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Abstract—The SmarFuel project aims to develop a new 
generation of AFMS (Aircraft Fuel Management System). It 
proposes a Distributed Avionics Control Architecture (DACA) 
based on networked Smart Fuel Components (SFCs). This 
decentralized solution (opposite to conventionally-centralized 
approaches) reduces avionics wiring whilst the AFMS is fault 
tolerant. The DACA is realized by distributing the control system 
through microcontrollers embedded in SFCs and across a 
fieldbus. Thus, SFCs are able to implement advanced functions 
such as auto-calibration. The AFMS operation modes considered 
are three: pressure refueling, engine supply, and fuel transfer. 
The operation sequence of AFMS events is not fixed which makes 
the SFC decision-making process critical. The above DACA for 
AFMS was already realized and evaluated successfully in 
laboratory prototypes. This paper presents experimental results 
from verification and validation tests of the DACA realization 
carried out in a real-scaled helicopter rig. These ground 
experiments are based on the above fuel system operations. This 
paper also presents a verification tool for the SFC state machines. 
Conclusions and future research directions are also discussed. 

Keywords—aircraft fuel management; distributed control 
architecture; ground rig-based tests;  

I.  INTRODUCTION 
The context of this research work is a European research 

project called SmarFuel [1]. The project goal is to develop a 
new generation of the AFMS (Aircraft Fuel Management 
System). It entails a Distributed Avionics Control Architecture 
(DACA) as well as networked Smart Fuel Components (SFCs). 
This decentralized solution aims to reduce avionics wiring 
which mainly means less weight, reducing potential connection 
problems, and easier maintenance as well as a fault-tolerant 
AFMS by nature.  

The main challenge is to replace the conventional 
(centralized) fuel control system [2] which involves a central 
computer connected point to point with each system 
component (valve, pump, level sensors, etc.) by a distributed 
control system. The DACA is realized by distributing the 
control process through microcontrollers embedded in SFCs 
and across a fieldbus (no central computer). SFCs can 
implement advanced functions such as auto-calibration, auto-
testing, etc. since they have embedded microcontrollers. SFCs 
know when they must interact with each other since they make 
their decisions based on the sequences of actions in the AFMS. 

The AFMS of one helicopter is considered as a particular 
application example. The DACA for AFMS was already 
realized and evaluated successfully in a laboratory prototype 
[3]. This paper presents experimental results from verification 
and validation tests of the DACA realization carried out in an 
aircraft rig (real-scaled helicopter rig from Eurocopter [4]). 
These ground experiments are based on the fuel system 
operations clearly specified. In addition, a verification tool for 
the SFC state machines is presented. Remarking conclusions 
and future research directions are also discussed. 

The rest of the paper is organized as follows. Section II 
recaps main concepts from the Smartfuel project. Section III 
introduces the verification tool for the state machine of the 
SFCs. Section IV describes details of the testing helicopter 
platform. Section V shows experimental results from 
verification and validation tests on the above rig of the DACA 
realization. The last Section presents the conclusions and future 
research stages. 

II. BACKGROUND 
This Section presents functional details of the control 

approach for the SmartFuel project [5].  

A. The SmartFuel Project  
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. 
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B. System Operation Modes 
The fuel system operation modes considered are three: 

Pressure Refueling (PR), Engine Supply (ES), and Fuel 
Transfer (FT). During the flight, the fuel is useful to balance 
aircraft. Hence, the fuel is moved from a tank to another while 
always assuring fuel supply to the aircraft engines. During a 
normal flight, there are some events to which the AFMS must 
respond activating and deactivating components, e.g. opening 
or closing valves, and starting or stopping pumps. Smart valves 
or pumps (i.e. SFCs) must know when they have to activate or 
deactivate themselves without the need of receiving orders 
from a central computer, or even from pilots. Thus, the AFMS 
becomes more fault-tolerant to failures, and the degree of 
automation is increased as the pilot’s workload is reduced. 

The operation sequence of fuel control system events is not 
fixed. For example, for a fuel transfer operation, an engine can 
consume much more fuel than other (for any reason), and then 
the system must respond automatically to this unbalance 
through special transfers. Another example for using fuel 
transfers is when a component (valve or pump) fails, the 
system must also respond automatically to this abnormal 
behavior somehow. In any case, the SFCs must know by 
themselves how to deal with such an abnormal situation. 

