it hasn’t been possible to go past 20 minutes of operation, even with notebook PCs claiming multi-hour
battery endurance.

2.6. Software
Software for the various nodes has been developed in C, using Microchip’s MPLAB Integrated Development
Environment (IDE) and C30 compiler. The use of a Real Time Operating System (RTOS), namely uC/OS-II by
Micrium [13], provided several advantages. For a start, it has been possible to break down the application in a
number of small tasks, each performing a particular job. Design, development and maintenance of such small
portion of code resulted a straightforward process.
In addition, an accurate design has made it possible to re-use a number of tasks (e.g. CAN Transmission Manage-
ment, CAN Reception Management, Node Housekeeping, Message Formatting, etc) in all nodes. Specialization
of every single node activity has resulted to be a matter of writing the few lines of code of the tasks taking care of



Parameter CANA-ID Unit Range Resolution Rate
Battery Voltage 1520 V 0.00/33.00 10 mV 10 Hz
Current flow 1521 A -2.00/+2.00 1 mA 10 Hz
Node temperature 1600 ◦C -15/+80 0.01 ◦C 10 Hz

Table 3: Melete acquired parameters

Parameter CANA-ID Unit Range Resolution Rate
Latitude 1036 deg -90 / +90 10−7 deg 1 Hz
Longitude 1037 deg -180 / +180 10−7 deg 1 Hz
Height above ellipsoide 1038 m -30000 / +30000 10−2 m 1 Hz
Ground speed 1039 Km/h 0/999.9 0.1 Km/h 1 Hz
True track 1040 deg 0/360 0.05 deg 1 Hz
Vertical speed 1519 m/s -999.9/+999.9 0.01 m/s 1 Hz
GPS Time 1506 sec 0/235959 1 sec 1 Hz
GPS Date 1507 day 0/99991231 1 day 1 Hz
GPS satellites in view 1518 n 0/12 1 1 Hz
Node temperature 1600+x ◦C -15/+80 0.01 ◦C 10 Hz
Node voltage 1600+x ◦C -15/+80 0.01 ◦C 10 Hz

Table 4: Polimnia acquired parameters

the particular function the node was called to perform, such as communicating with an external device by means
of a serial interface or acquiring sensor signals managing the Analog to Digital converter.
The tricky part of putting all the small pieces of software in a single node together permitting a seamless, depend-
able operation has been assured by the robust, reliable, easy to use Inter Process Communication (IPC) functions
built into the RTOS.
Most of the nodes run a software that simply takes care of digitally filtering the converted samples to remove noise,
and proprerly scale and transform the result in engineering units. Urania, however, starting from dynamic pressure,
static pressure, and total temperature data evaluates all the relevant air data parameters are computed according to
the algorithm presented in [14].

3. MNEMOSINE IN ACTION

3.1. Bus load evaluation
Bus load in the presented configuration, with all the 6 units accessing the bus to transmit the presented parameters
at the indicated rate, has been computed, in the worst case of CAN stuffing bit necessity, to be slightly less than
9%. This leaves plenty of growth potential for future nodes.

(a) Rudder potentiometer installation (b) Aileron potentiometer installation

Figure 7: Eutherpe istallation



Parameter CANA-ID Unit Range Resolution Rate
Pitch control position 400 % 0/100 0.1 % 10 Hz
Roll control position 401 % 0/100 0.1 % 10 Hz
Yaw control position 403 % 0/100 0.1 % 10 Hz
Node temperature 1614 ◦C -15/+80 0.01 ◦C 10 Hz
Node voltage 1664 V 0/33 0.01 ◦V 10 Hz

Table 5: Eutherpe acquired parameters

Parameter CANA-ID Unit Range Resolution Rate
Propeller RPM 500 RPM 0/8000 1 RPM 10 Hz
Node temperature 1611 ◦C -15/+80 0.01 ◦C 10 Hz
Node voltage 1661 V 0/33 0.01 ◦V 10 Hz

Table 6: Talia acquired parameters

3.2. Research activity
An extensive work has been carried out by Cilli [15] on Mnemosine’s Test & Evaluation, including a number
of Test Flights. As an example, data acquired during a test session planned to evaluate phugoid behavior of the
Department’s P92 is presented in Figure 9. Starting from a trimmed flight at 120 Km/h Indicated Air Speed (IAS),
1000 ft, stick is pulled by the pilot until speed decreases by 10% with respect to its initial value. The stick is then
returne to the trim position as accurately as it is possible, and finally the pilot takes its hand off the command [16].
Presented data include (top to bottom): Rudder deflection (in degrees), Calibrated Air Speed (CAS) (km/h), Al-
titude (m), pitch angle (degrees), Z acceleration (g), angle of attack (degrees). Acquired data has been processed
and evaluated according to [17], yielding a result of ξPH = 0.0945, TPH = 10.9 s, ωPH = 0.579 rad/s, showing that
the aircraft complies with level 1 requirements.
Farina [18] in his work has started developing the forthcoming telemetry node (Melpomene): once operative, it
will be based on the Digital Enhanced Cordless Telephone (DECT) technology, and will provide real time data
transmission between the aircraft and the ground station. Preliminary radio link usable range test results are visible
in figure 10: the Radio Frequency (RF) transceiver has been installed on board and the RF signal strength and radio
link quality information has been logged by Mnemosine. Data show good performance up to a critical distance
from the ground station where the signal suddenly drops to unusable levels. Investigations have shown that after the
critical distance the line-of-sight between the Ground Station and the aircraf antennas becomes obscured because
of an obstacle. Tests will be repeated with a more advantageous Ground Station Antenna placement.

