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ABSTRACT

OBSERVER BASED CONDITION MONITORING OF AN
ELECTROHYDRAULIC ACTUATION SYSTEM

Poyraz, Emre Muat
Master of ScienceMechanical Engineering
Supervisor: Assist. Prof. Dr. Ali Emre Turgut

CoSupervisor: Dr . Hakan ¢al ékka

December 2019123 pages

In this thesis study, jamming fault in an electrohydraulic actuation system which may
be quite critical for aerospace applications are detected using nrimadeld

approaches.

A hydraulic test setup consisting of a connected motor controlled electro hydrostatic
actuation (EHA) system and a servo Proportional valve controlled load simulator
system isused for the verification of the proposed fault detection and diagnosis
(FDD) algorithm. Based on the system dynamics of the equipment in the test bench,
mathematical modelling of both EHA and the load simulator is to be performed for
further modelbased FDD) techniques.

Several modebased approaches proposed for different kind of failure and fault
cases are present in the literature. Among them, Kalman filtering and Observer based
solutions are the most wedhown and preferred modbhsed methods usen the
residual generation step. However, there is no common procedure for the detection
and the identification of o6a faultd as

changes in the nominal behavior of the system or process.



Fault to be focugkon this study is the jamming phenomena which could occur in an
electro hydraulic actuator. This failure case might be severe and even lead to a

catastrophic system safety failure.

In the scope of the thesis study a dedicated model based approachopetdver

the detection and diagnosis of such faulty cases. State and disturbance observer
techniques are applied for fault detection purposes. First, the disturbance load acting
on an actuator is estimated by a disturbance observer. This observatiopletebr

with a faulty case and behaved as a residual. Once the residual, the rate of the
disturbance estimation, exceeds a predefined value, the fault detection is triggered.
The whole procedure is followed with the fault identification step where thengpovi

average of the position tracking error is analyzed to diagnose jamming cases.

Keywords:Fault Detection and DiagnasiElectro Hydraulic Actuatiomisturbance
Observer, ModeBased FDD
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Butz - al ékmasé kapsaméenda, bir elektrohid
gi bi, havaceéel ék uygul amarénda ol duk-a Kk
saptanmasé, model tabanl é yaklakémlarl a

Hi dr ol i k mot or Iidrostatik eyeyid (EHApe serve dramdaltvalfo h

kontroll ¢ bir yeée¢k simeglatoreéegnegn birl ekt
°nerilen hata belirleme ve texkhisi al gor
kull anél méxteéer . Teshktardémzesniesi acheki na ki jpin
mo d e | tabanl é hata belirleme metodl ar éneé
sim¢gl ator ¢ si st emi i -1 n matemati ksel mo d
Literatg¢rde, deji ki k hata senaryol areée i -
mevcuttur. Bunlarén araséndan en -ok bili
(arteéek) ol ukturma y°ntemler:i Kal man fi |t
Ancak, her °czel hata durumu nominal Si s

deji kne&ddn eol abil dijinden herhangi bir he

|l iterat¢rde tanéemlanmék ortak bir prosed,
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Bu -al ékmada odakl anélan temel hata dur umu
hidrolik eyleyici sistemde meydana gelebdek senaryol ardeéer . Bu d

©zellikle sistem emniyet: i -in -ok «kiddet]:

Tez kapsaménda bu t¢r hatal @ durumlar én sa

yakl akém metodu geliktirilmilwetiri-%instgé@ml @&un
tekni kleri hata saptanmasé amaceéyla uygul ani
d¢ken bozucu y¢k, °czel bir g%zl emci tasar|l
sonunda -ékan tahmin, hatal é& bk)y Hulgmbsna i |
olarak dejerlendirilmicktir. Bu rezidg¢el °nc
sistemin, hat a duruml ar é i -in uygul ayabi l
ekdejerdir, ge-ti i anda hata tespiti bacxl
ademé&wlaan ¢ der. Bu adémda eyl eyicinin belldi

i stenil en eyl eyi ci Kkonum bil gisi araseéndal
ger-eklexktiji dojrulaner.
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TERMI NOLOGY

The terminology defined in [1] is organised and presented here.

Fault is an unpermitted deviation of at least one characteristic property or parameter

of the system fnm the acceptable/usual/standard condition.

Failure: Permanent interruption of a systems ability to perform a required function

underspecified operating conditions.

Malfunction: A malfunction is an intermittent irregularity in the fulfilment of a

systenbs desired function.

Reliability: Ability of a system to perform a required function under stated

conditions, within a given scope, during a given period.

Safety: Ability of a system not to cause danger to persons or equipment or the

environment.
Analytical redundancy: Use of more than one not necessarily identical ways to
determinea variable, where one way uses a mathematical process model in analytical

form.

Hardware redundancy: Use of more than single independent component or

equipment to perform eequired task.

Fault diagnosis: Determination of type, size, location, and time of occurrence of a

fault. Includes fault detection ansolation

XXVi



Fault detection: Determination of faults present in a system and time of detection.

Model-Based fault detetion: Use of relations between several measured variables

to extract information on possible changes caused by faults.

Residual: Fault information carrying signals, based on deviation between

measuremeni@nd model based computations.

Threshold: Limitval ue of a residual 6s deviation fr

declared as detected.

XXVil
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CHAPTER 1

INTRODUCTION

1.1  Background and Motivations

Hydraulic power technology has been preferred for many decades in a wide
range of applications. Compared to any ottygres of power sources (electric,
pneumatic, piezo, etc.) hydraulic systems generally offer the highest power to weight
ratio and this leads to more compact and less weight solutions for most of the
industrial applications today. From relatively simpleplagations like presses,
extrusion molding machines, rolling mills and other [2] to quite complex engineering
fields such as industrial robots, aerospace flight control and utility actuation

military, etc. hydraulic power technology is extensivelgdis

Besides its great power potential, hydraulic systems can also be utilized for
applications where high precision and reliability is needed. Modern electronics and
sensor technology together with the advances in manufacturing makes it possible to
equip onventional hydraulic systems with feedback devices, control electronics and
complex computing elemen{g]. These integrated systems are often called as
electrehydraulic systems where inputs are usually electric signals and the desired
output (force, tague, position, velocity, etc.) is generated hydraulically by using
different components such as valves, pistons and hydraulic motors according to the
application. Utilizing sensor technology can bring about the gathering information
about system variablemnd transforming this data into electrical signals to be used
in computing devices. Hence, hydraulic components can be precisely controlled in

order to achieve better performance for more demanding requirements.



Among system requirements while designimgprecise electro hydraulic
control system, reliability and safety are one of the vital issues especially for critical
applications like aircraft flight control System Actuation [5]. As electro hydraulic
(or simply hydraulic) systems are getting more aratercomplex the demand for
safer, more reliable and robust systems has risen for integrated system applications.
Often, an anomaly, which may be treated as insignificant in the System, can cause
considerable performance degredation and deterioratingseffieetven worse it may
end up with a catastrophic system failure. Due to increasing demand towards higher
system reliability and safety, a great amount of research about fault detection,

diagnosis and identification concepts is being carried out.

There ae basically two main approach for detecting system anomalities
independent of whether the system is hydraulic, electric or any other type:
Prognostics and diagnostics approaches. Prognostics is the discipline which predicts
when a system will not maintame r f or mi ng the required task.
remaining useful life of a system, process or a machinery. Whereas diagnostics is
more about the identification of errors and detection of faults whenever they are
observed. Diagnostics allows complightgystems to take corrective actions on the
instant of a failure. It also provides an insight into possible causes of faults and gives
information about them to system users via designated interfaces. While it may be
possible to estimate possible faultsldhe life of a system by performing extensive
endurance and life tests, they are often quite expensive anecdimsaming
processes and test methods also rely on statistical results. For cost effective, precise
and reliable system designs using prognostid diagnostic methods in complex

architectures are getting more common [6].



For safety critical systems, like aircraft, consequences of faults in a flight
control system hardware or software can be extremely hazardous in terms of
economical impactral human life. That is why, there are a number of aviation
authorities that have stringent safety regulations.

In flight control applications, diagnosing the occurred faults in the system is
vital. Faults should be detected and if possible recovered dimtety while the
aircraft is still operating. This is also the case for hydraulic flight control actuation
in aircrafts. Flight control system is maybe the most important element in an A/C
(aircraft) for the safety of flight and mosilty they rely on eledtydraulic actuation
technology for providing necessary power to control surfaces. There are quite a lot
of studies on fault detection and diagnosis for aircraft flight control systems. Some
of these studies focus on faults of which some them is dischs$a@ in actuation

systems as well.

Traditional approach to fault detection and diagnosis for aerospace
applications is based on hardware redundancy methods where multiple sensors,
actuators and computers are used. However, this approach generallicataaphe
system architecture and increase the weight. There is a growing tendency in modern
aerospace systems towards the methods, which do not need additional hardware
redundancy and only rely on the increasing level of computational power onboard
the arcraft [7].

One of the trend topics in fault detection of aerospace hydraulic applications
is about control surface jammingamming is a system failure where a control
surface or a control effector is permenantly stuck at its current positionThis
coud have several consequences first of which is an undesirable aircraft motion. As
flight control surfaces are responsible for the required manoeuvering, their loss of
function in the event of jamming causes an asymmetry in aerodynamics balance of
the aircaft. In order to compansate the aerodynamic asymmetry caused by the
jamming of a control surface, other available control surfaces should be used further

which eventually leads to an increase in the overall drag and fuel consumption.



There are various pe of other faults investigated for flight control actuators
as well. Servo valve failures in hydraulic actuators [8], incipient sensor failures [9],
stall loads in control actuators [10] and control surface runaway [11], i.e. the
unwanted surface motionhich persists until the actuator runs the surface to the end
of its travel, are some of the specific topics under research in FDD (fault detection

and diagnosis) topics for flight control actuators.

1.2  Objective of the Thesis

The main objective of this thissstudy is to develop a fault detection and
diagnosis method for jamming cases that are critical for flight control actuation
system applications in terms of safety of flight, fuel consumption and system
integrity. In this point it should be noted tha¢ flamming at deflections close to null
(zero) deflection, corresponding to the rsioke point of an actuator, is a special
case which leads to additional challangsgarding its idenfitication [J1As all of
faults within a flight control actuation 9gsn, except jamming, result in a nearo
variance on position measurement, usage of the position information for jamming
(which might be the only available feedback for the actuation system) might not
come up with a straightforward detection process. &fbes, thedetection and
identification of jamming faults is primary interesting at low deflection signals where
the residual between the reference position input and the measured feedback is quite
low. Whereas stall loads usually occur at extensive impameuvers where the
aerodynamic forces acting on the control surface are [(igh. After the
development phase of the proposed fault detection and diagnosis method, it is aimed
to evaluate the effectivity of fault detection of the proposed method byatinl
permanent jamming with small input demands on an electro hydraulic actuation test

bench.



In order to achieve this goal, mod®sed fault detection methods are applied.
Firstly, the mathematical model of the actuation system is required to anatae sy
performance under faulty cases by checking specific system features. One of the key
parameter to be observed for identifying jamming conditions may be presumed as
the disturbance load acting against the movement of the piston in an electro hydraulic
actuation system. The actuator is no longer able to generate motion in the case of
jamming, this also means that it does not produce a net force even the given
command into the control valve or servo motor is to be just the opposite. The
jamming phenomenaight be observed due to several reasons. Thus, it is possible
to use the disturbance load information for the detection of jamming and cases. For
this purpose, a disturbance observer is designed to estimate the force acting on the

actuator.

Further inform#éion about system dynamics under faults is needed to detect two
distinct failure conditions, i.e. jamming cases. For this purpose, available position
information (sensor feedback) will be adressed. A successive methodolgy consisting
the analyzing of the diurbance estimation and the tracking error, between the

reference input position and the measured feedback, is to be followed.

Final step to complete the fault detection algorithm is to combine predefined two
distinct methods. After simulating the faultsbe of concern in the electhydraulic
actuation test setup, developed FDD scheme will be analyzed and tuned to reduce

the false alarm and to enhance the detection rate.



1.3  Thesis Outline

In the beginning chapter of the thesis, the main objectivetiaanotivation
behind this research are stated. Main faults to be investigated and why they should
be focused on are discussed.

