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Abstract—Smartfuel is a research project from a
European Commission Framework Programme. The
project aims to move away from a centralized control
architecture for aircraft fuel management. The
controlling functionality (originally located in a central
computer) in a Distributed Aircraft Fuel Management
System (DAFMS) is partially deployed in networked
Smart Fuel Components (SFCs). SFCs are mechatronic
fuel components that can make their decisions by
themselves based on the DAFMS states and the sequence
of actions of the DAFMS operation. Smartfuel considers
three DAFMS operation modes: pressure refueling,
engine supply, and fuel transfer. This paper discusses
the investigation work done toward developing the
above DAFMS. The discussion includes computer
models, laboratory prototypes, and an aircraft rig as
well as a real-scale helicopter used to evaluate the
DAFMS approach. Potential use of the approach
proposed for spacecraft and concluding remarks are
also discussed.
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1. INTRODUCTION

The third generation for fluid management in aircraft is
based on a fully-digital control and monitoring system. The
research proposal to realize such an approach comes from a
project called “Smartfuel -Third generation digital fluid
management system” [1] from the 5th European
Commission Framework Programme. The project challenge
is to move away from a centralized control system (entailing
a central computer connected point-to-point with each
analogue system component) to a distributed one (digital).
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The Smartfuel project fosters a decentralized solution to
reduce mainly weight and chances for potential connection
problems as well as to facilitate maintenance by minimizing
aircraft wiring. It proposes a distributed control architecture
for fluid management in air vehicles, with a special focus on
the aircraft fuel system. The control distribution requires
fuel components to be networked and deliberative on their
own actions whilst allowing them to provide advanced
functionalities (e.g. built-in testing). Thus, the degree of
automation of Distributed Aircraft Fuel Management
System (DAFMS) is increased as the workload on pilots is
reduced. The control distribution makes the DAFMS more
fault-tolerant since the control no longer relies on only one
central component, and conventional fuel components give
place to Smart Fuel Components (SFCs).

The SFCs are mechanical fuel components (i.e. valves,
pumps, etc.) with an embedded microcontroller and its
control software along with a fieldbus for communication of
component/system states to the DAFMS. SFCs take their
decisions based on the above states and the sequence of
actions in the DAFMS so they realize when it is time to
interact with other SFCs.

Smartfuel considers the following system operation modes:
(1) pressure refueling, (2) engine supply, and (3) fuel
transfer. Pressure refueling operations are carried out when
landed whilst engine supply and fuel transfer operations can
be done at any time. The operation sequence of the DAFMS
is unfixed. There are management events during flight for
which the DAFMS must work by activating and
deactivating DAFMS components (e.g. opening/closing
valves). This requires SFCs to know when they must
activate or deactivate by themselves without the need of
receiving commands from central computers or pilots.

This paper presents the investigation work done toward
developing the above DAFMS. It entails a brief description
of the fuel management process for two aircraft considered
by Smartfuel, and considerations regarding technical aspects
for the DAFMS development. The research covers the entire
DAFMS development lifecycle. Experimental results from
computer simulations, laboratory prototypes, aircraft fuel-
system rig, and real aircraft are discussed to show the
DAFMS performance. The prototypes replicate a real fuel
system from a helicopter and an airplane.
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The rest of the paper is organized as follows. Section 2
summarizes relevant technologies and existing approaches.
Section 3 recapitulates key concepts and strategies from the
SmartFuel Project. Section 4 describes the work carried out
to develop the DAFMS. Section 5 recaps works done in
computer modeling and simulations, and SFC emulations.
Section 6 presents the laboratory prototypes and
experimental results. Section 7 presents the real-scale
platforms and two experimental results. The last Section
presents the conclusions and future research stages.

2. LITERATURE OVERVIEW

This section summarizes relevant technologies and existing
approaches. The purpose of this section is to show a
literature overview by recapping the key technologies
considered for the DAFMS development in Smartfuel [1].

The overview is aligned with the combination of the
subjects (related to the DAFMS development) such as
distributed systems, fieldbus communication, and Real-
Time (RT) control, and smart components. Within this
context the application is the management of fluid systems
in aircraft. The above technologies are tightly related with
actual electronics trends such as embedded systems,
miniaturization, and mechatronics.