3.3. Didactic activity
For the Introduction to Flight Testing course held by the Department, the practical part of the exam consists in
planning a particular Flight Test, defining the relevant Flight Card, Executing the Flight Test and processing data
acquired by Mnemosine.
More than 27 missions have been successfully accomplished, permitting some 25 students a valuable hands on
experience with Flight Test procedures. A total of 20 hours of Flight Test Data have so far been collected and

(a) USB-to-CAN Interface (b) PC software showing real time data

Figure 8: PC based data loggin system



Figure 9: P92’s response to a stick command exciting phugoid

successfully processed.

4. FUTURE DEVELOPMENTS

Mnemosine is in its initial stage, featuring the minimum configuration for basic operation. In the near future the
logging node Klios and the Telemetry node Melpomene will be a standard feature, enablig a PC free data logging
on one side, and a real time Test Flight monitorning at the Ground Station on the other. Eutherpe managed sensors
will be extended to include a number of strain gauges that will permit to acquire FC force. In addition investigations
are being made on the feasibility to install transducers near the aerodynamic surface hinges, in order to acquire,
aside the command position, the actual surface position and compensate for the lack of rigidity of the kinematk
chain.
Requests have also been received by the Department to use the P92 Mnemosine equipped aircraft for plemininary
Flight Test of third party devices and sensors. The federated and open architecture of the system, the availability
of the general-purpose node controller hardware and the huge trafic availability on the bus make integration of
third-party hardware easy and seamless.

5. LIST OF ACRONYMS

ADC Air Data Computer

AGATE Advanced General Aviation Transport Experiments

AHRS Attitude and Heading Reference System

CAN Controller Area Network

CAS Calibrated Air Speed

CG Center of Gravity

CHT Cylinder Head Temperature



Figure 10: Telemetry node performance

DECT Digital Enhanced Cordless Telephone

DSP Digital Signal Processor

EGT Exhaust Gas Temperature

FC Flight Control

FTI Flight Test Instrumentation

GPS Global Positioning System

IAS Indicated Air Speed

IC Integrated Circuit

IDE Integrated Development Environment

IMU Inertial Measurement Unit

IPC Inter Process Communication

MEMS Micro ElectroMechanical System

MTOW Maximum Take Off Weight

OEM Original Equipment Manufacurer

RF Radio Frequency

RTOS Real Time Operating System

SBAS Satellite Based Augmentation System

ULM Ultra Light Machine

VLA Very Light Aircraft



REFERENCES

[1] “http://www.arinc.com/industry_activities/standards/index.html”.
[2] D. of Defense, MIL-STD 1553B. Digital time division command/response multiplex data bus.
[3] R. B. GmbH, CAN Specification - Version 2.b.
[4] M. S. F. Systems, CANAerospace. Interface specification for airborne CAN applications - V 1.7.
[5] “http://www.nasa.gov/centers/langley/news/factsheets/agate.html”.
[6] M. Technologies, DsPIC30F Family Reference Manual, 2006.
[7] M. Technologies, MCP2551 High Speed Can Transceiver - Data Sheet, 2007.
[8] C. Technologies, AHRS400 Series User’s Manual.
[9] F. Semiconductor, MPXV5004G SERIES Integrated Silicon Pressure Sensor On-Chip Signal Conditioned,

Temperature Compensated, and Calibrated - Technical data, 2007.
[10] F. Semiconductor, MPX5100/MPXV5100 SERIES Integrated Silicon Pressure Sensor On-Chip Signal Condi-

tioned, Temperature Compensated, and Calibrated - Technical data, 2005.
[11] M. Technologies, AD22100 Voltage Output Temperature Sensor with Signal Conditioning - Data Sheet, 2007.
[12] “http://www.ixxat.de”.
[13] J. J. Labrosse, MicroC/OS-II, The Real Time kernel, Second Edition. CMPBooks.
[14] R. Collinson, Intrduction to Avionics Systems. Springer, 1997.
[15] D. Cilli, “Sviluppo e integrazione di moduli avionici per l’acquisizione dei dati di volo che utilizzano il

protocollo canaerospace”, Tesi di Laurea in Ingegneria Aerospaziale - Politecnico di Milano, 2006.
[16] R. N. Donald T. Ward, Thomas W. Straaac, Introductions to Flight Test Engineering Volume One - 3rd

Edition. Kendall/Hunt.
[17] D. of Defense, MIL-F-8785C. Flying qualities of piloted airplanes, 1980.
[18] M. Farina, “Sviluppo del nodo di telemetria per un sistema di acquisizione dati prove di volo di un velivolo

ultraleggero”, Tesi di Laurea in Ingegneria Aerospaziale - Politecnico di Milano, 2007.


