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ABSTRACT

OBSERVER BASED CONDITION MONITORING OF AN
ELECTROHYDRAULIC ACTUATION SYSTEM

Poyraz, Emre Murat
Master of Science, Mechanical Engineering
Supervisor: Assist. Prof. Dr. Ali Emre Turgut
Co-Supervisor: Dr. Hakan Caligkan

December 2019, 123 pages

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

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 is used 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 model-based (FDD) techniques.

Several model-based 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 well-known and preferred model-based methods used in the
residual generation step. However, there is no common procedure for the detection
and the identification of ‘a fault’ as different failure conditions may result in distinct

changes in the nominal behavior of the system or process.



Fault to be focused on 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 approach is developed for
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 observation is correlated
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 the moving

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

Keywords: Fault Detection and Diagnosis, Electro Hydraulic Actuation, Disturbance
Observer, Model-Based FDD
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0z

BiR ELEKTRO HiROLIK EYLEYICI SISTEMIN
GOZLEMCI TABANLI DURUM DENETLENMESI

Poyraz, Emre Murat
Yiiksek Lisans, Makina Miihendisligi
Tez Yéneticisi: Dr. Ogr. Uyesi Ali Emre Turgut
Ortak Tez Yoneticisi: Dr. Hakan Caliskan

Aralik 2019, 123 sayfa

Bu tez calismasi kapsaminda, bir elektrohidrolik eyleyici sistem i¢indeki kitlenme
gibi, havacilik uygulamarinda oldukga kritik olabilecek bir hatanin farkedilip

saptanmasi, model tabanli yaklagimlarla gerceklestirilmistir.

Hidrolik motor kontrollii bir elektrohidrostatik eyleyici (EHA) ve servo oransal valf
kontrollii bir yiik simiilatoriiniin birlestirilmesiyle olusan bir hidrolik test diizenegi,
onerilen hata belirleme ve teshisi algoritmasinin ger¢ek zamanli dogrulamasi i¢in
kullanilmistir. Test diizenegindeki ekipmanlarin sistem dinamigini temel alarak,
model tabanli hata belirleme metodlarin1 uygulamak i¢in hem EHA hem de yiik

simiilatorii sistemi i¢in matematiksel modellenme yapilmigtir.

Literatiirde, degisik hata senaryolar1 i¢in Onerilen birka¢ model tabanli yaklagim
mevcuttur. Bunlarin arasindan en ¢ok bilinen ve tercih edilen model tabanli rezidiiel
(artik) olusturma yontemleri Kalman filtreleme ve gozlemci tabanli ¢oziimlerdir.
Ancak, her 6zel hata durumu nominal sistem dinamiginde kendine 6zel ayr1 bir
degisiklige neden olabildiginden herhangi bir hatanin gézlemlenmesi ve teshisi i¢in

literatiirde tanimlanmis ortak bir prosediir bulunmamaktadir.
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Bu ¢alismada odaklanilan temel hata durumu kitlenme (jamming) gibi bir elektro
hidrolik eyleyici sistemde meydana gelebilecek senaryolardir. Bu durumlar,

ozellikle sistem emniyeti i¢in ¢ok siddetli ve katastrofik sonuclar dogurabilir.

Tez kapsaminda bu tiir hatali durumlarin saptanmasi i¢in 6zel bir model tabanl
yaklagim metodu gelistirilmistir. Sistem durumlar1 ve bozucu etkileri i¢in gézlemci
teknikleri hata saptanmas1 amaciyla uygulanmustir. Oncelikle eyleyici sistem iizerine
diisen bozucu yiik, 6zel bir gézlemci tasarlanarak tahmin edilmistir. Bu gozlem
sonunda ¢ikan tahmin, hatali bir durumla iliskilendirilerek rezidiiel (artik) bilgisi
olarak degerlendirilmistir. Bu rezidiiel 6nceden tanimlanmis esik degerini ki bu da
sistemin, hata durumlarn ic¢in uygulayabilecegi maksimum takat kuvvetine
esdegerdir, gectigi anda hata tespiti baslar. Prosediir daha sonra hata saptama
adimiyla devam eder. Bu adimda eyleyicinin belli araliklarla alinan konum bilgisi ve
istenilen eyleyici konum bilgisi arasindaki fark analiz edilerek kitlenmenin

gerceklestigi dogrulanir.

Anahtar Kelimeler: Elektro Hidrolik Eyleyici, Durum Gozlemcisi, Bozuntu

Gozlemcisi, Model Tabanli Ariza Kestirimi
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TERMINOLOGY

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 from the acceptable/usual/standard condition.

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

under specified operating conditions.

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

system’s 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
determine a 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 a required task.

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

fault. Includes fault detection and isolation.

XXVi



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

Model-Based fault detection: 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

measurements and model based computations.

Threshold: Limit value of a residual’s deviation from zero, so if exceeded, a fault is

declared as detected.

XXVii
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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 other types 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 simple applications 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 [3],

military, etc. hydraulic power technology is extensively used.

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 conventional hydraulic systems with feedback devices, control electronics and
complex computing elements [4]. These integrated systems are often called as
electro-hydraulic systems where inputs are usually electric signals and the desired
output (force, torque, 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 variables and 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 designing a precise 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 and more complex 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 deteriorating effects or even 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 are 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 maintain performing the required task. It’s related with the
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 complicated systems 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 faults and the life of a system by performing extensive
endurance and life tests, they are often quite expensive and time-consuming
processes and test methods also rely on statistical results. For cost effective, precise
and reliable system designs using prognostic and 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 impact and 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 immediately 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 moslty they rely on electro hydraulic 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 discussed before 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 generally complicates the
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 aircraft [7].

One of the trend topics in fault detection of aerospace hydraulic applications
is about control surface jamming. Jamming is a system failure where a control
surface or a control effector is permenantly stuck at its current position. This
could 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 aircraft. 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 type 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 motion which 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 thesis study 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 that the jamming at deflections close to null
(zero) deflection, corresponding to the mid-stroke point of an actuator, is a special
case which leads to additional challanges regarding its idenfitication [31]. As all of
faults within a flight control actuation system, except jamming, result in a non-zero
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. Therefore, the detection 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 input maneuvers where the
aerodynamic forces acting on the control surface are high [10]. 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 by simulating
permanent jamming with small input demands on an electro hydraulic actuation test

bench.



In order to achieve this goal, model-based fault detection methods are applied.
Firstly, the mathematical model of the actuation system is required to analyze system
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 phenomena might 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 information 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 disturbance 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 faults to be of concern in the electro-hydraulic
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 objective and the motivation
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 systems are 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 model and signal-based
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 control actuation) applications.
Model-based strategies for fault detection and diagnosis purposes are introduced in
this chapter. Mainly, Observer and Kalman-based methods are focused. Further
model-based methods for FDD are also referred. Then it is followed with the model-
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 actuation system is performed in Chapter 3 in
order to move on with the model-based 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 electro-hydraulic
test bench system are given under two main parts. The first part describes the overall
electro-hydraulic 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 represents 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 the detection 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 controlled actuator 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 results. In order 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 compared with a threshold to
identify the faults to be interested. The results for faulty jamming cases 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 investigated results are summerized and the conclusion is made based

on these results.