C. Hierarchical Automata-Driven Control 
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 through a State Vector (SV) which 
encapsulates all the AFMS/SFC states. Each SFC broadcasts. 

The ECS consists of the Common Core Controller (CCC) 
Basic Software (CBS), the State Machine Software (SMS), and 
the Component Specific Software (CSS). These three software 
parts are layered as follows (Fig. 1): 

• CBS: This layer is the same for every smart component 
and includes the programming about the 
communication protocol: bus management, peripheral 
modules, and the entire working settings. 

• SMS: This layer implements all the automata defined. 
According to the Identification (ID) numbers (detected 
via hardware) of the smart component, the smart 
component will choose a particular automaton code. 

• CSS: This layer is the specific software (the driver) to 
control the mechanical component behavior. 

Fig. 1. Embedded Control Software (ECS) layers 

The philosophy behind a layered ECS is that every time a 
new or modified AFMS is designed, the only code that changes 
is the SMS (there is also a tool to automatically generate the 
SMS code [6]). The other two layers, i.e. CBS and CSS, do not 
change. Thus, only the SMS needs to be developed. 

III. VERIFICATION TOOL 
This section presents a verification tool for the SFC state 

machines (automata). 

A. Tool Struture 
The verification tool consists of two software applications. 

The main software application is the user interface which also 
entails the CBS as well as the CSS. The second software 
application is the SMS (including all the SFC software 
automata). Fig. 2 shows the application-based structure of the 
verification tool. 

Fig. 2. Software applications of the verification tool  

The information related to the states of the SFCs is input in 
the visual environment of the user interface. Such meaningful 
data is directly captured by the CBS which makes use of them 
(as input of the SMC) to execute the state machine. The SMC 
output comes back to the main application by means of the 
CSS that reflects changes of states on the SFCs. 

The tool not only allows for simulating the SFC software 
but also emulating SFC software. The simulation provides the 
behavior of the SFC software. The emulation of the CBS and 
CSS allows the simulation of the state machine (SMS).  
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Fig. 3. Verification tool user interface 

B. User Interface 
The tool user interface has two principal sets of screen 

areas for visualization.  A set corresponds to area 1, 2, and 3, 
and entail the CCC software of the SFCs. Another set 
corresponds to area 4, 5, 6, and 7, and entails the testing 
operations on the SFCs. Fig. 3 shows the visual interface of the 
verification tool. 

The visual interface areas on the tool screenshot of Fig. 3 
are: 

• Area 1: this area is for the CBS of the SFCs. It has the 
data received from, and sent to the bus (CAN [7] / 
TTCAN [8]). The data form the bus is basically the 
SV. 

• Area 2: this area of the screen is for the SMS of the 
SFCs. There is a block that represents the SMS which 
has an input (on the left) and an output (on the right). 
Data from the CBS are the input for the SMS. Data to 
the CSS are the output of the SMS. 

• Area 3: this are of the tool screen is for the CSS of the 
SFCs. The SFC under analysis can be specified. The 
SFC states are shown. 

• Area 4: this area of the screen is for testing 
configurations. The tools allow for saving and loading 
configurations for reuse. 

• Area 5: this area of the screen is to induce faults in the 
SFC software whist testing them. 

• Area 6: this area of the screen is to indicate the 
operation modes for the AFMS. 

• Area 7: this area of the screen is to indicate the tank 
levels for both subsystems in order to set the fluid 
quantity in the AFMS. 

C. Application Examples 
The following application examples are verification 

processes (testing) for: (1) a refueling valve whilst refueling, 
and (2) a balance valve whilst refueling when there is a fault in 
one of the refueling valves. 
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1) Refueling Valve in Normal Refueling 
The operation mode “pressure refueling” is selected by 

means of clicking on the button “ACTIVE Pressure Refueling” 
(area 6). The subsystem 1 is set to full by clicking on the button 
“FULL SY1” (area 7). This setting makes the SV change (data 
column called “SV: State Vector”) according to the operation 
mode and subsystem 1 states. Thus, the current state of the fuel 
tank system is set for the subsystem 1. The Refueling Valve 1 
(RV1) is selected in the CSS area to indicate that behavior of 
such a fuel component is to be analyzed.  

Fig. 4 shows how the tool user interface looks like when the 
above setting is done. Main focus must be on the central area of 
the screen (where the SV binary setting is). 

