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Abstract: This paper reports work performed to support the development of condition monitoring
strategies through extensive use of simulation. The aim is to define and implement a methodology
that makes the development of lumped-parameter models more efficient and straightforward. This is
achieved by considering the model architecting and the approach adopted for fault injection early
in the process. Various options are proposed and compared for both these activities. The BondGraph formalism is extensively used for its ability to focus on the model structure and interfaces,
the nature of the phenomena considered, and potential causality issues. The interest of the proposed
methodology is illustrated with the example of a pressure-compensated axial piston pump that
supplies the flight control actuators in helicopters. The pump model architecting and the fault
injection are presented, with special attention to jamming and erosion of the pump compensator
valve. From these examples, it is shown that the proposed methodologies provide an efficient
model-based means of identifying fault signatures and implementing low-cost condition monitoring
features in an industrial context.
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Safety, reliability and profitability have long been the main sinews of war in industry.
If progress is to be made on these three important concerns, it is of interest to improve
maintenance and its management. It was in this context that the concept of predictive
maintenance arose. This maintenance paradigm is defined in parallel with that of stateof-the-art preventive maintenance, in which the systems are subjected to maintenance
either according to a maintenance schedule or upon failure. Predictive maintenance
allows the maintenance schedules to be optimized through proper condition monitoring
(and assessment) of the industrial systems and components.
This last point is of great interest in the helicopter industry as helicopter fleets are
scattered all around the globe, and some helicopters operate in very remote places. Predictive maintenance would enable replacement parts to be shipped before failure actually
occurs so as to reduce the helicopter downtime due to maintenance. The present study
deals with the condition monitoring of hydraulic axial piston pumps, which supply hydraulic power to the flight controls, in the aim of control force amplification on heavy- and
medium-class helicopters. These pumps are under scrutiny as their malfunction could lead
to the helicopter being grounded and flight operations being cancelled.
When the intention is to implement predictive maintenance, it is necessary to go
through several steps to make use of all the potential benefits of this concept, as shown in
Figure 1. The first one lies with the implementation of a condition monitoring system Ê,
which supplies information about the health of the system under scrutiny. This information
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which supplies information about the health of the system under scrutiny. This information is then used in a second step to forecast the evolution the monitored system beis then used in a second step to forecast the evolution the monitored system behaviour,
haviour, as mentioned in block ➋. Predictive maintenance then refers to planning correcas mentioned in block Ë. Predictive maintenance then refers to planning corrective maintetive maintenance actions based on such a forecast, as indicated in block ➌.
nance actions based on such a forecast, as indicated in block Ì.
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Figure 2. Details of the Model-based approach block of the predictive maintenance process.
Figure 2. Details of the Model-based approach block of the predictive maintenance process.

anindustrial
industrialcontext,
context,
the
physics-based
models
must
developed
to meet
duraInInan
the
physics-based
models
must
be be
developed
to meet
durabilbility
requirements
to ensure
thatmodel
the model
will
lastefficiently
and efficiently
fulfil
the comity
requirements
so asso
toas
ensure
that the
will last
and
fulfil the
company’s
pany’s
for atime.
long time.
To reach
this goal,
model
must
allow
easyunderstanding,
understanding,
need
forneed
a long
To reach
this goal,
the the
model
must
allow
easy
reuse (even partial) and evolution. This can be achieved through the definition of proper

Sustainability 2021, 13, 1863

4 of 20

model architectures [11], which is considered a major step in the model-based approach of
Figure 2. A methodology is proposed in the present paper (Section 2), to meet this target
with resort to a proper model architectural view.
An axial piston pump model is designed as part of the project research, whose aim
is to define and assess candidate approaches for the detection of pump degradation on a
helicopter. An important step of the model development process of Figure 2 is then the
creation of solutions for the simulation of pump degradation. Proposals as to how to model
and inject faults in order to simulate the effect of degradation on the physical variables of
interest (e.g., pressure and flow) are made in this paper.
Fault injection techniques have been extensively researched in the particular field
of software and computer systems, e.g., [12]. However, fault injection in physics-based
models of hydraulic systems and components is still rarely addressed. One reason for
this is that, in this type of models, simulation of the faulty behaviour of an equipment
item can amount to simply tweaking some parameters. An example of such a “parameter
modification” approach can be found in, Bayer and Enge-Rosenblatt ‘s model. When considering simulation models developed to enable the effect of degradation on the physical
outputs of a system to be studied, it is of interest to simulate temporal variations of faults.
Some authors, e.g., [13], discuss the matter in the literature, but never from the point of view
of implementation. On the basis of this status, the authors have introduced in the proposed
methodology an approach that takes advantage of the Bond-Graph formalism to support
the fault injection and the simulation of the response to the fault. This will be illustrated in
Section 3 with the example of the jamming of the axial piston pump compensating valve.
2. Need for Architecture
In the industry, designing long lasting, reliable and profitable products is of great
importance. The same should be true for the development of models, which can be
considered as products: it is not desirable to spend resources on models that will be used
only once or only during one project. Nonetheless, as each research project is different,
it is obvious that models will constantly be enhanced or adapted to the current need.
Consequently, it is preferable to create models that could be reused, even partially, in several
projects. Thus, model development should be subjected to requirements of both realism
and durability, just like any other product. It is then of utmost importance to properly
identify the needs and constraints and define the requirements for the models during the
first phases of a project.
In the current project, durability requirements have been listed for the axial piston
pump model, and are highlighted in Table 1.
Table 1. Durability requirements for the axial piston pump model.
Requirement Number
1
2
3
4