CHAPTER 2

LITERATURE REVIEW

2.1 Faults in Industrial and Flight Control Hydraulic Actuation Systems

A fault is an unpermitted deviation of at least one characteristic property

(feature) of the system from the acceptable, usual, standard condition.’’ [6]

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 pressure 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 types of 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 failures 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 category may include lock-in-place (LIP,
a.k.a ‘Jamming’), float, and hard-over failure, while the other is referred as the loss-
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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Figure 2.1. Types of control actuator failures (a) LIP (Jamming), (b) Float, (c) Hard-over, (d)
LOE [17]

Lock-in-place type failure are also sometimes specified as jamming or jammed
at a fixed position. Control surface actuator jamming can create an asymmetry 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 overall fuel consumption 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 control surface, the
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
achieved 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-up of the actuator dynamics which may be due to a
mechanical disconnection (broken rod), and slowing-down 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 worst-case scenario for 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 transferred 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) faults. 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 observed at 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 control inputs 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 remain undetected 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 for small actuator input demands. [18]

Another important type of failure in flight control systems is so-called
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 control surface servo control loops and could excite aircraft structure
amplifying structural loads. The major difficulty in the OFC is its nature of having

unknown amplitude and frequency. [19]
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2.2 Fault Detection and Diagnosis

Fault detection and diagnosis are fundementally 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 observed states needs
heuristic knowledge. Hence, fault detection and diaognosis may be considered
as a knowledge-based approach. [20] Below figure shows the overall layout of
the knowledge-based fault detection and diagnosis.
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Figure 2.2. Layout of the knowledge-based FDD aproach [20]

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.

e Limit value checking of directly measurable signals
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e 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, amplitudes and
frequencies or parameters.

e Model-based 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 manipulating some characteristic values like physical system
coefficients, filtered or transformed residuals. This information is then compared
with the nominal values of the non-faulty process. Consequently, the resulting
changes in the mentioned three methods can 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 diagnosis 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 this data 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 FDD-method(s) with software-in-the-loop simulations. When
the developed FDD system is ready and mature enough for the implementation of
the final software, then the real system tests and tuning processes can be carried out
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through hardware-in-the-loop simulations. Real time simulation of the

process/system is achieved with an enhanced sensor-simulation interface.

2.3 Faults Detection and Diagnosis in Industrial and Flight Control Actuation

Systems

Fault detection and diagnosis in hydraulic actuation system applications
primarily refers to two distinct approaches, signal-based and model-based methods.
In model-based approach, measured varibles or states in the system are analyzed 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 output signals. Model-
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 signal-based 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 signal-based 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 in signal-based
fault detection methods [6].

Sepasi, M. utilized a novel model-based methodology for health-monitoring of a
hydraulic actuation system [21]. 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) algorithm is 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 simulation results with 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 results with the 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 test rig located 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 prototype [22]. In
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
adjustments 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 (pump, control and check valves,
reservoir, actuator, etc.) [23].In 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 responses in simulation.
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 Lyapunov-based approach, is used for FTC purposes. The
back stepping 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 parameters due 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 detection circuits. 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 integrated electronics for FDD
applications in aviation have also significant advantages like weight saving, less

number of mechanical components and higher reliability. [24]

Modern Fly-By-Wire aircraft flight control are getting more complicated with
sophisticated 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
software may 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 other 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 safe-life. This
concept can also be referred as resistance to failure and is essentially used 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 been towards 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 new designed 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 concepts which use 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 completely isolated from
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 increasing number 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 model based 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 identification of direct drive valve (DDV) failures [25]. 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 implemented on a DSP (digital signal processing)
real-time 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 stages. Goupil et al. 2015, investigates model-based
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 cases [19]. Real-time estimations of the desired state
(position of control surface or actuator rod) is accomplished by non-linear local
filtering and non-linear observer methods for OFC. By comparing the estimated state
with the real one, a residual is generated which is 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 author, the basic 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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model-based solutions in the study, has received certification on new generation
Airbus A350 aircraft.

Another study about actuator lock-in-place failure are carried out again by Airbus
specialists. Cieslak et al. 2014, develop a signal-based detection method for those
kind of failures [18]. The strategy proposed in the paper is based on two successive
steps. The first step comprises estimation of on-line 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 decision making algorithm 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 are obtained, an evaluation rule,
together with predefined threshold values, is applied for confirmation of the
researched fault cases. The signal-based approach developed in the study is also
tested and validated on an Airbus actuator test bench using recorded flight-test data
from A380 elevator actuator.

A new method is proposed by Eykeren et al. [26] for the detection of solid,
liquid jamming and surface disconnection cases in flight control actuators. The
approach to detect those failures in the study is based on 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. Marton, L. 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 and fault-free
cases where the input energy depends on the actuator’s velocity and then obtain 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, model-based linear parameter varying (LPV) techniques are applied
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 conditions, 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 energy, so-called
Narendra signal evaluation scheme [30]. 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 end, the 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 model-based 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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2.4 Model Based Fault Detection and Diagnosis Methods

Model-based 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 residual evaluation where the norm of
the residual signal is generated and decision making where the evaluated residual

signal is used in a simple threshold based logic [31].

Faults in a system change the expected system dynamics and perhaps the nominal
model parameters. 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 residual signal 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 uncertanities within 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 an easy task for 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 measurement noises. Residual 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, then the residual 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
trade-off between false alarm rate and fault detection sensitivity is to be made in

order to achieve the ‘optimum’ fault detection results.
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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 missing state variables for control purposes [32]. The Luenberger
observer assumes a linear time invariant system described by the following

equations:

X = AgysXx + Bgys Ui (2.1)
Y = Csysx (2.2)

where x stands for the system states, u;, for the input(s) and y is the

measurement. Ay, Bsys and C,,s all are from the state space representation of the

system. The Luenberger Observer is the constructed as:

% = Agys® + Lops(y — 9) + Bsystiin (2.3)

Y = CgysX (2.4)
Where the observer’s estimation of the system states and the output are denoted
by X & y and L is the gain matrix of the observer. Dynamic behaviour of the state
estimation errors is determined by the eigenvalues of the Ag,s — LopsCsys Matrix.
Therefore, if matrix Agys — LopsCsys is Stable, then the estimation errors will
converge to zero for any initial error vector. Furthermore, if the eigenvalues of matrix
Agys — LopsCsys are chosen in such a way that dynamic behavior of the state
estimation error vector is asymptotically stable and adequately 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 Observers and Sliding Mode Observers. Robust residuals generation in
FDD algorithms may also be achieved by using specific type of observers such as
Unknown Input Observers (U10) [33] and Sliding Mode Observers [34].

Another typical method used for residual generation 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 [36] and since then the Kalman Filter has been extensively used
for many applications in industry. This filtering method is applicable for stochastic

linear systems described by the following difference equation:

Xk+1 = Asys Xk + Bsysuk + Wi (2-5)

and the measured output equation y, is defined as

Vi = Hxp + vy (2.6)

where A, is the state matrix, By, is the input matrix, H is the output matrix,

x is the state vector, y is the system output, u is the input, w is the process noise and
v is the measurement noise. Both process and measurement noises are assumed to
have a zero-mean and to be Gaussian distribution with the following process noise

Q, and measurement noise matrix R.

Q = E[wy WkT] (2.7)

R=E[v, o] (2.8)

The Kalman Filter performs the estimation in a predict and correct manner.
Equations for prediction are responsible for the priori estimation of the state vector
%, at k™ step. This so-called ‘Time-update’ equation uses a priori state estimate

vector as follows.

