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Abstract

Allocated in the field of aeroservoelasticity, the
present paper deals with flight control system
failures and their impact on the aeroelastic struc-
tures of large transport aircraft (AC). Oscillatory
Failure Cases (OFC), occurring as control surface
(CS) oscillations, represent critical design cases
and they must be detected by suitable monitor-
ing systems. However, the threshold sensibility is
limited by the avoidance of false alarms and un-
intended system shut-downs. Successfully reduc-
ing these thresholds without favoring accidental
alarms allows to decrease the level of critical fail-
ure case loads. Finally, this holds the promise of
structural weight savings. Compared to the refer-
ence detection thresholds of a given sensor-based
OFC monitoring system (OFC-MS), an improved
model-based monitoring approach is presented,
which only depends on the on-board minimum
sensor equipment. The results comprise an anal-
ysis of OFC failure causes and their effect on
the flexible AC structures. Moreover, the con-
clusion is drawn to what extent the availability of
an OFC-sensitive MS allows to alleviate such ad-
verse effects. Validation is achieved using an ac-
tuation system test rig and an aeroelastic model
of a representative civil large transport AC.

1 Introduction

Apart from safety and reliability the design of
modern transport aeroplanes is increasingly char-
acterized by economic efficiency, thus equivalent

to the attempt to perpetually reduce the struc-
tural airframe weight for a given passenger ca-
pacity without compromising structural strength
requirements. In civil aviation, particularly the
long-stretched AIRBUS A340-600 or BOEING’s
B787 with its massive use of composite materi-
als impressively demonstrate this ambition. This
has led to increasingly longer, slenderer, and still
lighter aircraft configurations. The described in-
tent, however, goes to the detriment of aeroelastic
stability because the modal spectral gap between
weakly damped structural and flight mechanical
modes decreases. With a growing aeroelastic re-
sponsiveness the flexible structures of an aero-
plane are easily excited by either flight mechani-
cal maneuvers, gusts, or unsteady air loads.

Numerous control strategies, as reviewed in
[3, 1], harness the primary flight control (PFC)
surfaces to actively damp structural vibrations
with the major advantage to not need any further
system equipment. The control algorithm is just
implemented as add-on functionality in the flight
control computers (FCC) of the digital flight con-
trol system, which is denoted by AIRBUS as Elec-
tronic Flight Control System (EFCS).

While the numerous advantages of the EFCS
and the fly-by-wire (FbW) technology are well
known, as introduced in civil aviation in the AIR-
BUS A320 in 1984, the higher overall system
complexity has led to an increasing occurrence of
Oscillatory Failure Cases. Among other reasons,
hardly predictable interactions of hardware com-
ponents (e.g. servo valve) and its assigned sig-
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nal processing elements (e.g. current amplifier)
rank among a long list of OFC causes, henceforth
also calledOFC sources. One illustrative exam-
ple, having affected numerous airlines, is given
later on.

Generally speaking, OFC trigger control sur-
face oscillations, which may induce massive
structural loads in e.g. wings, fuselage, and em-
pennage due to the aeroservoelastic coupling of
actuators and their respective CS. In a first conse-
quence, OFC incidences are undesirable because
they may lead to local structural overstress, thus
considerably reducing an AC’s fatigue life (fa-
tigue damage accumulation). Yet, far more se-
rious, CS oscillations do not only deteriorate the
performance of the affected actuator, leaving the
control system operative in degraded mode only,
but – as a worst case scenario – undetected OFC
could even entail an entire loss of flight mechan-
ical control.

OFC-inducedfailure case loadsbecome es-
pecially critical if the CS oscillation frequency
matches the frequency of a dominant, weakly
damped structural mode. Moreover, if the OFC
frequency is adjacent to flight mechanical modes,
this undermines the control authority of the supe-
rior flight laws, thus deteriorating the flight han-
dling qualities. Complying with [8, 9], both sce-
narios have to be accounted for in dedicated loads
analyses, as they represent design cases in the de-
velopment process of fault-tolerant actuation sys-
tems and their integration in the surrounding flex-
ible structure.
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Fig. 1 Primary flight control surfaces of an aeroe-
lastic aircraft

Fig. 1 illustrates the context of structure-
system interactions of a highly flexible large
transport aircraft, here an AIRBUS A340, which
serves as exemplary AC in the subsequent inves-
tigations.

