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Abstract

A new distributed control system for fuel
management and other avionics applications is
introduced. The system consists in a network of
smart components such sensors, valves, pumps.
They are connected via CANbus. No central fuel
management computer is required. Wiring is
simplified, less weight. The heart of each smart
component is a CAN-enabled microcontroller. All
smart components have the same code in its
microcontroller, for easier certification. BIT is
implemented in each smart component. A protocol
is defined for the action sequences and for message
exchanging among components. The paper presents
first results of a European Project joining the efforts
of six industry partners and three universities.

Introduction

This paper describes first accomplishments of
a European Research Project, with the participation
of six industrial partners and three universities. The
main target of the Project is to develop a new
distributed control system, around a fieldbus and
using smart components, for avionics applications.

The purpose of the research is to embark into
the recognized advantages of distributed systems,
adding smart performances, and obtaining a simpler
wiring and less system weight.

There will be powerful microcontrollers
embedded into the smart components. An important
objective of the research is that all smart
components have an identical code module. In this
way, certification would be easier.

The application example chosen for the
research is the fuel management system. Both
helicopters and airplanes are considered. Figure 1
shows some of the typical components of fuel
management systems.

0-7803-8539-X/04/$20.00 © 2004 IEEE

Figure 1. Typical Components of Fuel
Management Systems

The traditional solution for the fuel
management system is a central computer
connected point-to-point to sensors and actuators.
The research target is to substitute this system
architecture by a bus-based system.

At this moment the research has achieved
substantial developments. A first version of the
system is operational, showing good results on
laboratory experimental rigs.

This paper is structured as follows. First the
state of the art is reviewed, concerning fieldbuses
and smart components. Then there is a description
of the research guidelines, and the operational
scenarios considered. Then the central parts of the
paper come: technology, system functionality,
common core, and smart components. Finally the
experimental testing is described, and conclusions
are presented.
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State of the Art

Fieldbuses

According to a communications standards
survey of the National Institute of Standards and
Technology [1], four levels of factory
communications may be distinguished: business,
control, device and bit level. Figure 2 compares
several communication standard alternatives in this
context. The business level corresponds to WAN
and LAN technologies. The control level is based
on LAN networks, connecting automation nodes.
Device or field level provides connectivity to
intelligent devices such smart sensors or actuators.
Bit level communication corresponds to the lowest
level of automation, connecting binary products,

such valves and relays. The CANbus can be used
for bit level or for field level communications.

Fieldbuses can be seen as simplified local
networks, implementing only the levels 1 and 2 of
the seven ISO layers. (some fieldbuses implement
also a 7th layer)[2]. Nowadays, fieldbuses are an
important alternative for the architecture of systems
with sensors and actuators. The book [3] describes
twelve different serial networking standards, and
describes their application to factory automation,
laboratory and medical automation, intelligent
buildings, and transport.

The above mentioned reference [1], comments
22 communication standards, including Profibus,
ControlNet, DeviceNet, IEC 61158, etc.

Bit Level Device/Field Level Control Level Business Level
[ Interbus |
| AS-| | Profibus DP | Profibus FM S |
| Profibus PA ]
[ Seriplex ]
| CAN ]
| CAN Open |
| DeviceNet |
I . SDS |
| ] Firewire |
| Macro |
[ ] Sercos |
| Fielbus Foundation H1 |
| Fieldbus Foundation HSE
[ JEfE TS
| Profinet
| ControlNet
| Ethernet/IP
Figure 2. Comparison of Several Communication Standards
CANbus (CAN 2.0A) or 29 bits (CAN 2.0B). The data field

The CANbus was introduced by Bosch in
1986. In 1992 Mercedes-Benz cars started to use
CANDbus. In 1993 CAN was approved as ISO 11898
standard. Along year 2000 more than 100 million
CAN devices were sold.

When data are transmitted over a CAN
network no individual nodes are addressed. Instead
the message is assigned an identifier which defines
the message contents and the message priority. A
CAN message consists of an identifier field and the
data field. The identifier field can have 11 bits

can have a maximum of 8 bytes.

