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AUTOMATIC CODE GENERATION TOOL FOR AVIONIC FUEL
DISTRIBUTED CONTROL SYSTEMS

C. C. Insaurralde, M. A. Seminario, J. F. Jiménez, J. M. Giron-Sierra

Dep. Arquitectura de Computadores y Automatica,
Universidad Complutense de Madrid, Madrid, Spain

Abstract

A novel graphic computer tool to generate
decentralized fuel control system for avionics is
introduced. As a result of a European Community
Research Project, a new distributed fuel
management system involving fieldbus has been
proposed, implemented and tested. Some different
target fuel system configurations for aircrafts can be
considered and according to their mission, could
have more or less tanks and components in the
system. For each case, the control code of the
distributed system must be quickly modified. Then
it can be injected into each field device to operate in
the system. This paper focuses on a graphic
computer tool that makes easy the control software
development together with automatic code
generation. This paper describes the main ideas of
the new distributed avionic system and the
graphical tool. Some experimental results in a
laboratory physical simulator are also shown.

1 Introduction

A new generation digital fluid management
system for aircraft was proposed by a European
Research Project [1]. The main target fluid system
to control is the fuel system. The classical avionic
fuel management systems are usually centralized
systems with point-to-point connections between a
central computer and the rest of the system
components. The new generation proposes a
decentralized system without central computer,
using a fieldbus and smart components. Fieldbuses
[2, 3] correspond to a simplified networked digital
communication for industrial purposes. Smart
components are components such pumps, valves
and sensors, which have embedded digital
processing capabilities for more functionality.
Typically, smart components include adaptive,
auto-diagnostic and reconfiguration features.

0-7803-9307-4/05/$20.00 ©2005 IEEE.
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A main aspect of the project proposal is that
each smart component should open or close, run or
stop, etc. according to its own decision, in view of
the current system state and the operation mode.
For instance, one of the operation modes is engine
supply with aircraft balancing. Along the flight,
each component decides when to change its state.

To accomplish this idea, a methodology was
proposed which consists in a hierarchy of automata
working together [4]. There are local automata,
which define the function of each component. For
instance, a pump obeys to a simple local automaton,
telling when to start or to stop. The transitions of
the local automata are governed by the system state.
All components know the system state. When a
component changes its state, the component
broadcast this change to the rest of components
through the fieldbus.

The automata are implemented by software
code, which resides in each smart component. This
control code must be safe, clear and simple for
avionic certification.

As a first phase of the Research Project, a
complete simplified fuel management system has
been developed and tested in simulators and a real-
scale rig. Thus it has been shown that the new
control distribution concept is viable.

Now, it is important to generalize the research
objectives. The distributed control concept should
be applicable to different target fuel system
configurations, with dissimilar account of tanks and
components in the system.

As a new contribution for the research, we now
present a new graphic computer tool to cope with
different fuel system configurations. Once a fuel
system is easily described in the tool environment,
the tool is able to quickly generate a simple and
clear structured code for the set of automata
required by the smart components.



In the first part, this paper gives some
necessary previous concepts to understand the
research framework and the terminology being
applied. Then the paper focuses on the tool
concepts and development. Then a particular
helicopter example to see how the tool works is
shown. Finally the paper draws some conclusions.

2 Main Ideas of the Research Project

Let us present in a concise way the key ideas

that have been produced along the Research Project.

2.1 Smart Components

Figure 1 shows a diagram with the main parts
of a smart component. There is a mechanical part,
which corresponds to the physical action of the
component (valve, pump, etc.), a microcontroller in
charge of the digital processing, and an interface
with the fieldbus.

Physical
Component

Microcontroller

CANBus
Interface

Figure 1. Smart Component Blocks

The microcontroller is embedded into the
component, and has electronic interfaces with the
sensors and actuators inside the component.

2.2 Two Levels

Two levels can be distinguished in the fuel
system. One of the levels is the physical plant, with
the tanks, pipes, valves, fuel, etc. The other level
consists of the smart component microcontrollers
connected via the fieldbus. The CANbus has been
selected as the fieldbus to be used in the research
[5-7].
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Figure 2 shows a simplified view of part of a
fuel system. The physical plant level is on top,
while the electronic level is below. The smart
components make both levels to interact (each
micro-controller corresponds to a smart
component).