To counteract the aforementioned adverse ef-
fects immediate measures have to be taken to ei-
ther prevent the occurrence of an OFC or, at least,
best alleviate its impact on the structure. The
chosen approach to both focus on OFC sources
and suitable methods for a rapid and reliable OFC
detection is described in [11]. However, given
that the occurrence of OFC cannot be precluded
by e.g. meeting stricter design requirements, the
only solution to the problem is an OFC-sensitive
monitoring system.

Various patents [14, 5, 6] related to the moni-
toring of OFC are clearly sensor-based and partly
depend on sensors (e.g. servo valve spool po-
sition transducer) that not all PFC actuators are
equipped with. Therefore, the given paper pro-
poses a minimum sensor-dependant model-based
OFC-MS. Apart from minimum required detec-
tion thresholds the MS must proof to be robust
to unmodeled disturbances and parametric uncer-
tainties to obviate false alarms and unintended
system shut-downs. The observer-based moni-
toring system is developed in a simulation model
environment and subsequently tested on an A340
actuation test rig to determine the specific MS
performance, i.e. the minimum obtainable detec-
tion thresholds at zero false alarm rate. Finally,
the OFC-MS thresholds are used to calculate fail-
ure case loads with the aforementioned aeroelas-
tic A340 loads model, thus validating the OFC-
MS performance in terms ofallowable angles.

The paper follows the subsequent structure:
Section 2 briefly describes an exemplary PFC ac-
tuation system with corresponding test rig for the
experimental investigations. Section 3 illustrates
the variety of OFC sources taken into account and
gives an example of an OFC in-service incident,
thus revealing the complexity of the problem and
how difficult it can be to preclude any imagin-
able fault scenario despite taking all mandatory
precautions. Therefore, a model-based MS is
proposed, which is dedicated to the detection of
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Fig. 2 Flight control system architecture of an A340 ENHANCED with FbW rudder control

OFC. This OFC-MS is tested and the results are
presented in Section 4. The obtainable monitor-
ing performances are validated applying the sug-
gested method to a representative large transport
AC, here an AIRBUS A340. Concluding remarks
finalize the paper.

2 System Description and Modeling

The approach to the development of an OFC-MS
starts with a detailed modeling of a representative
actuation system, here an A340 inboard aileron
actuation system. Model validation and system
parameter identification are achieved by means of
test rig measurements. The finally obtained non-
linear and time-discrete actuation system model-
ing is used as basis for the subsequent modeling
of the remaining primary actuation systems, i.e.
outboard ailerons, elevators, and rudder. The dif-
ferent actuation system models are coupled to the
aeroelastic AC loads model using specific attach-
ment stiffness and damping coefficients for each
control surface. Finally, the model-based moni-
torings are designed and adapted to each actua-
tion system.

2.1 Primary Flight Control System

The different actuation systems to be investigated
belong to the latest digital fly-by-wire primary
flight control system (PFCS) of the A340 EN-
HANCED. Fig. 2 depicts the exemplary flight
control system architecture. Three hydraulic sys-
tems supply the primary and secondary flight
controls. Each control surface is operated by
its dedicated FCC without any further mechan-
ical back-up system. The EFCS is composed
of five FCC (three primary P1, P2, P3 and
two secondary S1, S2). Both replicated hard-
ware and software with dissimilarity in command
and monitor channels guarantee quintuple redun-
dancy. The FCC operate in parallel to minimize
delay times in case of switching processes after
single or multiple failures. Below each primary
control surface the FCC hierarchies are shown.

