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Abstract: Electro-hydraulic servo-actuators (EHSAs) are currently considered the state-of-the art
solution for the control of the primary flight control systems of civil and military aircraft. Combining
the expected service life of a commercial aircraft with the fact that electro-hydraulic technology is
employed in the vast majority of currently in-service aircraft and is planned to be used on future
platforms as well, the development of an effective Prognostic and Health Management (PHM) system
could provide significant advantages to fleet operators and aircraft maintenance, such as the reduction
of unplanned flight disruptions and increased availability of the aircraft. The occurrence of excessive
internal leakage within the EHSAs is one of the most common causes of return from the field of
flight control actuators, making this failure mode a priority in the definition of any dedicated PHM
routine. This paper presents a case study on the design of a prognostic system for this degradation
mode, in the context of a wider effort toward the definition of a prognostic framework suitable
to work on in-flight data. The study is performed by means of a high-fidelity simulation model
supported by experimental activities. Results of both the simulation and the experimental work are
used to select a suitable feature, then implemented within the prognostic framework based on particle
filtering. The algorithm is at first theoretically discussed, and then tested against several degradation
patterns. Performances are evaluated through state-of-the-art metrics, showing promising results
and providing the basis towards future applications on real in-flight data.

Keywords: prognostics; electro-hydraulic actuator; leakage; PHM; flight control; particle filter

1. Introduction

Primary flight control systems and the servo-actuators used to control them are
regarded as safety critical and represent one of the most significant causes of operation
disruption in both civil and military aviation. The development of an effective prognostics
and health management (PHM, refer to Table A1 for acronyms.) framework for such
systems, could lead to a significant technological advancement providing several benefits
both at the aircraft and at the fleet level, positively impacting the vehicle reliability and
dispatchability by avoiding un-predicted aircraft-on-ground situations, and significantly
reducing the additional costs associated with takeoff delays or cancellations, re-routing, or
in-flight turn back. As a further effect, an effective PHM system would allow to streamline
the logistics of the spare parts and of the maintenance operators, thus reducing maintenance
time and cost, and simplifying the troubleshooting process. The impact of the costs
associated with unnecessary or unpredicted maintenance and with the effects of flight
disruption is difficult to precisely evaluate as it is dependent on the aircraft type, its
usage, the maintenance policies of the airliner and the contingent situation related with
the failure occurrence. To provide a rough estimate, IATA projections evaluated in US$ 65
billion [1] the expected global spending for 2020, while another publication on integrated
disruption management and flight planning demonstrated that just-in-time maintenance
can help to reduce the downsides of flight disruptions, generating an estimated 6% cost
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reduction for the airline [2]. Although the spending for flight control actuators is expected
to be just a fraction of the total, the contribution gained from the introduction of an
effective health monitoring system for aircraft flight control actuators will still provide
significant cost savings. In other sectors, such as the military aviation, PHM would
also provide additional strategical information, that could be potentially employed to
improve the aircraft survivability and maximize its availability. A real-time, on-board PHM
system could be in principle able to inform whether an aircraft can continue the mission
or must return to base, and eventually reconfigure the system to mitigate the fault-to-
failure progression or reduce the effects of the degradation on the system performances [3].
The development of PHM frameworks for primary flight control systems is still a rather
unexplored subject, despite representing one of the safety-critical aircraft systems. This can
be mainly attributed to low availability of relevant data, major difficulties in modeling and
testing and generally a lack of sound understanding of the failure mechanisms affecting the
most common architectures employing electro-hydraulic servo actuators (EHSAs). Most of
the available literature is focused on electro-mechanical actuators, which application to
primary flight controls is however limited to UAVs and experimental aircraft due to a few
unresolved technological barriers, the most important being the sensitivity to certain single
point of failures that can lead to mechanical jams [4]. For these reasons, electro-hydraulic
servo actuators are still the most used solution for the primary flight control systems of
new commercial aircraft and represent the vast majority of the actuation systems, both of
the aircrafts already in service and of those expected to keep operating in the upcoming
years. As such, the definition of an effective prognostics and health management system for
EHSAs would be an attractive goal to improve fleet management for both new and legacy
aircrafts. Literature on prognostics for EHSAs is currently rather scarce, and mostly focused
on a few single faults scenarios; in [5], the authors presented one of the few research papers
focused on the use of hydraulic actuators for aviation. In it, the authors propose to develop
a prognostic system for the F/A-18 stabilizer electro-hydraulic servo-valves through a
combination of neural network error-tracking techniques, fuzzy logic classifiers, Kalman
filter state predictors, and feature fusion strategies. In [6] the authors proposed a new
resampling scheme based on Hellinger’s distance and verified their results on accelerated
fatigue tests on a few structural components of the actuator, while a fault diagnosis scheme
for electro-hydrostatic actuation system is briefly described in [7]. Leakage detection
was also the focus of the works presented in [8], where the issue was studied from the
perspective of an industrial actuator, proposing a fault detection scheme based upon
Adaboost-BP neural network, which proved to be more effective than methodologies base
upon random-forest algorithms. Although extremely promising, this methodology was not
tested against data sets representative of the operating conditions typically encountered
by real flight-control actuators (wide temperature variance, unpredictable external loads,
significant variations of the inlet and return channel pressures). Recently, the authors of
this paper have investigated the effects of several faults mode on electro-hydraulic servo
actuators (EHSA) through theoretical [9] and experimental [10] activities, addressing the
feasibility of the development of a dedicated PHM system for a fixed-wing aircraft without
resorting to additional sensors, thus using only the signals already available on-board. The
investigated fault modes included degradations affecting both the servo-valve (backlash
and crack progression within the feedback spring, degradation of the torque motor magnets,
mechanical strain of the jet pipe) and the actuator (occlusion of the by-pass channel, wear
of the sealing elements, backlash in the rod-end). Similarly, an early evaluation of the
effects of a few significant degradations for electro-hydraulic servo actuators employed in
the stability control augmentation system of an in service helicopter is provided in [11,12].
These early studies concurred on the feasibility of a PHM system for EHSAs and addressed
the possibility to successfully monitor and identify a few selected failure modes through
a purely data-driven approach, while providing early indication on the possibility to
prognose such degradations through a particle-filtering framework, but currently lack of
experimental confirmation. According to the failure mode effect and criticality analysis
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(FMECA) analysis provided in these works, the most frequent cause of return from the field
for EHSAs are the occurrence of an excessive null-bias within the servo-valve and excessive
leakages. This paper provides the results of an advancement towards the definition of
an operative prognostic tool focused on the detection, identification, and prognosis of
the internal leakage of an EHSA employed as a primary flight control actuator in a wide-
body aircraft currently in service. The paper is an autonomous continuation of the work
presented in [9,10] and is organized as follows; at first, the case study under analysis is
presented, highlighting its peculiarities and operational modes. The adopted approach is
then presented, and both the simulation model and the experimental set-up introduced.
The PHM framework is then described in detail, finally leading to a discussion on its
performances, computational requirements, and applicability constraints.