Physical Plant Level |

Level TANK 2
Sensor

|
' |
Y |

Microcontroller
/
A

N

Figure 2. Two Levels in the Fuel System

2.3 State Vector

The messaging protocol TTCAN [8] has been
selected to keep all components informed of the
system state. This protocol continuously repeats a
cycle. In each cycle a state vector is sent to the
components, along time windows. The vector
contains a description of what components are on,
and what are off. It also contains what is the current
system mode. Figure 3 shows the idea of the state
vector: a series of bits.

System Valve 1 Valve 11 Valve 3

Mode 2 closed fails closed

N N N \
oy folef __{tfe; __fefo

Figure 3. The State Vector

The TTCAN cycle has time windows. The
component number £ can modify its part of the state
vector in the time window number k. When the state
of a component changes, the component uses its
time window to change the pertinent bits in the state
vector. Since all components read the state vector, it
is a way of information broadcasting.



2.4 Automata

The fuel management system has several
operating modes, such refueling, engine supply, or
maintenance. Given an operating mode, each smart
component acts according to a local automaton.
Figure 4 shows a conceptual example. It is a valve
(number 3) in open state. If the system is in mode 2
and the valve 1 is closed, the local automaton of
valve 3 must go to closed state. The valve 3 reads
the state vector. When the conditions for state
transition are met (pattern matching with a part of
the state vector), the valve 3 closes, and waits for
time window 3 to change the state vector, so the
system is informed that valve 3 is closed.

Select using
Component ID
& System Mode

System Valve 1 Valve 11 Valve 3
Mode 2 closed fails closed
\ \ \ \ Figure 5. Common Code
[ T T .
‘ 1 ‘ 0, ___| 0 ‘ 0 L___: 1 ‘ 0 L__j 0 ‘ 0 ‘ All local automata of all components are put in
---------------- a library. Each smart component selects from the
.................. ;\ It Syste";:?de =2 library its pertinent local automaton, using the
Valve 1 == closed current system mode and the smart component [D

(an identification number).

3 State of the Art

Valve 3 Avionic fuel management systems are
\Y . .
closed described in the books [9, 10].

There are few incipient applications of the
CANbus in avionics and aerospace, as reported in

Figure 4. Smart Component Local Automaton the web page of CAN In Automation organization

The complete system behaves according with a [11]. Nowadays the use of CANbus in industrial
global automaton, changing from one to another and consumer applications is extensive and well
system mode. When a system mode is launched, an supported by COTS electronics.

operation automaton starts to work. However, the
only real automata implemented in the system, are
the local automata, residing in the smart
components, which cooperate giving rise to the
global and operational automata.

In general fieldbuses are an important
alternative for the architecture of systems with
sensor and actuators. They provide connectivity to
intelligent devices such smart sensors or actuators.

There are many different smart actuators,
mainly of electromechanical or optical (smart
2.5 Common Code cameras) nature. This application field is gaining

A main issue in avionics is certification. In the momentum in connection with mechatronics and
case of this research, it means that code must be miniaturization.

simple, clear and structured. In addition, for easier
certification, only one program is developed. All
smart components have the same code. This is
denoted as common code. The idea is sketched in
Figure 5.

Our research proposes an architecture where
smart components have local and global knowledge
of the system state, and take own decisions. This
corresponds to a new concept, “holons”, in the line
of objects, actors and agents. The holons are nodes

8.B.2-3



of holonic architecture, using local and some global
system knowledge for their work [12-14].

Most automatic code generation tools help to
the user to write code from flow diagrams, UML
diagrams or any other kind of diagrams [15, 16].
The user defines all the program flow through a
diagram editor, and the tools generate the code
according to this definition.

The tool proposed in this paper is different, in
the sense that it departs from a description of the
fuel management system itself.

4 Automated Development of the New
Distributed System

4.1. General Procedure for Developing a
Distributed Fuel Management System

Suppose a new specific fuel management
system must be developed, putting into application
the control distribution methodology proposed by
our research. Figure 6 shows the main steps that
must be followed.

1. The first thing to do is to describe the
physical plant, by means of a configuration
diagram showing the interconnection of
tanks, pipes, valves, etc.

2. Definition of the local automata for each
component. The component behaviors are
represented by state diagrams.

3. Description of the automata in terms of
state tables.

4. Generation of code, derived from the state
tables.

5. Integration of the code into the smart
components, making it to interact with the
component parts and the CANbus.

6. Finally the distributed system is made, by

connecting the smart components via the
CANbus.