The first introductory topic reviewed was “Distributed
Computer Systems”. The idea was to start off with a general
topic (going beyond control applications) to try to identify
relevant architectures for distributed systems. The focus was
on the history of the networks of computers and their
applications as to computer networks [2], distributed
systems [3], and networked systems [4].

The second introductory topic reviewed was “Distributed
Control Systems”. The review aims to explore approaches
of distributed systems for monitoring and industrial control.
The main concepts investigated are related to RT systems,
distributed control systems, control strategies, and reactive
control. They cover the following aspects:

e RT systems. Distributed multiprocessing and
determinism [5], embedded systems and object-
oriented control modeling, faults and redundancy,
RT distributed system modeling, and functional
model for events, states and time.

e Distributed control systems. Deterministic and
timely transportation of messages, fault tolerant
clock synchronization, strong fault isolation with
respect to arbitrary node failures, and consistent
diagnosis of failing nodes [3].

o Control strategies. Monitoring (sensing systems),
predictive control (feedforward control systems),
and reactive control (feedback control systems) [6].
Additionally, smart control methodologies as well
as robustness in control engineering systems.
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e Reactive control. Determinism [7], temporal
response, safety and reliability [8], critical and no
critical system, design and development [9], and an
example: Antilock Braking System and Traction
Control [10].

Once the introductory review context was done, the
following background topic towards the specific network
solution was considered by reviewing “Field Buses”,
particularly Controller Area Network (CAN) [11] and Time-
Triggered CAN (TTCAN) [12] buses.

The next background topic reviewed was “Intelligent
Control Systems”. It is a quite large topic to discuss,
however, only the following relevant points were
considered: basic concepts [13], intelligent control [14],
[15], methodology for developing computer controllers;
control software development: object-oriented, actor-
oriented [16], agent-oriented [17], holon-oriented [18],
multi-agent systems [19], multi-holon systems [20], and
holonic manufacturing systems [21].

The following background topic was also reviewed:
“Distributed System Modeling” with a focus on the IEC-
61499 standard [22]. It was analyzed by highlighting its
interesting aspects, and suitability for distributed control
applications [23].

The last topic reviewed was “Distributed Control Systems”
in “Avionics Control Systems” since this combination of
topics is a central issue. The aspects reviewed are mainly the
design concepts and the avionics development history [24],
the main avionics buses [25], the fuel system and their
operation modes (special focus) [26], current trends [27],
[28].

The term ‘smart’ for the fuel system components was
defined by the SmartFuel Project consortium to name
conventional mechanical components such as valves,
pumps, sensors endowed with limited and specific skills.

Smart components are considered by this research work as
conventional fuel components with embedded intelligence
(SFCs) to make decisions for coordination, cooperation, and
interoperation (between SFCs). The term ‘intelligence’ is
widely adopted by the research community and practitioners
to define a wide range of cognitive functions. However, it
means specific abilities of the fuel system components
within the context of the research carried out.

The intelligence distribution considers a problem about the
‘knowledge’ a SFC needs to have for a correct decision-
making. This knowledge can be local or/and global
regarding the environment. The problem also involves the
degree of knowledge required by each SFC to decide by
itself (delegation of responsibilities at different supervision
levels). The concept “holon” [29] was adopted to describe
the behavior of SFCs with capacities of making decisions
based on the local and global cognition.
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3. THE SMARTFUEL PROJECT

This section recapitulates key concepts and strategies from
the SmartFuel Project [1].

3.1 Project Aim

Typical fuel management in avionics has a centralized
architecture where there are point-to-point connections
between a central control computer and each system’s fuel
component. This architectural system organization requires
a lot of wiring. SmartFuel proposes a distributed fuel system
generation where the central computer is eliminated, and a
fieldbus is used to interconnect so-called SFCs.

SFCs add advanced functionalities to conventional fuel
components by providing adaptive, auto-diagnosis and
reconfiguration features. Using a fieldbus has advantages
lowers the weight, reduces the chance of faulty connections,
and simplifies maintenance. Additionally, the fieldbus
network topology allows developers to deploy distributed
control applications in the different system devices. The
control distribution provides a fault-tolerant architecture by
nature.