Requirement
Be as generic as possible for further modifications, easy to assemble and modify
(e.g., change the number of pistons)
Allow modifications of parameters and mathematical expression
Give easy access to the basic components of the model
Be usable as a digital twin, also as “plug and simulate” (only applicable to the whole pump model)

It was stated in the introduction that a proper model architecture can greatly help
model reuse and understanding. However, model architecting is seldom discussed in literature as it is a product of pragmatism. When architecture is needed in models, it is generally
managed implicitly thanks to the modellers’ experience. Data-driven models, which are
often black boxes, need less attention to architecting, except for their possible interaction
with other models. Physics-based models can be classified as distributed-parameter models,
which consider the physical phenomena to be spatially distributed, or lumped-parameter
models, where the real distributed behaviour is approximated by discrete elements. Physicsbased distributed-parameter models have explicit architecture as they tend to be the local
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tion with other models. Physics-based models can be classified as distributed-parameter
models, which consider the physical phenomena to be spatially distributed, or lumpedparameter models, where the real distributed behaviour is approximated by discrete elements. Physics-based distributed-parameter models have explicit architecture as they
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As blocks are prepared for model enhancement, some ports may remain unused for a
given level of modelling implemented in step Ä. These ports must be managed in step Å,
according to the simulation software constraints and features. In the case of architecting
a lumped-parameter model from a power transmission viewpoint, interconnections are
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As blocks are prepared for model enhancement, some ports may remain unused for
a given level of modelling implemented in step ➄. These ports must be managed in step
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2.2.2. Definition of the Axial Piston Pump Model Structure Outline
In the current project, a lumped-parameter model of a helicopter axial piston pump is
developed. Considering the process defined in Figure 3, the first step towards the pump
modelling is the definition of the model structure.
There are several candidate viewpoints for structuring the pump model. Here, the
authors address two of them: model structured “by function” and model structured “by
topology”. Both structures are displayed in Figure 5, which also includes a transparent
view of the pump for reference. For the sake of clarity, only mechanical (light green) and

In the current project, a lumped-parameter model of a helicopter axial piston pump
is developed. Considering the process defined in Figure 3, the first step towards the pump
modelling is the definition of the model structure.
There are several candidate viewpoints for structuring the pump model. Here, the
authors address two of them: model structured “by function” and model structured
“by
7 of
20
topology”. Both structures are displayed in Figure 5, which also includes a transparent
view of the pump for reference. For the sake of clarity, only mechanical (light green) and
hydraulic (dark blue) interconnections are shown on these diagrams. In Figure 5, in order
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boxes to highlight the interfaces of the complete pump model.
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Table 2. Analysis of the benefits and drawbacks of the model structures.
Structure Type

Benefits

Drawbacks

•
•
By function

•

•
By topology

•

Limited numbers of blocks and
interconnections.
Architecture simple to grasp.

•

Depending on the application, clear separation of the
functions can prove to be complicated.
Less flexible for reuse due to definition of ports and
interconnection. Care should be taken when defining
requirements to ensure possibility of reuse.

Easy to grasp as it follows the
blueprints.
Easy to reuse in another model.

•

Large number of blocks and interconnections.