2.2 Actuation System Modeling

The ailerons are used for roll control, maneu-
ver load alleviation, and aileron droop, the latter
to support the high lift devices during landing.
Fig. 3 illustrates the duplex configuration of this
actuation system with two position-controlled
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electro-hydraulic servo actuators (EHSA). Con-
ventionally, one EHSA is active and controls
the CS deflection, while the stand-by actuator is
switched to the damping mode through the mode
selector valve (MSV), thereby contributing to the
damping characteristics of the actuation system.
Moreover, the passive actuator prevents the oc-
currence of flutter effects in case of multiple hy-
draulic or electrical failures.

active
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ncmd
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Fig. 3 Duplex actuation control system

The non-linear and time-discrete modeling
approach is presented in detail in [12]. Basically,
the non-linear EHSA system modeling takes into
account the servo valve dynamics with ampli-
fier current iSV and spool displacementySV, a
mode selector valve with solenoid currentiMSV,
the chamber flowsQA,B due to pressure change
dpA,B/dt, and the piston positionx. System
inputs are the commanded deflectionϕcmd and
external forcesFL, resulting from the reaction
forces of an unsteady air flow on the deployed
surface. The control loop is closed with the feed-
back position signalx, which is on the test rig
measured with a linear variable differential trans-
former (LVDT).

Considering Section 3, a number of poten-
tial OFC causes originate from erroneous sig-
nal and data processing. Fig. 5 indicates some
of the components in the digital signal process-
ing chain that proved to favor the emergence of
OFC. The corresponding results are presented in
[11, 12]. To investigate such signal processing
fault scenarios in a model environment the orig-
inally non-linear, quasi-continuous models were
refined, thus yielding non-linear time-discrete ac-

tuator models. These models were used to ana-
lyze the dependency of closed-loop stability mar-
gins on a set of selected system parameters, such
as delay and sampling times, or the resolution of
the analog/digital converters. As indicated, the
investigations are limited to the actuator servo
loop.

2.3 Experimental Test Rig

Both system identification and the investigation
of some OFC failure scenarios is accomplished
using an experimental test rig that was set up at
the INSTITUTE OF A IRCRAFT SYSTEMS ENGI-
NEERING. Two original A340 inboard aileron ac-
tuators are mechanically coupled through a shaft
to two inertia disks, which represent the exact
moment of inertia of the aileron. For the purpose
of load simulations another EHSA is attached to
the shaft in opposite direction of the actuation
system. Thehardware-in-the-loop(HIL) test rig
is embedded in a Matlab/SimulinkTM real-time
simulation environment. Thus, it can be used
to demonstrate the impact of hardware-induced
OFC on the flexible structures of the aeroelastic
AC model. This allows to determine the OFC-
induced failure case loads. Fig. 4 illustrates the
aeroservoelastic testing environment. The target
computer controls the test rig in real-time accord-
ing to the measurement sequence defined on the
host computer. Optionally, the test rig replaces
one of the aileron actuation system models for
the investigation of realistic fault scenarios. All
further tasks are performed on the host computer,
i.e. calculating the failure case loads, analyzing
the OFC causes, and monitoring the different ac-
tuation systems.

3 Investigation of OFC Causes

The different causes for the emergence of OFC
are investigated for two reasons. First of all, a
true understanding of what may favor or con-
tribute to control-loop instabilities evolving into
CS oscillations allows to draw conclusions and
derive design recommendations for the devel-
opment process of fault-tolerant flight actuation
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systems. Moreover, good knowledge about OFC
sources and their location in the signal process-
ing chain, as indicated in Fig. 5, is necessary
for the design of an OFC-sensitive MS. Depend-
ing on the desired threshold sensibilities of the
OFC-MS or another possible requirement to not
only detect the OFC but also identify its location,
the minimum number of sensors has to be deter-
mined for the fault diagnosis process. While ad-
ditional sensors may improve the diagnosability
of the system, this does not necessarily have to
make sense keeping in mind the increasing over-
all system complexity; particularly, because sen-
sors must be testable or, even better, redundant.
Thus, a thorough investigation of the potential
OFC sources is a prerequisite for the design of
the OFC-MS, presented in Section 4.

3.1 Investigational Scope

OFC may originate from an immense variety of
failure causes. Neither open literature research
offers valuable clues to the question where and
why OFC occur, nor corresponding failure mode
and effects analyses (FMEA) of all relevant com-
ponents were available. The approach to the in-
vestigation of OFC sources is mainly based on
a number of technical discussions and internal
documents of either AIRBUS, as aircraft manu-
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A/C Dynamics