3.2 Operational Aspects

The fuel system operation modes considered are three:
Pressure Refueling (PR), Engine Supply (ES), and Fuel
Transfer (FT). The fuel is useful to balance aircraft during
flight. It is moved from a tank to another whist continuously
assuring fuel supply to the aircraft engines. During a normal
flight, the DAFMS must respond activating and deactivating
SFCs in response to some events, e€.g. opening or closing
valves, and starting or stopping pumps. Smart valves or
pumps (i.e. SFCs) are able to activate or deactivate by
themselves without the need of receiving orders from a
central computer, or even from pilots. Hence, the DAFMS
becomes more fault-tolerant to failures, and the degree of
automation is increased as the pilot’s workload is reduced.

The operation of the DAFMS produce a sequence of events
unfixed. FTs are very important in the DAFMS. For
instance, an engine can consume more fuel than the other
(for any reason), and then the system must respond
automatically to balance the aircraft through special
transfers. Another example for FTs is when a SFC (valve,
pump or sensor) fails, the system must automatically
respond to this malfunction somehow. In any case, the
DAFMS and in particular SFCs must know by themselves
how to deal with such an abnormal situation.

3.3 Automata Hierarchy

The SmartFuel project requires the DAFMS to realize
hierarchical automata. The physical behavior of each SFC is
specified by automata where the states are possible physical
states of the fuel component (e.g. a pump has two states:
‘stopped’ or ‘running’), and transitions were defined by
conditions and operation modes of the fuel system (e.g. the
state when a tank is full when refueling, etc.).
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The automata control logic is implemented by programming
software code that is the Embedded Control Software (ECS)
of each SFC. The ECS is identical across the different SFCs
types, and allows the SFCs to communicate with each other
for coordination and cooperation. In addition, the ECS can
reconfigure SFCs in case of other SFC failures. For
instance, when a SFC fails, the operational ECS/SFC
recognize it, and take corresponding action(s) according to
the failure. The communication among SFCs is
accomplished by sending a shared data structure called State
Vector (SV) which encapsulates all the AFMS/SFC states.
Each SFC is able to broadcast this SV to the system.

3.4 Layered Control Software

The ECS runs in a Common Core Controller (CCC). It has
three main software layers: the Basic Software (CBS), the
State Machine Software (SMS), and the Component
Specific Software (CSS). These three software layers are
meant as follows:

e CBS. This layer is the same for each SFC, and
includes the software programming for the
communication  protocol (bus management,
peripheral modules, and the entire working
settings).

e SMS. This layer implements all the automata
required by the DAFMS. SFCs are able to choose
what automaton code they have to execute based
on their IDentification (ID) numbers (detected via
hardware).

e CSS. This layer is the specific Input/Output (I/O)
driver to control the mechanical component
behavior.

3.5 Smart Fuel Components

SFCs are mechatronic components with three main parts:

e Physical Component. The mechanical part which is
linked to the physical action to be performed by the
component (valve, pump, etc.). It represents the real
mechanical component.

e Control Hardware. The electronic part which has a
microcontroller (the CCC) for digital processing of

component data along with two interfaces: (1)
component interface (I/Os from/to the physical
component), and (2) CAN/TTCANbus interface

(messages from/to the fieldbus).

e Control Software. This comprises all the software
running in the microcontroller to control the
component, i.e. ECS.

The control software and control hardware are embedded in
the physical component. Thus, the SFC is integrated in just
one piece to give place to Commercial-Off-The-Self
(COTS) components.
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3.6 Global and Local System States

The CAN [11] and TTCAN [12] messaging protocol was
used to broadcast messages, and keep all SFCs informed
about the DAFMS states. This broadcasting process
continually repeats a cycle where SFCs are allowed to send
out a SV to the DAFMS for other SFCs to be informed.

Each SFC has the chance to transmit its SV one in each
cycle. In the case of TTCAN, time windows (slots) are
provided to avoid collisions of messages when SFCs are
sending out them. The vector contains a description of
which components are on and which ones are off. It also
contains the current system mode.

The TTCAN cycle establishes a scheduling for the messages
to be broadcasted, e.g. SFC ‘k’ can modify its part of the SV
and send it out in the time window ‘k’. Thus, SFCs use the
time scheduled for them to send out their SV (a total or
partial SV).