21: = ASyS 5C\k—1 + Bsysuk (29)

Here X,_; IS a posteriori (corrected) state estimate vector and u, is the
known input. By subtracting the measured and the estimated output, the residual is

calculated as:
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Vi — HEf (2.10)

Measurement update or correction equation is then used together with a

posteriori state estimation vector to obtain the posteriori estimates as follows.
X = R + K (v — HE) (2.11)
Here X, is a priori (predicted) state estimate vector and K, is the Kalman

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

respectively;

P = Asys Pk—lAsysT +Q (2.12)

Where Kalman Gain is obtained by the following equation as referred in [37].

K, =P;HT(HP HT + R)™! (2.14)
k k

Kalman Filter is initialized with a posterior estimate P,_, covariance and the
state X,_;. Then, the defined predictor-corrector algorithm is recursively applied at

each iteration k. The recursive relation of the Kalman filter is represented in Fig. 2.3.
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Figure 2.3. Kalman Filter Structure [21]

Besides its use in state estimation, Kalman filter has also been extensively
used in fault detection and diagnosis applications. Goupil et al. [18] 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 signal lanes that carry control surface (or actuator
rod) position information. Proposed model-based solutions in the study, has received
certification on new generation Airbus A350 aircraft. Okita et al. investigated foot
slip detection with the Kalman Filter and the Unscented Kalman Filter (UKF) [38].
Sepasi also developed an Unscented Kalman Filter based methodology for the fault
monitoring of an electro hydraulic actuation system [21]. He calculated the moving
average of error (MAE) for the detection of various faults from external&internal
leakages to sudden loss of load. Two different faults in EHA system are were
diagnosed by Chinnah using Extended Kalman Filter method [39]. He followed a
different approach than using Kalman Filter as a residual generator. Rather, 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 model-based methods are also used for residual generation and fault
detection purposes. Some examples are frequency domain approach by Frank and
Ding [40], parity space approach by Willsky [41] and differential-geometric
approach by Massoumnia [42].

2.5 Model-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 mobel-based
FDD scheme. One common approach is to linearize the mathematical model around
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 more 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 quasi-LPV description and therefore allow some
relatively mature linear-like control method to be applied. Based on that, many
theoretical sound control system design methods are successfully applied to the
missile LPV systems by Ganguli et al. [43] Yu et al. [44].

Among the existing FDI researches on LPV systems, Bokor and Balas
[45] extends the fault detection filter for LTI system to a class of LPV systems using
standard geometrical algorithms. Abadallaet al. [46] and Casavolaet al.
[47] proposed frequency domain based FDF design method for a class of polytopic
LPV system using Hoo/H- performance index. 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, Cui, et al [48]. 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 geometrical algorithms originally proposed by Bokor and Balas [45].

Ossmann and Varga [49] proposes a synthesis approach consisting of two steps
of robust fault detection filters for model based 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 step, a multi-objective 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 angle-of-attack sensor.

Ossmann et al. [31] 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
discrete version of the LPV-model based fault detection approach of Varga et al.
(2011) is proposed, extended with the fault identification functionality. The error
residual r(t) 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 6,.(t), representing an approximation of the norm of the residual
signal, is obtained by using a Narendra type fault evaluator [30]. Overall method
goes on with a threshold based decision making step and finally fault identification
algorithm based on computing the variance of n many samples of measured actuator
position signal after the 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 robustness of the designed FDD system for the whole range

of tests and a highly satisfactory detection performance.
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Figure 2.4. FDD System for monitoring of Jamming [31]

Details of the LPV-based FDD system for jamming 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 measurmenet w(t), actuator
position command u.(t) and several aircraft states p(t). 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 formulation together with the state of the
aircraft such as calibrated air speed, center of gravity along x axis and the aircraft
altitude.

Another study carried out by Ossmann [10], focused on the detection and
identification of the stall load phenomenon which occurs when 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 limited whereas jamming is
generally considered as a permanent system failure. A very similar LPV model-based
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 detection and
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 the development of the model-based 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 EHA and load simulator models
together with their design of control systems and the validation of the mathematical
models are given in the Ph. D thesis study completed by Caliskan [50] and the M.Sc.
thesis study performed by Akova [51], respectively.

3.1 Mathematical Modelling of the Valve Controlled System

Physical relation between the servo proportional valve and the hydraulic actuator
is illustrated in Figure 4-1 for modelling purposes. System dynamics of the load
simulator can be basically modelled with a proportional control valve and a single

piston actuator. Here, the signal u is 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

Figure 3.1. Components and their relations within the load simulator system [51]
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In Figure 3.1, the position of the piston is denoted by x,, and the total mass
of the piston and its attached parts is expressed by m,. The 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 represented by k.

3.1.1 Proportional Control Valve Model

The control valve used in the load simulator is a four way, zero-lapped
proportional control valve it is responsible for the drive of the control flow. Spool
displacement x,, within the valve is proportional to the input voltage u to the valve.
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 the valve itself.
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 2 ¢
Proportional Valve X Control Flow {c

Valve input Dynamics spool Position Characteristics Control Flow
voltage

Figure 3.2. Schematic drawing of the load simulator system

The relation between the voltage command U (s) and the valve spool position
X, (s) can be considered as a following first order transfer function as the valve
dynamics are much more rapid than dynamics of the piston. Here K, is the steady

state gain and the T, is the time constant of the proportional valve.

X,(s) _ K
U(is) Tys+1

Gy(s) = (3.1)
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The transfer function in the Eqgn. 3.1 represents the motion of the spool with
respect to the given valve 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 (x,, = 0) and the retraction (x, < 0) cases, control flow equations can be

written as follows.

For extension, x,, = 0;

Supply, p. Return, p,
|

x,p—‘ | |_ | L N 1
g : — 3

T T '@

A B
l o2 @s
HFa Pa

Figure 3.3. Schematic of the valve motion in the extension case

’2

qca = Cawxy ; (bs — pa) (3.2)
2

4 = Cawx, ; (P — pr) (3.3)

For retraction, x,, < 0

Supply, g, Return, p,

7 L=l _A—_._J ‘

r e z ' a !
A B
Q2 T L)
Pa P

Figure 3.4. Schematic of the valve motion in the retraction case
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,2

qca = Cqwxy 5(pA - pr) (3.4)
2

dce = dexv ; (ps - pB) (35)

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

2
K, = Kade\/; (3.6)

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

flow equations are obtained as below.

For extension, x,, = 0;

Qca = Kyxy/ (ps - pA) (37)
des = KpXxyy (P —pr) (3.8)

For retraction, x, < 0

Gca = Kyxy/ (D4 — Pr) (3.9)
Ges = Kyxyoy (ps - pB) (3.10)
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3.12 Hydraulic Actuator Model

Once the flow equations 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 change of volumes or the flow continuity equations can
be expressed as follows.

. Vadpy

Gca = AsXp + B dr (3.12)
. Vg dpg

qcp = ApXp — B dar (3.12)

Volumes of the actuator chambers according to the piston position can also
be expressed as follows.
Va = Va, +Apx, (3.13)

VB = VBo - ABxp (314)

Where V, and Vg, are the chamber volumes at the mid stroke, i.e. x, = 0.

Since it is a single rod type actuator, load pressure is defined accordingly [52].

PL = Pa— app (3.15)

Where a represents the areo ratio between the rod and the piston side. For
simplification chamber areas may be expressed in terms of piston area and the area

ratio only.

a==2 4 =4, (3.16)
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For the steady state operation, compressibility terms in Egn.s (3.11) and
(3.12) vanish and this leads to;

Geass = ApXpo (3.17)

dcB,ss = aAPijO (3.18)

For the extension case where x,, > 0, combining the Equations (3.7), (3.8)
with (3.17), (3.18) the control flow equations can be written as:

Qcass Kvxv\/ (ps — pAO) ApXxpo

= (3.19)

Aepss K, %/ (Pgo — Dr) ~ adpkpg

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

pressures at the steady state case (3.19).

a’ps = a*pao + Pao (3.20)

Inserting the load pressure definition will give the below steady state

chamber pressures.