Sensors

A/D

A/D

PilotAP

Avionics

Actuator Servo Loop

X

Y

Z

Oscillation
Monitoring

dc
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Fig. 5 Potential OFC sources in the signal pro-
cessing chain of a PFC actuation system

facturer, LIEBHERR AEROSPACEL INDENBERG

GMBH, a major supplier of flight control (actu-
ation) systems, or LUFTHANSA TECHNIK AG
(LHT), one of the world market leaders in the AC
maintenance, repair and overhaul (MRO) busi-
ness. The following overview in Fig. 6 sum-
marizes the different classes of potential OFC
sources. Basically, the failure hypotheses taken
into consideration are classified into three major
categories. In some cases, however, the failure
causes could also be assigned to more then just
one category. Therefore, a forth subsection is
added, containing all OFC sources that could not
be clearly added to any of the three aforemen-
tioned classes. An example of mechanical fault
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causes, i.e. the fracture of the servo valve feed-
back spring, is discussed in [11]. The focus will
be here on signal processing failures, which may
evolve into an OFC.

OFC
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self oscillations
of single

components

mechanical
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further
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Fig. 6 Overview of the different potential OFC
sources

3.2 Signal Processing Failures

Digital flight control systems have specific maxi-
mum allowedsampling times, computation times,
overall processing times, anddelays. These time
intervals, however, are subject to variations and
cannot be exactly guaranteed. Therefore, the
time intervals are limited to specific maximum
values complying with the required stability mar-
gins. The control system is designed such as to
cope with these uncertainties so that the system
dynamics must not be destabilized as long as the
specified time intervals are within the required
tolerance range.

In the following, the dependency of the
closed-loop stability of the actuator servo loop
on three parameters is presented. The parame-
ters (with given nominal values) considered to be
most relevant in the framework of OFC-related
signal processing failures are

• the delay time withtd,nom= 2 ms,

• the sampling time withts,nom= 10 ms,

• and the resolution of the analog/digital unit
(ADU) with nnom= 16 bits.

Considering Shannon’s sampling theorem
[13] for the given sampling timets,nom = 10 ms
frequencies up tofmax,shannon= 50 Hz in the ana-
log signal could be theoretically reconstructed
from the digital signal. This is of course not
necessary because the highest required deflection
rates for the actuation system are in the range of
a few hertz. Higher frequencies, which might be
fed into the actuator servo loop by the EFCS, are
even compensated for by rate limiters. Moreover,
the highest sampling frequency to be still recon-
structed according to Shannon is multiplied by a
safety factor to further reduce the risk of aliasing
effects. For the aforementioned investigational
purpose to analyze system instabilities, however,
the Shannon theorem is not sufficient.

Thus, three different analytic criterions were
used which led to results with good accordance.
The methods were as follows:

• the Nyquist stability criterionto test the
closed-loop system stability by analyzing
the open-loop Nyquist plot in the fre-
quency domain,

• the harmonic balance analysisto exam-
ine non-linear characteristic ADU curves
with corresponding failures types (e.g. bit
degradation, non-linearities, offset) in the
frequency domain,

• the overshoot criterionconcluding from
step responses in the time domain on the
closed-loop stability.

The latter is briefly presented herein. The ap-
proach determines the maximum overshoot after
a step response in a distinct time interval, here
the last 10 percent of the simulation time. The
following parameter intervals are considered

n = [ 8. . .16 bits] ,
ts = [ 10. . .80 ms] ,
td = [ 2. . .30 ms] .

(1)

The subsequent Fig. 7 illustrates the com-
parable results obtained on the experimental test
rig on the left hand side and with the simulation
model on the right side.
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Fig. 7 Maximum overshoot after a step response (xcmd = 1 mm) in time intervalt = 2.7. . .3 s (n = 8 bits)

Generally, it can be stated that both test rig
and model reveal increasing overshoots for large
deviations from the nominal parameters. Al-
though the model reacts with higher sensitivity
both results lead to the identical parameter re-
gions for a stable system. The frequency domain
analyses with the Nyquist and harmonic balance
criterions confirmed the obtained parameter re-
gions (n≥ 8 bits,ts ≤ 40 ms,td ≤ 10 ms).

3.3 OFC In-service Incident

The following example illustrates the complexity
of the OFC problem and the difficulty to preclude
any imaginable fault scenario despite complying
with the system safety requirements.