CANbus is a high-speed network. Table 1
shows several maximum baud rates in function of
bus distance. The CANbus is a multi-master
network. It has sophisticated error detecting
mechanisms and re-transmission of faulty
messages, with guarantee of data integrity. The
cabling is made with twisted pair. The maximum
number of nodes depends on the transceiver; with
the PCA82C251 up to 128 nodes can be connected.
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Table 1. CANbus Baud Rates in Function of

Distances
Bit rate Cable length
10 Kb/s 6.7 Km
50 Kb/s 1.3 Km
125 Kb/s 530 m
250 Kb/s 270 m
500 Kb/s 130 m
1 Mb/s 40 m

There are few incipient applications of the
CANbDus in avionics and aerospace, as reported in
the web page of CAN In Automation organization

[4].

The book [5] is a recent compendium of theory
and applications of the CANbus. There are active
research lines about the CAN protocol, being
published in IEEE proceedings on factory
automation, and conferences of the CAN In
Automation organization. A recent volume of IEEE
Transactions on Industrial Electronics (December
2002) presented some articles on the topics [6, 7].

Smart Components

One of the first published reviews [8] of smart
sensors in industry appeared in 1987. Since then,
smart sensors and actuators have proliferated in
many applications. An important initiative was
taken by NIST and IEEE in 1993, to define
standards on “Smart Transducer Interface for
Sensors and Actuators”. That was the origin of the
IEEE P1451 family of standards. The 1451.2
standard was the first to be adopted, in 1997; the
1451.1 was adopted in 1999; other members of the
family have been recently adopted or are in the
process. It is interesting to note that in 2004 the
IEEE has started to work in the IEEE P1451.6 that
“will establish a CANopen-based network for
multi-channel transducer modules and will define a
safe CAN physical layer”.

The IEEE 1451.2 defines a smart sensor as one
“that provides functions beyond those necessary for
generating a correct representation of a sensed or
controlled quantity. This function typically

simplifies the integration of the transducer into
applications in a networked environment”.

The review of literature on smart sensors [9],
group the applications of smart sensors into five
categories: signal conditioning, data
reduction/abstraction, tightening feedback loops by
avoiding control feedback delays,
monitoring/diagnosis, and detecting trigger events.
From an industrial point of view, smart sensors
include some of the following functions: self-
calibration, on-field programming (from the
network), intelligent alarm management, password
protection, signal conditioning, energy saving,
space saving.

There are many different smart actuators,
mainly of electromechanical or optical (smart
cameras) nature. This application field is gaining
momentum in connection with mechatronics and
miniaturization.

The book [10] is a complete summary of the
latest developments in the area of smart sensors;
while the book [11] focuses on data acquisition and
signal conditioning for smart sensors.

Research Objectives

Figure 3 shows the conventional centralized
system architecture for the fuel management
system. The architecture implies a lot of wiring and
a big connector (possibly with many pins) in the
central computer.

=l

CormpLies|

)]

Figure 3. Conventional Architecture of Fuel
Management Systems

Figure 4 shows the system architecture
proposed in this research. It is based on a fieldbus.
Wiring is simplified, with less weight. Information
obtained by sensors, and orders given to actuators,
are transmitted in digital format. Sensors and
actuators are nodes of the system, exchanging
messages through the bus.
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Figure 4. New CANbus Based Architecture of
Fuel Management Systems
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An important objective of the Project is to
obtain a completely decentralized functionality. In
consequence the central computer is suppressed:
there will be just another node for human interface
and system coordination role.

Smart components are components, such
valves, pumps, and sensors, with augmented
functionality. The most important part of their
capabilities is related to make it possible the
distributed control of system operations. In
addition, they will have self-testing capabilities, and
keep individual records for maintenance purposes.

The Project considers in particular the fuel
management of a helicopter with four tanks, and an
aircraft with seven tanks.

Figure 5 shows a schematic top view of the
helicopter fuel system, which consists in two
subsystems (each one with two connected tanks),
two refueling valves, two pumps for engine supply,
and a mechanism for balancing the two subsystems.
Figure 6 shows a more detailed diagram of the
tanks, valves (RV,BV), pumps, sensors (FGT) and

piping.

Figure 5. Schematic Top View of the Helicopter
Fuel System

Supply Pump 2
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Figure 6. Details of the Helicopter Fuel System

Figure 7 shows a schematic top view of the
aircraft fuel system, with three tanks in each wing,
and a rear tank. There is also a balancing
mechanism.