2. Case Study

The case study considered for this paper is the actuation system of a primary flight-
control surface of a wide-body commercial aircraft which is currently in-service, and was
the object of the feasibility study reported in [7]. The system, depicted in Figure 1, controls
the aerodynamic surface through an active-stand-by strategy. In this configuration, the
flight control computers actively provide the position command to only one of the two
actuators, while the second is kept in by-pass mode through the activation of a dedicated
mode valve, providing a desired damping effect on the tab dynamics and acting as a back-
up in case a failure is detected in the active EHSA. Unless an emergency condition occurs,
the roles of the two EHSAs are periodically exchanged. Each EHSA is controlled through a
two-stages electro-hydraulic servo-valve, while a two-position, normally closed valve acts
as the mode-switching element. An accumulator ensures that the pressure on the supply
line does not drop below a minimum threshold and is necessary due to the length of the
piping connecting the flight control actuators with the central hydraulic power generation
units. The servo-valve features a jet-pipe interface between its two stages, translating the
current signal supplied by the EHSA controller into the displacement of its spool, thus
determining the flowrate exchanged between the hydraulic system and the actuator.

The actuator presents two asymmetrical chambers, with the highest acting area corre-
sponding to the extraction movement; two spherical joints connect each end of the EHSA
with the airframe structure on one side and the aerodynamic surface on the other. A
linear variable differential transducer (LVDT) measures the position of the actuator rod
relatively to the rod-end at the airframe side; this signal is then used to close the feedback
loop towards the controller, which makes use of a proportional-integrative regulation law
with dead-band and anti-wind-up logics. The EHSA is supplied and controlled through
a dual electrical interface with two independent electrical lanes. Whenever the actuator
is in “active” state, the solenoid valve is supplied, imposing a movement of the mode
valve spool to connect the actuator ports with the servo-valve. To achieve the stand-by
conditions, the solenoid valve is instead de-energized. The hydraulic lines connected to
the servo-valve control ports are hence blocked and the hydraulic fluid passing from one
chamber to the other is forced through a damping orifice, providing a resistant force on
the actuation system proportional to the actuator velocity. This function is required to
avoid the possible insurgence of flutter, or aero elastic instability, in case of failure of both
EHSAs, a catastrophic event which can easily cause the loss of the aircraft. Other than
the LVDT, each EHSA is also equipped with a sensor suit used to perform the continuous
built-in-tests (C-BIT) monitoring of potentially critical failures occurrence (C-BIT) as well
as some dedicated pre-flight built-in-tests (P-BIT), designed to ensure that no dormant fail-
ures exist before take-off. For the selected case study, the sensor suit includes a dedicated
LVDT measuring the linear position of the servo-valve spool, a differential pressure sensor
mounted across the actuators’ chambers and another LVDT measuring the position of the
mode valve spool.
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Together with the command signals, these measures allow to successfully detect the
occurrence of critical failures to the most significant components of the EHSA. Previous
studies also provided the preliminary confirmation that the same signals can be used to
perform PHM activity [10].