Each wing of the Airbus A330/A340 is
equipped with six spoilers that are all used for
lift damping, partly as speed brakes, or they are
integrated in the roll control function. Although
the spoiler actuators had to undergo vibration
tests to identify their resonance spectrum in three
orthogonal axes, as specified in RTCA-DO 160
[10], resonance in the first stage of the electro-
hydraulic servo valve (EHSV) caused an oper-
ational loss of the affected actuator. The ac-
tuators were originally equipped with two-stage
servo valves with an electro-mechanical governor
(torque motor), a hydraulic amplifier (deflector

jet type) as pilot stage (first), and the hydrauli-
cally controlled spool in the main stage (second)
connected to the torque motor via a mechanical
feedback. Fig. 8 shows the spoiler positions
on the wing with corresponding spoiler actua-
tors and a cross-section diagram of the two-stage
servo valve.

deflector
jet

EHSV

torque motor

main
stage

EHSV

spoilers

Fig. 8 A340 spoiler actuation system

Once the actuators were installed wing vibra-
tions induced by unsteady air loads excited the
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– as it turned out – insufficiently damped spool,
thus causing a back electro-magnetic force in the
torque motor, which started to oscillate at its nat-
ural frequency around 700 Hz. The failure could
be detected by the servo valve monitoring and the
actuators were passivated before sustaining seri-
ous damage.

The problem was solved by using another
servo valve type with different working princi-
ple as pilot stage and higher damping character-
istics, switching from the deflector jet to the jet
pipe principle.

4 OFC Monitoring

Considering the historical background of fail-
ure detection and diagnosis systems, a transition
from exclusively sensor-based to sensor/model-
based concepts is currently taking place in all
sorts of high-technology products. Convention-
ally, monitoring concepts for complex control
systems, such as in aerospace applications, check
if single measured variables exceed specific limit
thresholds; if so the MS triggers an alarm and ini-
tiates system reconfiguration. To give an exam-
ple, the occurrence of a powered runaway in PFC
actuation systems is normally monitored by com-
paring commanded and measured actuator posi-
tion signals. In its most straightforward realiza-
tion the runaway MS supervises if the control de-
viation exceeds a fixed threshold for the duration
of a specific time interval. This defines a failure
symptom, which releases the switching from the
faulty to the stand-by actuator.

Yet, notwithstanding the advantages of
sensor-based monitoring systems, model-based
diagnosis holds the promise to harness the (hid-
den) information of both measurable and non-
measurable processes. The basic idea is to si-
multaneously improve a system’s diagnosability
without using additional sensors. While the num-
ber of hurdles to overcome considering all sorts
of certification issues is immense, model-based
diagnosis finds its way into the supervision of
even safety-critical systems [4]. The potential of
model-based diagnosis in complex aviation con-
trol systems could be successfully demonstrated

in [7], proposing a model-based electronic torque
limitation concept for the detection of hard and
soft jams in high-lift actuation systems.

The OFC monitoring system to be presented
in the following uses a model-based approach.
Depending only on the actuator piston LVDT sig-
nal as input, the concept allows for considerably
reduced detection thresholds compared to the ref-
erence thresholds of the given A340 OFC-MS.
Initially, different model-based detection meth-
ods were developed in the simulation model en-
vironment of the described inboard aileron actua-
tion system. The three investigated methods were
aLuenberger State Observer[11], aDisturbance
Observer [12], and a Kalman filter based ap-
proach (Unscented Kalman Filter). The method
to be chosen has to comply with the following set
of requirements:

• minimum achievable detection thresholds,
which determine themonitoring perfor-
mance,

• highest possible detection speed,

• minimum false alarm rate (robustness to
disturbances like external loads, measure-
ment noise) for highly dynamic system ex-
citation,

• dependence on minimum sensor equip-
ment,

• implementability in the real-time HIL test-
ing environment (online detection).

The Disturbance Observer turned out to
be the most promising and reliable approach.
Considering its initial presentation in [12], the
method was refined. As the method was under-
going an elaborate test case series, the adaptive
threshold computation was improved, thus mak-
ing the method less prone to false alarms. More-
over, the actual failure detection process was ex-
tended by adding a procedure that initializes sys-
tem reconfiguration by passivating the faulty ac-
tuator and switching to the stand-by actuator.