In the following Literature Review section, i.e. Chapter 2, critical faults in
industrial and flight control actuation systermse introduced. Different types of
failure cases which have been studied in the literature are represented. Then, some
of the basic concepts of fault detection and diagnosis field are explained together
with the methods used for FDD purposes including rhadel signabased
approaches. Furthermore, methodologies found in the literature which are used for
the detection of different faults are discussed. FDD techniques are represented herein
for both industrial and aerospace (especially in flight controbdictn) applications.
Modelbased strategies for fault detection and diagnosis purposes are introduced in
this chapter. Mainly, Observer and Kalmassed methods are focused. Further
modetbased methods for FDD are also referred. Then it is followed vatmtdel
based linear parameter varying (LPV) techniques for detection of different failures
in aerospace control systems. Especially the use of LPV methods for the detection

jamming and stall cases are mentioned. Then,

Modelling of the electro hydraulic a@mtion system is performed in Chapter 3 in
order to move on with the modehsed FDD aproaches. This chapter mainly consists
of the mathematical modelling of the proportional valve controlled system and the
linear modelling of the EHA system, respectively

Chapter 4 basically introduces the test setup and hardware used for the
verification of the FDD technique to be developed. Details of the elbgtiaulic
test bench system are given under two main parts. The first part describes the overall
electrehydraulic actuation system used as the experimental test up whereas the
second part represents the components and the equipment in the setup in three

sections. First section focuses on the components within the load simulator whereas



the second section repesds the equipment of the electro hydraulic actuator (EHA)
system. In the last part of this chapter, details of electronic hardware, which is

responsible for control and monitoring of both systems are given.

Chapter 5 covers the proposed method for thectien and identification of
jamming and stall cases. The method is introduced in section 5.1. In the beginning
of the developed FDD system, a Luenberger state observer is designed to estimate
unavailable state information for both valve and motor coetladictuator systems.
Having known the state information with the available state feedbakcs, a disturbance
observer is designed to estimate the load that the actuator is subjected. Disturbance
and state observer models are validated with experimental scegulorder to
specifically detect the faulty cases and to distinguish the stall cases from the jamming
an additional process, i.e. the fault identification, is described. In the identification
step, variance of the actuator position measurement is codnpéhea threshold to
identify the faults to be interestethe results for faulty jammingases and nominal
cases are presented at the end of this chapter.

Lastly in Chapter 6, the fault detection performance of the proposed method is
evaluated, the invéigated results are summerized and the conclusion is made based

on these results.






CHAPTER 2

LITERATURE REVIEW

2.1Faults in Industrial and Flight Control Hydraulic Actuation Systems

66 A fault i's an unpermitted dewi ati on

(feature) of the system from the accept al

In hydraulic actuation systems, a wide range of faults and failures may be
observed. The most common faults in industrial applications are fluid contamination
[12], supply presure malfunction or loss [13], and internal and external leakage in
the hydraulic actuator [14]. Somewhat more specific hydraulic actuator failures like

jamming, hardover and loss of efficiency occur in aerospace applications. [15].

There are several typef common failures in flight control hydraulic actuators
whose early detection and proper handling can significantly contribute to flight
safety, excessive fuel consumption and increase the aircraft operational autonomy.
The flight control actuator faikes can be broadly divided into two categories: 1)
failures which result in a total loss of effectiveness of control actuator and 2) failures
that cause partial loss of effectiveness. First categagyinclude lockin-place (LIP,

a. k. a 0 Jeatand hargodej failure, while the other is referred as thedoss
of-efficiency (LOE) type failures, which may be an internal or external leakage in

the actuator, excessive seal friction on hydraulic piston, etc [16].
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Figure2.1. Types of control actuator failures (a) L{famming) (b) Float, (c) Harebver, (d)
LOE [17]

Lock-in-place type failure are also sometimes specified as jamming or jammed
at a fixed position. Control surface actuator jamming canegaasymmetry in the
nominal flight condition which should be compensated by appropriate amount of use
of other surface actuators. One of the other impact of the jammed surface case is an
increase in drag force that causes an increase in the overalbhsimption if the
control surface permanently stuck at a single position. The runaway is also an
undesired or uncontrolled flight control surface motion that can continue until the
surface reaches its stop. Depending on the significance of a contralesutfa
runaway might be catastrophic. If this fault occurs in a surface which does not
directly affect flight path of an aircraft (also known as secondary flight control
surfaces), aircraft structures can be exposed to additional loads. Else, runaway is
observed in a surface which directly changes the trajectory of flight (primary control
surfaces) result in an undesired manoeuver that may significantly increase the pilot
workload. In any cases, the detection and diagnosis of such a failure must be

achievel way before the related control surface is stuck at the full deflection.

Different faulty cases can be summerized under the loss of efficiency (LOE) type
faults, as for example, speeding of the actuator dynamics which may be due to a
mechanical discoraction (broken rod), and slowirgpwn of the actuator dynamics
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due to a reduction of the actuator gain, or the inability to reach a commanded
deflection (due to loss of power, hydraulic leakage or a sensor calibration error) [15].
The worstcase scenarimf this type of fault is the case where the efficiency of the
control surface goes to zero. The disconnection of the actuator as well as a damage
on the control surface may lead to an increase in the bandwidth due to the reduced
aerodynamic loads transfed to the actuator piston whereas leakage or excessive
friction faults could cause decrease in bandwidth due to reduced available pressure
[10]. Actuator stuck under the stall loads can also be considered as a special type of
loss of efficiency (LOE) faudt. Stall loads are intermittent saturations of the actuator,
which occur when the aerodynamics loads temporarily exceed the maximum
available actuator force produced by the hydraulic pressure difference in the system.
Since stall loads are generally obsztvat large control amplitudes, their fast
detection and identification might be important to distinguish them from other type
of failures. Without explicitly diagnosis of stall loads, the detection of many additive
LOE faults in the case of large contimgputs becomes more difficult due to the need

for using larger detection thresholds which limit the smallest amplitude of detectable

faults.

A challenging case in fault detection is the jamming at small deflections (i.e. in
null position) as it may remaiandetected for a long period of time. For example,
during a cruise phase this fault practically undetectable, due to the small control
inputs. Therefore, the detection of actuator jamming in null position may be

addressed famallactuator input demand.8]

Another important type of failure in flight control systems is-catled
Oscillatory Failure Case (OFC). Abnormal oscillations of a control surface are seen
in this kind of failures. This phenomenon is caused by component malfunctions in
flight contrd surface servo control loops and could excite aircraft structure
amplifying structural loads. The major difficulty in the OFC is its nature of having

unknonvn amplitude and frequency. [[L9
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2.2 Fault Detection and Diagnosis

Fault detection and diagnosiedundementally based on measured variables
by instrumental and observed variables and/or states by human observations.
Processing and computation of measured states for fault detection purposes
requires analytical knowledge and the evaluation of obsestat®s needs
heuristic knowledge. Hence, fault detection and diaognosis may be considered
as a knowledgéased approach. (RBelow figure shows the overall layout of
the knowledgébased fault detection and diagnosis.
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Figure2.2. Layout of the knowledgbased FDD aproach QP

In order to generate evaluable information, data processing besed on measured
states/variables needs to be performed. Following approaches can be preferred for

specific FDD applications

9 Limit value checking of directly measurable signals
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1 Signal analysis of measurable signals by the use of signal models like
correlation functions, frequency spectra, autoregressive moving average
(ARMA) or the characteristic values such as, variances|itutes and
frequencies or parameters.

1 Modeklbased mathematical process analysis using parameter/state
estimation, parity equation and residual generation

Special information about the analytical sympthoms within the process can then
be extracted by manipting some characteristic values like physical system
coefficients, filtered or transformed residuals. This information is then compared
with the nominal values of the ndaulty process. Consequently, the resulting
changes in the mentioned three methoals be identified as analytical symptoms.
Alternatively, the symptom generation may also be achieved by heuristic methods

through human obervation, inspection checks, etc.

After gathering information about the symtoms within the process, the diagnosis
step comes where the type, size, magnitude and the location of the fault is
determined. Time of detection is also one of the key point in fault diagnosis as it
directly affects the overall results of the possible fault. Development of fault
detection and diagrsis approaches can often be resulted with a fault tolerant control
system design and a significant increase in the overall system robustness. Together
with the processing data related with the symptoms in the system/process and the
identification of thisdata for fault diagnosis, a complete FDD (fault detection and

diagnosis) method is developed.

An FDD system design generally begins with the mathematical modelling of the
process/system together with the signals to be focused. By doing so, faulty and non
faulty behaviours of the system can be simulated. Then it follows with the
development of the FDInethod(s) with softwaren-the-loop simulations. When
the developed FDD system is ready and maturegintar the implementation of

the final software, then éreal system tests and tuning processes can be carried out
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through hardwarén-theloop simulations. Real time simulation of the

process/system is achieved with an enhanced semsalation interface.

2.3 Faults Detection and Diagnosisn Industrial and Flight Control Actuation

Systems

Fault detection and diagnosis in hydraulic actuation system applications
primarily refers to two distinct approaches, sighased and moddlased methods.
In modetbased approach, measured varibles or states in the systemadyzed in
order to gather information on possible changes caused by faults. Analytical relations
are used in form of process model equations which represent the relation between
the reference input signal to be controlled and the measured outpus sijodkt
based fault detection methods then extracts certain information such as system
parameters, state variables or residuals and comparing these information with their
nominal values in order to make a decision about whether the change in the observed
system features is categorized as faults or not. Wheres in-basad detection
methods, measured signals of processes in a system are used. If changes in the signals
of concern are related to faults in the system, then the digisald approaches migth
be valid for FDD purposes. Especially, oscillations of harmonic or stochastic nature
in a system or a machinery can be asssociated with system anomalies thasgulal

fault detection methods [6].

Sepasi, M. utilized a novel modeased methodology férealthmonitoring of a
hydraulic actuation system IR Several different type of loads are studied like
sudden loss of load, internal and external leakage of the actuator and dynamic friction
due to the loading. An Unscented Kalman Filtering (UKF) algoritis developed
for system monitoring. Hydraulic system to be focused on is modelled in simulation

environment. This model is also validated through a test rig. Leakage fault is realized
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through a needle valve on the hydraulic test rig. FDD simulatiortsesith UKF

is then analysed for compatibility with the test results. By the help of antagonistic
loading system including a pneumatic actuator, the author could also insert dynamic
friction load failure to the system and compare the experimental resththe ones

obtained through simulation.

Other than classical hydraulic servo actuators, similar approaches are also
implemented and FDD is studied in Electro Hydrostatic Actuation (EHA) systems.
Song, Y. used several filtering methods for an EHA teglatated at McMaster
University. In the study, he used Extended Kalman Filter (EKF) and Smooth
Variable Structure Filter (SVSF) methods together with Interacting Multiple Model
(IMM) approach in order to develop the FDD algorithm for EHA prototy2. [2
the architecture of the real system, there is a throttling valve to simulate internal
leakage in the cylinder and an auxiliary cylinder arrangement to replicate the friction
fault without seal replacement. Without changing system parameters through
adjugments in test rig, he inserted several fault cases and also simulated them
through the FDD algorithms developed.

Chen, L. Focused on fault detection together with a fault tolerant control system
design for a complete hydraulic actuation system (pumpralaamd check valves,
reservoir, actuator, etc.) 3RIn this study, leakage and pressure sensor faults are
inserted to the modelled system and a fault detection observer is designed for FDD
purposes. Estimated faults are compared with the system respossesilation.

After identifying the possible faults within the hydraulic system, the author also
designed a fault tolerant control (FTC) system. Adaptive back stepping
methodology, a recursive Lyapunbased approach, is used for FTC purposes. The
back sepping method is applied to the system which is subjected to varying load and
the considered faults (leakage and pressure sensor). In the FTC algorithm, this
method is employed to tolerate the uncertainties coming from possible changes in
system parameterdue to the fault cases. At the end, designed FTC algorithm is

simulated for position and velocity tracking under several failures.
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Early applications of FDD in flight control actuation systems were generally
based on hydro mechanical fault detectioruits. Different logic structures are
implemented into manifold of a control actuator for health monitoring purposes.
Advances in electronics have increased level of confidence in both hardware and
software used in aircraft equipment. The usage of integratectronics for FDD
applications in aviation have also significant advantages like weight saving, less

number of mechanical components and higher reliabiligj. [2

Modern FlyBy-Wire aircraft flight control are getting more complicated with
sophisticatd actuators controlling different type of control surfaces. As one of the
most important flight and safety critical system, the consequence of faults in in the
flight control system hardware (flight control computer, actuators, sensors, etc.) and
softwaremay be extremely fatal for air vehicles. Due to such reasons, nearly all
aircraft main contractor manufacturers try to be compliant with strict safety
regulations of EASA (European Aviation and Safety Association), FAA (Federal
Aviation Association) and ber aviation authorities.

In some specific cases for aircraft systems, it may be assumed that the product
will never fail during its operational life which is actually called d#& This
concept can also be referred as resistance to failure and ngiabsesed for the
design of several structural parts like landing gear. However, when loss of function
is not tolerable, overall system performance should be insured either fully or in a

degraded mode.

Current trend for safer flight control has beewdads the health management,
failure detection & diagnosis and prognostic air vehicle and/or flight control system
design topics. Because of these safety issues, possible failures shall be predicted or
may be identified way before the first flight of a neesigned air platform from
scratch, especially for flight and safety critical systems like flight controls,
hydraulics, engine, etc. The traditional approach to fault diagnosis and fault tolerant
system design relies on the hardware redundancy concepth wke multiple

sensors, computers, electrical and hydraulic systems and dedicated software to
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measure and control a predetermined variable and/or state. Despite the redundancy
level, it might not still be possible to have a system design completelteddtam

effects of failures. Furthermore, high redundancy concept could also increase weight,
complexity, size and cost of the actuation system and after some point reliability of
the overall system might not be enhanced significantly just by increasmigen of

power supplies or multiple input and output channels.