1
Pa0o =15 a3 (pL + a®ps) (3.21)

2

a
PBo = m (pL —ps) (3.22)

Applying the same procedure for the negative valve opening where x, < 0,

will give:

Pao (pL + aps) (3.23)

=1+0L3

2

Pro (ps — a®pL) (3.24)

=1+0L3
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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
it as a Taylor’s series expansion about a particular operating point at a specific x,,
(valve spool position) and a specific p, (operating pressure) values with eliminating

the higher order terms will give the below relationships.

q

dq
X, + %| p (325)

- 0x
Y po.xvo Po,Xvo

And, the flow coefficients will be:

K, =2 K, =2 (3.26)
q~ c~ T3, -
axv Po,Xvo ap Do Xvo
Simply, the flow equations for the control valve can be written as:
qca = KqA Xy — Kea Pa (3.27)
qcp = KqB Xy — K DB (3.28)

Where the flow gains are

9q Ky\/Ds = Pao for x, 20

Kaa = =V — (3.29)
ax” D A0 Xv0 Kv Pao for Xy < 0
J Ky for x, >0

Ky = q :{ v\ PBo v (3:30)
0x, PB0Xvo Ky\/Ds — Ppo for x, <0
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And the flow-pressure coefficients are

Ky X0

5 I{ —2 for x, =0
_9q _ 4 Ps — Pao
P A0 Xvo L— for x, <0
2y/Pao
K,
5 (- 5 vXvo for x, >0
Key ==+ Do (3.32)
PBlpsoxve | Y for x, <0

In order to obtain the final equations in terms of load pressure, chamber
pressure terms p,& pg 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.
1
Gea = Kqa Xy — Kcy mpL (3.33)
2
qcp = KqB Xy + Kep mpL (3.34)

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

PL = Da — aDp (3.35)

Together with the above relation, the flow continuity Eqn.sin (3.11) & (3.12)
and the control flow equations derived in (3.33) & (3.34), overall flow equations can

be simplified further to a single load flow equation as follows.

q., = quv - chL = Axp + CpL (336)

36



where

Vy
Kq = KqA + a_KqB (337)
1 a® v,
Ke=1rala—1yay, K (3.38)
Va
c=-2
5 (3.39)
v,
A= (1 + a2 —A) 4, (3.40)
Vg

and Newton’s second law of motion gives the force balance for the piston as:

F, = Apps — Appp — Fr = mpXp (3.41)
Where the friction force characteristics is simplified as having only a viscous

force component.

Ff(ffp) = bpXxp (3.42)
After adding the effect of spring stiffness to the actuator force equation will

come up to the following equation.

mpjc.p + bpf(p + Fd = AppL (343)

The ultimate control parameter for the electro-hydraulic load simulator is the
force exerted to the elector hydrostatic actuator system F, is 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 Akova [51], the only concern here

is the effect of disturbance on the system.

F= ks(xp —xq)=Fy (3.44)
Finally, the servo actuator dynamics between valve spool position command

u and the actuator velocity x,, can be represented as in the below block diagram.
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Figure 3.5. Block diagram representation of the open loop load simulator system

The parameters used for the mathematical modelling of the valve-controlled

load simulator system are given in Table 3-1 below.

Table 3.1. Parameters of the Load Simulator system [51]

Parameter Description Value Unit
Ay piston side cross sectional area 2827.4 mm?
Ag rod side cross sectional area 2120.6 mm?
my mass of the piston 3 kg
K, flow gain of the proportional valve 22270 m—m3
sVVMPa
T, servo proportional valve time constant 0.002 s
Va, initial volume of the piston side chamber 325200 mm3
Vs, initial volume of the rod side chamber 243900 mm?3
b, viscous damping coefficient 6.5 N:s/mm
Ds supply pressure 12 MPa
B bulk modulus of the hydraulic oil 1300 MPa
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3.14 State Space Representation of the Open Loop System

Actuator system dynamics are described by the following three equation.

Fg +pLAp — bpxy, = myx, (3.45)
q, = Axp + CpL = quv - chL (346)
XpTg +x, =u (3.47)

Selecting the state variables as below;

x; = x, (piston position),x, = X,(piston velocity) (3.48)

x3 = p,(Load Pressure),x, = x, (Spool position) (3.49)

Above differential equations can be re-written in state space form as follows;

%= % (3.50)

_ b, A, 1

Xy = —m—X2+m—X3—m—Fd (351)
p p p

X3= — X cx +?x4 (3.52)
)= —— + ! 3.53
X4 = Tax4 Tau (3.53)
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In Matrix form, the equations become;

o
[EEN
o

0] 0 0
b, A i
0 p P 0 X, 1
Mo M ol m %l
2 14 d
o A K KT o] e
C C C||x 1
0 0 0 ! O =
T, ) .
X1
~ X, F, (3.55)
y=11 0 0 02|+ 0|4
X4
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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 accumulator for
differential flow compensation. Physical relations within the EHA system together
with the variables used in modelling are illustrated in Figure 3-6 in order to get an
insight to complex interactions between the system components. A basic schematic

view is also supplied to simplify these relations in Figure 3-7.

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, a state space 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
completed in the Ph. D. thesis of Caliskan [53].

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, about 7-8
bar, the shuttle valve is partially opened to either both chambers or only one of the
chambers. The spool of the pilot-operated spool of the shuttle valve positions itself
naturally. For the other case where the load pressure exceeds these 7-8 bar of
differential pressure, then 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 the load 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 detection of 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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Figure 3.6. Components and their relations within the EHA system [50]
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Figure 3.7. Simplified schematic drawing of the EHA system and its components [50]

In order to give an insight into the system dynamics, the 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 is also derived 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.

The accumulator pressure and temperature responses are considerably
slow, with respect to the other components so accumulator dynamics are
neglected.

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. Therefore, spool dynamics of the shuttle valve is not
considered.

In a fully opened shuttle valve condition, only one hydraulic chamber
determines the pressure dynamics since the hydraulic accumulator
capacitance together with the hydraulic conductance of the shuttle valve
are considerably high. In other words, change in the load pressure will be
equal to one of the chamber pressures as 6P, = 8P, or 6P, = 8P,

depending on the open side of the shuttle valve. [50]
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Figure 3.8. Physical subsystems and their relations included in the system dynamics of the EHA

3.2.1 Electrical and Rotational Mechanical System

The electric motor and the hydraulic pump are assumed to be coupled through
a rigid coupling. Therefore, 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

krig = Uiy + (by)wy + Dy(Py — Pp) - 1073 (3.56)

where, Jy; = Ju +Jp and by, = by, + b, , are the total effective inertia and

Peha

friction coefficients, respectively. Note that for unit conversion, the last component

in the above Equation 3.56, is multiplied by 107 as the D, AP multiplication produces

torque in Nmm where the unit for the pressures (P, ;) is MPa or simply N/mm?.
ks = electric motor torque constant in Nm/A
wy = angular speed of the electric motor and the pump in rad/s
Ju = inertia of the rotor of the electric motor in kg - m?
Jp = inertia of the hydraulic pump rotor in kg - m?