The six steps of the procedure can be
decomposed into two parts. The first part consists
of steps 1 to 4 and gets a main result: the code to be
embedded into the smart components. The second
part, steps 5 and 6, focuses on system
implementation.
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Figure 6. General Procedure of a Development

Figure 7 corresponds to step 5, and shows how
the smart component integration is accomplished
after the code generation.

a

User

Application

Code
Generation

;l S
Donwloading
2
Node
Integration
=y
Figure 7. Smart Component Implementation
after Code Generation



The code we generate is C. With a proper
compiler, the code can be easily projected to a
microcontroller with enough capabilities. Once the
microcontroller is tied to the code, it can be
embedded into the smart component.

4.2 Procedure Automation with a Tool

A major advance can be provided by getting a
computer tool to make easy the first part (steps 1 to
4) of the distributed fuel management system
development. This tool has been already made in
this research, being the main topic of the paper. It
consists of a graphic editor coupled to a code
generator.

The user can draw on the screen a fuel system
configuration, adding functional information. This
description can be saved on disk for further uses.
Once a satisfactory definition is reached, the tool
can be used to automatically generate the control
software code. This code can be run by any smart
component. Each component will find and run the
right local automata, according with the component
ID.

Figure 8 shows the steps to design with the
tool a control system of fuel tanks. First of all, the
physical plant and the electronic level structure
must be defined. Then the functional behavior of
the smart components, as part of system operations,
must be defined. Finally, the tool can generate the
control code for the smart components.

PLATFORM DEFINITION:
Physical Plant Configuration

ELECTRONICS DEFINITION:
Electronic Level Configuration

FUNCTIONAL DEFINITION:
Smart Component Behavior

AUTOMATIC CODE
GENERATION

Figure 8. Design Steps with the Tool
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5 Details of the Computer Tool

5.1 Processing of Plant Configuration Data

The technique used to process the plant
configuration data is an algorithm which analyzes
the fuel system dividing it into subsystems. Figure 9
shows an example of decomposition into
subsystems.

Subsystem 1 Subsystem 2
Tank 1 Tank 2 === Tank 3
Subsystem 3
Tank 4 === Tank 5 === Tank 6

Figure 9. An Example of Fuel System

The minimum decomposition of the system is
named basic functional unit. It consists in a tank
with six connection ports at most and up to one
component connected per port.

Only one component connected per port is
analyzed and whether there are two components
one after the other, the last one will be taken as
another functional unit. Anyway, two components
connected to the same port are not allowed.

5.2 Graphic Editor

The tool is a multi-document windows
application similar to MS Visio. The main screen
offers several object palettes and an edition pane for
drawing diagrams by dragging icons from the
palettes, and connecting the icons with lines.

Figure 10 shows the main tool screen with the
user interface. We can see an object palette on the
left and the edition work page on the right.
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Figure 10. User Interface
According with the design steps in figure 8,
there are three object palettes corresponding with
the three steps before code generation. The three
palettes are the following (see Figure 11):

o Platform Palette: Used to define the
physical plant.

e  Hardware Palette: Used to define the
electronic level of the fuel system.

o Software Palette: Used for the
functional definition of system
operations and component behaviors.

Tool Palstte x  Tool Palstts — — Tool Palette ————————— x

FLATFORM PLATFORM : FLATFORM
HARDWARE i HARDWARE
SOFTWARE

HARDWARE
SOFTWARE
GENERATE

SOFTWARE
GEMERATE

GENERATE

Figure 11. Object Palettes

A library of software objects has been
developed to support the distributed control concept
through the palettes.

5.3 Output Results

The tool yields two different results. One of
them is a middle result: the state machine table. The
other main result is the software code for the smart
components. Figure 12 shows part of the code
generated by the tool.