Figure 7. Schematic Top View of the Aircraft
Fuel System

Four of the industrial partners participating in
the Project are producers of valves, pumps and
sensors. Universities provide scientific support, and
contribute also with protocol and automata
definitions. One of the partners produces the digital
electronics to be embedded into the components
(each component producer puts this into his
component). The other two industrial partners are
users of the final product. There is one research
coordinator.
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The research work plan starts with requirement
definitions, followed by software development,
production of the smart components, and validation
in an industrial rig. A simulation task is included for
development and testing support. Part of the
simulation is based on laboratory experimental rigs.

Operational Scenarios

After some abstract discussion on how to devise a

distributed control, it was considered useful to select
certain operations of the helicopter fuel management
system and propose them as paradigm control
problems to be solved in a new distributed way.

It was found that two operations were enough
to consider all pertinent logical and sequencing
aspects of the helicopter fuel management
functions. One is pressure refueling (which includes
balancing), and the other is engine supply. Both
operations constitute the research scenarios for
development and testing.

A careful specification of the operational
scenarios has been done, in terms of flow-charts.
The basic procedures are simple; for instance,
refuelling starts by opening a valve, and stops when
a certain fuel quantity, measured with a sensor, is
reached, in which case the valve is closed. Indeed
there are further considerations that make things
more complicated, such are delays, different initial
conditions of the system, and possible component
malfunctions.

Technology

An important advantage of the CANbus is that
there are many important integrated circuit
companies offering bus drivers and CAN-enabled
microcontrollers. Representative examples of such
microcontrollers are based on traditional cores, such
the Intel 8051 or the Motorola 68HCO08.[12]. In
addition, the CANbus is well documented, with
good Internet information sources [13].

For the particular case of this research, the
Infineon C167 microcontroller was selected. It is a
powerful CAN 2.0B 16 bit RISC microcontroller.

Each smart component of the new fuel
management system is a CANbus node, using the
CANbus-enabled microcontroller. The
microcontroller has two interfaces: one for the

CANbus, and the other for the electromechanical
parts of the component.

Recently TTCAN has been introduced to make
a deterministic CANbus [14]. Time slots are
assigned to nodes, so each node has the opportunity
of sending a message without the risk of a collision
with other messages. TTCAN has been adopted for
our new distributed control system.

System Functionality

The main idea devised to get a decentralized
control is to maintain a state description of the
system along time. The state means which valve is
open or closed, which pump is running or not, what
are the fuel quantities, etc. A procedure of message
exchanging between nodes is defined, so all nodes
know at every time the system state. Every state
change made by a node is notified to the rest of
nodes. Each node knows, in function of the present
state if it has to do something new.

Apart from normal operations of the system,
there are other modes defined for abnormal
conditions or for maintenance purposes. There are
system high-level orders and information exchanges.
A complete protocol has been developed to take into
account the complete system functionality.

The use of smart components promotes a more
easy and detailed system maintenance. Each smart
component has BIT functions interacting with the
CANbDus.

Common Core

An important objective of the Project, for an
easier certification, is to have a common software
core for all smart components.

A solution has been reached in terms of
automata cooperation.

Given a system operation, for instance engine
supply, each component involved in the operation
behaves as a specific automaton. For instance, an
engine supply pump obeys basically (this is a
simplified example, without malfunctions) to the
automaton depicted in Figure 8. The automaton has
two states and two transitions: one to run, and the
other to stop.
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Local automaton : Engine Supply Pump

—

Pattern matching [... 1..J0 0§00 ...

Deactivate Component (Interface)

Change StateVector[...1 ..JO 100 ...]

Send message to CAN Bus

—

Pattern matching [... 1.J0 000 ...]

Activate Component (Interface)

Change StateVector[...1 .. J0 100 ... |

Send message to CAN Bus

Figure 8. Engine Supply Pump Automaton

All automata, corresponding to all possible
behaviors of all components, are codified and put
into a library.

Each smart component has an [.D. For instance
the left re-fuelling valve knows he is the left re-
fuelling valve. Using this [.D., the smart component
selects the automata defining his own behavior in
the system. The state description shared by all
components includes bits telling which system
operation is in course. With this information, each
component selects and run his specific automaton
for the operation.

In consequence, it can be said that the system
behavior emerges from the cooperation of local
automata.