Fig. 9 shows the structure of the Disturbance
Observer, which uses the inputs and outputs of
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the actual system to reconstruct the actuator po-
sition signal. The observer is restricted to the lin-
earized equation of motion of the active actuator,
which is embedded in a non-linear representation
of the actuation system. The obtained residual

r = y− ŷ (2)

is evaluated using an adaptive threshold func-
tional to determine whether the original system
contains a fault. The state space representation
of the disturbance observer is given as

˙̂x = (A−LC) x̂+Bu+Ly +Fẑ (3)
˙̂z = Ke = K (y− ŷ) (4)

ŷ = Cx̂ , (5)

whereL is the observer feedback matrix. The
pole placement of the observer eigenvaluesλi,obs

with i ∈ (1,2) is a tradeoff between high de-
sired detection speeds and minimum sensitivity
to measurement noise. The observer eigenval-
ues are calculated with the eigenvalues of the lin-
earized plantλi,sysas follows

λi,obs= k ·ℜ
{

λi,sys
}

+ j ·
ℑ

{

λi,sys
}

k
. (6)

The variablek is empirically determined. To best
account for unmodeled additive and multiplica-

tive faults, such as parametric system uncertain-
ties and measurement noise, the observer output
errore is fed back via the matrixK , an integrator,
and the matrixF. Therein the integrator compen-
sates for remaining steady-state errors.

tOFCtime [s]

p
o

si
ti

o
n

 [
m

]
re

si
d

u
al

/ 
th

re
sh

o
ld

NOP

OFC

xm

xobs

xcmd

fo
rc

e 
[N

]
fault symptom

Fm

residual

threshold

Fcmd

Fig. 10 OFC-MS robustness test in the presence
of simulated unsteady air loads

Fig. 10 shows the detection of a sinusoidal
OFC occurring attOFC = 15 s. To show that the
observer-based MS reliably detects OFC without
triggering false alarms the commanded control
inputs are highly dynamic. Simultaneously, the
actuation system encounters disturbance forces
acting as simulated air loads on the piston. The
measurement plots in Fig. 10 consecutively show

• the commanded, measured and observed
positions (xcmd, xm, xobs),

• the residual and corresponding adaptive
threshold,

• the evaluated residuals as fault symptom
(NOP for normal operation or OFC),

9
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• the commanded and measured disturbance
force (Fcmd, Fm).

Notwithstanding the highly dynamic position
commands or the inevitable and realistic load
peaks when the actuator rapidly moves in its op-
posite direction, the MS does not erroneously re-
lease a false alarm.

According to the aforementioned require-
ments a suitable monitoring system does not only
have to detect the OFC but also maintain the
system’s operability in a failure event. There-
fore, this ability was implemented. The follow-
ing measurement plots in Fig. 11 illustrate the
process of system reconfiguration initiated by the
model-based OFC-MS after an OFC occurring at
tOFC = 10 s.
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xcmd xm

Fig. 11 OFC-MS initiates system reconfiguration

In addition to the position signal and the fault
symptom the lower two plots show the servo
valve voltages and MSV switching of the two
EHSA. After the formerly passivated stand-by
actuator is activated the faulty actuator is passi-
vated and its respective servo valve continues to

oscillate. The confirmation time between the fail-
ure detection and the successful system reconfig-
uration was deliberately set totcon f = 1 s to better
visualize the reconfiguration process. In facttcon f

can be limited to a single sampling time interval
of just

tcon f,min = ∆ts,nom= 10 ms . (7)

Finally, the overall monitoring performance
of the observer-based detection method is
presented in terms of minimum achievable,
frequency-dependent detection thresholds. As
the OFC-MS was validated by means of an
aileron actuation system, Fig. 12 illustrates the
minimum detection thresholdξdet,obs, which is
here normalized to the required minimum de-
tection thresholdξdet,req of the A340 reference
OFC-MS.

The elaborate test case series covers the rel-
evant frequency range from 0.1 to 10 Hz. It
also accounts for different OFC signal signatures
(triangular, sinusoidal) and different commanded
step heightsxcmd, indicated as solid (1 mm) and
dashed lines (30 mm). The different step heights
serve the purpose to test the observer’s sensibility
to high deviations from its operating point.
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/

x
d
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,r
eq

[-
]

cmd

cmd

cmd

cmd

Fig. 12 MS performance as minimum observer-
based OFC detection threshold compared to
A340 reference OFC-MS

Considering the reference OFC-MS, the min-
imum achievable detection thresholds could be
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considerably reduced with the observer-based
failure detection method.