High number of study about failure detection & diagnosis (FDD) for flight
control actuation systems are available in the literature. The paper written by Crepin
P., Kress R. presents a modedéd method for fault detection of an aircraft actuator.
Extended Kalman Filter (EKF) and parity space methods are applied for failure
detection where EKF is used for the diagnosis of internal cylinder leakage and parity
relations is used for the identifiban of direct drive valve (DDV) failures B}. For
this survey, three additive faults (coil voltage, coil current and valve position
measurement faults) are simulated within the mathematical model of the DDV. EKF
algorithms described here are also impleted on a DSP (digital signal processing)
reattime platform and as an example, diagnosis graph of internal tandem cylinder

leakage is given.

Some of the Airbus specialists have focused on FDD in their Electrical Flight
Control System (EFCS) design stagésupil et al. 2015, investigates modalsed
detection of different control surface failures such as oscillatory failure case (OFC),
jamming and runaway cases. In this study, they construct different techniques for
both jamming and OFC fault casd®]. Realtime estimations of the desired state
(position of control surface or actuator rod) is accomplished bylinear local
filtering and norAlinear observer methods for OFC. By comparing the estimated state
with the real one, a residual is generated Whig than evaluated considering
prescribed threshold values. Another failure scenario studied in this paper is the
jamming of actuation system. Dedicated Kalman Filtering is offered for monitoring
of jamming and runaway situations. According to the autherbasic idea of using
Kalman Filtering here is to early detect abrupt changes between two signal lanes that
carry control surface (or actuator rod) position information. One of the proposed
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modelbased solutions in the study, has received certificaiiomew generation
Airbus A350 aircraft.

Another study about actuator leakplace failure are carried out again by Airbus
specialists. Cieslak et al. 2014, develop a sipaasked detection method for those
kind of failures [B]. The strategy proposed ihd paper is based on two successive
steps. The first step comprises estimation ofio@ derivatives of the pilot order
inputs and also derivatives of control surface position. In the second step, for the
diagnosis of jamming cases a dedicated decisiokingaalgorithm evaluates the
signals generated from the first process. A second order discretized filter and a first
order sliding mode differentiator (SMD) is used in order to estimate the derivatives
of input signal. Once the derivatives mentioned ar@inbd, an evaluation rule,
together with predefined threshold values, is applied for confirmation of the
researched fault cases. The signased approach developed in the study is also
tested and validated on an Airbus actuator test bench using refiggbedest data
from A380 elevator actuator.

A new method is proposed by Eykeren et ab] far the detection of solid,
liquid jamming and surface disconnection cases in flight control actuators. The
approach to detect those failures in the study i®dam Aerodynamic Model
Identification (AMI). Different type of faults are identified with their influence on
the aerodynamic model of the aircraft and parameter changes in the aerodynamic
under failures is compared with the initial or nominal values. dmart. and
Ossmann, D. proposed a different approach for the surface disconnection type
failures. Instead of comparing the changes in the aerodynamic model, they developed
a model which compares the energy intake of the actuator and of the fault model
[27]. With this way, the disconnection between the opposing load and the actuator is
detected. They derive the energy balance of the acutator during faulty arfdeiault
cases where the input energy depends on the
residual signal to be explored. According to this method, the residual signal is
constant during the disconnection and it varies in normal operation where the

actuator is in motion.
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Alternatively, modebased linear parameter varying (LPV) techniques areeappli

for fault detection purposes for flight control actuators. Ossmann, D. developed a
methodology for the detection of jamming, OFC, and runaway type failure cases
[28]. This study is based on a nonlinear first order actuator model derived before by
Goupil [29]. The actuator model is actually quite dependent on the aerodynamic
force acting on the control surface. Thus, a nonlinear gain is defined and it is
scheduled with different aircraft parameters and flight conditions. According to
different flight conations, the model updates itself by changing its linear parameters.
The residual signal for the fault detection is generated using this LPV actuator model
and evaluated via a measurement method of the residual signal enecgiledo
Narendra signal evastion scheme [d. After the evaluation process, fault decision

is made based on a threshold based operation. It is quite important at this steop to
define an appropriate threshold since it influences the overall performance of the
FDD system. At the endhe validation of the FDD scheme developed in this study

is performed on an AIRBUS actuator test bench for the monitoring of jamming at
small actuator deflections under different manoeuvres and flight condition inputs
given to the FDD system. The same meokesed LPV technique is also used by
Ossmann [10] for the detection of loss of efficiency type failures. The method is
tested on different points in the flight envelope and it succesively detects stall loads
observed in the real flight.
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2.4Model Based Falt Detection and Diagnosis Methods

Modelbased fault detection and diagnosis (or often referred as identification)
basically consists of two main steps residual generation and fault identification.
There may also be several substeps such as residuahtevalwhere the norm of
the residual signal is generated and decision making where the evaluated residual

signal is used in a simple threshold based lodi [3

Faults in a system change the expected system dynamics and perhaps the nominal
model parametsr High fidelity system models can be analyzed to predict
discreapancies between estimations and measurements which in turn is used for fault
detection purposes. Here, the residual generation is the critical point in the design of
a FDD system. The residusignal is obtained based on the difference between the
estimated and the measured system state, variable or parameter. Fault detection
occurs if the generated residual signal exceeds a predefined threshold value.
However, there are always some uncert@sitvithin models and measurement
noises in practical systems which can result in false alarms or keep faults to be
undetected. This fact significantly degrades the fault detection performance.
Therefore, specifying an optimum threshold may not be antaskyor most of the

fault detection applications.

The residual signal should be very close to zero if no error exists in the
system. However, this is not the case in reality as all engineering systems include
unmodelled uncertanities and measuremenesoRkResidual signal should be picked
according to the specific fault to be investigated. If the generation of residual signal
does not contain information about the faulty state of the system or if it is not
sensitive enoguh to the special fault, thenrdsdual should be referred to other
states or variables within the system. Moreover, generated residual signal should also
be robust against modelling errors, disturbances and uncertanities. Generally, a

tradeoff between false alarm rate and fault datectsensitivity is to be made in

order to achieve the O6o0optimumé fault detect
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One of the most common method to generate a residual signal is to use an
observer. David G. Luenberger introduced a widely used basic observer scheme to
reorganize mising state variables for control purpose2][3The Luenberger
observer assumes a linear time invariant system described by the following

eqguations:
w 0 w 0 o (2.1)

® 6 o 22)

where @ stands for the system state$, for the input(s) andw is the
measurement ,6 and0 all are from the state space representation of the
system. The Luenberger Observer is the constluate
®w 0 o 0 w w o6 0 (2.3)
w 0 W (2.4
Where the observero6s estimation of the
by @& wandi is the gain matrix of the observé@ynamic behaviour of the state
estimation errors is determined by the eigenvalues obthe 0 6  matrix.
Therefore, if matrixo 0 O is stable,then the estination errors will
converge to zero for any initial error vectburthermore, if the eigenvalues of matrix
0 0O O are chosen in such a way that dynamic behavior of the state

estimation error vector is asymptotically stable addquately fast, then error vector

will tend to zero with an adequate speed.

Based on this basic Luenberger Observer principle, various approaches have
been developed to reconstruct the state vector of the system. Some of the examples
are Internal Observerand Sliding Mode Observers. Robust residuals generation in
FDD algorithms may also be achieved by using specific type of observers such as
Unknown Input Observers (UIO) 3Band Sliding Mode Observers43

Another typical method used for residual getien is state and parameter

estimation using special filters like Kalman and Smooth variable Structure filters
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[35]. Rudolph Kalman first introduced his new approach to filtering and estimation
problems in 1960 [@ and since then the Kalman Filter haseh extensively used
for many applicatiosin industry. This filtering method is applicable for stochastic
linear systems described by the following difference equation:

@ 6 & & 6 0 (25)

and the measured output equations defined as

w Ow U (26)

where0 is the state matrix is the input matrixOis the output matrix,
wis the state vectogis the system outpud, is the inputp is the process noise and
L is the measurement noise. Both process and measurement noises are assumed to
have a zergnean and to be Gauas distribution with the following process noise

0, and measurement noise matwix

0 0Ou O (2.7)

Y O0 U (2.8)

The Kalman Filter performs the esttion in a predict and correct manner.
Equations for prediction are responsible for the priori estimation of the state vector
w at K'step. Thissa& a |l | e du p&dTaitneed e @ privr Staterestimasee s

vector as follows.

® b @ & 6 (2.9)

Here @ is a posteriori(corrected) state estimate vector andis the
known input. By subtracting the measured and the estimated output, the residual is

calculated as:
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O Ob (2.10)

Measurement update or correction equation is then used togethea with

posterioristate estimation vector to obtain {hesterioriestimates as follows.
® O L w (211)
Herew is a priori (predicted) state estimate vector andis the Kalman

gain. The priori and posteriori estimate error covariances are described,

respectively;

0 0 0 0 0 (212

0 O 000 (213

Where Kalman Gain is obtained by the following equation as referred]in [3

O 00O O Y (2.14)

Kalman Filter is initialized with @osteriorestimate)  covariance and the
statew . Then, the defined predictaorrector algorithm is recursively applied at

each iteratiorQ The recursie relation of the Kalmarilfer is represented inig. 2.3.
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Besides its use in state estimation, Kalman filter has also been extensively
used in fault detection dndiagnosis application&oupil et al. [B] proposed a
dedicated Kalman Filtering for monitoring of jamming and runaway situations.
According to the author, the basic idea of using Kalman Filtering here is to early
detect abrupt changes between two sitarads that carry control surface (or actuator
rod) position information. Proposed modiesed solutions in the study, has received
certification on new generation Airbus A350 aircré&kita et al. investigated foot
slip detection with the Kalman Filtend the Unscented Kalman Filter (UKF)3[3
Sepasi also developed an Unscented Kalman Filter based methodology for the fault
monitoring of an electro hydraulic actuation systerdj.[Ble calculated the moving
average of error (MAE) for the detection of varsofaults from external&internal
leakages to sudden loss of load. Two different faults in EHA system are were
diagnosed by Chinnah using Extended Kainkédter method [3P He followed a
different approach than using Kalman Filter as a residual gendratthier, changes

in system parameters (bulk modulus and viscous friction coefficient) were
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monitored. Entrapped air and the change in friction were successfully identified by

tracking the change in those parameters.

Other modebased methods are also usedresidual generation and fault
detection purposes. Some examples are frequency domain approach by Frank and
Ding [40], parity space approach by Willsky 14 and differentialgeometric
approach by MassoumniaZy}

2.5Model-Based Linear Parameter Varying LPV) Techniques for FDD

Since hydraulic actuation systems in aerospace applications exhibit a highly
nonlinear and time varying behaviour, it is not easy to apply a linear +habetl
FDD scheme. One common approach is to linearize the mathematical moootel a
given setpoints, then use gain scheduling method for control. This approach neglects
the nonlinear nature of the missile model and the stability of the designed Fault

Detection Filter (FDF) during the flight envelope lacks theoretical support.

The mae efficient approach is based on Linear Parameter Varying (LPV)
methodology. LPV methods can capture the nonlinearities within the system through
state transformations to yield a quaBlV description and therefore allow some
relatively mature linealike control method to be applied. Based on that, many
theoretical sound control system design methods are successfully applied to the
missile LPV systems b§anguliet al. [43] Yu et al.[44].

Among the existing FDI researches on LPV systddokor and Balas
[45] exterds the fault detection filter for LTI system to a class of LPV systems using
standard geometrical algorithn#badallaet al. [46] andCasavolaet al.
[47] proposed frequency domain based FDF design method for a class of polytopic
LPVs y st em usperiorgnaneeBnded. However, few literatures have applied
these theoretical methods to aerospace applications. One of the first expamplew
where the FDD problem for a missile in cruise phase is fully investigated, was

accomplished by Yu, @, et al [8]. A fault detection system incorporating a LPV
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fault detection filter bank was proposed in this study to detect and isolate the faults
of tail actuator and pitch rate sensor. The LPV fault detection bank is designed based

on the geometricallgorithms originally proposed bgokor and Balas [4].

Ossmann and Vargd9] proposes a synthesis approach consisting of two steps
of robust fault detection filters for moldeased diagnosis of sensor faults for a civil
aircraft. As the first step, a linear parameter varying (LPV) fault detection filter is
synthesized analytically using an extension of the nullspace based synthesis methods
to LPV systems. In the second stapnultiobjective optimization problem is solved
for the tuning of the LPV parameters in the filter to achieve a satisfactory fault
detection performance. At the end of the study, proposed method is examined for the
detection of failures in an angté-attack sensor.