In addition, the requirements defined in the first step of the modelling approach can
be referred to in order to refine the choice of structure. Considering the information given
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in this table and the durability requirements defined in Table 1, the authors decided to
use the architecture by topology for the current pump models. However, care should
be taken to always analyse the possible model architectures in every project, as some
special requirements could completely disregard the pragmatic architecture by topology,
e.g., for systems or components with highly complex topology.
2.2.3. About Model Architecture and Causality
The model can be implemented with its architecture in several types of simulation software. Most of the simulation software packages are still causal and model implementation
can raise causality issues. Causality deals with cause and consequence. In modelling and
simulation, causality is about defining the sequence of computation, the input data and the
output to be calculated. In a causal simulation environment, the sequence of computation
of a given model is pre-defined following the software causality rules (e.g., avoiding numerical derivation and algebraic loops [19]).
Depending on the models used and their combination, causality clashes can be generated. In non-causal simulation environments, the solver deals with resolving the model
equations by itself during compilation, given known variables. A-causality can be seen
as the best option for a simulation environment, as the user does not need to manage
sequences of computation. However, letting the software manage them on its own may
sometimes increase the computation time, fail to compile (when numerous algebraic loops
of high index are interlaced), or involve numerical derivations, low-pass filtering of which
introduces phase lags and therefore alters the simulation accuracy. Finally, causal simulation environments remain massively used, given their maturity (and interest for realtime simulation).
In the present project, the models are implemented in the commercial simulation environment, Simcenter AMESim, which is causal: once the model is implemented, according
to the model architecture selected, the block causalities are frozen. Consequently, reuse of
the blocks constrains the models to use the same causalities at their interfaces. This is an
implementation issue, which could be anticipated when specifying the block interfaces.
However, this is not always possible as causality requirements can be induced by—or
derived from—the features of the selected simulation environment.
3. Methodology for Fault Injection in Simulation
Fault injection can be implemented in hardware, software, and models [20]. Modelimplemented fault injection is easier, faster, cheaper and more versatile than the other two
options. It allows the early identification of components or system design deficiencies.
In the current approach, fault injection is used to study the behaviour of a helicopter pump
against degradation, through the simulation of a physics-based model.
In recent years, tools have been developed to facilitate the implementation of fault injection in simulation environments. For example, van der Linden [21] proposed a standard
code for the Modelica language, which allows centralized parameterization and triggering
of faults during physics-based model simulations. Both parameter faults (ones with large
time constant with regard to the simulation horizon, thus considered constant), and variable faults (ones with low time constants which generate transients in the simulated system)
are supported.
One thing that seems to be missing from the literature, when considering fault injection
and simulation in physics-based models, is related to methodology: although tools have
been developed, very few examples of simulation of time variable faults are discussed.
The reason for that is the simplicity with which the model parameters can be changed so
as to simulate degraded states. For example, Bayer and Enge-Rosenblatt simulated the
wear of axial piston pump cylinder valves through the slight variation of the cross section
of each valve. In the same manner, Maia Neto and Góes [22] simulated degradation of an
aircraft hydraulic brake system, amongst other things, by modifying the parameters of the
associated friction model.
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These considerations have driven the author to develop a methodology for fault injection in simulation that takes advantage of the Bond-Graph formalism. It is detailed below.
3.1. Proposal for Fault Injection in Simulation Using Bond-Graphs
Bond-Graphs (BG) are oriented graphs intended to show the energy transfers from one
system or object to another. They were first introduced in 1961 [23]. BG are mainly meant to
model the dynamics of power systems with a lumped-parameter approach. BG models can
be simulated directly using BG-oriented software, e.g., [24], or after extraction of equations
for implementation, e.g., in a block diagram form. They also facilitate model building and
analysis in icon-based simulation environments, which allow submodels to be connected
through power links; for example, Simcenter AMESim or Dymola. The process of BG
creation has been well established for decades and is not detailed in this paper. More
detailed information on BG modelling can be found, for example, in [25] or [26]. BondGraphs define the model in a graphical way that is independent of the simulation platform
used. Therefore, they facilitate knowledge capitalization, reuse and applicability. Another
interesting feature of BGs lies in their ability to address causality graphically. The BG formalism is widely used due to its benefits: it provides a uniform approach that is applicable
to any physical domain, it gives rapid access to the power paths, causal paths, dynamics, and causality issues. BG are attractive for condition monitoring, and are especially
employed for fault detection and isolation using analytical redundancy relations [27] or
algebraic observers [28], and to define the most suitable locations of sensors [29]. BGs have
also been used for prediction of the remaining useful life, e.g., with particle filters in [30],
and in [31].
In the current approach, BGs are used as a tool to support the development of models
to simulate failures so as to define the proper physical quantities to be monitored. One example of the use of BGs in such a context of failure simulation and fault injection can be
found in [13], where the authors simulate the temporal deterioration of the traction system
of the Chinese high speed train. However, although they disclose the degradation models
used, they do not address the methodology used for fault injection.
3.1.1. Methodology Proposal
Concerning fault injection in physics-based models, two options can be identified,
depending on the physical phenomenon to be simulated. If the failure mechanism in
question directly influences a parameter of an existing model, this parameter can be varied
and, therefore, becomes a time variable. If not, an additional physical phenomenon should
be added. These two possibilities are slightly different in terms of implementation.
Care should be taken not to add unrelated new components that meet the need for
introducing the fault but that are not directly related to the physical phenomena at hand.
For example, to simulate jamming, one could add a brake model. Unfortunately, this significantly alters readability and understanding because there is no brake in the system
considered. Increasing the level of friction between moving pieces is therefore preferred
and more realistic. Of course, for earlier top-level activities in the design process, faults can
be introduced in a more logical way (e.g., “if jamming, then no motion”).
A methodology for fault injection in physics-based models that follows the steps
defined below is proposed:

•
•
•

Step 1: Define the failure mechanism(s) and associated fault(s) to be studied in the
system of interest. Care should be taken to identify the physical phenomena involved.
Step 2: Make a functional BG of the system. Identify the BG element(s) affected by the
fault(s) selected in Step 1.
Step 3: Write the equations of the affected BG elements. If the fault impacts a parameter,
modulate the BG element with its value. If the fault cannot be simulated with the
initial BG architecture, add a model of the fault physical behaviour to the existing BG.
In both cases, the BG element is modulated by a signal.
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•

Step 4: Based on the BG drawn, implement the model in the desired simulation
environment. A fault is injected by modulating the relevant parameter(s) or physical phenomena.

This fault injection methodology is illustrated in Section 3.1.2 through the example of
increasing wear in an actuator nut-screw.
3.1.2. Illustration of the Fault Injection Methodology for a Nut-Screw
The fault addressed is the increase in wear, which reduces the preload (when it exists to
remove backlash) then generates increasing backlash. As mentioned above, the intention is
to model the fault by altering a single parameter of the transmission model. In this attempt,
the transmission preload/backlash is modelled as follows, according to the representation
given in Figure 6. In this figure, two translating bodies are considered (Ê and Ë) to include
backlash or preload in the translational motion axis of the nut-screw. Forces are transmitted
between Ê and Ë through unilateral elastic contacts (1L and 1R). The single parameter
x0 denotes preload when it is negative and backlash when it is positive. The value of
this parameter increases with length of service, as a result of wear. To avoid unrealistic
Sustainability 2021, 13, x FOR PEER REVIEW
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The stiffness of a positive mechanical transmission is represented by plotting the contact force 𝐹 at facing solids ➊ and ➋ vs. their relative displacement, 𝑥 − 𝑥 . An example is given in Figure 7 for linear elastic contacts. Varying the parameter 𝑥 from a negative value to a positive value produces a continuous change in the transmission characteristic. In the backlash domain, no force 𝐹 is transmitted by contacts whatever the rela11 of 20
tive displacement 𝑥 − 𝑥 . In the preload domain, the two elastic contacts are active and
sum their forces. This doubles the local stiffness.
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3.2.1. Compensator Model and Fault Injection
The model of the pump displacement control is given in Figure 9. It includes the
compensating valve, the compensating piston and spring, the stroking piston and the
swashplate. For greater clarity and comprehensibility, physical domains are not shown in
this figure. However, signal bonds and causality marks are highlighted using red12
lines.
of 20 It
is important to mention that the architectural view described in Section 2.2.2 was successfully applied to make this BG model.
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Figure 9. Causal Bond-Graph model of the pressure compensating device.

Focusing now on the compensating valve, where the fault injection methodology is
applied, Figure 10a shows a cross sectional view of the compensating valve used in this
study. The compensating valve is composed of a spool, a sleeve and a spring. The sleeve
is rigidly linked to the pump housing. The pump discharge pressure is sourced at the
pressure port, while the load port is connected to the chamber of the stroking piston.
When the delivery pressure overcomes the spring force, the valve spool moves to the left.
This progressively closes the path from the load port to the return port, and increases the
path from the pressure port to the load port. As a result, the stroking piston extends and
reduces the pump displacement by lowering the swashplate tilt angle.
Figure 10b displays the BG model of the compensating valve with fault injection,
once the proposed methodology has been applied. It is assumed that the compensator
sleeve and pump housing are fixed. The 1 junction Ê depicts Newton’s second law applied
to the spool. If it is non-negligible, the kinetic energy due to the moving parts of the spring
can be taken into consideration by increasing the spool mass parameter Mspool by 1/3 of
the spring mass. The two transformers Ë and Ë‘ model the hydro-mechanical power
transformation occurring at the two ends of the spool. The three metering edges a, b and
c are modelled by R-fields Ìα, Ìβ and Ìγ, which are modulated by the valve opening.
Resort to an R-field is interesting because it is thus possible to introduce:

•

•

The functional variable hydraulic resistance effect. According to the causality applied,
this links the flow, Q, at the metering orifice to the orifice pressure difference, ∆P, as a
function of the valve opening, x.
The parasitic flow force, Fh/s , that is exerted on the spool by the fluid as a result of
the change of fluid momentum. The steady-state and transient flow forces can be
expressed as functions of the orifice pressure difference, ∆P, and the valve opening
.
rate, x [34].
Finally, each R-field can be written in matrix form:


Fh/s
Q





.
= A x, x, ∆P

(1)
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once the proposed methodology has been applied. It is assumed that the compensator
•
In the case of jamming, it was decided to model the fault globally at the spool/sleeve
sleeve and pump housing are fixed. The 1 junction ➊ depicts Newton’s second law apfriction level because there is no particular advantage in accurately locating where
plied to the spool. If it is non-negligible, the kinetic energy due to the moving parts of the
the jamming force occurs. The friction effect, modelled by the R element Ï, was made
variable in order to increase the breakaway force Ff rict , depending on the type of
friction model used [35].
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•

Erosion is easy to model here because the variable orifice models Ì already consider
the metering edges to be rounded: this enables the valve pressure gain and leakage
flow to be reproduced accurately [36]. The erosion fault can be directly injected by
increasing the X0 /2 radius parameter, which models the rounding of the orifice edges
(see valve flow equations from [34]). The increase in edge radius is applied evenly to
each metering orifice. However, it can be applied differently to each orifice for deeper
investigation of the consequences of the fault.

Of course, it is possible to apply the methodology to the simulation of several other
faults that can occur in axial piston pumps:

•

Wear of sliding piston surfaces in the cylinder block can be simulated by modulating
the piston/bore clearance parameter. As for the compensating valve erosion, the piston
surface interface can therefore be modelled by a modulated R-field [34]. It links the
mechanical and hydraulic domains to calculate both leakage flow and friction force
from the pressure difference and relative velocity.
•
The same approach can be applied for the slipper wear, through the increase in the
maximal gap between slipper and swashplate.
•
Solid to solid friction between solids (e.g., at piston/cylinder or barrel/porting plate
Sustainability 2021, 13, x FOR PEER REVIEWinterface), can be injected through a sporadic increase in friction, as done for the
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•
Friction, jamming or wear at bearings (swash-plate tilt of drive shaft hinges) can also
be simulated using these approaches.
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from full flow to null flow, and from null flow to full flow. In addition to the hydraulic
components listed previously, a pressure relief valve is added to the circuit. It allows for
bypassing the loading valve in case of over pressure in the hydraulic system. In the present work, the cracking pressure of the relief valve is set at 230 bar. At rated power, the
pump is driven at 4600 rpm, generates a pressure difference of 160 bar and delivers an
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The model of the pressure compensating device and the effectiveness of the fault injection process are tested in a simple way, using the virtual test bench shown in Figure 12.
It is composed of a perfect variable-displacement pump model (in which leakage is
added), and the hydraulic circuit supplied by the pump. This circuit is modelled by combining a constant hydraulic capacitance with a variable hydraulic resistance that is created
15 of 20
by the loading valve, the throttling of which fixes the pump operation point. The hydraulic resistance is piloted to reproduce the conditions of pump dynamic testing, including
from full flow to null flow, and from null flow to full flow. In addition to the hydraulic
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Figure 12. Simcenter AMESim test bench model used to simulate the compensating valve degraFigure 12. Simcenter AMESim test bench model used to simulate the compensating valve degradation
dation through fault injection.
through fault injection.