3. Materials and Methods

The approach followed in this paper follows the template for preliminary PHM studies
provided in [9] and is a direct follow-up of the feasibility analysis described in [10]. To
better introduce the work presented in this paper, the main conclusions of the feasibility
analysis are hereby reported. According to [13], the definition of a PHM system for a given
use-case must always start from a dedicated failure mode effect and criticality analysis
(FMECA), which main purpose is to evaluate which failure modes are expected to be most
frequent and critical, and at the same time to provide an early estimate on their observ-
ability. According to early investigations, the occurrence of excessive leakage within the
actuator is between the most common cause of return from the field for EHSAs currently
employed in primary flight control systems [9]. Extensive simulation activities, supported
by experimental tests allowed to establish the feasibility of a PHM system for EHSAs
through a combination of in-flight and pre-flight analysis, providing some preliminary
conclusion on the feature selection process. The prognostic routines were however defined
within the perimeter of a feasibility study and tested against a single case-study configu-
ration. Aim of this work is to further push towards the definition of an operating PHM
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system for EHSAs by refining the prognostic algorithm and checking its performances
through extensive simulation campaigns against different case-study configurations.

3.1. Simulation Model

To generate data-sets representative of both nominal and faulty conditions we adopted
the dynamic model detailed in [14] and experimentally verified for nominal health condi-
tions. Each component is described through physics-based equations without resorting to
black-box or grey-box approximations. The servo-valve model is derived from the seminal
work of Urata [15–17], who first provided a complete physics-based formulation of this
class of components.

This description does not rely on linearized gains, requiring instead the accurate
estimate of the device geometry and of the characteristics of its components. Although
more complex, this approach allows to introduce physics-based representation of several
fault modes, hence allowing to generate more realistic results. As shown in Figure 2, the
servo-valve model can be at first divided into a few subsystems, each representative of a
particular component. The electrical dynamics of the first stage windings can be modeled
as a simple two-coils parallel circuit supplied at a voltage VS and featuring equal resistances
Rs and inductances Ls: {

VS = [Rs(1−Ws)]i1 + Ls
di1
dt

Vs = Rsi2 + Ls
di2
dt

(1)Actuators 2021, 10, x FOR PEER REVIEW 6 of 18 
 

 

 
Figure 2. Schematics and modeling of a jet-pipe servovalve. 

An overview of the actuator dynamics is depicted in Figure 3. The rod displacement 𝑥 can be obtained through the expressions of Equation (4) where the trust areas of the two 
chambers are assumed equal to 𝐴,ଵ and 𝐴,ଶ, while the Bulk modulus and the chambers 
volume at mid stroke are addressed with 𝛽 and 𝑉,ଵ, 𝑉,ଶ: 

⎩⎪⎪⎨
⎪⎪⎧ 𝑄ଵ − 𝐴,ଵሺ𝑥ሶ − 𝑦ሶ ሻ − 𝑄 = 𝑉,ଵ + 𝐴,ଵሺ𝑥 − 𝑦ሻ𝛽 d𝑝ଵd𝑡𝑄ଶ + 𝐴,ଶሺ𝑥ሶ − 𝑦ሶ ሻ + 𝑄 = 𝑉,ଶ − 𝐴,ଶሺ𝑥 − 𝑦ሻ𝛽 d𝑝ଶd𝑡𝑝ଵ𝐴,ଵ − 𝑝ଶ𝐴,ଶ − 𝐹 − 𝛾𝑥ሶ = 𝑚𝑥ሷ𝑝ଶ𝐴,ଶ − 𝑝ଵ𝐴,ଵ − 𝐹 − 𝛾𝑦ሶ + 𝑘௦ሺ𝑧 − 𝑦ሻ + 𝑐௦ሺ𝑧ሶ − 𝑦ሶ ሻ = 𝑚𝑦ሷ

 (4)

The friction forces due to the contact between the sealing elements and the compo-
nents in relative motion are addressed with 𝐹 and computed according to [18], while 𝛾 
and 𝑚 are respectively a viscous friction coefficient and the equivalent mass representa-
tive of the combined inertia of the rod and of the linkage. The cylinder dynamics is also 
represented as a function of its mass 𝑚; to also model the effects of the vibrations in-
duced on the actuator by the airframe, the attachment on that side of system is modelled 
as a spring-damper system of stiffness 𝑘௦. The flowrate lost due to internal leakage 𝑄 
is modelled according to a series of laminar and turbulent resistances, where each element 
is function of the system geometry. 

The leakage path is then modelled as in Equation (5): 

⎩⎪⎪
⎨⎪
⎪⎧ሺ𝑝ଵ − 𝑝ଶሻ = 𝑅𝑄 + 𝑅௧ଵ𝑄ଶ + 𝑅௧ଶ𝑄ଶ𝑅 = 12 𝜇𝐿𝑘𝑤ℎଷ + 𝑅𝑅௧ଵ = 𝜌2ሾ𝐶ௗଵሺ𝑅𝑒ሻሺ𝑤ℎሻሿଶ𝑅௧ଶ = 𝜌2ሾ𝐶ௗଶሺ𝑅𝑒ሻሺ𝑤ℎሻሿଶ

 (5)

Figure 2. Schematics and modeling of a jet-pipe servovalve.