Ossmanret al. [3] accomplished the verification and validation of a model
based fault detection and diagnosis methodology for the detection and diagnosis of
actuator jamming at small surface deflections. For the detection of jamming a
discrae version of the LP\fodel based fault detection approach of Varga et al.
(2011) is proposed, extended with the fault identification functionality. The error
residuali 0 is generated based on the position output of this LPV based hydraulic
actuator model and the position measurement by an LVDT. Then, the residual
evaluation signal— 0, representing an approximation of the norm of the residual
signal, is obtmed by using a Brendra type fault evaluator [B@®verall method
goes on with a threshold based decision making step and finally fault identification
algorithm based on computing the variance afany samples of measured actuator
position signal aftethe jamming decision is made in the decision making process.
The detection performances have been assessed by simulating the jamming failure
scenario, during a classical ight and during specical manoeuvres. The results have
shown a high degree of robustaes the designed FDD system for the whole range

of tests and a highly satisfactory detection performance.
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Fault Detection and Diagnosis (FDD) System

Figure2.4. FDD System for monitoring of Jammingl]3

Details of the LPVbased FDD system forraning detection is shown in
Figure 5.2 above. The fault detection filter, here also called as Residual Generator,
generates the residual signal using the actuator position measuémenetuator
position command O and several aircraft staté 0. Since the aerodynamic
force, which may be considered as the disturbance on the actuator, has a great impact
on the actuator dynamics, in the resarach this load is estimated and LPV actuator
model is scheduled based on aerodynamic formulationhiegeith the state of the
aircraft such as calibrated air speed, center of gravity aloags and the aircraft

altitude.

Another study carried out by Ossmann [10], focused on the detection and
identification of the stall load phenomenon which ocowrgen the sum of all
opposing loads acting on the actuator exceeds the available hydraulic pressure times
the piston area of the actuator. Main difference between the stall load case and the
jamming is that the time of occurance of a stall load is limitedr@as jamming is
generally considered as a permanent system failure. A very similar LPV-fesbed
FDD technique is also applied in this study except from the last fault identification
step before applied by Varga et al. Therefore, a faster fault deteamnd
identification is achieved without computing the variance of the measured position

of some number of samples.
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CHAPTER 3

METHEMATICAL MODELLING

In this chapter, mathematical modelling of both the EHA and the valve
controlled system are performed for thevelepment of the moddlased FDD
system. In section 3.1, mathematical equations are derived for the physical relations
between the components within the load simulator and it follows with the modelling
of the EHA system in section 3.2. Details of those E&t@l load simulator models
together with their design of control systems and the validation of the mathematical
model s are given in the Ph. Ol2andthBM.Sci s st uc
thesis study performed by Akovall5respectively.

3.1 Mathematical Modelling of the Valve Controlled System

Physical relation between the servo proportional valve and the hydraulic actuator
is illustrated in Figure 4 for modelling purposes. System dynamics of the load
simulator can be basically modelled with a mdnal control valve and a single

piston actuator. Here, the sigriais the input from controller to the valve.

Ay Ag
\ /
l—-}(.,., Xy
] l
v, v | b kg
‘ | viscous friction, &, Force
transducer

Uy Oy
Pa Pr

W o

pl L

Figure3.1. Components and their relations within the load simulator sygddh
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In Figure 3.1, the position of the piston is denotedwbynd the totamass
of the piston and its attached parts is expressed hyThe spring mechanism
between the piston of the load simulator and that of the EHA can also be seen in

Figure 3.1 and the spring stiffness here is represent&l by

3.1.1 Proportional Control Valve Model

The control valve used in the load simulator is a four way,-lzgneed
proportional control valve it is responsible for the drive of the control flow. Spool
displacement within the valve is proportional to the input voltag¢o thevalve.

Since there is no force feedback spring like in classical two stage servo valves, a
closed loop control strategy is needed. To that end an inner loop is utilized for the
spool position control and related control electronics are onboard to tleeitsai.

An LVDT measures the position of the spool and this signal is fed back to the control

electronics for the closed loop application.

ap

u 2 Xy
Proportional Valve v

Valve input Dynamics
voltage

Ac

— .
Control Flow

Control Flow
Characteristics

Spool Position

Figure3.2. Schematic drawing of the load simulator system

The rdation between the voltage commaivd and the valve spool position
@ i can be considered as a following first order transfer function as the valve
dynamics are much more rapid than dynamics of the piston.(Heiethe steady

state gainad the"Y is the time constant of the proportional valve.

O i T 31
O Yi Yi p (31)
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The transfer function in thiégn.3.1 represents the motion of the spool with
respect to the given wa input command. The next step is to generate the equations
for the control flow with respect to the reulting spool opening. Depending on the
extension w 1) and the retraction 1) cases, control flow equations can be

written as follows.

Forextensionp Tt

Supply, p. Return, p,
|

x,p—‘ | |_ | L N 1
g : — 3

T T '@

A B
l o2 @s
HFa Pa

Figure3.3. Schematic of the valve motion in the extension case

, P .
n Ol W - N n (3.2
, P .
n 616 =0 N (33)
For retractionp 1T
Supply, g, Return, p,

] o B ﬂjl ‘

Ca T ]

Py

Figure3.4. Schematic of the valve motion in the retraction case
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N #50 2P D (3.4)

21

R8T e 28 N (35)

In general, a combined flow gain can be defined as follows.

C

O VO] (36)

Inserting the above fie gain into Equations from (3.2) to (3.5), steady state

flow equations are obtained as below.

For extensionw 7T
TR @
n Dw N n (3.8)
For retractionp 1T
noove A oA 39)

R 0® n N (3.10)
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3.1.2 Hydraulic Actuator Model

Once the flow equatits are derived, then the mathematical modelling can
go with the hydraulic actuator section. If it is assumed that the actuator piston and
rod are rigid enough and the compressibility of the oil inside the actuator is not
neglected, then the rate of charajevolumes or the flow continuity equations can
be expressed as follows.

(3.11)

—x|8_

~e
o o

(312

Volumes of the actuator chambers according to the piston position can also
be expressed as follows.

(313

O ® b (3.14)

Wherew & @Q are the chamber volumes at the mid stralee 1T

Since it is a single rod type actuator, load pressure is defined accordi?igly [5

n o n a (319

Where @ represents the areo ratio between the rod and the piston side. For

simplification chamber argamay be expressed in terms of piston area and the area
ratio only.

(3.16)

e
o:| O:
¢
o
o
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For the steady state operation, compressibility termBgims (3.11) and
(3.12) vanish and this leads to;

i O (317)
N p W (318
For the extension case wheoe 11, combining theEquations (3.7), (3.8)
with (3.17), (3.18) the control flow eqtions can be written as:

vo HOA b

i N}
¢

(3.19

-~
5¢

UU)F] I’] wWo W

In order to represent a steady state reldbietwveen the chamber pressures,
following expression can be derived using the above division. It correlate chamber

pressures at the steady state case (3.19).

W N n (320

Inserting the load pressa definition will give the below steady state

chamber pressures.

; P L

_ 321

n oG n i (321
.

: _w s 322

N 0 & n n (322

Applying the same proceduifor the negative valve opening where m,

will give:

R (3293)

L (324)
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3.1.3 Linearization of the Control Flow Equations

Note that all the equations regarding control valve flow up to now is non
linear. In order to use the flow equation for control design and linear estimation
purposes for FDD algorithms, these equations have to be linearized. By expressing
tasaTaypr 6 s series expansion about aa partic
(valve spool position) and a specifjc (operating pressur@plues with eliminating

the higher order terms will give the below relationships

, TN .t .
— (.k) — .
n o . O n (3.25)
And, the flow coefficients will be:
. TN . TN
b} — hov —
o TH (3.26)

Simply, the flow equations for the control valve can be written as:

(3.27)
n 0 ® U N (3.28
Where the flow gains are
' 0 N Al O T
o 1] nn e (329)
Tw 0 n El O 1
: o n Al®
0 u , n— . s (3.30)
Tw 4 OV n n Al O 1
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And the flowpressure coefficients are

0 @ N
, - - — Al D 1
0 TT - L CO n(b k (331
" W= E0 n
v ¢n
., L ® N
- = Al® 1
O ;‘n - cﬁnw (332
T &9 n
v G n n

In order to obtain the final equations terms of load pressure, chamber
pressure termg & 1 in Egn.s (3.28) and (3.29) must be eliminated. Using the
derived Egn.s (3.21) and (3.22), control flow equations in can be expressed as
follows.

5 &N (333

(3.34)

Time rate of change of the load pressure equation in (3.15) will result:

honooa (339

Together with the above relation, the flow continlgn.s in (3.11) & (3.12)

and the control flow equations derived in (3.33) & (3.34), overall flow equations can
besimplified further to a single load flow equation adws.

A 06 O/ Bk 8R (3.36)
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where

A (337)

. P 0w W,
o’ b ol (339)
0 (3.39)
. .0, 3.40
o] p W " 0 (340

and Newt onds s e givesthike forcabalaned for thepistoroas:
O o0n o0 O 4 w (341
Where the friction force characteristics is simplified as having only a viscous

force component.

DO O (342
After adding the effect of spring stiffness to the actuator force equation will

come up to the following equation.
adw ww O 001 (343

The ultimate control parameter for the eledtyalraulic load simulator is the
force exerted to the elector hydrostatic actuator sy&fem considered as the
disturbance load acting on the actuator as follows. Since force control is not in the
scope of this thesis and previously performed by Akot§ ffeonly concern here

is the effect of disturbance on the system.

O Qw o O (344
Finally, the servo actuator dynamics between valve spool position command

0 and the actuator velocity can be rpresented as in the below block diagram.
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Figure3.5. Block diagranrepresentationf the open loop load simulator system

The parameters used for the mathematical modelling of the-gahteolled

load simuator system are given in Tablel3elow.

Table3.1. Parameters of the Load Simulator sys{sf]

Parameter Description Value Unit

0 piston side cross sectional area 2827.4 aa

0 rod side cross sectional area 2120.6 aa

a mass of the piston 3 0Q

0 flow gain of the proportional valve 22270 d’?(_T_"
v vV W

Y servo proportional valveéme constant 0.002 i

6 initial volume of the piston side chambei 325200 aa

6 initial volume of the rod side chamber 243900 aa

&) viscous damping coefficient 6.5 d7Ta a

n supply pressure 12 00 &

f bulk modulus of the hydraulic oil 1300 00 ®
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3.14 State Space Representation of the Open Loop System

Actuator system dynamics are described by the following three equation.

~

0 ne Hd 4 o (345)
R B 6n V@ OA (3.46)
OY @ 0 (347)

Selecting the state variables as below;
W ® QN §g&E QBNE & QI 00 E OQ (349
w N 0£€ @ Qi idi @ YR égai QO Qf (349

Above differential equations can beweittenin state space form as follows;

O (350)
: @ 6 - p,
w —w —w —0 (35)
a a o
0 0 0
) =0 O O (352
o} o) o)
. P . P,
W oy w v o] (353
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In Matrix form, the equations become;

T p T ,
o w o 11 Tt TT.
. I - - e d) n’p L]
(\L) 11 d a ! (b I-(lF_ T[I,I O
W 11 o X X | o
s 0 Y v ' " 354
w o — =W am Mo (359
W I 0 0 Op "W “T[ Pn
th T T ! u YU
u YU
()
& @ "O (355
m 1m 1T p m m o,
P ) 6
w
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3.2  Mathematical Modelling of the EHA System

The EHA system mainly consists of a hydraulic piston, a pump, an AC electric
servo motor driving the pump, a shuttle valve and a hydraulic accumuitato
differential flow compensation. Physical relations within the EHA system together
with the variables used in modelling are illustrated in Figu6eil3 order to get an
insight to complex interactions between the system components. A basic schematic

view is also supplied to simplify these relations in Figuie 3

In this section, a simplified linear model of the complete EHA system is
performed together with the system dynamics regarding the components and the
subsystems mentioned above. Besided, & Sjpace representation of the whole
system is also presented. A more detailed nonlinear modelling of the system with all
the dynamics of its components and a sopishticated control system are successfully
compl eted in the P8. D. thesis of ¢al ékk,;

There are basically two working regions for the EHA. Depending on the load
pressure value, the shuttle valve adjusts its opening and let the flow go into the
accumulator and/or the actuator chambers. When the load pressure is low;&bout 7
bar, the shuttlealve is partially opened to either both chambers or only one of the
chambers. The spool of the pHoperated spool of the shuttle valve positions itself
naturally. For the other case where the load pressure exceeds iBesar of
differential pressurehen the shuttle valve becomes fully opened to either side. In
this configuration, one of the two chambers is connected to the accumulator and thus
the accumulator and the connected chamber can be assumed to have the same
pressure. The direction of thealh determines the opening side of the shuttle valve
and which chamber is connected to the accumulator. Within the scope of this thesis
study, the EHA is operated in the fully opened shuttle valve configuration. In the test
scenario created for the deteatiof jamming and the validation of the designed
observer models, the EHA is operated and the counter loading is adjusted so that the

differential load pressure allows the shuttle valve to fully open.
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Figure3.6. Components and their relations within the EHA systebh [5
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Figure3.7. Simplified schematic drawing of the EHA system and its compoifedis

In order to give an insight into the system dynzsnihe electrical, rotational
mechanical, hydraulic and the translational mechanical systems illustrated in Figure
3-7 are considered for the open loop plant model. A simplified linear version of the
state space representation of the whole system isdelseed at the end of this
section. In order to develop a simplified mathematical model of complicated system

dynamics of the EHA in figure 3.6, the following assumptions need to be referenced.