File ASMFile.h
Y
#define RV1_SMART_COMPONENT
#define RV1_ID 1
#define RV1_OPER PR == PRMAC
#define RV1_COND11 TLT1 !=TLAH
#define RV1_COND21 TLT1 !=TLAH
#define RV1_COND31 TLT1 ==TLAH
#define RV1_COND41 TLT1 ==TLAH
Y
File RVl.c
Y

#include "ASMFile.h"

/* Here are written the redefinitions with all the combination of the
conditionals generated /

#ifdef RV1_SMART_COMPONENT
int inSetWorkRV() {
if (RV1_OPER) {
switch(RV1_[Valve_Current_State]) {
case VSC: // Valve State is Closed
if (RV1_CON1A || RV1_CON1B) {
vdDrivetoOpenValveState(RV1_ID);
vdOpenValve();

break;
case VSWO: // Valve State is on-the-Way to Open
if (RV1_CON2A || RV1_CONZ2B) {
vdOpenValveState(RV1_ID);
}
break;
case VSO: / Valve State /s Open
if (RV1_CONB3A || RV1_CON3B) {
vdDrivetoCloseValveState(RV1_ID);
vdCloseValve();
}
break;
case VSWC: // Valve State is on-the-Way to Close
if (RV1_CON4A || RV1_CON4B) {
vdCloseValveState(RV1_ID);
}
break;

}

}
#endif /*RV1_SMART_COMPONENT %/
/ /

Figure 12. Code Generated for Refuel Valve 1

8.B.2-6



The code generated must be clear, structured
and simple. The software generated by the tool
repeats a basic structure of sentences,
corresponding to any local automaton. Thus, all
automata have the same code structure, with only
changes related to the conditions that must be met
to fire a state transition.

6 Example: Helicopter

We present a particular fuel system case [1] to
see how the tool works and describe all the
necessary design phases to develop the new
distributed control system.

Figure 13 shows a schematic top view of a
simplified helicopter fuel system. There are two
subsystems. One of the subsystems consists in the
left and top tanks on the figure; both tanks are
connected through a pipe, for gravitational fuel
transfer. The other subsystem consists in the right
and bottom tank on the figure; like in the other
subsystem, both tanks are connected through a pipe.
There is an inlet for refueling of both subsystems, at
the bottom left corner in the figure. Engine supply
is provided by the top and bottom tanks. The two
subsystems are connected with a bidirectional fuel
transfer system, for aircraft balancing. Table 1
shows a smart component list for this system.

Supply Pump 2

OF%4}—(§

FGT 1A

¥ BP2-1

BP1-2

8|o % —J

Subsystem 1 Supply Pump 1

Figure 13. Details of the Helicopter Fuel System
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Table 1. Smart Components List

Components Description

FMC Fuel Management Controller
BV Balance Valve

BP Balance Pump

SP1 Supply Pump 1

SP2 Supply Pump 2

RV1 Refueling Valve 1

RV2 Refueling Valve 2

FGTI1A Fuel Gauge Transmitter 1A
FGTI1B Fuel Gauge Transmitter 1B
FGT2A Fuel Gauge Transmitter 2A
FGT2B Fuel Gauge Transmitter 2B
FGT3 Fuel Gauge Transmitter 3
FGT4 Fuel Gauge Transmitter 4
HLS High Level Sensor

LLS Low Level Sensor

The design of the distributed control begins
with a graphic description of the physical plant.
Figure 14 shows a view of this description. It has
been made using the platform palette, dragging
icons that correspond to tanks, valves, pumps, etc.
The graphic symbols are linked by arrows
according with the helicopter fuel system structure
and the components role.
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Figure 14. Helicopter Physical Plant Definition



Figure 15 shows a view of the second design
step. By using the hardware palette, a graphic
description of the fuel system electronic level is
done. The result shows how the smart components
are connected to a common fieldbus. Each square
block represents the electronics embedded into a
valve, a sensor, a pump, etc. There are as many
square blocks as smart component icons in the
figure 14 (square blocks and smart component icons
are linked by same names).
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Figure 15. Helicopter Electronic Level Definition

The third step is depicted in Figure 16. The
functional definition is done using the software
palette. Here ID numbers are assigned to the smart
components (which also have names).

T G
B MM:‘IT?;" St MEaOnoen "€RaR LM <

e RS (kAN ML POoEESY /| TAROX DONE
R AR o 0 T T T T T

= a
-
= \
g e B
B I|I'. N

|, FuEL ouTLET

kil

BT |

I Ersilia Supphy

-
L FUELIN
i ProssureRafustiog E]

rar

FoT2

T e IOV T DO O

5 TR B G

5 HAREAWARL

| 8 sFTwaRE
(P = | -1

Haren g (Y 770, 16 Ak M

Figure 16. Helicopter Functional Definition
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In figure 16 the system operation modes are
represented by rectangles. All components
contributing to an operation mode are connected by
arrows to this operation mode rectangle. The tool
allows for the definition of the sequence of actions
of the components along an operation mode.