The parameter Ws ranges between zero and one and can be used to simulate the
presence of a short in the first winding. The torque Tm exerted by the torque motor can
be described as a function of the magnetic flux generated by the permanent magnets ΦP,
the servovalve currents i1 and i2 and the size of four gaps within the magnetic circuit.
Under this representation, the degradation of the permanent magnets can be represented
through the reduction of the magnetic flux ΦP. The torque provided then becomes the
input signal for the dynamic equilibrium of the jet-pipe, which rotation ϑjp is determined
by the combined effect of the anchor stiffness k jp, its damping coefficient cjp and its moment



Actuators 2021, 10, 215 6 of 18

of inertia Ijp. The feedback spring acts on the equilibrium through its stiffness k f b. The
eventual strain of the anchor structure can be modelled as an offset ydist affecting the
position of the discharge orifice yjp:{

Tm = Tm(i1, i2, ΦP)

Tm − k jpϑjp − k f b
[
xs −

(
yjp + ydist

)]
− c

.
ϑjp = Ijp

..
ϑjp

(2)

The anchor oscillation imposes a pressure differential at the opposite sides of the
servo-valve spool by distributing the flow passing through the jet-pipe to the two receiving
ports of the hydraulic amplifier, which depends on the geometry of the receiving ports
and on the supply pressure ps. The behavior of the spool displacement xs can then be
represented considering the equilibrium dynamics provided by the pressure drop across
the control chambers (pv1 − pv2), the friction force Ff r,s and the steady-state flow force
resultant Ff = ∑

i
ρQivi cos(ϑi), itself dependent on the flowrates Q1 and Q2 exchanged

with the actuator, the local speed of the fluid vi and the expected flow deflection angle ϑi.
The value of the flowrates Q1 and Q2 are computed according to the variable hydraulic
resistances representing the metering section and the leakage path across the main stage of
the servo-valve, and depends on the local Reynold’s number and the ports geometry [14]:

(pv1 − pv2)As − k f b
(

xs − yjp
)
− c .

xs
− Ff − Ff r,s = ms

..
xs (3)

An overview of the actuator dynamics is depicted in Figure 3. The rod displacement x
can be obtained through the expressions of Equation (4) where the trust areas of the two
chambers are assumed equal to Ac,1 and Ac,2, while the Bulk modulus and the chambers
volume at mid stroke are addressed with β and V0,1, V0,2:

Q1 − Ac,1
( .
x− .

y
)
−Qleak =

V0,1+Ac,1(x−y)
β

dp1
dt

Q2 + Ac,2
( .
x− .

y
)
+ Qleak =

V0,2−Ac,2(x−y)
β

dp2
dt

p1 Ac,1 − p2 Ac,2 − Ff r − γ
.
x = m

..
x

p2 Ac,2 − p1 Ac,1 − Ff r − γ
.
y + ks(z− y) + cs

( .
z− .

y
)
= mc

..
y

(4)
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The friction forces due to the contact between the sealing elements and the components
in relative motion are addressed with Ff r and computed according to [18], while γ and m
are respectively a viscous friction coefficient and the equivalent mass representative of the
combined inertia of the rod and of the linkage. The cylinder dynamics is also represented as
a function of its mass mc; to also model the effects of the vibrations induced on the actuator
by the airframe, the attachment on that side of system is modelled as a spring-damper
system of stiffness ks. The flowrate lost due to internal leakage Qleak is modelled according
to a series of laminar and turbulent resistances, where each element is function of the
system geometry.

The leakage path is then modelled as in Equation (5):
(p1 − p2) = RlQleak + Rt1Q2

leak + Rt2Q2
leak

Rl = 12 uLleak
kcwleakh3

leak
+ Rp

Rt1 = ρ

2[cd1(Re)(wleakhleak)]
2

Rt2 = ρ

2[cd2(Re)(wleakhleak)]
2

(5)

The term Rl represent the sum of the hydraulic resistances modeling the laminar
flow within the small gap of heigh hleak between the sealing element and the cylinder
as well as the permeability of the seal Rp. Lleak is the length of the leaking path, while
wleak is its width. The conformity coefficient kc considers the irregularity of the contact
between the percolation channels and the seal seat. Rt1 and Rt2 represent the occurrence
of turbulent flow at the inlet and at the outlet of the path, where the coefficients Cd1
and Cd2 are represented as a function of the local Reynold’s number according to the
expression reported in Equation (6), which can be used for small calibrated orifices for
Reynold’s numbers lower than 5000. It is coherent with results provided by [19] and has
been employed to model leakage flows for other applications by authors in [20]:

Cd = 0.22
√

ln(1 + Re) (6)

When the piston slides inside the cylinder there is an additional flow, known as
Couette flow, determined by the entrainment of hydraulic fluid by the moving piston QC,
equal to:

QC =
kc

2
Lleakhleak

.
x (7)

The total flow through the leakage path can then be computed as the sum of Qleak and
Qc. The occurrence of wear may cause in time the occurrence of cuts, tears or extrusions
of the sealing elements hence leading to increasing leakage. Wear of the sealing elements
is a complex subject and can origin from a wide variety of events (abrasion, adhesion,
cutting) [21]. To simulate a representative number of fault-to-failure process within a
feasible timeframe and avoid the use of time-consuming co-simulations between different
environments, a few simplifying hypotheses have been defined. As such, it is assumed that
the only wear mechanism in play is the abrasive one, and that the process occurs uniformly
across the whole seal section. Under these assumptions, wear can be modelled according
to the Archard’s model [22], which hence lead to a progressive, uniform increase of the
leaking path height hleak. The model of the by-pass actuator is derived from that described
in Equation (4), and the by-pass flowrate is determined applying a turbulent efflux law to
the calibrated orifice. The aerodynamic surface is also modelled considering its structural
stiffness and damping, and the aerodynamic force acting on it is evaluated considering
the lift and drag coefficient of the considered wing, the attach angle, and the eventual
occurrence of gusts through the Dryden’s formulation.