D, = pump displacement in mm3/rad

= viscous friction coefficient of the pump in Nms/rad
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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.

APeha (Pa — @enaPp) = Mepaya + Fp + Ffeha (3.57)
where,
Vo = actuator piston position in mm
P, P, = piston and ord side chamber pressures in MPa
Ap,,, = piston side cross sectional area in mm?
Mepg = mass of the piston and rod of the actuator in kg
Aoha = pressure area ratio of the EHA hydraulic cylinder
Fp, = disturbance force acting on the actuator in N
H= leakage flow coefficient of the pump mm3/s - MPa
bona = viscous friction coefficient of the actuator in Ns/mm

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 high-fidelity simulation analysis.

Ffeha = benaYa (3.58)
The flow continuity equation for the piston and the rod side chambers can be
written with considering the leakage flow proportional to the load pressure as

follows.

CCI.PL == Dp(,l)M - A}’A - HPL (359)

CpP, = —Dpwy + AengAys — HP, (3.60)
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3.2.3 State Space Representation of the Pump Controlled Open Loop EHA
System

Actuator system dynamics are described by the Equations presented from
(3.56) to (3.60).

Selecting the state variables as below;

x; = Yy, (piston position), (3.61)
x, = ya(piston velocity), (3.62)
x3 = P, = (P, — apngPp)(load pressure), (3.63)
x, = wy(electric motor speed) (3.64)

In Matrix form, the open loop system becomes;

[%] = [Aehal [x] + [Benal[u] (3.65)

where, the system matrix A.p, and the input matrix Bp, and with u,, the motor

torque & F,; disturbance load taken as input u as follows.

Uy
[u] = [ Fd] (3.66)
0 1 0 0
0 — bpeha APeha 0
Meha  Meha
Acha = 0 _% _E & (3.67)
Cc C c
D b
o o D b
v Im
T
[0 o 0 O ]
By, = [ ) J (3.68)
0 0 0 -
Ju
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The parameters used for the mathematical modelling of the electrical and

rotational mechanical subsystems are given in Table 3-2 below.

Table 3.2. Parameters of the electrical and rotational mechanical subsystems [50]

Parameter Description Value Unit
kr torque constant 1.52 Nm/A
Ju rotor inertia of the electric motor  27.3 -10™* kg - m?
Ip hydraulic pump rotor inertia 193 -107*  kg-m?
D, pump displacement 8 cm?/rad
by motor viscous friction coefficient 7-1073 Nms/rad
pong  PUMP Viscous friction coefficient  0.035 Nms/rad

The parameters used for the mathematical modelling of the hydraulic and

translational mechanical subsystems are given in Table 3-3 below.

Table 3.3. Parameters of the hydraulic and translational mechanical subsystems [50]

Parameter Description Value Unit
Ay eng  Piston side cross sectional area 2827.4 mm?
Aeha area ratio 0.75 -
m,,,  Mass of the piston and the rod 9.6 kg
viscous friction coefficient of the
bena actuator 6.3 Ns/mm
piston side hydraulic chamber 3.
Cq capacitance 302.5 mm?®/s - MPa
Cp rod side hydraulic chamber capacitance  302.5 mm3/s - MPa

Capacitance values of C, and C, are assumed to be constant to a value of C

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 the hydraulic test bench which is designed and
constructed by Caliskan [50] and Akova [51] is shown in Figure 4-1. It consists of
two distinct electro hydraulic actuation systems. The one on the left is an electro
hydrostatic actuation system controlled by a hydraulic 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 control of the load 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 is used in 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 system. One of the most significant
novelty in the system is that unequal flowrates for the retraction and extension sides
are compansated using a hydraulic accumulator and a 3-position 3-way shuttle valve.
Together with the position of the piston of the EHA, speed 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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Figure 4.1. Schematic drawing of the hydraulic test bench [50]

Components of the EHA System

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

e A Siemens 1FK7083 series 3-phase permanent magnet AC
synchronous motor,

e A Bucher Hydraulics QXM22 series constant displacement pump
(with a displacement of 8 cm3 /rev),

e A Hanchen single rod actuator with a 200 mm total stroke, 60/30 mm
of piston and rod diameters, respectively,

e A 5 [ accumulator with a 25 bar gas charge pressure. At the
beginning of each test, the hydraulic accumulator is charged up to a

desired pressure level.

50



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

e Three TRAFAG 8472 pressure transducers with a rated pressure of
250 bar and 0-10 V of analog output signal,

e A Novotechnik position sensor inside the EHA with an analog output
signal of 0-10 V/,

e An ATEK linear encoder with a grid spacing of 20 um and a

resolution of 5 um at 4X decoding.

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

in the below figure 4-2.
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Figure 4.2. A photo showing the experimental test rig [50]
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4.3

Components of the Load Simulator

Load simulator system consists of the following components;

A Parker Hannifin DFplus Servo proportional control valve,

A Hydraulic Power Pack including;

o

A Gamak cage 3-phase induction motor with a power rating of 11
kw,

A Bucher Hydraulics QXM31-032 series constant displacement
pump (with a displacement of 31.2 cm3 /rev,

A Bucher hydraulics DVPA-1-10-SM pressure relief valve

A 151 SAIP bladder type hydraulic accumulator with a
maximum operating pressure of 350 bar

FIREFLEX DIN EN 853 SAE1000R2 AT 1/2" hydraulic hoses
as transmission line elements

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

Hydraulic Reservoir of 120 liters

An EATON HP 61 10VG series pressure line, stainless steel wire

mesh filter

A Burster Model 8524 tension and compression force transducer with a

maximum measurable load of 20kN and a natural frequency of 4 kHz

[54]. Output signal of the transducer, which is in the range of 7.5 mV, is

amplified with an amplifier having a bandwidth of 1 kHz.

Two TRAFAG 8472 pressure transducers with a rated pressure of

250 bar and 0-10 V of analog output signal. Chamber pressures are

measured using these sensors.

A Novotechnik position sensor with an analog output signal of 0-10 V/,

An ATEK linear encoder with a grid spacing of 20 um and a resolution

of 5 um at 4X decoding.
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Figure 4.3. Hydraulic Power Unit of the Load Simulator [51]
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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 real-time target machine with a variety of analog and
digital 10 (Input-Output) modules. The target machine is utilized as the DAQ
(data acquisition) and system and the control computer. This system is called as
‘target PC’ in figure 4-1. MathWorks® xPC Target™ real time kernel is running
on the target PC, and it accomplishes the real time control of the two actuation
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 called as ‘host PC’ in figure 4-1. The MATLAB® R2011a
software, together with Simulink®, Real-Time Workshop®, xPC Target™ and
necessary SpeedGoat 10 drives are installed on the host PC. The designed
controller and FDD algorithms in MATLAB®/Simulink® environment is
compiled by a VisualC compiler in the host PC and downloaded to the real-time
target machine via an Ethernet communication. The solver of the control

algorithm is selected as 4th order Runge-Kutta (ode4) with 1 ms fixed step.

Additionally, the SpeedGoat target machine is equipped with 10105 analog
input, 10111 analog output, 10401 TTL/SSI encoder and 10203 digital
input/output modules. The 10105 module comprises 32 differential analog input
channels of 16-bit resolution. This module acquires the voltage outputs of the
pressure, position and force transducers. The 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 measured 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 unit. An analog communication
interface is established between the real time Target Pc and CU320 control unit
using Siemens TM31 terminal module. There is also a CAN-bus communication
between the CU320 and the target PC. A supervisory controller manages this

interface.