1 The accumulator pressure and temperature responses are i@igide
slow, with respect to the other components so accumulator dynamics are
neglected.

1 The electric motor current dynamics very fast and they are neglected too.
Shuttle valve is assumed to be fully opened for the test scenario described
in section 5.2. Tarefore, spool dynamics of the shuttle valve is not
considered.

1 In a fully opened shuttle valve condition, grdne hydraulic chamber
determines the pressure dynamics since the hydraulic accumulator
capacitance together with the hydraulic conductanceeo$hluttle valve
are considerably high. In other wordbange in the load pressure will be
equal to one of the chamber pressure§ @ | Oor| 0 1 0

depending on the opeside of the shuttle valve. [b0
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Figure3.8. Physical subsystems and their relations included in the system dynamics of the EHA

3.21 Electrical and Rotational Mechanical System

The electric motor and the hydraulic pump are assumed to be coupled through
a rigid coupling. herefore, the pump inertia together with the frictional losses is
lumped into electric motor dynamics. The resulting torque continuity equation on the

motor shaft is written as follows

N0 0] ™ 7 00 0 pm (356)
where,00 0 O and® ® @ are the total effective inertia and
friction coefficients, resgctively. Note that for unit conversion, the last component

in the above Equation 3.56, is multiplied by*#3 theO « Omultiplication produces

torque ind & awhere the unit for the pressurés{ isO 0 @ ii Q& rp Hoexd .
Q electric motor torque constantina¥o
1 angular speed of the electric motor and the punp 6t
0 inertia of the rotor of the electric motor "
0 inertia of the hydraulic pump rotor 1@"Qi
(0] pump displacementia & i ©Q

® viscous friction coefficient of the pumpina ifi O 'Q
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3.2.2 Hydraulic and Translational Mechanical System

Similar to the load simulator, the equation of motion for the actuator is

written as follows.

0 U @ U a o O O (357

where,

W actuator piston position i@ &

0 piston and ord side chamber pressurds th ¢

0 piston side cross sectional arediir

a mass of the piston and rod of the actuaiof'Q

@ pressure area ratio of the EHA hydraulic cylinder

O disturbance force acting on the actuatob in

O leakage flow coefficiet of the pumpx & 7i D 0 &

&) viscous friction coefficient of the actuatornifa &

The friction force here is modelled as having only the viscous friction
compnent but a more detailed model such as the Stribeck model might also be
preferred for highfidelity simulation analysis.

"0 O (358)
The flow continuity equation for the piston and the rod side chambers can be
written with considering the leakage flow proportional to tbad pressure as

follows.

60 O] dw A (3.59)

60 01 © dw Q@ (3.60)
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3.2.3 State Space Representation of the Pumpdntrolled Open Loop EHA
System

Actuator system dynamics are described byEheations presented from

(3.56) to (3.60).

Selecting the state variables as below;

® ® Qi géi Qb (361)
® O 00AE B (362
w 0 0 & 0 aéqQi ihoi (363
© 1 Q& 'Qamnd 6o QQQ (3.64)

In Matrix form, the open loop system becomes;

® P A0 (369

where, the system matri%; and the input matri¥y; and withd the motor

torque & O disturbance load taken as inguas follows.

(0]
0 0 (3.66)
n’T[ (1[)3 5 Tt Tt N
117 —_— T 1N
11 g a . 1
Ani H :]I_[ OGEX&) _O % " (3.67)
. 0 o) o "
U - % @l’l
u 0 o U
m 2 onoan
Aw !l 0 (369
I+[ Tt ,—I,I
u VU
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The parameters used for the mathematical modedtlifndpe electrical and

rotational mechanical subsystems are given in Tal2d&low.

Table3.2. Parameters of the electrical and rotational mechanical subsy&@ms

Parameter Description Value Unit
0 torque constant 1.52 O aT0
0 rotor inertia of the electric motor 27.3 p 1 foXe i
0 hydraulic pump rotor inertia 1.93p 1 foXw )
(0] pump displacement 8 Qan &g
@ motor viscous friction coefficient 7p T bVaili @l
@ pump viscous friction coefficient 0.035 Dail e

The parameters used for the mathematical modelling of the hydraulic and

translational mechanical subsystems are given in TaBlbe3ow.

Table3.3. Parameters of the hydraulic and translational mechanical subsys@ms

Parameter Description Value Unit

0 piston side cross sectional area 2827.4 aa

@ area ratio 0.75

a massof the piston and the rod 9.6 0Q

& viscous friction coefficient of the 6.3 b T &

actuator _

5 g:;ggif;ﬂiehydrauhc chamber 302.5 GETDD O
0 rod side hydraulic chamber capacitanc 302.5 aa Fi D 0w

Capacitance values 6f and0 are assumed to be constant to a valug of

that is calculated at a stroke where the two chamber volumes are equal.
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CHAPTER 4

EXPERIMENTAL TEST SETUP

4.1  Overview of the Hydraulic Test Setup

A schematic drawing of thdaydraulic test bench which is designed and
construct edO0] ahg Akova [AEixskoavm in Figore 4. It consists of
two distinct electro hydraulic actuation systems. The one on the left is an electro
hydrostatic actuation system controlled byydraulic pump whereas the one on the
right is a conventional hydraulic actuated load simulator system controlled by a servo
proportional valve. Two system are connected to each other via a spring mechanism
and a force sensor. Closed loop force controhefload simulator is accomplished
using the output of this sensor. Besides the force transducer between the two
actuator, there are four more sensors in the load simulator. Two position transducers
provide the measurement of the piston position which &l us a disturbance

feedforward controller.

EHA is a closed loop position controlled system where the position tracking
is achieved through a closed loop feedback and feedforward control. An AC servo
motor is placed to drive the hydraulic pump in the systéne of the most significant
novelty in the system is that unequal flowrates for the retraction and extension sides
are compansated using a hydraulic accumulator arfbai8on 3way shuttle valve.
Together with the position of the piston of the EHpead of the motor is controlled
in closed loop manner. Speed and torque of the servo motor, pressures in the two
piston chambers and in the accumulator is measured simultenously together with the

actuator position.
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Figure4.1. Schematic drawing of the hydraulic test be{a0)]

4.2  Components of the EHA System

Electro hydraulic actuation (EHA) system includes the following
components;

1 A Siemens 1FK7083 series-phase permanent magnet AC
synchronous motor,

1 A Bucher Hydraulics QXM22 series constant displacement pump
(with a displacementof ® a7i QD

1 A Hanchen single rod actuator with a 20@ total stroke, 60/3@ &
of piston and rod diameters, respectively,

f A 5 & accumulator with a 250 (igas chage pressure. At the
beginning of each test, the hydraulic accumulator is charged up to a

desired pressure level.
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1 A hydraulic monifold circuit including a shuttle valve, two pressure
relief valves, and two check valves. All of the valves are of cartridge
type.

1 Three TRAFAG 8472 pressure transducers with a rated pressure of
2500 (and 010 o of analog output signal,

1 A Novotechnik position sensor inside the EHA with an analog output
signal of 010 w,

1 An ATEK linear encoder with a grid spacing qf t & and a

resolution of 5 dat 4X decoding.

The hydraulic ports of theingle rod actuator and those of pump are
connected together with the accumulator and return tank lines as shown

in the below figure 2.
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Figure4.2. A photo showing the experimental test ri@][5
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4.3  Components of the Load Simulator

Load simulator system consists of the following components;

1 A Parker Hannifin DFplus Servo proportional control valve,
1 A Hydraulic Power Pack including;
0 A Gamak cage-phase induction motor with a power rating of 11
Q6

0 A Bucher Hydraulics QXM31D32 series constant displacement
pump (with a displacement of 3124 7i QU

0 A Bucher hydraulics DVPAL-10-SM pressure relief valve

o A 154 SAIP bladder type hydraulic accumulator with a
maximum operating pressure360c @ i

0 FIREFLEX DIN EN 853 SAE1000R2 AT 2 nj hydraul i c hose
as transmission line elements

o PO Hydro Oil HD 46 Series hydraulic oil with a cleanliness level
of NAS 7 (according to NAS 1638)

o Hydraulic Reservoir of 126 Q0 Qi i

o An EATON HP 61 10VGseries pressure line, stainless steel wire

mesh filter

1 A Burster Model 8524 tension and compression force transducer with a
maximum measurable load of 20kN and a natural frequency @Gk
[54]. Output signal of the transducer, which is in the rarffgeé®a « is
amplified with an amplifier having a bandwidth ofX'O4

1 Two TRAFAG 8472 pressure transducers with a rated pressure of
2500 ¢ and 010 @ of analog output signal. Chamber pressures are
measured using these sensors.

1 A Novotechnik posibn sensor with an analog output signal €@,

An ATEK linear encoder with a grid spacing©frft Gand a resolution

of 5 d&at 4X decoding.
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Figure4.3. Hydraulic Power Unit of the Load Simulatorlp
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4.4

Control System Hardware Components

Both the EHA and the load simulator system is controlled and monitored
using a Speedgoat modular riate target machine with a variety of analog and
digital 10 (InputOutput) modules. The target machiseutilized as the DAQ
(data acquisition) and system and the control computer. This system is called as
6target P€O6 MathWgukeE4xPC TargetE real ti
on the target PC, and it accomplishes the real time control of the tvatiactu
system. The target PC has an Intel Core 2 Duo 2.26 GHz processor and a memory
of 2048 MB DDR3 RAM.

Control and FDD algorithms are designed and developed in a personel
computer, which is «call.l eTdh ea sMASThLoASBRE PRX2060 1i 1na
softwaret oget her wi t hTiSmenuWo mikEhoRE,alxPC Tar ge
necessary SpeedGoat IO drives are installed on the host PC. The designed
controller and FDD al gor idaronmentiisn MATLABE
compiled by a VisualC compiler in the host PC and doaaéd to the redime
target machine via an Ethernet communication. The solver of the control
algorithm is selected as 4th order Ruikgéta (ode4) with 1o sfixed step.

Additionally, the SpeedGoat target machine is equipped with 10105 analog
input, 1011 analog output, 10401 TTL/SSI encoder and 10203 digital
input/output modules. The 10105 module comprises 32 differential analog input
channels of it resolution. This module acquires the voltage outputs of the
pressure, position and force transducéng 10111 module comprises 16 analog
output channels and drives the servo proportional valve of the load simulator.

The 10401 module acquires the output of the encoders.

Servo motor speed and torque, pressures of the two chambers and the
accumulator are nasured for EHA together with the actuator position with a 1
kHz sampling frequency. The pressure transducers are installed on the hydraulic

manifold in the EHA system. Speed and torque control of the servo motor is
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performed via a Siemens CU320 control turAn analog communication
interface is established between the real time Target Pc and CU320 control unit
using Siemens TM31 terminal module. There is also a-GAdlcommunication
between the CU320 and the target PC. A supervisory controller manages this

interface.

Figure4.4. Speedgoat Real Time Target Machin&][5
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CHAPTER 5

IMPLEMENTATION OF THE MODEL BASED FDD TECHNIQUE

In this chapter, a structure for the detection and diagnosis of the faults is
develged. In section 5.1, a disturbance observer based FDD method is proposed for
the detection and identification of different jamming cases. Then, a fault
identification step is introduced where the diagnosis of jamming condition is
achieved. At the end of éhchapter, experimental data acquired using the proposed
FDD method is given.

5.1 Proposed Method

In this section, an observer based method is proposed for the detection of
jamming cases in the electro hydraulic actuation system. As the residual generation
metod, observer design is commonly used for FDD purp@gsosingoad on an
actuator could be considered as the main sourtieabh c t usdeing unable to
generate further control movement permanently or temporarily. Therefore, it is vital
to observehe disturbance load which the control actuator is exposed in order to
detect jamming conditions. By doing so, a state observer is first designed then its
output is connected to a disturbance observer which gives the desired load

estimation.

At this point,estimated disturbance is used to extract information about the
fault. For the case where jamming occurs at small actuator inputs, changes in the
load is analyzed. In order to distinguish whether the actuator is jammed, observed
force is usedif the time ate of the disturbance force exceeds a predefined threshold,
then the fault detection process is triggered for this kind of failure case. Diagnosis of
the fault is ensured by checking one more indicator by analyzing the tracking error

between the refereneamd the measured position of the actuadasically, moving

57



average of the position feedback is calculated and compared with a defined threshold

value in the fault identification.