3.2. Experimental Set-Up and Design of Experiment

The experimental activities meant to support the simulation campaigns have been
performed on the modified production test-bench depicted in Figure 4 and already adopted
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for the feasibility study described in [10] to support the definition of a preliminary health
monitoring scheme for a wide array of faults affecting either the servo-valve or the actuator.
The actuator under analysis is controlled in position while acting over an equivalent trans-
lating mass, simulating the inertia of the aerodynamic surface, while a second hydraulic
actuator controlled in force can be used to impose a resistant or a driving action over the
tested device. The acquisition and control module is instead used to define the position
command, to process the signals provided by the test bench sensors and store these data in
an external memory drive, ready to be further analyzed. The signals available within the
test-bench are used for both monitoring the experimental campaign and extract data to
support the results of the simulation effort. These signals can be roughly divided into three
major categories. To the first category belong all those signals normally present within
the electronic control unit of the electro-hydraulic servo actuator under analysis. Part of
this category are the signals provided by the LVDT integral with the actuator rod, used to
measure its position and infer its speed, by the pressure sensors, present in both actuator’s
chambers, and by a second LVDT used to monitor the position of the servo-valve spool. A
few signals generated by the test bench itself are also available, such as the control signals
(set, feedback and error), as well as the intensity of the currents injected in the first stage
of the servo-valve. Signals present on the test-bench and possibly available in the real
application within other aircraft systems belong to the second category; here we find the
measures of the supply and return channels’ pressures, the temperature of the oil and of
the test environment. The third and final category addresses the additional “monitoring”
sensors, employed during the tests for degraded conditions to monitor the size of the
injected defect. The test bench is covered by a safety glass during the tests, while cold air
pumped by the conditioning system of the test facility can be used to avoid overheating
due to prolonged usage.
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Figure 4. The experimental set-up.

The set-up also allows to impose variations over the supply pressure sent to the
actuator by manually acting on the pressure reducer valve interposed between the test
bed and the remote hydraulic power generator. The system was at first tested with no
additional modifications with an array of sinusoidal, step and ramp commands mimicking
the on-ground dedicated sequence defined in [9], while the load actuator was kept at
tank pressure.

Tests were repeated under different supply pressure setting while monitoring the oil
temperature. The most rigorous approach to validate the model under degraded conditions
is to physically inject degradations of known severity or to introduce modifications to
the test bench able to reproduce the effects of the presence of one or more faults. To
limit the tests cost and avoid damage to an otherwise operating actuator, it was instead
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decided to modify the test bench to replicate the effect of an increasing internal leakage
short-circuiting the two actuator chambers by means of a manually operated variable
restrictor. A digital flowmeter was employed to measure the flowrate passing through
this additional by-pass path. Tests were then performed through two sequential steps. At
first, the EHSA was slowly pressurized while a slow position ramp was commanded to the
actuator. This operation was needed to extrapolate a steady-state estimate of the leakage
passing through the dedicated by-pass valve while measuring the pressure drop across the
chambers, hence allowing to regulate consistently the manually operated restrictor. This
operation is necessary since the dynamics of the digital flowmeters typically available on
production sites is much slower than the typical dynamics of EHSAs for primary flight
controls. Once that the desired value of leakage was obtained, the actuator was brought
back to its mechanical zero and commanded with a repeating sequence of stimuli designed
to stress the actuator according to a variety of types of command signal. Tests were then
repeated varying the supply pressure between the 85% and the 100% of its nominal value
to better characterize the uncertainty associated with the feature extraction process on a
hypothetical application to in-flight actuators. Oil temperature was moreover monitored
throughout the tests, but it was not possible to actively control it due to the layout of the
hydraulic plant of the test facility.

4. Feature Selection and Preliminary Results

Feature selection is the process through which a signal or combination of signals
representative of a certain degradation status is obtained. According to [13], a feature
suitable for prognostics must carry high value information, hence a high signal-to-noise
ratio, must be representative of the selected fault growth, thus be highly correlated with the
fault severity, and possibly independent from the occurrence of other degradation modes.
This preliminary, but paramount, stage of the development of a novel PHM framework
comes with a few challenges, the most important of which are the representation of the
uncertainty that can affect the feature extraction in a real operational scenario and the
study of the effects that other degradations might have on the selected feature. The first
issue would require studying the system behavior when exposed to the whole array of
operational conditions and external disturbances, each repeated according to the expected
frequency of occurrence during service. The second issue instead requires studying the
system behavior in response to the occurrence of the most probable faults, even if only
one failure mode is being investigated for prognostics, avoiding the definition of non-
robust features which may trigger false alarms or cause incorrect classifications of the
on-going degradations. In principle both activities should be pursued through simulation
and experimental campaigns; the cost of the experimental campaign can however raise
to non-sustainable levels if destructive tests are involved. To limit the cost concerns
while still providing reasonably robust results, a different approach was pursued. At
first, the simulation model is verified against the experimental dataset obtained for a
healthy actuator, and then used to simulate its behavior over a range of realistic operational
scenarios representative of more than 100 flight hours. The models of nine other actuators
are then obtained modifying the geometrical and physical properties of the EHSA tuned
on the experimental data applying modifiers selected from normal random distributions
representative of the expected production tolerances. Simulations are then performed
on these EHSAs as well. Flight simulations are composed of combinations of position
commands and aerodynamic forces dependent on the considered flight segment (take-
off, cruise, descent, landing). Temperatures at ground level are randomized, while air
temperatures during flights are dependent on the expected aircraft altitude as described
in [23]. This first database is built to be representative of the actuator behavior when healthy.
Faults of known, increasing severity are then inserted within these models. Experimental
activities are then focused on the EHSA’s internal leakage issues and used to verify the
simulation findings and strengthen the feature selection process.
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4.1. Results of the Simulation Campaigns