4. SYSTEM DEVELOPMENT

This section describes the work carried out to develop the
DAFMS.

4.1 Development Batches

The first problem to tackle was how to get the functional
distribution in the DAFMS by eliminating the central
computer. Laboratory  simulators were built to
experimentally demonstrate the feasibility of the solution
proposed to this problem. Thus, a demonstration of the
solution feasibility was quickly done.

The second problem (related to the first one) was to endow
SFCs with smart information (intelligence) by means of
software. The laboratory simulators were also useful testbed
to quickly show the effectiveness of the solution proposed.

Once the above solutions proposed were successful for the
SmartFuel project, further work was done to propose
methodologies and tools that allow the generalization of the
distribution problem in the DAFMS. This research initiative
was very well received by the project consortium.

A graphical representation methodology for modeling
distributed control systems was proposed as a first step to
address generalization. The methodological approach allows
for encapsulation of controlling/controlled functionalities
into SFCs to build distributed control blocks. It considers
multiple and different representation layers, and facilitates
reuse of applications (modularity).

A second step toward the generalization was the
systematization of the development of the DAFMS (in
particular, the SMS). The approach is capable of coping
with the substantial changes in the DAFMS under control,
reducing development time. Thus, a graphical computer tool
for automatic code generation for the SFCs was developed.
978-1-5386-2014-4/18/$31.00 ©2018 |IEEE
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Demonstrable solutions in laboratory were accomplished as
a first approach of the DAFMS for a helicopter and an
airplane. They were a good piece of work to then run
experimental tests on a rig (real-scale helicopter platform),
and eventually a flight-tested aircraft.

4.2 Analysis and Design

The DAFMS was developed for two different aircraft: a
twin-engine helicopter and a twin-engine airplane. The
configuration of the fuel tank systems for both of them is
shown in figure 1 and 2.

Figure 1 shows the layout of the fuel system of the
helicopter used for the analysis and design of the DAFMS.
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Figure 1. Helicopter fuel tank system

Figure 2 shows the layout of the fuel system of the airplane
used for the analysis and design of the DAFMS.

-

RIGHT
REFUELING
INLET

Figure 2. Airplane fuel tank system
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Table 1 presents the elements from each of the above
aircraft fuel tank systems.

Table 1. Elements of the aircraft fuel tank systems

Element Amount
Helicopter Airplane

Fuel tank 4 7
Supply Pump 2 2
Refueling Valve 2 2
Transfer Pump 1 3
Transfer Valve 1 12
Fuel Gauge Transmitter 4 7
Level Sensor 2 2
Fuel Management Computer 1 1

The design of the control strategy for the DAFMS was
inspired by holons [29]. Holonic SFCs have local and global
information of the DAFMS state, and can take decisions on
what to do by their own. Thus, SFCs are able to activate and
deactivate as required in order to carry out fuel operations
(subsection 3.2) as an individual and as a whole (holon
concept). They exchange information by means of the SV
(subsection 3.6).

Figure 3 shows an example of operation of the SV-enabled
RV1 (SFC) for the helicopter when the PR is set.

| State Vector

<<<< Broadcast SV >>>>

< <<<< Broadcast SV>>>>

@%33%33\%@%%/@?/‘
REars

B OO =
* = Tank 3 Tank 1 :D:I::

Tank 4 Tank 2
REFUELING
INLET

Subsystem 1 Subsystem2

Figure 3. Beginning of a Pressure Refueling (PR)

Initially, RV1 and RV2 are closed. Then, the DAFMS is
commanded to start a PR operation (the corresponding SV
bits are set). Therefore, RV1 and RV2 make the decision to
open and update the SV. They also update the SV during the
opening process. The SV is broadcasted to all the nodes
(SFCs) of the DAFMS every time it is modified. The logic
of SFC state is controlled by the SMS layer. The operation
of RV2 is not shown in Figure 3.
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Computer modeling and simulations supported the analysis
and design of the DAFMS in initial stages. This includes
computer models developed for early verification of the
DAFMS. A supporting tool for modeling distributed control
applications was used for the analysis and design of the
DAFMS (subsection 5.1).