5.1.1 State Observer Design for the Load Simulator System

A Luenberger observés to be designed initially for the valve controlledd
simulatorsystem assuming it as a linear time invariant system described by the state
space equations derived in section 3.1.4. Using state space form in (3.56) and (3.57)
together with the systemapameters given in section 3.1.3, following matrix
eguations can be obtained.

p T T
P OYTEX T
PEY T TULRO
Tt

Tt UTTTT

€
p e = =

(5.15)

T T
TI® O at 06
T T

T LVTT

W pMAMITNT® T[T[(é) (5.2)

where w stands for the system stata$,for the inpufs) andw is the
measurement and system matrié&s- ;gnd A - ; are defined for the load

simulator system as below.

Tt P 11 Tt
L P oywtq X n 5.3
Tt Tt Tt U TT TT
Tt Tt
8 T G o1 (5.4)
Tt Tt
Tt U Tt

Open loop poles of the valve controlled system is calculated as:
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T 1TQ

p8t Y p odp Q

P8t Y p odpiQ (5)
UV TTTITTQ

Ja

Fourth pole of the open loop system corresponds to the dynamics of the servo
proportional valve and a bdtHin control electronics is installed within the valve
manifold. Thus a closed loop contralready exists for the valve dynamics and its
root can be assumed as stable. The first pole comes from the position response of the
actuator and in the observerwstture the position feedback is used and it helps the
observer to estimate the position response. Therefore, these two poles may not need
to be placed much further to the negati ve
feedbacks for the velocity (send pole) and the load pressure (third pole) dynamics
and their real parts are too close to the origin. Therefore, real parts of the second and
the third observer poles should be placed to further left. Accorditigtydesired
poles for the Observer is©iosen as:

v TQ
. om p1@
. oM pT@ (56)
U T TTTQ
Finally, the gain matrix of the Obser\

in Matlab as below:

T8 p X wpd X O T

" TBITTO TC® X TOX 1T

) (5.7)
T8t ¢ T TLd @ YOm 1t
TBITTOoL P Tt PP T

The MATLABE/ SimulinkE model of the de
implementing Ec from (5.3) to (5.4), is given in Figure 5.1. The model accepts the
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proportional valve input command measured position signaland the estimat]
disturbance from the disturbance observer designed in section 5.1.3. As mentioned
before, state and disturbance observers works simultenously. The desired output of
the state observer is the piston velodityand using this signal, disturbandeserver
estimates the load acting on the piston. This estimated disturbance signal

simultenously used in the state observer.

== [

Estimaled Disturbancs Load [N]

and Vialve input Voltage [V)] 8 Matrix
jmm— . . X 1
L2 )‘ N\ ——™ l b D' _ b s P
Actuator Posion fmm) and Eslnrml:-d Slates
Load Pressure |[MPa)] Feedbacks (’c’"‘r‘:"" Gain
alrix

-~ '_ Alu

A M1"|x

C Mainx

Figure5.1. State observer model for velocity estimation
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5.1.2 State Obsener Design for the EHA System

Another Luenberger observer is to be designed for the pump controlled
system assuming it as a linear time invariant system described by the state space
equations derived in section 3.2.3. Using state space form in (3.72) &) (3
together with the system parameters given in section 3.2.3, following matrix

eguations can be obtained.

T p T T
T @X8 X OTC THXICL TT o
w L1 (V) ] 1t U]
T T U O @y ® w (5.9)
L1 T
TP X T "0 6
L1 T
m o1& QU
o P TTTTa nn O (5.9
m Tm TP o]

where w stands for the system states,for the input(s) andw is the
measurement and system matriceando are defined for the EHA system as

below.

p Tt Tt

@ X&8X OTC THXICU TT
o U T M1y (5.10

] U O @@up C®d w
L1

Tt
8 T X T (5.11)
Tt Tt

m o1& QU
Open loop poles of theEHA system is calculated as:

(@)
4334

T TQ
cog O p @ B (5.12)

n. oo p ¢ BIR
CBUL WT
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Fourth pole of the open loagystem corresponds to the servo motor speed
dynamics. Servo motor dynamics are already controlled with a Pl controller and in
the Observer motor speed feedback is used as well. The first pole comes from the
position response of the actuator and in theentes structure the position feedback
is used and it helps the observer to estimate the position response like in the load
simulator. Therefore, these two poles may not need to be placed much further to the
negative real side. dYte deedbaclss fot theevelecityi s n Ot an
(second pole) and the load pressure (third pole) dynamics and fast estimation
response is required for this states as they are used in the disturbance observer.
Therefore, real parts of the second and the third observes globelld be placed to
further left. Accordinglythe desired poles for the Observer is chosen as:

™ T1Q
T TP @ Wi (5.13)

n. T TP @ B
o8t mQ

Finally, the gain matrix of the Observer

in Matlab as below:

OTl T
& @ mupgu
80 O @ (5.14)
0gQ m¢g Q™

The MATLABE/ Si mul i nkE model of the designed
implementing Equations from (5.10) to (5.11), is given in Figure 5.3. The model
accepts the servo motor torque commangmeasured position signael and the
estimated disturbance from tldesturbance observer designed in the next section
5.1.3.At the endstate and disturbance observers works simultendoistize EHA
The desired output of the state observer is the piston vetocitthe load pressure
0 and using thesegnals, disturbance observer estimates the load acting on the

piston. This estimated disturbance signal is simultenously used in the state observer.
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C1) > B
Estmated Dusturbance Loas [N] -
and Motor Torque [INm) 8 Matrix

. X
= ¢ \ 7N Ira e
C2) » > L > » t - >
Actator Posston (mm) and > —— ~x —J £ samatod States

Motor Speed [rpm| Feedbtacks

Figure5.2. State observer model for velocity and pressstimation

Eventual aim of the designed state observer is to supply unknown state

information to a disturbance observer. However, the disturbance load acting on the

actuator (load simulator or EHA) is an unknown too. Therefore, a structure including

two observers working simultanously is developed for both state and disturbance

estimations. Two observer work together with one estimating the state variables

while the other estimating the disturbance. Designed observer structure for the EHA

system is show in the following Fig. 5.3. The only difference for the Observer

structure of the load simulator is that load pressure is not estimated in its state

observer, rather the available pressure feedbacks are used. The state observer in the

following structurg(Fig. 5.3) uses the equations derived in Section 3.2 before while

the equations for the disturbance observer is to be defined later in the following

Section 5.1.3.

EHA Servo Motor

Disturbance

Feedbacks Velocity . ;
State Disturbance Estimation
—_— Observer Observer
Actuator Position Load Pressure

Feedback

Figure5.3. Observer Structure of Staaed Disturbance Estimations for the EHA
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5.1.3 Disturbance Observer Design

Since the dynamics are the same for both piston (EHA and load simulator),

the force equilibrium on the either can beamgtten as below.

~

O a4 d /b O (5.15)

Which may also be expressed in terms of state variables as;

O G 600 O (5.16)
Estimation of the disturbance load is definedxsnd the dyamics of this

estimation with an observer gdin can be designed as follows5]5

~

Q Daow 66 Oo 0 (5.17)

In the above equation, derivative of the disturbance uses the derivative of the
statew which will probably cause a noise amplification by the high observer
gain0 . Thus, it might not be practical to go on with the implementation of this
met hod. I n order to avoid this problem, ar

as represented biq].

B Q 0a o (5.1816)

and the dynamics of this variable is
B 0B 0dw 0 ww 0w (5.19
By using load pressure and piston position information and theeitye
estimation, is accepted in the disturbance observer model. Therefore, having the

load pressure and the velocity state information, the observer can be examined.
The MATLABE/ SimulinkE models of the desig
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the load simulatoand the EHA systems, implementing Equations8)5ahd
(5.19), is given in Figures B.and 5.5

Estmated Csturbance

RS r 4
D{y P m _o——{ >
(2 ) [ Jn\>—a .
Veloaty Estimation
fom State O 0
m State Obsarver - Ny
Ct ) >y >
Load Pressure Estimation

from Stade Obsarvar

Figure5.4. Disturbance Observer model for the Load Simulator

>
o —C )
Estimatod Dalurbance

| - %)
.

N
Velcoty Estimation
Troen State Obssrver

Lond Pressure Feedback
from Preesure Sensor

Figure5.5. Disturbance Observer model for the EHA

At this point, its worth noting that the direct usage of the chamber pressure
information significantly increasehe fidelity of the disturbance observer model.
Yet, pressure feedback might not ajwabe available for an aircraft flyy-wire
actuator [5].Even if a pressure sensor is implemented to an actuator, it might be
trivial to estimate the disturbance load using this pressure information. Rather, it
would be more logical to directly use thisepsure information if it is available.
Considering the case for this thesis study witle absence of the pressure
information, the state estimation described in section 5.1.2 could still be decent for
disturbance estimatidior an electrehydrostatic typ actuatar
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State and disturbance estimations of the observer models are verified by using
the experimental test results and the measurements of the force transducer as this
sensor is directly related with the disturbance load acting on the piston.Hstae t
comparisons made fothe disturbance @mationswith and without using pressure
information. The same disturbance observer model is valid for both actuators in the
test setup and the pressure information
prefered. The pressure estimation is performed through the state observer detailed
in section 5.1.2 for the EHA and thus this estimation is used in the disturbance
observer for this actuator. For comparison, pressure feedbacks from the chambers of
the load simudtoris used for another estimation and state estimation for the load
simulator is used together with this pressure feedback for this system in the designed

disturbance observer.

A set of test data is used where the reference position of the EHA and the
force of the load simulator is controlled shown in the following Figures 5.6 and
5.7.

Reference Position Input vs. Time
160 T T T T T T T T

Reference Position

150 B

N
N
o
T
|

130 - B

120 N

Position Input [mm]

-
s
o
T
1

100 -

| 1 1 1 | I | 1

0 10 20 30 40 50 60 70 80
Time [s]

Figure5.6. Reference Position Input to the EHA
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x10% Reference Force Input vs. Time
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Figureb.7. Referene Force Input to the Load Simulator

In the closed loop tests, positiohthe EHA is kept constant at 100mm after
t =6seconds. (see Fig. 5.6)prEe signal with varying its amplitude and frequency
values is generated as the reference input for the thiesioaulator in order to
evaluate the estimation performance of the disturbance and the state observers better.
Both positive and negative disturbance loads of 14kN are applied and its amplitude
its changed between2kN interval while the frequency valuae adjusted between
0.52 Hz (see Fig. 5.7). Data acquisition is achieved with two system operating
simultaneously. Velocity estimation via a dedicated Kalman Filter performed by
¢ al é kGiaalso iven together with the velocity estimation outgfuhe state
observer designed in section 5.1.2. Some operating regions in the following test
results are zoomed in to show the estimation performance of the observers.
Especially, the region where the disturbance load is varied is tried to be focused on.
Comparison of the estimated states and disturbances with measured feedbacks, via

the transducers in the setup, is given in the following figures.
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Figure5.8. Measured Position Response and thsitim Estimation of the EHA
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Figure5.9. Kalman Filtered Velocity Estimation vs. Observer based Velocity Estimation of the
EHA
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The state observer gives accurate results, with lessOthaib of error, for the
estimation of position (see Fig. 5.8). This is in fact an expected situation since

feedback is available for this state variable.

Velocity estimation plot (see Fig. 5.9) shows some differences between the
estimation by state obsar and the estimation by a Kalman Filter [50]. This can be
explained by the fact that the estimatio
Kalman filtering method whereas in the velocity estimation using by the state
observer in this study relies mooa the system dynamics and the state equations.

There is also very small error in the estimation of Observer for the zero velocity
region which might be overcomed by increasing the related gain term in the Observer

gain matrix.

Load Pressure vs. Time
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Figure5.10. Measured Load Pressure and the Load Pressure Estimation of the EHA

For the estimation of the load pressure, some undesirable peak points are
observed like the ones in'8and 34" seconds of the simulation isthe Figure 5.10.
Apart from those points, load pressure estimation includes slight deviations in the

transient regions and gives better results for the steady state regions.
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Motor Speed (rpm)
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Figure5.11. Measured Motor Speed and the Motor Speed Estimdtiothe EHA

The state observer gives accurate results for the estimation of the servo motor

speed as can be seen in Fig. 5.11. This is also an expected situation since feedback

is

t available for this staterariable. In addition to the state estimations, the

comparison for the disturbanderce estimation is also given with the following

figures.
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= Estimation without Pressure (for the EHA)
w104 Estimation with Pressure (for the Load Simulator)

\
558 p59 56 56.1 56.2 56.3 56.4 56.5
)
. AEAT T T s
A | v Vo
& %i‘- WUL L e |

0 10 20 30 40 50 60 70 80 90

Figure5.12. Disturbancd-orceEstimation (with & withait Pressure Feedback) and the

Measured Disturbance
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104 Disturbance vs. Time

Estimation without Pressure for EHA
s Force Measurement
Estimation with Pressure for Load Simulator

Disturbance Load (N)
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Figure5.13. Disturbance Estimatiofzoomed)

Considering the resulfsr the disturbance estimatipih could be concluded
that the desiged disturbance observer gives good estimation results for the steady
state caseas can be seen in Figures 5.12 and S'h8ugh there is some deviations
from the measured force between the disturbance estimation without using pressure
feedback especiallyn transient regiongfor example around a G023 second
difference in rise time}he estimation still reflects the disturbance dynamics with an
adequate level of reliabilityThe usage of pressure feedback might cause the
difference between the estirmat dynamics of the two methods (with and without
pressure feedback).