Fig. 4. Tool setting to check RV1 behaviour under normal refueling 

The tool is set to test the RV1 with the above setting. The 
next step is to click on the button “Execute” (bottom right of 
the screen). The tool outcome for this testing process is the 
corresponding RV1 and SV states as result of such a transition.  

Fig. 5 shows the resulting states for the system operation 
mode, the subsystem 1, and the RV1. Main focus must be on 
the central area as well as the right-hand area of the screen 
(where the binary setting for the SV is and the states for the 
SMS and CSS are). 

Fig. 5.    RV1 is closed as indicated by state machine (SMS) 

2) Balance Valve in Abnormal Refueling 
The operation mode “pressure refueling” is selected by 

means of clicking on the button “ACTIVE Pressure Refueling” 
(area 6). Subsystem 1 and 2 are set to half-way by clicking on 
the button “HALF SY1” and “HALF SY2” (area 7). Also, the 
button “RV1_F ON” (area 5) is clicked to indicate that there is 
a fault in RV1.  

The above setting makes the SV change (data column 
called “SV: State Vector”) according to the operation mode 
and subsystem 1 and 2 states. Thus, the current state of the fuel 
tank system is set for the subsystem 1 and 2. The Balance 
Valve (BV) is selected in the CSS area to indicate that behavior 
of such a fuel component is to be analyzed.  

Fig. 6 shows how the tool user interface looks like when the 
above setting is done. Main focus must be on the central area of 
the screen (where the SV binary setting is). 

Fig. 6. Tool setting to check BV behaviour under RV1 mulfunction 

The tool is set to test the BV with the above setting. The 
next step is to click on the button “Execute” (bottom right of 
the screen). The tool outcome for this testing process is the 
corresponding BV and SV states as result of such a transition. 

 Fig. 7 shows the resulting states for the subsystem 1 and 2 
as well as the SMS and the CSS. 

Fig. 7. BV is open as indicated by state machine (SMS) 
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IV. HELICOPTER RIG 
Fig. 8 shows the layout of the research test-bed; the fuel 

system of the helicopter used for the experiments carried out.  

Fig. 8. Helicopter fuel system 

Table I shows a list of SFCs for the helicopter rig shown in 
Fig. 8. 

TABLE I.  SMART FUEL COMPONENTS 

Type Acronym Description 

Controller FMC  Fuel Management Controller  

Effector 

BV  Balance Valve  

BP  Balance Pump  

SP1  Supply Pump 1  

SP2  Supply Pump 2  

RV1  Refueling Valve  

RV2  Refueling Valve 2  

Sensor 

FGT1  Fuel Gauge Transmitter 1 

FGT2  Fuel Gauge Transmitter 2  

FGT3  Fuel Gauge Transmitter 3  

FGT4  Fuel Gauge Transmitter 4  

HLS  High Level Sensor  

LLS  Low Level Sensor  

There are two subsystems. Subsystem 1 consists in tanks 1 
and 3; they are connected through a pipe for gravitational fuel 
transfers. Subsystem 2 consists in tanks 2 and 4; they are 
connected through a pipe for gravitational fuel transfers.   

There is a refueling inlet for both subsystems at the bottom 
right corner in the figure which ends in the Refueling Valve 1 
and 2 (RV1 and RV2) for each of the subsystems. ES is 
provided by tanks 3 through supply pumps (SP1) to engine 1, 
and by tanks 4 through supply pumps (SP2) to engine 2.  

The two subsystems are also connected with each other 
through a pipe along with a valve and a pump; tank 3 
(subsystem 1) and tanks 4 are linked with a Balance Valve 
(BV) and a Balance Pump (BP). 

The FT mode is activated when: 

• A balance of subsystems is required; a transfer from 
tank 4 to tank 3 or from tank 3 to tank 4 through BV 
and BP. 

• Tanks are running out of fuel; a transfer from tank 4 to 
tank 3 through BV and BP when tank 3 is running out 
of fuel. 

• Fuel components fail; for PR mode: (1) if RV1 fails a 
FT from subsystem 2 to subsystem 1 takes place, (2) if 
RV2 fails a FT from subsystem 1 to subsystem 2 take 
place. For ES mode: (1) if SP1 fails a FT from 
subsystem 2 to subsystem 1 takes place, (2) if SP2 fails 
a FT from subsystem 1 to subsystem 2 take place. 

There are also four Fuel Gauge Transmitters (FGTs) 
distributed in each tank (one per tank; FGT1, FGT2, FGT3, 
and FGT4) to analogically measure the fuel level. Additionally, 
there are two level sensors; the Low Level Sensor (LLS) and 
the High Level Sensor (HLS). 