Figure 4.4. Speedgoat Real Time Target Machine [51]
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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
developed. 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 the chapter, 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
method, observer design is commonly used for FDD purposes. Opposing load on an
actuator could be considered as the main source of that actuator’s being unable to
generate further control movement permanently or temporarily. Therefore, it is vital
to observe the 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 used. If the time rate 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 reference and the measured position of the actuator. Basically, moving
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average of the position feedback is calculated and compared with a defined threshold

value in the fault identification.

51.1 State Observer Design for the Load Simulator System

A Luenberger observer is to be designed initially for the valve controlled load
simulator system 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 system parameters given in section 3.1.3, following matrix
equations can be obtained.

0o 1 0 0
a0 -2168 94247 0 |,
0 —1978 0  452.66
0 0 0 —500
(5.15)
0 o0
0 500
_ Fy
y=1[1 0 0 o0][x]+][0 o][u] (5.2)

where x stands for the system states, u for the input(s) and y is the
measurement and system matrices Ay, and Bigm are defined for the load

simulator system as below.

0 1 0 0
o —2.168 942.47 0
Assim = 0 —19.78 0 452.66 (5:3)
0 0 0 —500
0 0
—0.333 0
0 500

Open loop poles of the valve controlled system is calculated as:
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0 + 0i

_ —1.08 + 136.54i

Polsim = _1 08 — 136.54i
~500 + 0i

(5.5)

Fourth pole of the open loop system corresponds to the dynamics of the servo
proportional valve and a build-in control electronics is installed within the valve
manifold. Thus, a closed loop control already 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 observer structure 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 negative real side. Whereas there isn’t any available
feedbacks for the velocity (second 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. Accordingly, the desired
poles for the Observer is chosen as:

—54 0i
=30+ 140i

Peisim = _30 _ 140;
—500 + 0i

(5.6)

Finally, the gain matrix of the Observer can be found using ‘place’ command
in Matlab as below:
—0.0179  1.4720-107°
— .10-6
0.0034 2.5707-10 (5.7)

Lyci =
Isim = | _0.0244 5.9680-10~7
—0.0035 —1.0014-10"°

The MATLAB®/Simulink® model of the designed Luenberger Observer,
implementing Eq.s from (5.3) to (5.4), is given in Figure 5.1. The model accepts the
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proportional valve input command u, measured position signal y and the estimated
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 velocity x,, and using this signal, disturbance observer
estimates the load acting on the piston. This estimated disturbance signal is

simultenously used in the state observer.

( 1 ) ’l u.u"’n,
Estimaled Disturbancs Load [N) -

and Vialve input Voltage [V] 8 Matrix
Cz ) ». —» | '\L_/;z——»v-{\- — > ; » 1)
Actuator Posigon fmm) and \"/ i — Estimated States
Load Presswre |MPa) Feedbacks Chserver Gain ]
Madsix
—‘\'.’;_‘.A‘«'u ]q -
A Matrix
2
— G -
\\;~J
C Matnx

Figure 5.1. State observer model for velocity estimation
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51.2 State Observer 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) and (3.73)
together with the system parameters given in section 3.2.3, following matrix

equations can be obtained.

0 1 0 0
. |o —673.07 302072645 0
XI=1o0 o35 0 0.4408| X}
0 0 ~5369.86 —2.39
(5.8)
0 0
~0.107 0
F
+ 0 0 [Fq u]
0 342.465
100 0 F
v=1p o o X1+00 0] (5.9)

where x stands for the system states, u for the input(s) and y is the

measurement and system matrices A and B are defined for the EHA system as

below.
0 1 0 0
_ |0 —673.07 302072.645 0
Aena = g 935 0 0.4408 (5.10)
0 0 —5369.86 —2.39
0 0
—-0.107 0
= 11
BEHA 0 0 (5 )
0 342.465
Open loop poles of the EHA system is calculated as:
0+ 0i
_ —336.26 + 1646.9i
Po EHA = _336 26 — 1646.9i (5.12)

—2.9594
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Fourth pole of the open loop system corresponds to the servo motor speed
dynamics. Servo motor dynamics are already controlled with a PI 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 the observer 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. Whereas there isn’t any available feedbacks for the velocity
(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 observer poles should be placed to
further left. Accordingly, the desired poles for the Observer is chosen as:

—0.1+ 0i
_ —400 + 1646.9i

PcEHA = _400 — 1646.9i
—3.0 + 0i

(5.13)

Finally, the gain matrix of the Observer can be found using ‘place’ command
in Matlab as below:

30 0.5

2.25¢ + 05 125
= 14
Lena 1.2e+03 0.1 (5.14)

3.2e+02 20

The MATLAB®/Simulink® model of the designed Luenberger Observer,
implementing Equations from (5.10) to (5.11), is given in Figure 5.3. The model
accepts the servo motor torque command u,,, measured position signal y, and the
estimated disturbance from the disturbance observer designed in the next section
5.1.3. At the end, state and disturbance observers works simultenously for the EHA.
The desired output of the state observer is the piston velocity y, , the load pressure
P, and using these signals, disturbance observer estimates the load acting on the

piston. This estimated disturbance signal is simultenously used in the state observer.
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Figure 5.2. State observer model for velocity and pressure estimation

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 shown 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 structure (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

Feedbacks

—_— ]
_— ]

State
Observer

Actuator Position

Velocity

Feedback

Load Pressure

Disturbance
Observer

Disturbance
Estimation

Figure 5.3. Observer Structure of State and Disturbance Estimations for the EHA
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513 Disturbance Observer Design

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

the force equilibrium on the either can be re-written as below.

Fy = —myi, + pLA, — by, (5.15)

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

Fd == _mp).CZ + ApX3 - prZ (516)

Estimation of the disturbance load is defined as d and the dynamics of this

estimation with an observer gain L, can be designed as follows. [55]

d = —Ly(myx, — Apxs + byx, +d) (5.17)

In the above equation, derivative of the disturbance uses the derivative of the
state x, which will probably cause a noise amplification by the high observer
gain L,. Thus, it might not be practical to go on with the implementation of this
method. In order to avoid this problem, an auxiliary variable { can be preferred,

as represented by [56].

{= —d—Lim,x, (5.1816)

and the dynamics of this variable is
Z = _Ll (Z + lepr) + Ll(bpxz - APX3) (519)
By using load pressure and piston position information and the velocity
estimation, is accepted in the disturbance observer model. Therefore, having the

load pressure and the velocity state information, the observer can be examined.
The MATLAB®/Simulink® models of the designed disturbance observers for
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the load simulator and the EHA systems, implementing Equations (5.18) and
(5.19), is given in Figures 5.4 and 5.5.
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Figure 5.4. Disturbance Observer model for the Load Simulator
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Figure 5.5. Disturbance Observer model for the EHA

At this point, its worth noting that the direct usage of the chamber pressure
information significantly increases the fidelity of the disturbance observer model.
Yet, pressure feedback might not always be available for an aircraft fly-by-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 this pressure information if it is available.
Considering the case for this thesis study with the absence of the pressure
information, the state estimation described in section 5.1.2 could still be decent for
disturbance estimation for an electro-hydrostatic type actuator.
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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. Note that a
comparison is made for the disturbance estimations with and without using pressure
information. The same disturbance observer model is valid for both actuators in the
test setup and the pressure information in any actuator’s chambers could be
preferred. 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 simulator is 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 as shown in the following Figures 5.6 and
5.7.
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Figure 5.6. Reference Position Input to the EHA
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Figure 5.7. Reference Force Input to the Load Simulator

In the closed loop tests, position of the EHA is kept constant at 100mm after
t =6seconds. (see Fig. 5.6). Force signal with varying its amplitude and frequency
values is generated as the reference input for the the load simulator 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 between 1-2 kN interval while the frequency values are adjusted between
0.5-2 Hz (see Fig. 5.7). Data acquisition is achieved with two system operating
simultaneously. Velocity estimation via a dedicated Kalman Filter performed by
Caliskan [50] is also given together with the velocity estimation output of the 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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Figure 5.9. Kalman Filtered Velocity Estimation vs. Observer based Velocity Estimation of the
EHA
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The state observer gives accurate results, with less than 0.1 % 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 observer and the estimation by a Kalman Filter [50]. This can be
explained by the fact that the estimation, performed by Caliskan, uses a Kinematic
Kalman filtering method whereas in the velocity estimation using by the state
observer in this study relies more on 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.
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Figure 5.10. 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 32" and 34" seconds of the simulation as in the 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.