After about 78 bar differential of the load pressure, the disturbance and the
state observer starts to give much better results with much little errors. This is an
expected situtationirsce the shuttle valve inside the EHA system becomes fully
opened after about- bar differential pressure and in the observer dynamics the

shuttle valve is assumed to be fully opened to one side.
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514 Fault Identification

In the first step of the fault identificatigorocess, rate of the output of the
disturbance observer, i.e. time rate of change of the disturbance load, is analyzed as
the residual signal and using simple threshold based logic, fault detection can be
initiated. A detection signd is generated which triggers the fault identification
process if the variancg of the disturbance ratéO exceeds a predefined
threshold. The threshold valdefor jamming cases is chosen according to results
with unjammed test cas. It is obvious that the jamming would result in a
considerable amount of increase in the time rate of change of the disturbance load
and thus it affects the variance of this rate data. Using that fact, an initial fault

information could be extracted frooutput test data.

p EEO T

, 2
mEEO t 520

Where calculation for the variance of the rate of the estimated disturbance can

be summerized with following steps.

1. Collection of ¢ samples of the estimated disturbancate 'O 0,

such that

"0 'O 0 o BHRO 60 ¢£0 (5.2

whereo is the sampling time and thieis the initial time
2. Computation ofO |  asthe mean af samples:

) £
&

Qp

ol "0

go) (5.22
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3. Computation of the variance fsamples:

E p g - @ - Towd (5.23

Another parameter iseeded to enhance the reliability of the designed FDD
methodology. Since the actuator rod stays approximately constant at the jammed
position, moving averagaof the position tracking error may be analyzed to create
a jamming signal. Where the tracgierror is defined as follows.

Q w W (5.24

A fault confirmation signal o is generated which decides the presence or
absence of a fault if the moving averagief the position tracking errasexcesds
a predefined threshold. The threshold valuer jamming cases is chosen according
to results with unjammed test cases. It is obvious that the jamming would result in a
considerable amount of tracking error thus it affects the moving averathe of
position measurement. Using that fact, an additional fault information could be
extracted from output test datBwo threshold based steps consolidate the fault

detection function and increase the reliability of the developed FDD system.

o p EAR® t
° nEAEs T (5.29

One possible drawback of this computation approach is that it requires the
storage o€ many samples, which may not be desirable for real time applications.
One alternative way is to use recuessomputational formulas for the mean and the
variance based on a numerically stable computational method [57]. To avoid
additional storage needs the following method is implemented with sétting 0

andi L
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a6 6 & 71O (5.26

i i o) a ¥ o a (5.27)

for'Q ¢hede 8Therefore,

6 & GEQ (TE p (5.29

A varying counter loading is applied to the system in order to compare the

rate of thalisturbance estimation with the rate of the measured disturbance load. The

results is given in the following figures.
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Figure5.14. Disturbance Estimationnder Varying Counter Loading
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Figure5.16. Disturbanceérateunder Varying Counter Loading
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Figure5.17. DisturbancdRateunder Varying Counter Loading (Zoomed)

Considering the test results given for the counter load varied as a sinusoidal
wave, the region where the disturbance estimation without the engonéssure
feedback is valid can be seen more clealyfigures 5.10 and 5.1Xand1000 N
of load the disturbancestmation without pressure feedbatdils because of the
neglected changes in the system dynamics due to the partially opening radiafigu
of the shuttle valve. Yet, in the dynamic loading cases ab@/&N the estimation
could give accurate results as the shuttle valves becomes fully opened to one side of
its operation in this regions. A very similar situation is observed for tineatige of
the disturbance loads as in Figures 5.12 and 5.13. Where the disturbance estimation

without pressure feedback becomes valid, its rate could be used too.
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5.2 Test Scenario

In accordance with the critical considerations (jamming or stuck ataheu
position) discussed in the motivation and the objection of the thesis parts, several
faulty cases are simulated in the real time environment and the detection performance

of the proposed method is analyzed in this subsection.

In order to simulate thmmming phenomena, the load simulator is used to
hold the EHA piston at a desired position. As explained in Chapter 4, two actuator
rods are connected to each other via a spring attachment. The electrohydrostatic
actuator (EHA) is a closed loop positioontrol system and the load simulator is a
force control system. Therefore, any position input (within the position limits) can
be simulated with any counter loads (wtihin the supply pressure limit) acting on the
actuator to be controlled. By adjustingetcounter load provided by the load
simulatorand by locking the piston rod physically, see Section &8uired friction
force for jamming action is createdfter holding the actuator in a prescribed
position with the help of the closed loop control, rit&l is stoppedby phsically
locking itand then the real time hardware in the loop tests are carried out to simulate

the jamming failure.

As mentioned, the most critical and difficult cases in terms of detection and
identification of jamming are at loweflection signals where the reference position
input to the actuator is quite low especially in cruise (steady state flight) cases.
Therefore, low amplitude input signals around the jammed position are inserted to
the control system. To simulate seveliffedent cases, both sinusoidal asalvtooth
signals are used in jamming conditions. In order not to result in an excessive sudden
increase in the load and not to damage the overall structure in the setup, step signals
are not preferred for jamming simutais. The test scenario is applied under both
jammed and nofammed situations to compare the performance of the developed
FDD system under faulty and ndéaulty casesThe test cases investigated are listed
in table 5.1. Amplitude and frequency valuestloé selected reference position

signals are presented in the fifth column of the table. Since the actuator input demand
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is relatively low in cruise condition with the control surface being quite close to its
neutral position, amplitudes of 0.264, 0.54 & and 1a & are chosen. To reflect
different demand behaviors of actuator position sinusoidasawwtbothsignals with

two different frequency values are taken. All of the faulty jamming conditions are
also simulated for the nggammed nominal case. $hould be noted that jammed
position are taken &0mm Yet, it does not have any effect on performance of the
proposed FDD method and does not change the overall philosophy followed in this
study for jamming detection. Developed method here could alspieable for

the detection of jamming at other low control surface deflections or actuator strokes
as well. For all of the jamming conditions in the following table, a disturbance load
of 14000N is applied as this value is very close to the maximura that can be
measured by the load cell in the test setup. Unjammed cases are simulated under a
load of 4000N.

Table5.1. Test Cases for Jamming

Test | Condition Initial Input Signal Amplitude | Disturbance
Case Condition | Signal and Frequency |Load

1 Jammed 504 & Sine Wave |0.25a &, 2'0¢g |14000 N
2 Non-Jammed |50& a Sine Wave |0.25a &, 20 4000 N
3 Jammed 504 & Sine Wave |0.54 &, 1"0a 14000 N
4 Non-Jammed |50& a Sine Wave |0.54 &, 1"0a 4000 N
5 Jammed 504 a Sine Wave |pa &, 0.50a 1400 N
6 Non-Jammed (504 & Sine Wave |14d &, 0.50a 4000 N
7 Jammed 504 & Sawtooth |0.25a &, 204 14000 N
8 Non-Jammed |50& a Sawtooth |0.25a &, 2'0¢ 4000 N
9 Jammed 504 & Sawtooth |0.54 &, 0.5°0a |14000 N
10 |NonJammed |50a & Sawtooth |0.54 &, 0.50a 4000 N
11 |Jammed 504 & Sawtooth |14 &, 0.50a 14000 N
12 [NonrJammed |[504 & Sawtooth |1& &, 0.50a 4000 N
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Before giving results of real time simulation cases, main assumptions of the test

scenario should be noted here as folow

1 First assumption for this type of fault is the fact that low control surface
deflections (actuator movements) around the point to be interested, i.e. the
null position of the surface, would not result large variations in the
aerodynamic forces acting éhe actuator. It is fairly a reasonable assumption
as aircraft meneuvers are relatively smooth in cruise phase, which
corresponsd to a considerably large proportion of a whole flight envelope and
not come up with sharp increases in control surface [&sils

1 The counter loading load simutor system is used within the measurement
ranges of the load cell in the test bench and the disturbance rejection
characteristics of the EHA is reduced tgncellingits integralgain The
jamming conditions are simulateinder a proportional control.

1 Actuator position input for maneuvers requiring lower demands would not
be more than a couple of mm of stroke length. It is sensible to assume an
actuator demand around 1mm for control surface deflections around a couple
degees. As actuator lever, which converts linear motion of the actuator into
rotary motion of control surface, has a length of around 100mm depending
on installation requirements for the control surface. For example, the lever
length of the horizontal tailfd--16 is about 150mm B which would result
in an actuator demand about 2mm for 1degree of surface deflection at the
neutral (zero) position of the surface, which is the investigated point for the
jamming case.

1 Control surface demand would be in the orde1l degregabout 12 mm
actuator strokejor the cases that requires low demand such as cruise level
flight. Though the control surface demand depends on different parameters
like flight condition, control surface kinematics, aicraft type, aircraft
aendynamics, so and so forth, it is reasonable to assume the control surface
demand anywhere betweerl@egrees for low demanded cruise conditions
[60].
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1 Resolution of the control surface movement is assumed as about 0.1 degree
which corresponds to a stroeound 0.24mm for a control surface having a
very typical lever length of 150mm. The more the lever length value the
higher stroke corresponding to the resolution of the control surface. At this
point, such an assumption is to be made whether the devét@izdystem
is capable of detecting jamming failures even for the smallest deflection of a
typical control surface movement. This resolution assumption might even be
constrained below 0.1 degree depending on specifications of a control

surface.
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5.3  Experimental Results

Real time simulations are performed according to the test scenario stated in
Table 5.1. As explained before, jamming cases are tried to be simulated under the
counter load by the load simulatand with using a mechanical long assembly
By this way, EHA piston is kept being stuck at the desired position.

Before conducting tests for the jamming cases defined in Tablea5.1
comparisonis made between the twmnssible jammingonditions; with the counter
loading by the loadisulator and with the mechanical locking assembly. A quick
installed mechanical system is designed for this purpose. It includes an upper and a

lower steel body. Inside these two parts, two bronze bushings are installed to create

the necessary friction paw for jamming. Overall locking assembly gsven in
Figure 5.18.

Figure5.18. Mechanical locking assembly used for jamming
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A sawtooth signalvave having 0.2a & of amplitude and 2Ddfrequency is
given as the reference positiéor both counter loaded and mechanical jammed
conditions. Position responses and the reference position, load pressure variations
and the responses (torque and speed) of the serioy ofahe EHA are plotted in
the following figuresNote that the actuator is not loaded for the unjamming case,
the same amount of load is applied for both jannimg cases, and only the proportional

control is active for all cases.
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Figure5.19. EHA position response under different conditions
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Figure5.21. EHA motor speedinder different conditions
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20 EHA Motor Torque vs. Time
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Figure5.22. EHA motor torque under different conditions

All in all, the EHA piston is tried to be stuck at a certain position by using
two alternative methods. In the first one, the counter loading actuator (the load
simulator) is used to simulate the disturbance load due to the jamming whereas in
the second condition a locking assembly is used after the same load is applied to the
EHA as for tle first condition. At the end, both techngiues give considerably similar
results in terms of EHA servo motor respon@ee Figures 5.21 and 5.22)d the
chamber pressure dynamics. One of the main difference is that under the counter
loading EHA piston danot stay steady at the desired jamming position because it
exceeds the disturbance rejection of the EHA at that specific condition. Unlike, the
mechanical jamming condition well reflects the expected jamming situation since
the EHA piston canrtanove as@&en in in Figure 5.18ven if the chambergssures
change as in Figure 5.28fter this validation step, all of the test scenasido be
examined withthe faulty condition where jamming is simlated through the

mechanical locking.
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Reference and measdrposition, rate of the estimated disturbance, recursive
variance calculation of disturbance rate, moving average of the tracking error and
the eventual output of the developed FDD system, which is the fault signal, are
plotted in the results of the testses. Moving average of the position tracking error,
disturbance rate and its variance are given including both jammed and unjammed
cases in the same figurédote that both jamming and unjamming conditions are
simulated by cancelling integral gain of tbentroller. Therefore, developed FDD
system are analyzed under proportional controller for all jamming and unjamming
conditions. Disturbance loads of 14kN and 4kN are applied (at t=19s) for jamming
and unjamming cases, respectively. After the counter [gksturbance), the
reference position is inserted to the EHA at t=20s. Results are given for just one set
of test case (Test Cases 9&10) in the following figures while the remaining test

results are included in the Appendix part.