V. GROUND-TESTED RIG EXPERIMENTS 
This section presents experimental results from verification 

and validation tests on the above rig of the DACA realization. 

A. Ground Testing on the Helicopter Rig  
The ground experiments are based on the AFMS operations 

as described in section II, i.e. PR and ES (normal and abnormal 
conditions). They are carried out in the real-scaled helicopter 
rig from Eurocopter presented in section IV.  

The route map of the experiments carried out is shown in 
fig. 9. It begins with an initial test for adjustments of 
configurations (setup and tuning process for the helicopter rig). 
Two operation modes are tested; PR and ES. These two 
operation modes involve a third operation mode, i.e. Fuel 
Transfer (FT) from a subsystem to other, when a malfunction 
in SFCs is detected.  

The PR testing entails four tests: (1) PR to preselected 
value, (2) PR with RV1/RV2 failure, (3) PR to high-level shut 
off, and (4) PR to max value. The ES testing entails two tests: 
(1) ES normal operation, and (2) ES abnormal operation with 
SP1 failure. 
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Fig. 9. Route map of experiment carried out 

B. Experimental Results 
This subsection only presents two experimental results 

from fig. 9; (1) PR test up to preset 1560 kg of fuel, and (2) ES 
with a (induced) fault in SP1. The following figures highlight 
the key features of the real results that are confidential. 

1) Pressure Refueling Test (up to preset 1560 kg of fuel) 
Fig. 10 shows the results obtained when carrying out a PR 

test up to 1560 kg of fuel. 

Fig. 10. States of RV1 and RV2 as well as level in subsystem 1 and 2 

The two refueling values (RV1 and RV2) open just after 0 
sec (when the two subsystems start filling in). The 1560 kg of 
fuel in the two subsystems is reached about 1700 sec. The 
nature of fuel filling for the subsystem 1 and 2 (bottom of Fig. 
10) when a PR is underway is similar to the one obtained in 
laboratory.  

The discontinuity in curve is due to false reading from the 
FTGs. There is also a glitching state for RV2 just after its final 
state due to a synchronization problem in the SV. These two 
problems have been fixed. The RV1 and RV2 states (top of fig. 
10) match the correct states set by the SMS. These resulting 
RV states match the ones obtained in laboratory [3]. 

2) Engine Supply with a (induced) fault in SP1. 
Fig. 11 shows the results obtained when carrying out an ES 

and a fault is induced in SP1. 

Fig. 11. States of SP1, SP2, and BP, BV as well as level in subsystem 1 and 2 

The two supply pumps (SP1 and SP2) start working just 
after 0 sec (when the two subsystems start depleting). A fault is 
induced in SP1 just after 100 secs (when BV, and then BP are 
activated to transfer fuel from subsystem 2 to subsystem 1). 
The nature of depleting for the subsystem 1 and 2 (bottom of 
Fig. 11) when an ES is underway is similar to the one obtained 
in laboratory. The SP1 and SP2 states as well as the BV and BP 
states (top of Fig. 11) match the correct states set by the SMS. 
These resulting states for BV, BP, SP1, and SP2 also match the 
ones obtained in laboratory [1].  

The experiment reports also mention that there were some 
activation and deactivation problems in the SFCs near 
minimum level thresholds. This problem is related to the SFC 
decision-making process. The solution is to tune the 
comparison logic for minimum limits in SFCs. 
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VI. CONCLUSIONS 
Experimental results from verification and validation tests 

of a DACA realization carried out in an aircraft rig (real-scaled 
helicopter rig from Eurocopter [4]) have been shown. An 
overview of the DACA for AFMS has been presented as well. 
These ground experiments are based on the fuel system 
operations such as PR and ES (both, with and without faults in 
SFCs). Additionally, a verification tool for the SFC state 
machines has been presented. The experimental results from 
ground tests are similar to the ones obtained in laboratory 
prototypes [3]. This confirms two issues. Firstly, the 
verification and validation (by means of a real helicopter 
platform) of the DACA for AFMS developed. Secondly, the 
effectiveness of the lab prototypes used to initially test the 
DACA proposed. 

Future work will involve experimental tests and results 
from the flight-tested DACA for AFMS in a real twin-engine 
helicopter. It will also include investigating the use of the 
solution proposed in this paper to be applied to other AFMSs. 
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