69



Motor Speed (rpm)

Motor Speed vs. Time
500 -

Estimated
Measured

-500 [~

-1000

-1500

2000 I I I I I I I I |
0 10 20 30 40 50 60 70 80 90
Time (s)

Figure 5.11. Measured Motor Speed and the Motor Speed Estimation for the 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

ist available for this state variable. In addition to the state estimations, the

comparison for the disturbance force estimation is also given with the following

figures.
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104 Disturbance vs. Time
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Figure 5.13. Disturbance Estimation (Zoomed)

Considering the results for the disturbance estimation, it could be concluded
that the designed disturbance observer gives good estimation results for the steady
state cases as can be seen in Figures 5.12 and 5.13. Though, there is some deviations
from the measured force between the disturbance estimation without using pressure
feedback especially in transient regions (for example around a 0.2-0.3 second
difference in rise time), the estimation still reflects the disturbance dynamics with an
adequate level of reliability. The usage of pressure feedback might cause the
difference between the estimation dynamics of the two methods (with and without

pressure feedback).

After about 7-8 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 situtation since the shuttle valve inside the EHA system becomes fully
opened after about 7-8 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 identification process, 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 signal i(t) is generated which triggers the fault identification
process if the variance o of the disturbance rate |Fd_obs| exceeds a predefined
threshold. The threshold value t for jamming cases is chosen according to results
with unjammed test cases. 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 from output test data.

1 if o|F >
i(t) ={ i 0|Fa ons| 2 7 (5.20)

0 if Gle_ObS| <T

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

be summerized with following steps.

1. Collection of n samples of the estimated disturbance rate Fy, ,,s(t):

such that

Fd_obsl = Fy_obs(t; + 1), ---'Fd_obsn = u(t; +nt') (5.21)

where t' is the sampling time and the ¢; is the initial time

2. Computation of Fdobs_ jam @s the mean of n samples:

. 1o
Fagps,jam = ;ZJ d.obs; (5.22)
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3. Computation of the variance of n samples:

1 n . . 2
0= n—1 Zi:l (Fd_obsi - Fd_obsjam) (5.23)

Another parameter is needed to enhance the reliability of the designed FDD
methodology. Since the actuator rod stays approximately constant at the jammed
position, moving average x of the position tracking error may be analyzed to create

a jamming signal. Where the tracking error is defined as follows.

€ = YVreference ~ Ymeasured (5_24)

A fault confirmation signal wu(t) is generated which decides the presence or
absence of a fault if the moving average x of the position tracking error |e| exceeds
a predefined threshold. The threshold value z; for 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 average of the
position measurement. Using that fact, an additional fault information could be
extracted from output test data. Two threshold based steps consolidate the fault

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

KO =10 if el < (5.25)

One possible drawback of this computation approach is that it requires the
storage of n many samples, which may not be desirable for real time applications.
One alternative way is to use recursive computational 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 setting m;, = u,

and s; = 0.
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my = My_q + (Ux —My—1)/k (5.26)
Sk = Sie—1 + (U — Mye—1) /(U — Myc) (5.27)
for k = 2,..,n. Therefore,

Uigm = My and 0 = sp,/(n — 1) (5.28)

A varying counter loading is applied to the system in order to compare the
rate of the disturbance estimation with the rate of the measured disturbance load. The

results is given in the following figures.
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Considering the test results given for the counter load varied as a sinusoidal
wave, the region where the disturbance estimation without the chamber pressure
feedback is valid can be seen more clearly. In Figures 5.10 and 5.11 around 1000 N
of load, the disturbance estimation without pressure feedback fails because of the
neglected changes in the system dynamics due to the partially opening configuration
of the shuttle valve. Yet, in the dynamic loading cases above 2-3 kN 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 the derivative 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 at neutral
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 the jamming 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 position control 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 adjusting the counter load provided by the load
simulator and by locking the piston rod physically, see Section 5.3., required friction
force for jamming action is created. After holding the actuator in a prescribed
position with the help of the closed loop control, its rod is stopped by phsically
locking it and 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 low deflection 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 several different cases, both sinusoidal and sawtooth
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 simulations. The test scenario is applied under both
jammed and non-jammed situations to compare the performance of the developed
FDD system under faulty and non-faulty cases. The test cases investigated are listed
in table 5.1. Amplitude and frequency values of the 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 0.25 mm, 0.5 mm and 1 mm are chosen. To reflect
different demand behaviors of actuator position sinusoidal and sawtooth signals with
two different frequency values are taken. All of the faulty jamming conditions are
also simulated for the non-jammed nominal case. It should be noted that jammed
position are taken as 50mm. 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 also be applicable 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 maximum force that can be
measured by the load cell in the test setup. Unjammed cases are simulated under a
load of 4000N.

Table 5.1. Test Cases for Jamming

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

1 Jammed 50 mm Sine Wave [0.25mm,2 Hz 14000 N
2 Non-Jammed |50 mm Sine Wave [0.25mm,2 Hz 4000 N
3 Jammed 50 mm Sine Wave |0.5mm,1Hz 14000 N
4 Non-Jammed |50 mm Sine Wave |0.5mm,1Hz 4000 N
5 Jammed 50 mm Sine Wave |1mm,05Hz 14000 N
6 Non-Jammed |50 mm Sine Wave |1mm, 0.5 Hz 4000 N
7 Jammed 50 mm Sawtooth 0.25mm, 2 Hz 14000 N
8 Non-Jammed |50 mm Sawtooth 0.25mm, 2 Hz 4000 N
9 Jammed 50 mm Sawtooth 0.5mm,05Hz 14000 N
10 Non-Jammed |50 mm Sawtooth 0.5mm,05Hz 4000 N
11 [Jammed 50 mm Sawtooth 1mm,05Hz 14000 N
12 |Non-Jammed |50 mm Sawtooth 1mm,05Hz 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 follows.

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 on the 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 loads [58].

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 by cancelling its integral gain. The
jamming conditions are simulated under a proportional control.

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
degrees. 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 tail of F-16 is about 150mm [59] 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.

Control surface demand would be in the order of 1 degree (about 1-2 mm
actuator stroke) for 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
aerodynamics, so and so forth, it is reasonable to assume the control surface
demand anywhere between 0-1 degrees for low demanded cruise conditions
[60].

79



Resolution of the control surface movement is assumed as about 0.1 degree
which corresponds to a stroke around 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 developed FDD system
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 simulator and with using a mechanical locking assembly.
By this way, EHA piston is kept being stuck at the desired position.