Figure 17 shows as example the refuel valve 1
with the three parts implemented. In the figure we
can see the links between the parts using names: V1
to link platform and hardware parts, RVI to link
hardware and software parts. The software part has
the number 5 as the component ID inside the fuel
system.

Platform Hardware Software
rFr— e,y — — — = —— = = = =
| I
| w1 | |
| (D R rv: U 3 |
| ) | —
[ | B o N2

Figure 17. The Three Component Layers

After finishing all the definitions of the
component parts, the next step is to use the tool for
automatic code generation.

7 Experimental Results

A laboratory simulator has been built to test
the distributed control of the helicopter fuel system.
Figure 18 shows a photograph of the simulator.
There are several electronic boards fixed to a
yellow panel in the photograph. The boards are
connected via CANbus. Each board contains a
microcontroller. This is the microcontroller that
should be embedded in the real smart components;
but for our purposes, it is easiest to have direct
access to the electronics, so we have the
microcontrollers outside the mechanical part of the
valves, pumps, etc.

Each microcontroller is connected to one of the
components, so there are as many microcontrollers
as valves, pumps and sensors. The physical plant
(tanks, pipes, etc.) is on top of the yellow panel.



Figure 18. Photograph of the Helicopter
Laboratory System

The software code generated was tested in our
simulators, for refueling and engine supply modes,
with satisfactory results. The next figure shows an
example of the results obtained using components
with this software code. The important aspect to
consider is that the operation sequence of events is
correct, being accomplished by a distributed control
system without any central computer.

Experimento de un Refuelling
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Figure 19. Pressure Refueling
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Figure 19 shows a normal pressure refueling
operation mode. Let us focus on one of the
subsystems. At the beginning, the two tanks of the
subsystem are empty and they start to fill in, as
shown by the two curves. The two curves have
different slope. The most pronounced corresponds
to the tank directly connected to the Refuel Valve;
while the other tank is filled from the first tank
through a pipe. Notice the saw tooth action of the
Refuel Valve after the first tank has reached
maximum level.

The laboratory simulator makes easy to
monitor the CANbus messages, to study the bus
load, the TTCAN correct work, and the sequence of
events at the electronic level as described by the
state vector in every moment.

8 Analysis of Results

The tool has some interesting aspects which
can be remarked:

8.1 Advantages

e The control software development is
easy and quick.

o The code of the distributed system can be
quickly modified.

e The physical plant configuration can be
saved on disk, for easy iterative functional
improvement of the control system.

e The application proposed is an easy-to-use
tool.

il



8.2 Flexibilities

Add new components types to the toolbox.
e More automatic calculation operations can
be implemented.
e Extension to other systems of tanks.

8.3 Present Limitations

o The definition of the tank system units fixes
a basic unit for all of tank systems.

e The standard operations and their
connections to the inlets and the outlets are

fixed.
e The types of the smart components are
fixed.
8.4 Summary

o System Topology: If the system of the fuel
tanks changes, the software code is quickly
modified by the tool.

o Simple Development: The tool makes easy
the control software development.

e  Modifications: The tool is open to upgrade
its contributions.

o Future Extension: The future of the tool is
to expand its capacities for other tank
systems and to add more results like for
example; simulation and IEC61499 block
diagrams.

e Novel Tool: The tool is a new contribution
in the distributed control research context.

9 Conclusions

In this paper the description of a new
methodology for systematizing distributed control
fuel system development for aircraft was presented.

The main ideas of the new distributed avionic
system were presented and a graphical computer tool
was introduced. Also, some experimental results in a
laboratory physical simulator were also shown.

A particular case of aircraft was processed and
presented. Some different targets can be considered
and several configurations can be stored on disk, for
rapid on the field use and further modifications.

The graphical computer tool systematizes the
development of distributed fuel system for aircraft.
It is simple of using, open for upgrading and can be
expanded to other fluid systems.

In the future, the tool will be applied to
develop real smart components of the project.

The tool was thought for the development of
distributed fuel systems for aircraft, but it can be
extended to other fluid system in aircraft.
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