The simulation activity performed for this paper directly stems from the one presented
in [9,10], where fewer flight hours were considered. Despite the wider scope of this new
investigation, results largely overlap and are then only briefly presented for ease of reading.
Results of these early simulation campaigns are reported in Table 1 and Figure 5, providing
some early indication on the features that can be in first approximation adopted to build a
PHM system for the considered EHSAs configuration. Focusing on the internal leakage
issues object of this paper, results depicted in Figure 5 show that it can be reliably detected
monitoring the moving average of the reciprocal of the pressure gain of the servosystem,
estimated as the ratio between the RMS of the spool displacement and of the pressure
drop, each computed on moving windows of 1 s. During operations, the occurrence of
internal leakage causes a reduction of the pressure drop across the actuator’s chambers.
The effect of such pressure drop reduction affects the positioning of the actuator, especially
in presence of external load and null, or extremely low, speed, leading the control system to
react. The servo valve is then supplied with currents of higher intensity, thus increasing its
spool displacement, finally causing a reduction of the pressure gain. Simulations showed
that the leakage was more evident with a combination of an external load and low speed of
the actuator. As such, the feature is computed only when the actuator speed

.
x falls below a

threshold
.
xthr.

Table 1. Selected features.

Failure Mode Symbol Feature

Mechanical faults in the feedback spring of the servovalve fSV f b
xsvRMS
isvRMS

Degraded permanent magnets in the first stage of the
servovalve fSVtm

isvRMS
xsvRMS

Jet pipe distortion fSVjpd
|l|

imax
Jet pipe channel blockage fSVjpo f (xsvRMS , isvRMS )
Short between LVDT windings fLVDT f (V1, V2)

Internal leakage within the EHSA fHALeak
xsvRMS
∆PRMS

∣∣∣ .
x≤ .

xthr

Blockage of the by-pass channel in the stand-by actuator fHAsb f
( .

xsby, ∆Psby

)
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4.2. Experimental Activities

Experimental activities were performed on two EHSAs of the same class, the first
was in nominal health conditions, while the second was an actuator returned from service
and exhibited significant internal leakage during troubleshooting. Both actuators were
subjected to the same test procedure described in Section 3, under three different load levels
(no load, 30% 60% of the stall load). The feature fHALeak was computed for each test. Results
of a few runs are provided in Figure 6, where the effect of the leakage occurrence mirrors
the results of the simulation campaign. The results presented in this figure were obtained
in presence of an external load equal to the 30% of the actuator stall load. Please notice
that results are provided as non-dimensional to avoid the disclosure of proprietary data.
Results of the experimental activities were coherent with the simulation campaign and
confirmed the effectiveness of focusing the feature extraction process on correspondence of
low-speed conditions.
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The behavior of the feature fHALeak computed on the experimental data set is instead
depicted in Figure 7, where it is compared with the simulation results showing a good
correspondence. Even more importantly, the feature exhibits a linear correlation with the
fault growth, which is the optimal condition for prognostic purposes.
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Figure 7. Feature behavior for increasing internal leakage.
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5. The PHM Algorithm

The architecture of the PHM system firstly proposed in [9] is depicted in Figure 8,
where the three functional step of feature extraction, fault diagnosis and failure prognosis
are highlighted. The extracted features are at first routed to the fault diagnosis module,
which collects data and performs the anomaly detection and fault classification. The
prognostic routine hence makes use of the features and of the classifier output to provide
an estimate of the remaining useful life (RUL) of the system, along with the evaluation of
the risk of failure.

Actuators 2021, 10, x FOR PEER REVIEW 12 of 18 
 

 

The behavior of the feature 𝑓ு computed on the experimental data set is instead 
depicted in Figure 7, where it is compared with the simulation results showing a good 
correspondence. Even more importantly, the feature exhibits a linear correlation with the 
fault growth, which is the optimal condition for prognostic purposes. 

 
Figure 7. Feature behavior for increasing internal leakage. 

5. The PHM Algorithm 
The architecture of the PHM system firstly proposed in [9] is depicted in Figure 8, 

where the three functional step of feature extraction, fault diagnosis and failure prognosis 
are highlighted. The extracted features are at first routed to the fault diagnosis module, 
which collects data and performs the anomaly detection and fault classification. The prog-
nostic routine hence makes use of the features and of the classifier output to provide an 
estimate of the remaining useful life (RUL) of the system, along with the evaluation of the 
risk of failure. 