Smart Components

The smart components to be implemented in
the Project are fuel sensors, valves and pumps. All
components will be able to cooperate using the
CANbus. Figure 9 shows a block diagram of a
generic smart component.Each component is
designed to achieve certain functions, as defined by
the corresponding automata.

In addition to implementing the fundamental
component functions, other tasks of the
microcontroller which is embedded in the smart
component, are to maintain a usage statistics and to
conduct Built-In-Test (BIT) activities after power-

up, continuously, or being initiated for diagnostic
purposes.

The smart components include sensors to
monitor their condition. For instance, the balance
pump includes temperature and current sensors.

Ccc 48
Programming

Sensor or

Actuator

Figure 9. Block Diagram of a Smart Component

Experimental Testing

One of the Project tasks consists in developing
simulation systems to support the research progress.
For instance, once the main ideas for decentralized
control were elicited, it was very convenient to
provide the means to test possible implementations.

A direct way for obtaining a test platform is to
build a laboratory system with the same structure of
tanks, piping, valves, pumps, etc. Sizes and time
constants are scaled down, since the focus of the

8.D.2-6



research in this moment is to reproduce at fast pace
the same logics and sequences of events that happen
in the real fuel system. The experimental conditions
are thus more stringent that the real ones, since
events take place more quickly, meaning larger
CANBbus load.

Since the implementation of smart components
comes after software development, something has
to be done to get in advance a sort of “smart
component”, open to internal code changes during
experimental testing. Figure 10 shows a block
diagram of what has been done: conventional non-
smart valves, level sensors and pumps are used.
Each conventional component is connected, via
simple electronic interface, to a card with the CAN-
enabled microcontroller. The card can be connected
to the CANbus. In this way, a laboratory “smart
component” is built as a combination of component,
interface and card. A side advantage of this
structure is that some malfunctions can be easily
simulated. Figure 11 shows a photograph of the
card with the microcontroller.

Sensor or
Actuator

Interface

CCC
Programming

Figure 10. Block Diagram of a Laboratory
“Smart Component”

A fuel management system has been built
using the laboratory smart components. Figure 12
shows a photograph of part of the system with the
cards connected via CANbus. The fuel management
system is coupled with the physical plant (the tanks
and piping), so valves, pumps, and sensors are put
in the pertinent places, and connected to the
electronic interfaces. Figure 13 shows a block
diagram of the laboratory system structure.

sssssnes
QL0000

0000000

\

AR NNNNNNS
N

Figure 11. Photograph of the Card with the
Microcontroller
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CANbus System

Physical Plant
(tanks, valves, sensors, etc.)

Figure 13. Block Diagram of the Laboratory
System Structure



Figure 14 shows a sketch of the laboratory
system which simulates the helicopter fuel
management system, including the physical plant.
Figure 15 shows a photograph of the helicopter
laboratory system.

Pressure
retseding

= M:% - _

I Q — . Figure 15. Photograph of the Helicopter
= : Laboratory System

Figure 16 shows a sketch of a laboratory
- system corresponding to the airplane. Figure 17
shows a photograph.

Figure 14. Sketch of the Helicopter Laboratory

System
Tank 1 Tank §
Tank 2 Tank &
T Tank 3 Tank £
] Sugply pump
l.%n- l.‘i [ lib l-ab- I.Enn I.Ep.-l | ¥ En-l L 4 pl

Asgumulalon ank

Figure 16. Sketch of the Aircraft Laboratory System
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Figure 17. Photograph of the Aircraft
Laboratory System

The development of the common software core
has been done with the help of the laboratory
systems. The definition of automata has been
experimentally checked. The CANbus has been
monitored to determine bus load, to detect any
communication problem, and to follow the correct
execution of the system operations.

The viability of the ideas for decentralized
control has been confirmed.

Conclusions

In this paper the present status of a European
Research Project on a new CANbus-based avionics
system has been described. The research proposed a
decentralized control, using smart components.

The main ideas elicited to obtain a distributed
control have been presented. On the basis of these
principles, a common software core has been
developed, and a distributed fuel management
system has been successfully tested in laboratory.

There are still several research steps to perform
such failure and redundancy studies, build the smart
components, and do demonstration experiments in
the industrial rig.

The research opens new perspectives for fuel
management and other avionics systems. In the
future more functionality will be added, increasing
the capabilities of the smart components.
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