4.3 Implementation and Integration

The critical realization of the DAFMS is its control software
(ECS). In particular, the SMS layer for each of the SFCs is
the most relevant since the CBS layer is the same (but its
own interface to the SMS) for each SFC, and the CSS layer
is similar for same SFCs.

The experimental implementation and integration was
carried out in computer simulations (section 5), laboratory
prototypes (section 6), aircraft fuel-system rig (section 7),
and real aircraft to show the DAFMS performance.

The ECS code for the three layers was initially hand-typed,
and deployed in tailored control computers (electronic
hardware for each SFC). These controllers were also
developed to test the ECS (particularly, the SMS layer) in
laboratory. Conventional (simple) fluid components along
with the above bespoken computers were used to build
laboratory prototypes for the two aircraft under study.

The lab experiments were carried out on computer models
and scaled replicas of aircraft fuel systems. They also
include tests from three tools: one (subsection 5.1) used to
model DAFMS by means of a distributed modeling
language, another (subsection 5.2) developed to generate
control software code automatically for the SFCs, and
another developed to systematically test the state-machine
implemented (SMS code layer) in the SFCs, and another.

The SMS implemented and integrated in laboratory was also
realized in a more-realistic scenario (a helicopter rig in
Eurocopter [30] facilities). It involved a real aircraft fuel
system with electromechanical fuel components (valves,
pumps, sensors, etc.), and industrial control computers
along with the same SMS software code tested in
laboratory. This first out-of-the-lab realization stage was
carried out on ground. The second stage was flight-tested.

4.4 Verification and Validation

All the operation modes as defined in subsection 3.2 were
evaluated in computer models, laboratory prototypes, real-
scale rig, and a real helicopter. The verification and
validation processes entail normal and abnormal operation
conditions. The latter consider failures in the SFCs. Hence,
faults were induced in SFCs to simulate SFC malfunctions.

Laboratory prototypes were developed to verify the control
methodology in physical models as well as to early validate
the DAFMS by means of scaled-prototype experiments. The
prototypes are good replicas of the real fuel systems from
the helicopter and airplane considered.
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The DAFMS approach was also verified and validated in
ground and flight tests by means of a helicopter fuel-system
rig as well as a real-scale helicopter from Eurocopter [30].

5. COMPUTER MODELING

This section recaps works done in computer modeling and
simulations, as well as emulations of SFCs.

5.1 Supporting Tool

The standard IEC 61499 [22] is an attractive modeling
methodology for distributed control applications. It comes
from industrial automation, but its use can be extended to
other application fields.

The IEC-61499 standard was proposed to model the
DAFMS. The supporting computer tool used was the
CORFU tool [31]. Given the distributed nature of the
DAFMS, the above standard is definitely suitable since
other automation standards such as IEC 61131 lacks
representation  mechanisms  for managing control
distribution. The IEC61499-based DAFMS  model
developed generalizes and systematizes the layered ECS
development.

The TEC-61499 standard was chosen to model the DAFMS
because of its most attractive characteristics as follows: (1)
the facilitation of control distribution, (2) the representation
of mechatronic device, (3) a development based on
component software, (4) re-configurability of applications,
(5) coordination of activities, and (6) integration of
functionalities.

Figure 4 shows part of the IEC61499-based DAFMS model
for the airplane (device, network, and I/Os).
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Figure 4. IEC61499-based DAFMS model hardware

The communication network for this example is the
CANbus placed on the top of figure 4. All of the devices
(control computers) are place just below the CANbus, and
all of them eventually connected to such a bus. All the I/Os
linked with each of the above devices are shown at the
bottom of figure 4.
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Figure 5 shows an example of multiple encapsulation of
functionality for the BV FB. This FB is part of the FB
network that build the IEC-61499 model application, and is
deployed in the devices shown in figure 4.
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Q | SV_State_Machine QO
I e
PARAMS STATE
ID_IN STATE_MACHINE ID—OUT
SV_IN = SV_ouT
SD_1 1N fomirid = RD_1
SD 2 RD_2

e 1

Figure 5. Example of model encapsulation

Simulation results from the IEC-61499 model [32] showed
similar performance of the DAFMS as that obtained from
the prototypes and the platforms. However, the model was
executed in a non-RT Operating System (OS). Therefore, it
is impossible to do any prediction regarding execution
timing.