Test cases 9 and 10:

50.6 Position (Unjammed) vs. Time
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Figure5.23. EHA Position Response under the Unjammed Case
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Figure5.24. EHA Position Response under thendmedCases
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Figure5.25. Rate of the Estimated Disturbance
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Moving Average of the Position Tracking Error (mm)
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Figure5.27. Moving Average of the Position Tracking Error
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Figure5.28. Generated Fault Signal

Several remark regarding the given plots for the fault detection and diagnosis

of jamming failires are highlighted as follows;

Position responses of the EHA under jamming and unjamming cases are actually
expected. Because of the high disturbance load (14kN) the actuator cannot track
the given position input as can be clearly seen in Figure 5.2rafs little
tracking error occurs (see Figure 5.23) for the unjamming case due to the
considerably lower disturbance load (4kN). Note that control system is the same
for all jamming and unjamming cases so the only difference is created by
changing the eernal disturbance load by means of counter loading and the
mechanical locking which have been discussed before.

Rate of the estimated disturbance load seems quite noisy and it is difficult to
extract valuable information about the faults from Figure 52terefore, the
variance of this disturbance rate is calculated in Figure 5.26. It is obvious that
there is a quite bit of difference between the jamming cases and the unjamming.
It might also be expected to see some disparity between two faulty cases
(medanical locking and counter locking) as the EHA motor responses and the
chamber pressure dynamics vary slightly for these two cases (see Figures 5.20
21-22).
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1 High position tracking errors are inevitable for jamming cases because of the low
disturbance repion characteristics under mechanical locking or counter loading
as can bee seen in Figure 5.27. Though, there is little difference between two
jamming methods in the tracking error. Yet, the deviation between the tracking
error for the unjamming case atitese two jamming cases are quite large as

might be expected.

1 At the end, the fault is identified (see Fig. 5.28) in a considerably small time
interval for this test case because of the high deviations in the indicators
(disturbance rate and the trackiegror) between jamming and unjamming

conditions.

For all of the simulated test cases, developed FDD system gives very similar
results for the fault indicators, detection time and deviations between jamming and
unjamming conditions (see Appendix partheTresponses of the system under two
faulty cases, i.e. mechanical locking and the counter loading, are quite similar to ones
given for the test casesl® before. Using the developed FDD methodology all of
the failure cases could be identified undersedonds of time interval. It should be
noted that detection time of the faults strictly depends on the chosen threshold values
in the fault identification step. The higher threshold value chosen, the later the system
identifies the jamming cases. In orderbe more robust and reliable against false
alarms, higher threshold might be chosen but this would considengbdase the
lag between the occurrencetbk error and the detection time. Overall results are

summerized in the following table.
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Table 5.2. Summary of the Results for the Sine Wave Inputs

Test . 'Variance. of the Moving A_verage of Det_ection
Case Input Signal | Estimated Disturbance|the Tracking Error Time
(47v) (mpmp) (9
17 2 0.2?‘15( o 7.2x16¢1 Jammed 0.097 Jammed 0.62
Sine 6x10'i UnJammed | 0.025i UnJammed '
37 4 O.SQS( o 9.1x1¢1 Jammed 0.177 Jammed 051
Sine 5x10*i UnJammed | 0.022i UnJammed '
57 6 1.0()5( a 10x1® i Jammed 0.287 Jammed 0.47
Sine 5x10*7 UnJammed | 0.02i UnJammed '
Table5.3. Summary of the Results for the Sawtooth Wave Inputs
Test Input .Variance. of the Moving Average of Detgction
Case Signal Estimated Digurbance | the Tracking Error Time
(47v) (mpm)) (v
7i 8 0.25 a 6.6x10 i Jammed 0.061 Jammed 0.68
Sawtooth | 6.5x1¢ 7 UnJammed | 0.023i UnJammed '
97 10 0.5 & Ox1® i Jammed 0.147 Jammed 0.66
Sawtooth | 6x10'i UnJammed 0.02i UnJammed '
117 12 1.00x & 9.6x10 i Jammed 0.237 Jammed 0.62
Sawtooth | 6x10'i UndJammed | 0.025i UnJammed '

Considering the results provided in Table 5.2 & Table 5.3, a number of

comment can be made regarding failure dynamics, fault detgardormance and

the overall effectiveness of the developed methodology;

1 Fault detection time starts to decrease as the amplitude of the reference

position signal rises. This is an expected result since the tracking error
increases for higher strokes ain@ tcontrol system of the EHA tries to
compensate this error harder. Eventually, the oscillations in the chamber
pressures rise and that makes the variance of the disturbance rate to
exceed the selected threshold much quickly. Not only the disturbance

rate,but also the moving average of the tracking error becomes diverging

further from the unjammed case.
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1 A single threshold value is selected in the developed FDD algorithm for
both the moving average of the tracking error and the variance of the
estimated diturbance rate. Yet, a single threshold set could give
comparibly good detection times.

1 There is a considerable amount of gap between the variance values for
jammed and unjammed conditions as there is a huge difference, 10kN,
between the counter loads apglfor the two cases.

1 In the reaitime simulations, the EHA could not be completely jammed
because of the disturbance rejection characteristics of the control system
even though its integral gairs diminished for both jammed and
unjammed cases. It affext the moving average of the tracking errors. If
the EHA motion was fully stopped, then both fault indicators could

exceed the thresholds even much faster.

Maximum fault detection time, 0.68s, occurs at the amplitude of 0.25mm. In the
assumption part it véaassumed that an actuator stroke of 0.25mm nearly
corresponded to a minimum surface deflection of a typical flight control surface.
Since the detection time would decrease as the given input is increased at the time
of jamming, this 1.26s of detection #&nmight be considered as the maximum
detection time for a jamming failure of a flight control surface. This maximum
detection time is actually lower thant the minimum detection time of 3seconds,

achieved in the study performed by Ossmann et g. [31
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CHAPTER 6

CONCLUSION

6.1 Summary

The aim of this research was to develop a fault detection and diagnosis (FDD)
met hodol ogy for the specific fault call ec
flight control actuation system. An Observer based detection methoduolagy
modelled in Matlab/Simulink environment. This scheme was embedded intc a real
time simulation model of a hydraulic test rig to diagnose the emulated faults. The
hydraulic test setup included two distinct actuation system connected to each other

via aspring attachment.

In order to estimate the state variables correctly, first system dynamics of two
actuators, a pumpontrolled electrohydrostatic actuator (EHA) and a valve
controlled actuator, were investigated and modelled with proper justificatioes, T
linear timeinvariant state space representations of both actuators were developed.
According to the state space models, state and disturbance observers were designed
to estimate both unknown system states and the disturbance load acting on the
actuavbrs. Both EHA and the load simulator systems were modelled with four system
states. Available pressure feedbacks were used in the disturbance observer for the
load simulator whereas in the EHA disturbance observer, pressure information was

provided by theestimation of the state observer.

Outputs of the designed state and disturbance observers were compared for the
validation of the observer models. Comparisons of the state variables were only
performed for the EHA actuator since this actuator was theryzathlfor the
detection of jamming. In the validation of the disturbance observer, the EHA
disturbance estimation without the pressure feedback and the load simulator

disturbance estimation with the pressure feedback were both used just for the
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comparison.n the fault detection processes of this study, the EHA disturbance
estimation was used without any pressure measurement. Because the shuttle valve
dynamics were neglected and it was assumed as in a fully opened configuration in
the observer designs forgtEHA, the state and disturbance estimations deviated
quite a lot from the real values coming from the available sensors in the test setup.
However, this fact did not affect the validity of the proposed detection method for
jamming since the EHA system weested in an operating region where the shuttle
valve is fully opened and hence the state and the disturbance estimations of the

observers were valid.

A Fault Detection and Diagnosis scheme was then developed based on the output
of the designed disturbam®observer. The whole FDD methodology was based on
checking of two distinct indicators about the jamming. One parameter used in the
fault detection was selected as the change in the disturbance rate as the disturbance
load does not vary too much around eutnal (or null) point of a flight control
actuator. Variance of the rate of the observed disturbance was computed through a
recursive calculation method. When this variance exceeded a predefined threshold
value then a second indicator regarding the fawdtld also be checked. This
parameter was the moving average of the tracking error since it considerably
diverged from an unjammed case in a jamming case. Two threshold based steps were
then combined with an and gate to confirm jamming and to improvesliability

of the developed FDD procedure.

In order to test the performance of the proposed methodology, a fault scenario
was created based on some estimations about the operating conditions defined in the
scenario. Low amplitude sine asdwtoothwaves vith different frequency values
around a specific actuator position (50mm) were taken as the reference inputs. The
actuator was first forced to be stuck at that specific positigghggically tightening
its rod via a quick locking mechanismhen, the refence inputs were inserted to
the EHA actuator. By this way, the jamming failure was tried to be emulated. In
order tocompare whether different possible methodsld resemble the jamming
dynamics, a locking mechanism was designed and the jamming vesbwett that
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mechanical locking assembly. Results with both the mechanical locking and the
locking with the counter loading were given. Considering the results, it might be
stated that both technique gave very similar system responses except with small
dewvations.One significant drawback of counter loading method is thadutd not

stop theEHA pistoncompletely for any reference position input even if the motion

of the actuator might seem to be negligalbleereforejn order to reflect the failure
dynamics betterthe jamming was simulated withhe mechanical locking option.
After giving a high counter loading the EHA was tightened via the mechanical

locking assembly and the position command was given.

It should be noted t hlhbhothkeenu@tedtmaughj a mmi r
the counter loads in the test setup. The EHA could not be completely jammed for the
inputs with highest amplitudes (1mm) given to the system even though the counter
loading system was forced to the maximum load that the loaohdk# setup could
measure. Therefore, in order not to cause any catastrophic damage to the test bench,
the counter load was increased no further. In order to jam the actuator and decrease
its disturbance rejection, itgtegral gain was degraded for bothammed and
unjammed test cases. Although the&egral controller gain vasreduced, the EHA
were still be able to track the given position signal in the unjammed test cases with
still a considerable amount of counter load.

If it was possible to have andaua much more capable locking mechanism as in
[61], then the designed FDD algorithm could have been examined for fault
conditions closer to a realistic jamming case. After considering the results, it was
realized that the disturbance rejection charactesisif the actuator had a great
influence on the fault detection performance of the designed algorithm. Depending
on the disturbance rejection of an actuator, its estimated disturbance rate under the
jamming case could diverge rapidly from the unjammed inaimcondition.
Therefore, a more powerful locking mechanism with a highly robust controlled
actuator against disturbances might be really exciting to be investigated for the

detection of jamming.
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At the end of the thesis, results were given for eachcest with jamming
inserted and not inserted to the EHA. Faults was successfully detected for all of the
jammed cases and no false fault signal was observed fejamoning cases.
Detection times were observed to be quite low, less dhersecond for eachase
since for the jammed conditions the disturbance observer rate armbgh®sn

tracking error deviates rapidly from the unjammed test cases.

6.2 Contributions

This thesis consists of several contributions to the literature, which have been
made to bothiélds of hydraulic control and fault diagnosis. The major contributions

are outlined as below;

1 A state and a disturbance observer were designed for a pump speed
controlled EHA type system. Using these observers unknown states
which are the actuator velogiand the load pressure as well as the
disturbance load acting on the actuator were estimated with an uccaptable
level.

1 Jamming failure was correlated with the disturbance load acting on a
hydraulic actuator both in theory and in practice.

1 An Observeibasel fault detection and diagnosis methodology was
developed for online monitoring of an electro hydraulic actuation system
and the related algorithms were embedded into atireal simulation
system.

1 A challenging fault case (jamming), which might be obsdrin an
electro hydraulic flight control actuator, was investigated.
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6.3  Suggestions for Future Work

In this thesis study, shuttle valve dynamics is completely neglected for pressure
and disturbance estimations for the electro hydrostatic actuator. Hus@tson
however brought a challenge during the tests. The actonaéated to béested for
the operating conditions where the shuttle valve is fully opened. For lower
disturbance forces, the actuator chamber pressures become quite lower and this
would resilt in partially opening of the shuttle valve. Therefore, the designed state
and disturbance observer cannot be validderer counter loads. In the tests, higher
forces are required for the observers to be properly used in the fault detection and
diagnoss steps. In addition, pressure estimation fails for the wadverolled load
simulator without using the available pressure feedback. Disturbance estimation for
the load simulator is performed with taking the pressure measurement and it is used
just for the comparison of the estimation without pressure feedback. Thus, a more
comprehensive and detailed estimation method might be developed for state and
disturbance estimations for all working regimes of both valve and pump controlled

actuation systems.

The developed method isalidated for lower actuator demands with small
amplitudes and it is validated accomgliyn due to the limitations in the test setup.
Even thoguh thismight be the case for flight control actuators during cruise
maneuvers, it does nadflect all of the working envelope of a flight control actuator.
Nevertheless, the developed method, with little modifications, could be easily
applied for different maneuver cases requiring more actuatoaddswith higher
aerodynamic loads.

Different failure conditions such as leakage, excessive friction, supply pressure
loss etc. which might occur in aelectro hydraulic actuation system can also be
investigated. The FDD methodology can be extended to cover those failures and a
more comprehensive ridology could be obtained with minor modifications and

additions.
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