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Abstract—The concept, functional aspects, and experiments
based on lab prototypes of an innovative approach for aircraft
fuel management have been developed in recent years. The main
approach innovation is the replacement of the conventional
central fuel computer with distributed and interconnected Smart
Fuel Components (SFCs). This solution lowers the wiring weight,
reduce the chance of a faulty connection, and simplify
maintenance. This paper presents the experimental results
obtained from ground and flight tests carried out on the
implementation the above approach in a twin-engine helicopter.
The SFC software is deployed in the helicopter in ground to be
tested. Once the results obtained from the ground test are
accepted, the same SFC software is tested in flight. The ground-
tested and flight-tested functions for the fuel control system are:
fuel supply, display of fuel levels, fuel transfer,
refueling/defueling, measurement of height, density and flow of
fuel, and monitoring/surveillance. The objectives of the ground
and flight tests are to prove secure engine fuel supply for engine
“two” during flight, reliable fuel gauging during flight, and the
above selected functions as basis for system operability. This
paper also describes the testing cases and criteria, and the main
project achievements for ground and flight tests in a twin-engine
helicopter.

Keywords—smart fuel components; avionics system; distributed
fuel control; embedded control software; open system architecture

I. INTRODUCTION

The concept, functional aspects, and experiments based on
lab prototypes of an innovative approach for aircraft fuel
management have been developed in recent years. The
approach has been presented to the avionics research
community as result of a European project named Smartfuel.

The main approach innovation is the replacement of the
conventional central fuel computer with distributed controllers
embedded in fuel components. Thus, the fuel system control
does not depend on only one computer but it is shared among
disperse  networked controllers  (fault-tolerant  control
architecture by nature). This solution implements a distributed
control system based on interconnected Smart Fuel
Components (SFCs) which have the same control software (it
makes easier the software certification). SFCs are networked
devices with embedded control hardware/software that can
work together to carry out aircraft fuel operations
automatically. A fieldbus connects the SFCs with each other.

Jose M. Giron-Sierra, Santiago Cifuentes, Juan F.
Jimenez

Department of Computer Architecture & Automatic Control
Complutense University of Madrid
Madrid, Spain

This makes it possible to lower the wiring weight, reduce the
chance of a faulty connection, and simplify maintenance.

This paper presents the experimental results obtained from
ground and flight tests carried out on the implementation the
above approach in a twin-engine helicopter. This aircraft
supports a seven-tank configuration. The control software code
is automatically generated by a computer tool for each SFC. A
modular computer simulator allows the SFCs to be early
verified and validated. Then, the SFC software is deployed in
the helicopter in ground to be tested. Once the results obtained
from the ground test are accepted according to certain criteria
defined in the requirements specification document, the same
SFC software is tested in flight.

The acceptance criteria are the full functionality of each
equipment and data bus, correct fuel gauging during whole
flight, and demonstration of the normal operation system
function. The ground-tested and flight-tested functions for the
fuel control system are: fuel supply, display of fuel levels, fuel
transfer, refueling/defueling, measurement of height, density
and flow of fuel, and monitoring/surveillance. Additionally, the
following functions are tested: monitoring, diagnosis, and
controlling/simulation of system components from external
device. The objectives of the ground and flight tests are to
prove secure engine fuel supply for engine “two” during flight,
reliable fuel gauging during flight, and the above selected
functions as basis for system operability.

This paper also describes the testing cases and criteria, and
the main project achievements for ground and flight tests in a
twin-engine helicopter.

The rest of the paper is structured as follows. Section 2
presents the background for this research work, including
fundamental concepts of the SmartFuel project, and the
experimental platform. Section 3 describes aspects of the
system verification. Section 4 presents the in-ground tests
carried out. Section 5 presents the in-flight tests carried out.
Last Section is devoted to the conclusions, and future direction
for this research.