(a) Spool jamming
Figure 13 provides the time responses of the pump variables of interest: pump discharge pressure, compensator control pressure, position of the compensation valve spool,
and swashplate tilt angle (from top to bottom). The pump is subjected to a dynamic load
cycle, in the presence of sporadic jamming of the compensating valve. The loading valve is
initially set to make the healthy pump run at its rated point of operation. At time t = 0.25 s,
the loading valve is closed to simulate a flow demand falling to zero. It opens again at
time t = 1.25 s. The jamming fault is initiated by setting the breakaway friction by 25 N at
the compensator spool/sleeve interface for 0.6 s, at time t = 0.5 s. The faulty operation is
highlighted by the yellow time window in Figure 13.
Before jamming (t < 0.5 s), the pump operates normally. When the flow demand
becomes zero at t = 0.25 s, the discharge pressure suddenly increases. It modifies the
force balance at the compensator spool, which starts moving. This feeds the stroking
piston, which motion drives the swashplate tilt angle towards zero and finally cancels the
pump displacement.
When the compensator spool jams (at t = 0.5 s), the pump operates in open loop
without any control of the delivery pressure. The pump displacement being greater than
required, the delivery pressure increases continuously. At time t = 0.562 s, the delivery
pressure makes the pilot force on the compensation valve spool sufficient to overcome
the breakaway friction force produced by the jamming fault. Consequently, the valve
spool starts moving until it sticks again, leading to a continuous decrease in the pump
displacement and of the discharge pressure. At t = 0.78 s, the driving forces on the
compensating valve spool become again sufficient to overcome the breakaway friction
and therefore move the spool in the opposite direction. This limit cycle lasts until the
jamming fault disappears, at time t = 1.1 s. The pressure compensation becomes again fully
functional. When a full flow demand occurs at t = 1.25 s, the pump reacts normally with
the expected response time. During this virtual test, the pressure relief valve opens for a
few tens of milliseconds at times t = (0 564; 0.822; 1.007) s.
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(b) Erosion at valve metering orifices
Fluid velocity can be high at the metering orifices of the compensating valve. Consequently, the sharp edges of the valve spool and sleeve are progressively eroded and
become more and more rounded. This is illustrated with the experimental data reported
in [33], where erosion was accelerated by adding special testing quartz dust in the hydraulic
fluid. This reference shows that erosion modifies the shapes of the sleeve and spool edges
differently. However, it is not possible to model and parameterize the real and complex
changes of these shapes exactly. This explains why erosion is modelled by increasing the
equivalent radius of both rounded edges, at the spool and sleeve metering orifices.
The proposed methodology is now applied to investigate the effect of erosion on
the pump characteristics. For this purpose, the signal defining the loading valve relative
opening is made up of two components, as illustrated in Figure 14. The mean shape of the
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loading signal varies the delivered flow slowly to cover the whole operating range of the
pump (zero flow for full valve opening, 27 L/mn when the valve is closed). This component
enables the static hydraulic characteristic of the pump to be pointed out. A pulse, having a
magnitude of 10% (2.7 L/mn) and a frequency of 0.5 Hz, is added to simulate the dynamic
response of the pump to transient flow demands. The model is simulated twice: for a
new pump, the compensating valve of which has sharp-edged orifices (2.5 µm equivalent
radius), and for a pump having accumulated a long duration of service and showing
well-rounded orifices (50 µm equivalent radius). The discharge flow and pressure are
plotted in Figure 14 middle and bottom, respectively. The zoomed view given in Figure 15
shows details of the effect of erosion on the pump dynamics. It can be concluded that even
a huge increase in the equivalent radius of the metering edges does not affect the pump
behaviour too much. The pump static characteristic (delivery pressure vs. delivered flow)
only drifts down by 2 bars, while the dynamics of the pressure compensation
is almost
Sustainability 2021, 13, x FOR PEER REVIEW
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unaffected. This is mainly due to the design of the compensating valve, which involves
3 variable orifices to control one hydraulic port. With such a design, it was verified by
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(c) Perspectives
More details on the proposed concepts and their application to helicopter pumps can
be found in [37]. In the last part of this document, the first author has used them extensively
to propose a low-cost condition monitoring strategy, using the pressure measured at the
pump case port as input.
4. Conclusions
A methodology has been introduced for architecting lumped-parameter models and
injecting faults. The objective was to identify the key physical quantities to be used in
condition monitoring strategies, and to design and assess the said strategies. This methodology defines a well-structured process that takes benefit of the Bond-Graph formalism as
the main modelling tool.
In total, two candidate architectural structures have been proposed: “by topology”
and “by function”. The architecture by function allows a high-level view to be used and
is consistent with the top-down development process that is widely used in model-based
systems engineering. The structure by topology provides a better link between the physicsbased simulation models and Computer Aided Design (CAD) software. It makes models
easier to implement for virtual prototyping or high-fidelity simulation. There is still a
need to develop bridges to structure the transformation process between the two types of
architectural structures.
The methodology proposed to inject faults is based on the identification of the relevant
physical effects, and the alteration of their parameters. The use of the Bond-Graph formalism has permitted continuity to be ensured between the different activities of architecting,
fault injection modelling and model implementation. It has enabled the interfaces of the
system under study to be considered in the very early phases of the model development.
For causal simulation environments, it also provides effective means to structure and
implement the model in a way that does not introduce any causality conflict.
The proposals have been illustrated using the example of a helicopter axial piston
pump, with special focus on the pressure compensating valve. The methodology has
been applied with success to implement an advanced model of the pump displacement
control, with injection of jamming and erosion faults at the compensator valve level.
The outcomes of this work have provided the authors with an efficient model-based means
of identifying fault signatures and implementing low-cost condition monitoring features in
an industrial context.
Author Contributions: Conceptualization, G.M. and J.-C.M.; methodology, G.M. and J.-C.M.; software, G.M.; validation, G.M.; formal analysis, G.M.; investigation, G.M.; resources, J.-C.M.; data
curation, G.M.; writing—original draft preparation, G.M. and J.-C.M.; writing—review and editing,
G.P.; visualization, G.M.; supervision, G.P. and J.-C.M.; project administration, G.M. and J.-C.M.;
funding acquisition, G.P. and J.-C.M. All authors have read and agreed to the published version of
the manuscript.
Funding: This research has been funded through a CIFRE contract between Airbus Helicopters and
the Institut National des Sciences Appliquées (INSA) de Toulouse.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available on request from the
corresponding author.
Acknowledgments: The authors wish to thank Airbus Helicopters industrial partners for participating in the research reported in this paper.
Conflicts of Interest: The authors declare no conflict of interest.