 
Figure 8. The PHM framework. Figure 8. The PHM framework.

It is important to underline that the PHM framework hereby presented is meant to
be exclusively dedicated to maintenance and strategic purposes, as the feasibility analysis
provided in [10] observed that the technology is not mature enough to deal with safety
issues. As such, the PHM system must work in tandem with the monitoring procedures
currently employed on servo-actuators, designed to observe the occurrence of critical
failures within the EHSA. These procedures provide three different functions, “C-BIT”,
“P-BIT” and “I-BIT”. “C-BIT” routines are continuously performed during flight to detect
the occurrence of failures which have the potential to be safety critical for the entire aircraft.
“P-BIT” are specific checks performed during the pre-flight operations to detect dormant
failures which might affect the components used to put in safe mode the actuator whether
a failure occurs. Finally, the “I-BIT” are used to check the conditions of a few selected
components. This section presents the PHM framework in detail and provide a first
evaluation of its performance when applied to the detection and prognosis of excessive
leakages within the EHSA. At first each PHM function is described, while highlighting
their peculiarities. Hence the algorithm is run over several simulated degradation patterns
and its behavior evaluated according to the most common metrics.
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5.1. Fault Diagnosis

The fault diagnosis process is based on two subroutines, the first dedicated to the
fault detection and the second performing the classification of any observed anomaly.
The fault detection routine compares the running distribution of each feature against a
baseline obtained for healthy conditions. In this work, the baselines were derived from the
synthetic data obtained during the simulation campaign described in Section 4, partially
confirmed by the experimental results presented in the same paragraph. In practice, such
baseline distribution can be obtained monitoring the behavior of the EHSA during its first
flight-hours. A threshold, variable for each fault mode, is defined for each fault declaration.
For the case-study under analysis, the internal leakage, the fault declaration is provided
whenever the 95% of the running distribution overcomes the 95th percentile of the baseline
distribution. Although more complex methodologies are available, this simple, data-driven
technique widely is often reported in literature due to its low computational requirements
and its capability to easily adapt to the peculiarities of each actuator [13,24].

At each time stamp t the fault detection algorithm also estimates the confidence ci,t
associated with the i-th fault mode as the probability that the associated feature yi,t is
higher than its threshold yth:

ci,t = p(yi,t > yth) (8)

The outputs of the fault detection algorithm are the feature vector and an alarm vector,
that is an array of Boolean elements which assumes value 1 when the associated fault is
detected and 0 if no anomaly is observed.

The fault classification is based on a linear support vector machine, which was trained
and tested on two different subsets of the synthetic database obtained during the first
simulation campaign. In [10], authors observed that although the optimal solution for the
fault classification problem would be to monitor the EHSA behavior both in flight and
during dedicated pre-flight check. Early results however suggested that the successful
classification rate for the EHSA internal leakage fault was high even considering only the
fata collected during the simulated flight (88% success at the degradation onset, 99.8%
success rate for mild degradation). As such, the classifier used in this paper only analyzes in-
flight data. To improve the separation between the regions of the features space associated
with the occurrence of different faults, we provide as input to the classifier the element-by-
element product of the features vector with the alarm vector.

5.2. Failure Prognosis

The prognostic algorithm makes use of a particle filtering scheme to infer the fault
severity and forecast the degradation growth [25]. The particle filter scheme tracks the
fault progression by iterating at each time stamp two consequential steps, the first being
the “prediction” stage and the latter being the “filtering”. The prediction step combines the
knowledge of the previous state estimate p(xt|yt−1) with a process model p(x0:t−1|y1:t−1)
to generate the a-priori estimate of the state probability density functions for the next
time instant:

p(x0:t|y1:t−1) =
∫

p(xt|yt−1)p(x0:t−1|y1:t−1)dx0:t−1 (9)

This expression usually cannot be analytically solved; sequential Monte Carlo algo-
rithms can be used in combination with efficient sampling strategies for such purpose [26].
Particle filtering approximates the state probability density function through samples or
“particles” characterized by discrete probability masses, or “weights”, as:

p(xt|y1:t) ≈ w̃t

(
xi

0:t

)
δ
(

x0:t − xi
0:t

)
dx0:t−1 (10)

where xi
0:t represents the state trajectory, thus the fault severity, while y1:t are the measure-

ments up to time t. During the “filtering” stage, a re-sampling scheme is employed to
update the state estimates by updating the particles weights. One of the most common
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version of this algorithm, the sequential importance re-sampling (SIR) particle filter [27],
updates the states weights using the likelihood of yt as:

wt = wt−1 p(yt|xt) (11)