II. BACKGROUND

This Section presents an overview of the SmartFuel project
[1], and the research test-bed, i.e. the Helicopter Distributed
Fuel Control System (HDFCS) from a twin-engine helicopter.
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It was successfully developed and tested in prototypes [2] - [4].
A more detailed explanation of the project can be found in
previous publications [5], [6].

A. Project Overview

Classical avionic fuel management systems have currently
a centralized structure with point-to-point connections between
a central computer and each system’s fuel component. This
system architecture requires a lot of wiring. SmartFuel
proposes a new distributed fuel system generation without a
central computer, by using a fieldbus, and the so-called SFCs.
This last term was defined by SmartFuel to describe
conventional mechanical fuel components (valves, pumps,
sensors) when are enhanced with local decision making
capabilities.

SFCs typically extend the functionality of conventional fuel
components by having adaptive, auto-diagnosis and
reconfiguration features. The fieldbus has many advantages. It
lowers the weight, reduces the chance of a faulty connection,
and simplifies maintenance. In addition, this network topology
makes it possible to deploy distributed control applications (it
is a fault-tolerant architecture by nature) on the different
system devices.

The fuel movement in the HDFCS is clearly specified by
the project SmartFuel to verify and validate the system. Three
operation modes are required to carry out tests on the fuel
system. They are pressure refueling, engine supply, and
transfer. Pressure refueling is related to the filling of the tanks,
engine supply is related to the feeding of the engines, and
transfer is to move fuel among subsystems of fuel tanks (e.g.
fuel balance).

In the SmartFuel project, the physical behavior of each
system fuel component 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., a tank is full when refueling, etc.). The automata
control logic is implemented by programming code which is
the Embedded Control Software (ECS) of each SFC. The ECS
(identical across SFCs types) allows the SFCs to communicate
with each other for coordination and cooperation. In addition,
the ECS can reconfigure the SFC in case another SFC fails. For
instance, when a SFC fails, the operational SFC/ECS recognize
it, and take subsequent action(s) according to the failure. The
communication among SFCs is accomplished by sending a
fixed data structure (state vector) which encapsulates all of the
system and component states. Each SFC broadcasts the “state
vector” to the all of the SFCs. Thus, each SFC is aware of the
state of all the other SFCs in the system.

An aircraft fuel platform is chosen to set the testing
scenario: a helicopter fuel system. From a functional
viewpoint, this experimental prototype matches the real
structure of the fuel systems for the above aircraft since it
implements the full fuel system functionality to be evaluated. It
is a useful proof-of-concept platform.

B.  Experimental Platform

Figure 1 shows a schematic top view of the helicopter fuel
system studied in this paper. Table 1 shows a list with the fuel
components.
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Figure 1. Helicopter fuel system.

There are two subsystems. One of the subsystems consists
in tanks 3 and 5/6/7; tank 6 and 7 are connected through a pipe
for gravitational fuel transfer. The other subsystem consists in
tanks 1/2 and 4; tank 1 and 2 are connected through a pipe for
gravitational fuel transfer.

There is a refueling inlet for both subsystems at the bottom
right corner in the figure which ends in a Refueling Valve
(RV). Engine supply is provided by tanks 3 and 4 through
supply pumps SP11 and SP12, and SP21 and SP22,
respectively.

The two subsystems are also connected with each other
through pipes in two different places: tank 3 (subsystem 1) and
tanks 1/2 where a four-position valve selects what tanks to
connect, and tank 3 and tank 4 through a pipe with a valve
(BV) and a pump (BP).