Before conducting tests for the jamming cases defined in Table 5.1, a
comparison is made between the two possible jamming conditions; with the counter
loading by the load simulator 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 power for jamming. Overall locking assembly is given in
Figure 5.18.

Figure 5.18. Mechanical locking assembly used for jamming
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A sawtooth signal wave having 0.25 mm of amplitude and 2 Hz frequency is
given as the reference position for both counter loaded and mechanical jammed
conditions. Position responses and the reference position, load pressure variations
and the responses (torque and speed) of the servo motor of the EHA are plotted in
the following figures. Note 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.

Position vs. Time
50.4 —

Reference Position

Jamming with Counter Loading
Jamming with Mechanical Locking
Unjamming

50.3 —

3]

o

[N
T

Position (mm)
(1)
4
-

50 -

49.9 —

| I | | | I | 1 |
20 21 22 23 24 25 26 27 28 29 30
Time (s)

Figure 5.19. EHA position response under different conditions
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20 EHA Motor Torque vs. Time
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Figure 5.22. 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 the first condition. At the end, both techngiues give considerably similar
results in terms of EHA servo motor responses (see Figures 5.21 and 5.22) and the
chamber pressure dynamics. One of the main difference is that under the counter
loading EHA piston cannot 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 cannot move as seen in in Figure 5.19 even if the chamber pressures
change as in Figure 5.20. After this validation step, all of the test scenario is to be
examined with the faulty condition where jamming is simulated through the

mechanical locking.
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Reference and measured position, 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 test cases. Moving average of the position tracking error,
disturbance rate and its variance are given including both jammed and unjammed
cases in the same figures. Note that both jamming and unjamming conditions are
simulated by cancelling integral gain of the controller. 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 load (disturbance), 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:
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Figure 5.23. EHA Position Response under the Unjammed Case
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Moving Average of the Position Tracking Error (mm)

Variance of the Estimated Disturbance Rate ([N/s]z)

-
N

-
o

©

o
N
(o2}

©
-
>

o
.
N

S
o

o
o
®

o
o
>

o
o
=

o
o
o

5105

Variance of the Disturbance Rate vs. Time

Jamming
Unjamming

Time (s)

Figure 5.26. Variance of the Estimated Disturbance Rate

Tracking Error Moving Average vs. Time

Jamming
Unjamming

Time (s)
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Fault Signal
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Figure 5.28. Generated Fault Signal

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

of jamming failures 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 5.24. Whereas 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 external 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 5.25. Therefore, 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
(mechanical 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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e High position tracking errors are inevitable for jamming cases because of the low
disturbance rejection 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 and these two jamming cases are quite large as

might be expected.

e 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 tracking error) 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 part). The responses of the system under two
faulty cases, i.e. mechanical locking and the counter loading, are quite similar to ones
given for the test cases 9-10 before. Using the developed FDD methodology all of
the failure cases could be identified under a 1 seconds 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 order to be more robust and reliable against false
alarms, higher threshold might be chosen but this would considerably increase the
lag between the occurrence of the 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 Average of | Detection
Case Input Signal | Estimated Disturbance |the Tracking Error| Time
(IN/s]?) (mm) (s)
1.9 0.25mm 7.2x10°— Jammed 0.09 — Jammed 0.62
Sine 6x10%— UnJammed 0.025 — UnJammed '
3.4 0.50mm 9.1x10°— Jammed 0.17 — Jammed 0.51
Sine 5x10* — UnJammed 0.022 — UnJammed '
5 6 1.00mm 10x10° — Jammed 0.28 — Jammed 0.47
Sine 5x10* — UnJammed 0.02 — UnJammed '
Table 5.3. Summary of the Results for the Sawtooth Wave Inputs
Test Inout Variance of the Moving Average of | Detection
Case Sigpnal Estimated Disturbance | the Tracking Error Time
(IN/s]?) (mm) (s)
7.8 0.25mm 6.6x10° — Jammed 0.06 — Jammed 0.68
Sawtooth | 6.5x10* — UnJammed | 0.023 — UnJammed '
910 0.50mm 9x10° — Jammed 0.14 — Jammed 0.66
Sawtooth 6x10* — UnJammed 0.02 — UnJammed '
1112 1.00mm 9.6x10° — Jammed 0.23 — Jammed 0.62
Sawtooth 6x10* — UnJammed 0.025 — UnJammed '

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

comment can be made regarding failure dynamics, fault detection performance and

the overall effectiveness of the developed methodology;

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 and the control 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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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 disturbance rate. Yet, a single threshold set could give
comparibly good detection times.

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 applied for the two cases.

In the real-time simulations, the EHA could not be completely jammed
because of the disturbance rejection characteristics of the control system
even though its integral gain is diminished for both jammed and
unjammed cases. It affected 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 was assumed 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 time might 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 al. [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)
methodology for the specific fault called ‘’jamming’’ that might be encountered in a
flight control actuation system. An Observer based detection methodology was
modelled in Matlab/Simulink environment. This scheme was embedded into 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 a spring attachment.

In order to estimate the state variables correctly, first system dynamics of two
actuators, a pump-controlled electrohydrostatic actuator (EHA) and a valve-
controlled actuator, were investigated and modelled with proper justifications. Then,
linear time-invariant 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
actuators. 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 the estimation 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 then analyzed for 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. In 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 for the EHA, 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 was tested 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 disturbance 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 a neutral (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 fault would 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 improve the reliability

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 and sawtooth waves with 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 position by physically tightening
its rod via a quick locking mechanism. Then, the reference inputs were inserted to
the EHA actuator. By this way, the jamming failure was tried to be emulated. In
order to compare whether different possible methods could resemble the jamming

dynamics, a locking mechanism was designed and the jamming was tested with 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
deviations. One significant drawback of counter loading method is that it could not
stop the EHA piston completely for any reference position input even if the motion
of the actuator might seem to be negligable. Therefore, in order to reflect the failure
dynamics better the jamming was simulated with the 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 that a ‘pure’ jamming failure could not be emulated through
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 load cell in the 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, its integral gain was degraded for both jammed and
unjammed test cases. Although the integral controller gain was reduced, 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 and use a 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 characteristics of 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 nominal condition.
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 each test case 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 for non-jamming cases.

Detection times were observed to be quite low, less then one second for each case

since for the jammed conditions the disturbance observer rate and the position

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 both fields of hydraulic control and fault diagnosis. The major contributions

are outlined as below;

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 velocity and the load pressure as well as the
disturbance load acting on the actuator were estimated with an uccaptable
level.

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

An Observer-based fault detection and diagnosis methodology was
developed for online monitoring of an electro hydraulic actuation system
and the related algorithms were embedded into a real-time simulation
system.

A challenging fault case (jamming), which might be observed in 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. This assumption
however brought a challenge during the tests. The actuator needed to be tested 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 result in partially opening of the shuttle valve. Therefore, the designed state
and disturbance observer cannot be valid for lower counter loads. In the tests, higher
forces are required for the observers to be properly used in the fault detection and
diagnosis steps. In addition, pressure estimation fails for the valve-controlled 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 is validated for lower actuator demands with small
amplitudes and it is validated accordingly due to the limitations in the test setup.
Even thoguh this might be the case for flight control actuators during cruise
maneuvers, it does not reflect 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 actuator demands with higher
aerodynamic loads.

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

additions.
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APPENDICES

Appendix A. Test Results

Test Cases 1 and 2:
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Figure A.2. EHA Position Response under the Jammed Case
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Test Cases 3 and 4:
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