Sustainability 2021, 13, 1863

19 of 20

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

13.
14.
15.
16.
17.
18.
19.
20.

21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

Isermann, R.; Ballé, P. Trends in the application of model-base fault detection and diagnosis of technical processes. Control Eng.
Pract. 1997, 5, 709–719. [CrossRef]
Venkatasubramanian, V.; Rengaswamy, R.; Yin, K.; Kavuri, S.N. A review of process fault detection and diagnosis—Part I:
Quantitative methods. Comput. Chem. Eng. 2003, 27, 293–311. [CrossRef]
Venkatasubramanian, V.; Rengaswamy, R.; Yin, K.; Kavuri, S.N. A review of process fault detection and diagnosis—Part II:
Qualitative models and search strategies. Comput. Chem. Eng. 2003, 27, 313–326. [CrossRef]
Venkatasubramanian, V.; Rengaswamy, R.; Kavuri, S.N.; Yin, K. A review of process fault detection and diagnosis—Part III:
Process history based methods. Comput. Chem. Eng. 2003, 27, 327–346. [CrossRef]
Succi, G.P.; Chin, H. Helicopter Hydraulic Pump Condition Monitoring Using Neural Net Analysis of the Vibration signature. In
Proceedings of the SAE Aerospace Atlantic Conference, Dayton, OH, USA, 1 May 1996.
Kwan, C.; Xu, R.; Zhang, X. Fault Detection and Identification in Aircraft Hydraulic Pumps Using MCA. In IFAC Symposium on
Fault Detection, Supervision and Safety for Technical Processes; Elsevier: Washington, DC, USA, 2003.
Gao, Y.; Zhang, Q.; Kong, X. Wavelet-based pressure analysis for hydraulic pump health diagnosis. Trans. Am. Soc. Agric. Eng.
2003, 46, 969–976.
Gao, Y.; Kong, X.; Zhang, Q. Wavelet approach for performance monitoring and diagnosis of a hydraulic pump. In Proceedings
of the JFPS International Symposium on Fluid Power, Tsukuba, Japan, 7–10 November 2005.
Gao, Y.; Zhang, Q. A wavelet packet and residual analysis based method for hydraulic pump health diagnosis. Proc. Inst. Mech.
Eng. Part D J. Automob. Eng. 2006, 220, 735–745. [CrossRef]
Bayer, C.; Enge-Rosenblatt, O. Modeling of hydraulic axial piston pumps including specific signs of wear and tear. In Proceedings
of the 8th International Modelica Conference, Dresden, Germany, 20–22 March 2011.
Maré, J.-C. Best practices for model-based and simulation-aided engineering of power transmission and motion control systems.
Chin. J. Aeronaut. 2019, 312, 186–199. [CrossRef]
Lenka, K.; Padhi, S.; Nayak, K.M. Fault Injection Techniques—A Brief Review. In Proceedings of the 2018 International Conference
on Advances in Computing, Communication Control and Networking (ICACCCN), Greater Noida, India, 12–13 October 2018;
pp. 832–837.
Zhang, C.; Wang, X.; Lu, N.; Jiang, B. Bond graph modeling and fault injection of CRH5 traction system. In Proceedings of the
2018 Chinese Control And Decision Conference (CCDC), Shenyang, China, 9–11 June 2018; pp. 6227–6232.
Poole, K.; Raeth, M.; Thielecke, F.; Mädige, C. Leakage Diagnosis for Electric Motor Pumps in Aircraft Hydraulic Systems; German
Society for Aeronautics and Astronautics (DGLR): Bremen, Germany, 2011.
Mancò, S.; Nervegna, N.; Lettini, A.; Gilardino, L. Advances in the simulation of axial piston pumps. In Proceedings of the Fifth
JFPS International Symposium on Fluid Power, Nara, Japan, 12–15 November 2002; pp. 251–258.
Mar#xE9;, J.-C.; Akitani, S. Foundation for Virtual Prototyping of Mechanical Power Management Functions in Actuators. In
Proceedings of the BATH/ASME 2018 Symposium on Fluid Power and Motion Control, ASME, Bath, UK, 12–14 September 2018.
Mkadara, G.; Maré, J.-C. Development of a Lumped-Parameter Model of an Aerospace Pump for Condition Monitoring Purposes.
In Proceedings of the 12th International Fluid Power Conference (IFK), TU Dresden, Dresden, Germany, 12–14 October 2020.
Eaton Corporation. A Descriptive Summary of Vickers Inline Pumps and Their Applications. 2000. Available online: http:
//www.eaton.com/Eaton/ProductsServices/Aerospace/Hydraulics/PCT_249150#tabs-2 (accessed on 16 October 2017).
Bishop, R.H. Mechatronic Systems, Sensors, and Actuators: Fundamentals and Modeling; CRC Press: Boca Raton, FL, USA, 2008.
Svenningsson, R.; Vinter, J.; Eriksson, H.; Törngren, M. MODIFI: A MODel-Implemented Fault Injection Tool. In Computer Safety,
Reliability, and Security. SAFECOMP 2010; Schoitsch, E., Ed.; Lecture Notes in Computer Science; Springer: Berlin/Heidelberg,
Germany, 2010; Volume 6351, pp. 210–222.
van der Linden, F. General fault triggering architecture to trigger model faults in Modelica using a standardized blockset.
In Proceedings of the 10th International Modelica Conference, Lund, Sweden, 10–12 March 2014.
Neto, M.M.; Góes, L. Use of LMS Amesim® model and a bond graph support to predict behavior impacts of typical failures in an
aircraft hydraulic brake system. J. Braz. Soc. Mech. Sci. Eng. 2018, 40, 1–17.
Paynter, H.M. Analysis and Design of Engineering Systems—Classe Notes for M.I.T., Course 2.751; M.I.T. Press: Cambridge, UK, 1961.
20-sim, Bond-Graphs. Available online: https://www.20sim.com/features/model-libraries/bondgraphs/ (accessed on
5 May 2018).
Thoma, J.U. Introduction to Bond Graphs and Their Applications; Elsevier: Amsterdam, The Netherlands, 1975.
Dauphin-Tanguy, G. Les Bond-Graphs; HERMES Science: Paris, France, 2000.
Samantaray, A.K.; Bouamama, B.O. Model-Based Process Supervision: A Bond Graph Approach; Advances in Industrial Control Series;
Springer: London, UK, 2008.
Benmoussa, S.; Bouamama, B.O.; Merzouki, R. Bond graph approach for plant fault detection and isolation: Application to
intelligent autonomous vehicle. IEEE Trans. Autom. Sci. Eng. 2013, 11, 58. [CrossRef]
Khemliche, M.; Bouamama, B.O.; Haffaf, H. Optimal Sensor Placement Using Bond-Graph Model for FDI Design. IFAC Proc. Vol.
2004, 37, 79–84. [CrossRef]
Jha, M.S.; Dauphin-Tanguy, G.; Ould-Bouamama, B. Particle filter based hybrid prognostics for health monitoring of uncertain
systems in bond graph framework. Mech. Syst. Signal Process. 2016, 75, 301–329. [CrossRef]