The transfer mode is activated when:

e A balance of subsystems is required, (1) a transfer
from tank 4 to tank 3 or from tank 3 to tank 4 through
BV and BP; (2) a transfer from tank 4 to tank 6
(subsystem 2 to subsystem 1) or from tank 6 to tank 4
(subsystem 1 to subsystem 2) through CV4 and CV6;
and (3) a transfer from tank 2 to tank 3 (subsystem 2 to
subsystem 1) or from tank 3 to tank 2 (subsystem 1 to
subsystem 2) through CV2.
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e Tanks are running out of fuel, (1) a transfer from tank
4 to tank 3 through BV and BP when tank 3 is running
out of fuel; (2) a transfer between subsystems from
tank 2 to tank 3 through CV2 and CV4, and from tank
5/6/7 to tank 4 through CV6 and CV4 when tank 4
runs out of fuel.

e  Fuel components fail, if both SP11 and SP12 fail
(engine supply mode) a transfer from subsystem 2 to
subsystem 1 takes place. If SP21 and SP22 fail (engine
supply mode) a transfer from subsystem 1 to
subsystem 2 take place.

There are six Fuel Gauge Transmitters (FGTs) distributed
in each tank (one per tank; no FGT in tank 7) to measure the
fuel level analogically. There is also a vent valve (VV).

TABLE L FUEL COMPONENTS
Components Description
BV Balance Valve
BP Balance Pump
SP11 Supply Pump 11
SP12 Supply Pump 12
SP21 Supply Pump 21
SP22 Supply Pump 22
RV Refueling Valve
FGT1 Fuel Gauge Transmitter 1
FGT2 Fuel Gauge Transmitter 2
FGT3 Fuel Gauge Transmitter 3
FGT4 Fuel Gauge Transmitter 4
FGTS5 Fuel Gauge Transmitter 5
FGT6 Fuel Gauge Transmitter 6
Ccv2 Control Valve 2
Cv4 Control Valve 4
CV6 Control Valve 6
\'A% Vent Valve

C. Networking Technology

The first communication bus implemented to connect the
SFCs with other was a CANbus [7]. Latter improvements on
the HDFCS made the approach switch to TTCANbus [8] in
order to avoid collision of packets sent. A promising solution
was Flexible TTCAN (FTTCAN) [9] which combines the
characteristics of CAN with TTCAN.

The current networked SFCs are connected with each other
by means of the Time-Triggered Protocol (TTP) [10]. 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. Each SFC of the fuel management system is a
TTPbus node, using the TPPbus-enabled microcontroller. The
node has two interfaces: one for the TPPbus, and the other for
the electromechanical parts of the component.

The above descripted HDFCS has a configuration of fuel
tanks slightly different to that which was tested in the
laboratory. However, the configuration changes do not have
any impact in the HDFCS functionality as well as the tests
carried out in the laboratory.

III. SYSTEM VERIFICATION

This Section presents details of the verification processes
carried out.

A. Verification Process

The verification process for the HDFCS consists of two
well-defined activities: simulation-based software code
verification, and component and system verification involving
ground and flight tests.

Figure 2 shows the verification process for the HDFCS. It
basically involves the following documents:

R1. C-code implementing state-machine for
Matlab/Simulink based on function blocks.

R2. C-code to be integrated with the target hardware.
R3. Report on the simulation results.

R4. Report on the Software-hardware integration.
R5. Report on the verification outcomes.

The above process basically involves the following
activities:

Al. Software code verification by means of extensive
simulation based on Simulink function blocks.

A2. Final code software compilation.

A3. System components and system verification.
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Figure 2. Verification process.
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The verification stage (A1) in simulation has as input the
Simulink function block c-code (R1), and the simulation results
(R3), and as output. The final software code compilation has
the integration-ready c-code (R2) as input, and the software-
hardware integration (R4) as output. The verification stage
(A3), has the simulation results (R3), and the software-
hardware integration (R4) as input, and the verification report
(R5) as output. Both verifications are test-driven processes.

The system test verifies that the specification of functional
HDFCS requirements is correctly implemented. Figure 3
shows where the above verifications take place (as pre-
verifications) in the V-Model for system development.
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Figure 3. Development V-model.