5.2 Enabling Tools

A graphical computer tool was developed to automatically
generate software code for the SFCs. The design process
begins from a graphical description of the mechanical
platform of the DAFMS by the developer. This structure
flexibility allows different aircraft fuel system
configurations to be considered. Fuel tank configurations
can include more or less tanks and components according to
the aircraft under study. In any case (development from
scratch or modifications on existing one), the SMS code of
the distributed system can be quickly generated.

Following the description of the mechanical configuration
of the fuel tank system, the electronic hardware is specified.
Then, the functionality and behavior are specified according
to the operation modes of the DAFMS. The idea is to allow
the user to graphically configure the mechatronic DAFMS
to then generate the corresponding ECS for each SCF. Thus,
this enabling tool consists of a graphic editor coupled with a
code generator. Thus, the tool is drag-and-drop tool that
allows developers to graphically select and interconnect
SFCs to build DAFMS and eventually create the software
required by them.

Authorized licensed use limited to: Univ Complutense de Madrid. Downloaded on May 06,2025 at 09:57:21 UTC from IEEE Xplore. Restrictions apply.



The above description can be saved on a file for further
uses. The tool can be used to automatically generate the
control software code once a desired configuration of the
DAFMS is defined. The code generated includes all the
automata, so it is suitable for every SFC of the DAFMS.
Each SFC shares the same SMS code and is able to select
the appropriate local automaton according to its ID.

Figure 6 shows the integration steps after the SMS code was
automatically generated by the tool. Firstly, the generated
SMS code is integrated with the CSS, the CBS and
necessary software libraries. Then, the whole software code
packet is compiled and linked to eventually be loaded in the
SFC microcontroller for integration with the physical fuel
component and its execution [33].

Software \
, |j
/ Compiler

Libraries
& Linker
Figure 6. Software generation and integration

Smart Fuel
Component
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CSS & CBS
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Generated
SMS code
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Additionally, a second enabling tool was developed to
individually verify the SMS software code (layer) for each
SFC. It is a logic-testing tool that allows developers to
check the logic and the states of the SFCs [34].

The above verification tool allows for simulation of the
SMS (state machine) based on the emulation of the CBS and
CSS along with physical behavior of the SFCs.

6. LABORATORY PROTOTYPES

This section presents the laboratory prototypes and two
experimental results from them.

6.1 Rotatory-wing Aircraft

The helicopter prototype consists of a mechanical structure
that supports four tanks (configuration as shown in
subsection 4.2). The tanks are made of thick acrylic pieces.
These very resistant containers are a good representation of
the real fuel tanks even though they are scaled (similar
dimensions). Commercial valves, pumps, and sensors were
used to build the prototypes and plastic pipes.

The electronic hardware installed in the mechanical tank
system of the helicopter prototype consists of two electronic
boards: (1) a core board involving a microcontroller, CAN
controller, and Light Emitting Diodes (LEDs) for indication
of states, and (2) an interface board including all the power
drivers to manage the fluid components (valves and pumps),
and sensors.
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Figure 7 shows a picture of the laboratory prototype for the
helicopter. Green water was used as a fluid for the
prototype. Nodes built of an interface board (on the left) and
a core board (on the right) were installed sideways on a
yellow panel.

Figure 7. Helicopter laboratory prototype

Figure 8 shows tank levels (four tanks) for a normal ES
operation in flight of the helicopter. This figure shows the
dynamic of the levels from the four tanks. Tank 3 and Tank
4 have a similar curve shape since they are directly
connected to the supply pumps (SP1 and SP2) to the
engines. Tank 1 and tank 2 have similar level variation since
they are both transferring green water by gravity to Tank 3
and Tank 4 respectively. The fluid dynamic shown in figure
8 is obtained when the two helicopter engines are working
and consuming fluid from the tank system.

6.2 Fixed-wing Aircraft

The airplane prototype consists of a mechanical structure
with the shape of two wings that supports three tanks on
each wing, and a tank in the tail (configuration as shown in
subsection 4.2).