Although widely adopted within the PHM community due to its simplicity and
relatively low computational requirements, it is worth mentioning that this resampling
scheme has limitations in the description of the distribution tails, and that more advanced
resampling schemes have been proposed [28]. Nevertheless, the investigated fault mode
is not safety critical, and the SIR scheme was adopted. Long-term prediction of the fault
evolution can be obtained by iterating the “prediction” stage, and are used to estimate
the probability of failure in a system given a hazard zone that is defined via a probability
density function with lower and upper bounds for the domain of the random variable [29].
Depicted in Figure 9, this approach is based on particle filtering schemes in which tunable
degradation models are adopted as process models. These models are then used both to
estimate the current a priori state of the system, p(xt|y1:t−1), and to perform the iterative
steps necessary to achieve the prognosis p(xt+k|y1:t). Auto-tuned models are required to
describe and follow changes in the degradation process and to describe the process and
measurement noise. For the case study under consideration the particle filter employs a
non-linear process model yt = f (xt) + ν, derived by fitting the feature vs fault severity
data set described in Section 4. The process noise ν is then obtained through a kernel
function mirroring the feature distribution around the fitted model. The state model
xt+1 = f (xt, t) + σ is a time-dependent linear model which parameters are automatically
tuned through a recursive least squares [30] algorithm operating over the state estimates
provided by the particle filter itself. The measure noise σ is estimated at each time stamp
computing the state estimate variance with respect to the noiseless output of the state
model itself.
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Other options to describe the state model, such as long-short memory networks
(LSTMs) used by the authors in [31], were discarded to keep the required computational
effort to a minimum and prepare an algorithm suitable for on-board activities. The particle
filter code also employs the noise compensation techniques presented in [32] and used
to avoid the overestimation of the features uncertainty propagation during the long-term
prognosis. The output of the prognostic algorithm is represented as the RUL distribution
for each prediction, coupled with the evaluation of the risk of failure as detailed in [29].

5.3. Performance Evaluation

To evaluate the performance of the proposed PHM scheme over the selected case study,
an extensive simulation campaign spanning ten different actuators and more than 500
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simulated flight hours was performed. Each simulated actuator was fed with a different
flight history, and the parameters of the Archard’s law used to model the wear of the
sealing elements were randomized for each EHSA around a common mean value to
represent the variance of their physical and geometrical properties due the production and
assembly processes.

Since the considered aircraft is used on long-range routes, the duration of each flight
is drawn randomly from a uniform distribution ranging between six and ten hours. Results
are then analyzed and ranked according to the most common metrics for PHM algorithms,
such as the prognostic horizon, the relative accuracy (RA) and the cumulative relative
accuracy (CRA) [33]. An example of the results of the PHM framework is provided in
Figure 10; in the top left diagrams, the feature behavior in time is depicted along the fault
progression and the actuator response to the command sequence of the simulated flights.
In the top right diagrams, the results of the fault detection algorithm are provided, while
in the bottom graph we have reported an example of the prognostic forecast for a given
prediction time.
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Due to the on-going degradation the feature associated with the internal leakage
growth tends to increase, leading to the fault declaration. Notice that the confidence
associated with the declaration of an excessive null-bias, related to the occurrence of a
mechanical distortion of the jet-pipe anchor, also raises but stops before reaching the
threshold value for the alarm. Once that the classifier can identify the fault mode, the
diagnostic information is sent to the prognostic algorithm. On average, the PHM framework
was able to successfully detect and identify the presence of faults associated with a leakage
of 3.03 L/min in presence of a 270 bar pressure drop. The prognostic routines fared well
in both RA and CRA scores, averaging 88.2% and 86.1% respectively over the considered
degradation patterns. Similarly, the prognostic horizon was of 44.6 flight hours on average.
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6. Conclusions

This paper provides an advancement towards the definition of a comprehensive
PHM system for electro-hydraulic servo actuators employed as primary flight control
systems in aircraft, focusing on the detection and prognosis of one of the most common
failure modes of these components, the occurrence of internal leakage. Such prognostic
framework was prepared for the EHSAs of a wide-body commercial aircraft operating
over long-range routes. At first the case study was presented, along with the details of
both the dynamic model used to perform the required simulation campaigns and of the
test bench employed for the experimental activities. Results of previous studies were used
to perform the feature selection and inform the definition of the fault diagnosis/failure
prognosis algorithm based on a particle filtering scheme with a Recursive Least Square
subroutine to automatically tune the hidden state model. The activities confirmed that the
selected feature, the reciprocal of the actuator pressure gain computed through the moving
root mean square values of the pressure drop across the chamber and the servovalve
spool displacement was suitable for prognostic activities, exhibiting a linear dependency
on the occurring leakage. The proposed prognostic scheme was then applied to several
simulated actuators, each with its own flight history, achieving high marks in the most used
performance metrics, hence showing promise towards its implementation to real in-flight
data. It must be observed that results are still preliminary, and that an extensive verification
of the proposed algorithm through in-flight data, possibly provided by airliners, must be
performed before providing any final assessment on its applicability to in-service aircrafts.
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Appendix A

Table A1. Acronym list.

Acronym Meaning

ANN Artificial Neural Network
C-BIT Continuous Built-In Test
CRA Cumulative Relative Accuracy
EHSA Electro-Hydraulic Servo Actuator
FMECA Failure Mode, Effects, and Criticality Analysis
I-BIT Interruptive Built-In Test
LVDT Linear Variable Differential Transducer
P-BIT Preflight Built-In Test
PHM Prognostics and Health Management
RA Relative Accuracy
RUL Remaining Useful Life
SVM Support Vector Machine
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