Al (figure 3): The simulation-based software code
verification is carried out by means of a simulator. The system
simulator implements all the defined functions. The logic
simulation is established to be able to validate the functional
requirements specification (software implementation, including
state-machine). The operation of the systems logic and the
validation of the above specification are included in a
verification report to define the state-machine functionality and
logic simulation. The simulator integrates two main simulation
models: (1) the modules of the HDFCS components (including
SFCs), and (2) the modules of the fuel flow using respective
tanks, and fuel pipes. The former provides a detailed
simulation of the internal processes of the HDFCS
components. The latter provides a detailed simulation of the
fluid dynamics of the HDFCS.

A2 (figure 3): The final software code compilation is
accomplished by integrating all the state-machines generated
for each SFC with the glue software code corresponding to the
SFC software platform.

A3 (figure 3): The software and system verification is
carried out by means of ground and flight tests (including test
in the real-scale rig). It is explained in the following Sections.

B.  Fuel Operations

Table 2 shows the set of criteria employed to choose
Pressure Refueling, Engine Fuel Supply, and Fuel Balance as
the most suitable operation modes to test on the fuel system.
These three operation modes involve the most of the
components, the highest logic complexity, and the most
significant failures possible in the system.

TABLE II. SELECTION OF SYSTEM OPERATION MODES FOR TESTS
Criteria
Operation Modes Matches
A B C D E F
Engine Fuel Supply X X X 5
Fuel Mass Indication X X 3
Gravity Refueling X X 2
Pressure Refueling X X X X X X 6
Suction Defueling X X 2
Fuel Balance X X X X 4
APU Supply X 1
A involve all Smart components
B have complex switching logic (more than ON/OFF)
C enable system/component failure demonstration
D comprise other modes
E be significant for system operation
F consist of sufficient test, record and demonstration features

IV. IN-GROUND TESTING

This Section presents a description and results of the
ground tests for the HDFCS. The ground tests are supported by
previous tests carried out in laboratory by means of a scaled
HDFCS prototype [2], and in a real-scale HDFCS prototype

(rig).

A. Experiments in the Real-Scale Rig

The first real-scale approach of a fuel management system
for a twin-engine helicopter was carried out in the real-scale rig
(helicopter platform). All the experimental results from the rig
are presented and discussed in a PhD dissertation [6].
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The tests on the real-scale rig were essentially done to test
the HDFCS integration. It involves integration at:

e the system component level, i.e. SFCs (SFC-to-SFC
verification),

e the subsystem level, i.e. subsystem 1 and subsystem 2
(subsystem-to-subsystems verification), and

e the operation mode level, i.e. pressure refueling,
balance, and engine supply over the HDFCS.

The TTP-based communication was successfully verified in
the real-scale rig. All the SFCs are able to be communicated
with each other.

Some design problems arose when the integration of the
SFCs was carried out. This is a problem that had to be solved
by the manufactures (providers) of the SFCs. However, once
fixed the above situation, the full functionality of all the SFCs
was verified.

B.  In-Ground Testing Cases

The purpose of the ground tests is to verify the real-scale
rig test results in a real helicopter in order to demonstrate a
secure engine fuel supply for engine 2 during flight, reliable
fuel gauging during flight, and selected functions as basis for
system operability in ground.

The acceptance criterion is full functionality of each
HDFCS component (including TTP data bus), correct fuel
gauging, and demonstration of the HDFCS normal operation
system functions.

Two of the ground tests carried out are the following
HDFCS operation cases:

1. Integrity test. This is a general test in order to check
the HDFCS integrity in term of basic system
functionality and operability. This includes the system
performance just after switch-on the ignition of the
system, system initialization, and also the system in idle
state waiting for inputs to carry out operations.

2. Pressure refueling test. This test starts with empty
storage tanks and supply tanks 3 and 4 with 100 mm
fuel height. The pre-set value of fuel is 1200 kg. This
operation is manually started and automatically stopped
when the chosen pre-set value is reached.

C. Results of the In-Ground Tests

The ground tests provided the following outcomes for the
above HDFCS operation cases:

1. Integrity test. The general test for HDFCS integrity
showed a correct system start-up, involving a previous
system tune-up. This includes fuel levels, global states
of the system, and local states of the SFCs.