The electronic hardware installed in the mechanical
structure of the airplane prototype is the same installed in
the helicopter prototype. The number of nodes in the
airplane prototype (29 SFCs) is larger than in the helicopter
prototype (13 SFCs).
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Figure 8. Fluid levels in the helicopter tanks (ES)
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Figure 9 shows a picture of the laboratory prototype for the
airplane. Green water was also used as a fluid for this
prototype. Nodes were installed at the bottom underneath
the two wings (in the front and the back) on a yellow panel.

Figure 9. Airplane laboratory prototype

Figure 10 shows tank levels (only four tanks) for a normal
ES operation in flight of the airplane (only one wing is
considered).
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Figure 10. Fluid levels in the airplane tanks (ES)
There are three fluid transfers shown in figure 9 as follows:

(1) From Mid Tank to Tail Tank during climbing
(from 0 to 300 messages).

(2) From Mid Tank to Feed Tank during cruiser (from
500 to 675 messages).

(3) From Tail Tank to Mid Tank during landing (from
700 to 1200 messages).

The fluid dynamic shown in figure 9 is obtained when the
two airplane engines are working (normal operation), and
consuming fluid from the tank system.

Further experimental details from laboratory prototypes are
available for the prototypes of the helicopter [35] and the
airplane [36].
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7. REAL-SCALE PLATFORMS

This section presents the real-scale platforms and two
experimental results from them.

7.1 Ground-Tested Rig

The DAFMS approach (realized and evaluated in laboratory
prototypes) was also deployed in a real-scale helicopter rig,
and used TTCAN. The rig is a replica of the original
chopper in consideration -a military aircraft called NH90 by
Eurocopter [4] (now Airbus) that is planned to become a
civil aircraft in the future. The DAFMS innovation for the
above aircraft is part of the expected refurbishments when it
will be manufactured for civil use. The layout of the fuel
tank system of the NH90 matches the configuration of tanks
set in the laboratory prototype (Subsection 4.2, figure 1).

The ground-tested rig was set to run experiments based on
the DAFMS operations described in subsection 3.2, i.e. PR
and ES under normal and abnormal conditions. A route map
was clearly defined and specified to run special experiments
as follows:

e  Functional systems test kick-off
e  Pressure Refueling (PR) Mode
o Pressure Refuel Test up to preset 1560 kg
o Refuel to HL-shut off and refuel to maximum
value
o Pressure Refuel Test up to preset level with
RV1 failure
o Pressure Refuel Test up to preset level with
FGT4 failure
e Engine Supply (ES) Mode
o Engine Supply (ES) Test
o Engine Supply (ES) Test with SP1 failure

Experimental plan begins with an initial test for calibration
and configurations (set-up and tune-up of the helicopter rig).
The two main operation modes are tested; PR and ES. They
involve a third operation mode which is the FT from a
subsystem to another when SFC malfunctions are detected.

This subsection only presents two experimental results
carried out on the helicopter rig: (1) Pressure Refuel Test up
to preset level with RV1 failure, and (2) ES Test in normal
operation. The following figures just highlight the shape of
the curve obtained as the real results are confidential.

Figure 11 shows experimental results from the Pressure
Refuel Test up to preset level with RV1 failure. The FT is
carried out from subsystem 2 to subsystem 1. The states of
the SFCs and subsystems are: (1) RV1 tries to open and
keeps the state “open” (never reached) although it is forced
to fail (induced failure), (2) RV2 works normally as it opens
and closes properly, and (3) BV and BP are activated as
they are required to transfer fuel from subsystem 2 to
subsystem 1 to compensate the unbalance (RV1 fails and
subsystem 1 does not reach the desired level). Full
functionality for valves and pumps are available in [36].
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Figure 11. Fluid levels in the airplane tanks (ES)

Figure 12 shows experimental results from the ES Test
under normal operation. The states of the SFCs and
subsystems are: the FMC keep steady the signal to indicate
it is in ES mode. SP1 and SP2 work as planned since both
have to provide the engines with fuel. SP1 was commanded
to work longer than SP2.