Sustainability 2021, 13, 1863

31.
32.
33.
34.
35.
36.
37.

20 of 20

Niu, G.; Huang, X.X. Failure Prognostics of Locomotive Electro-Pneumatic Brake Based on Bond Graph Modeling. IEEE Access
2017, 5, 15030–15039. [CrossRef]
Maré, J.-C. Requirement-based system-level simulation of mechanical transmissions with special consideration of friction,
backlash and preload. Simul. Model. Pract. Theory 2016, 63, 58–82. [CrossRef]
Vaughan, N.D.; Tiley, D.G.; Pomeroy, P.E. Erosive Wear Measurement in Spool Valves; SAE: Peoria, IL, USA, 1993.
Maré, J.-C. Modelling and simulation of dissipative effects in hydraulic systems. In Proceedings of the ASME second Biennial
European Joint Conference on Engineering System Design and Analysis, London, UK, 4–7 July 1994; Volume 8, pp. 131–139.
Maré, J.-C. Friction modelling and simulation at system level: A practical view for the designer. Proc. Inst. Mech. Eng. Part I J.
Syst. Control Eng. 2012, 226, 728–741. [CrossRef]
Lebrun, M.; Scavarda, S. Simulation of the non linear behaviour of an electrohydraulic exciter. Simulation 1979, 33, 127–137.
[CrossRef]
Mkadara, G. Contribution to the Monitoring of Hydraulic Axial Piston Pumps for Helicopters, with Special Focus on Lumped
Parameter Modelling. Ph.D. Thesis, Institut National des Sciences Appliquées (INSA) de Toulouse, Toulouse, France, 2020.