2. Pressure refueling. The following results for
operational states of the valves, and the fuel height of
the HDFCS components were obtained.

The ground test results obtained for the pressure refueling
operation match the simulated ones as to functionality and
performance for the same fuel operation with similar
parameters.

Figure 4 shows the fuel level evolution for subsystem 1.
The pressure refueling operation starts with certain among of
fuel in the supply tank 3 but tank 5, and tank 6 are empty. The
fuel operation stops when the pre-set level is reached.
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Figure 4. . Subsystem 1 tank levels during pressure refueling.

Figure 5 shows the fuel level evolution for subsystem 2.
The pressure refueling operation starts with certain among of
fuel in the supply tank 4 but tank 1, and tank 2 are empty. The
fuel operation stops when the pre-set level is reached.
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Figure 5. Subsystem 2 tank levels during pressure refueling.

Failure emulations are not implemented on ground tests;
however they were performed in the laboratory and real-scale
rig tests. The valve operations are correct and the fuel height
gauging is within the expected limit.
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V. IN-FLIGHT TESTING

This Section presents a description and results of the flight
tests for the HDFCS. The flight tests are supported by previous
tests carried out in laboratory by means of a scaled HDFCS
prototype [2], in a real-scale HDFCS prototype (rig), and in
ground (previous Section).

A.  In-Flight Testing Cases

The flight tests are carried out by means a system
configuration where two approaches are implemented, and
work in parallel. One approach is the current fuel management
system (centralized control). The other is the HDFCS
(distributed control).

The purpose of the flight tests is to verify the real-scale rig
and ground test results by means of monitoring but not
controlling the HDFCS in a real helicopter. It is to demonstrate
a secure engine fuel supply for engine 2 during flight, reliable
fuel gauging during flight, and selected functions as basis for
system operability in flight.

The acceptance criterion is full functionality of each
HDFCS component (including TTP data bus), correct fuel
gauging, and demonstration of the HDFCS normal operation
system functions.

Two of the flight tests carried out are the following HDFCS
operation cases:

e  Fuel mass calculation

e Imbalance detection

B.  Results of the In-Flight Tests

Both fuel management approaches on broad the helicopter
have shown the same results as to monitoring of the fuel
system. There is some noise introduced in the fuel sensors that
can easily be mitigated at the SFC level.

The flight tests provided the following outcomes for the
above HDFCS operation cases:

1. Fuel mass calculation. The comparison of the two
mass calculation systems showed again that the
appearances of the calculated fuel mass signals are
quite similar. However, the precision of HDFCS mass
outputs needs further improvement.

2. Imbalance detection. It was verified that HDFCS
monitored the imbalance condition of the two tank
systems continuously. Only detection of imbalance
was verified, no further actions were triggered after
this detection. The generated imbalance signal is going
to be used by HDFCS for further “smart” control
operations. Thus, this verification was performed in
order to check if an imbalance could be detected so the
direction of the fuel transfer for balancing can be set (if
subsystem 1 is lower than subsystem 2, the latter
transfers automatically fuel to the former. If subsystem
2 is lower than subsystem 1, the latter transfers
automatically fuel to the former. No imbalance, no
transfer is required).

The uninterrupted operation of the HDFCS in a flying twin-
engine helicopter was monitored over a time period of
approximately one hour. During the whole flight test a
continuous acquisition and storage of HDFCS data was
performed for further analysis, and study.

VI. CONCLUSIONS

Ground and flight tests of an HDFCS have been presented.
Tests carried out on a real-scale rig, and a real helicopter in
ground, and in flight demonstrate that the results (main focus
on the control software) obtained from the above tests are
according to what has been specified. The results of the tests
carried out also match the results obtained in the laboratory
simulations. However, there were some typical design and
integration problems that were sorted out without any serious
complication and delay during the test period.

Future work will investigate the use of the solution
proposed in this paper for a twin-engine helicopter to be
applied to other aircraft fuel systems.
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