o A
c O
52
= Activated
ey "
oo
==
Lo
deactivated .
(0) >
Time
[%2]
% Running (1) (sec)
n
o
P stopped (0) >
” Time
© Running (1) (sec)
©
n
&
o) Stopped (0) >
Time
5 160 = SY1 States (sec)
X SY2 States
[}
12]
o}
=
©
=]
[
E f—
15}
®
>
@
0 >
0 Time

(sec)
Figure 12. Fluid levels in the airplane tanks (ES)

Similar experimental results were obtained from the

laboratory prototypes for the same operational situations

even though they do not have the same tank level settings.
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7.2 Flight-Tested Vehicle

A real helicopter was able to flight endowed with the
DAFMS developed. The trials were carried out by project
partners from the industry in Toulouse, France. The version
of the DAFMS was based in TTCAN and the same tested in
the rig platform.

Unfortunately, there is no much information about the in-
flight trials since they were confidential and carried out after
the project finished. All that is known is that a real
helicopter was used, and they began with the setup test
followed by a monitoring of the DAFMS (without setting
any specific operation mode, i.e. PR or ES).

8. REMARKING CONCLUSIONS

Contributions to the SmartFuel project have been presented.
It is a summary but a comprehensive discussion on all the
work done. The remarking points from the ADFMS
approach proposed are discussed below.

The new distributed solution (ADFMS) makes assure that
the SFCs have enough ‘knowledge’ and functionality to deal
with their responsibilities (when central computer is
eliminated from the fuel control system). The challenge was
how much information with capability to generate actions
(knowledge) must have an SFC to be able to make decision
by itself and collaborate with others.

The information is shared among the SFCs through a shared
variable (the SV) which is suitable for fieldbuses
(CAN/TTCAN buses). These network technologies have
been effective for aircraft fuel systems with moderate
dimensions. Further research is required for more complex
systems. A second part for the SmarFuel project considers
the Time-Triggered Protocol (TTP) [37] for communication.

The DAFMS proposed has sensors and effectors with basic
and limited ‘intelligence’ at least in this first step of
experimental studies. The DAFMS intelligence currently
has three dimensions: (1) to allow cooperation between
SFCs to have different sequential behaviors (including
possible re-configurations), (2) to pay attention to the own
“health condition” of each SFC, and (3) to carry out local
operation for measurement. More work has to be done to
increase the intellectual SFC capacity to perform more
sophisticated functions.

One of the main concerns from the industrial partners of the
project was agility in the development process of the
DAFMS for different aircraft models (new aircraft or
refurnished aircraft). For instance, a helicopter with four
tanks can need two tanks more to increase its fuel autonomy
(longer flights) or an airplane model has another
configuration of fuel tanks. The new development cannot
take years. Addressing this issue, a methodology and a tool
to facilitate the creation of the above aircraft fuel systems
have been developed, i.e. automatic code generation and
logical verification (subsection 5.2).
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A common software code (ECS) for the SFCs has been an
important achievement in terms of software certification. In
fact, a DAFMS solution quite simple based on automata
makes easy modular realization. It also simplifies
verification and validation as well as documentation.

A good experience on experimental computer methods for
studies on viability, software development, and functional
demonstration has been gained. Relevant precautions were
considered to comply with avionics safety requirements.
This has been mainly taken into account when providing
methodologies for the real-scale aircraft platforms.

Computer modeling has been very important. The use of the
IEC-61499 standard (subsection 5.1) has been interesting to
demonstrate that an engineering tool from one domain
(industrial automation) can be used in another (aerospace).
Additionally, the development of a graphical modeling
methodology able to generalize new ADFMS approaches
was of great interest (subsection 5.2).

The role the laboratory prototypes have played in the
development of the DAFMS has been very important. It is
mainly because they have provided the SmartFuel
consortium with a very quick way to demonstrate the
feasibility of the new DAFMS approach at low cost.

The initial results obtained are encouraging. The way
forward includes the second part of the SmartFuel project,
and critical topics such as investigation of redundancy for
the ADFMS to assure dependability.

The ADFMS approach could be of interest for spacecraft.
Fuel is managed in a different way in spacecraft, and the
solution is tight to a particular vehicle system. Nevertheless,
the control distribution technique implemented in the
ADFMS is not only for fluid systems. It could also be
applied to other distributed spacecraft’s systems.
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