5 Reduction of Failure Case Loads

Recalling the actual goal that the availability of
an improved OFC monitoring system shall serve
the purpose to reduce the failure case loads level,
this section reviews in how far the proposed
observer-based OFC-MS complies with this in-
tent. The MS validity assessment is based on
the so-calledallowable angles criterion[2]. It
is used by AIRBUS in the design and certifica-
tion process of flight control systems and their
integration in the structure, thus in the field of
structure-system interactions [9]. The allowable
angles are the maximum oscillatory CS deflec-
tion amplitudes, which cause failure case loads
that do not exceed the limit loadsLL,i(ω). The
variable i defines the overall number of load
cases. These load cases comprise the OFC-
induced forces, bending and torsional moments,
also denoted by load interesting quantities (LIQ),
at various cut sections in all relevant airframe
structures. Moreover, the LIQ are determined for
several critical points in the flight envelope (flight
altitude and Mach number) and various AC mass
cases (variable load distribution due to fuel con-
sumption).

The frequency-dependent transfer functions

|HϕLi(ω)| =
|Li(ω)|

|δunit(ω)|
(8)

are calculated with the flexible AC loads model
where the CS deflection amplitude is set to
|δunit|= 1◦. Thus, the obtained unit loads for har-
monic oscillatory unit deflections are defined as
Li(ω). According to the aeroelastic responsive-
ness the transfer functions|HϕLi(ω)| show sev-
eral peaks at distinct frequencies which charac-
terize the modal eigenfrequencies of the flexible
AC structure.

With the limits loadsLL,i(ω), as obtained in
static loads calculations, the maximum allowed
CS deflection angles can be calculated for each
LIQ in each cut section as

ϕi,max(ω) =
LL,i

|HϕLi(ω)|
. (9)

The allowable angles curve is finally determined
in a minimum search as follows

ϕAA(ω) = min
i
{ϕi,max(ω)} . (10)

Thus, if the structure is excited by CS oscil-
lations withϕAA(ω) the design limit load enve-
lope is just covered but never exceeded. With re-
spect to an OFC-MS performance assessment it
first has to be guaranteed that the allowable an-
gles curves do not fall below the MS threshold.
Fig. 13 illustrates for the A340 inboard aileron
that this already applies to the reference OFC
monitoring system. However, the observer-based
minimum detection thresholds (red curve) show
a considerable reduction for the entire frequency
range, which holds the promise of weight savings
in the design and certification process.

Frequency

allowable angles

reference OFC-MS detection level

observer-based OFC-MS
detection level

A
m

p
li

tu
d

e
[-

]
j

/j
n

o
rm

Fig. 13 Allowable angles for the inboard aileron
actuation system and comparison of different
minimum detection thresholds

6 Conclusion

Given that the occurrence of oscillatory fail-
ure cases in flight control systems cannot be
absolutely precluded by meeting stricter de-
sign requirements, modern civil aircraft must
be equipped with dedicated monitoring devices.
OFC do not only deteriorate the flight handling
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qualities. In a worst case scenario they may even
lead to a loss of control if they remained unde-
tected. Less severe but also undesirable, OFC
cause massive structural loads, related to as fail-
ure case loads, and as a final consequence reduce
an AC’s fatigue life. Considering a representative
A340 actuation control system, the system model
and corresponding hardware-in-the-loop test rig
are presented. Both the actuation system mod-
els and the test rig are used to investigate OFC
sources, which is necessary for the design of an
OFC-sensitive MS. An observer-based OFC-MS
is proposed and tested both in terms of robustness
requirements and its sensibility to release false
alarms. Although the model-based failure detec-
tion method only depends on the on-board sen-
sor equipment, the approach allows for reduced
detection thresholds when comparing it to the
given A340 OFC reference MS. The achievable
monitoring performance is presented in terms of
minimum detection thresholds. Finally, evidence
is given that the proposed OFC-MS allows to
both alleviate the impact of OFC-induced loads
and reduce the failure case loads level. This is
demonstrated by means of the allowable angles
criterion.
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