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PREFACE

This thesis, "Fault Tolerant Control of a Hydraulic Servo-System", is written by student
group MCE4-1022 at Aalborg University, Department of Energy Technology, during the spring
semester of 2016.

Differentiation with respect to time is denoted with a dot, e.g. velocity is given by X. Vectors are
denoted with bold italic and are named with small letters, e.g. x.x. An exception is made for
force and moment, where these instead begin with a capital letter. Matrices are only denoted
with bold and capital letter e.g. A.

Sections, figures, equations and tables are referenced by chapter# .index# , e.g. section 5.2,
figure 5.2, equation (5.2) and table 5.2.

The material used for this appendix report, has been acquired through research of articles,
reports, web-pages, books and feedback from the supervisor.

All sources can be found in the bibliography all sorted in alphabetical order by author.
References for these sources use Harvard-style notation so all references are marked with
company name or last name of the author as well as year of publication.

The software used for modelling and graphical data presentation are MATLAB®R2015a and
Simulink®. Attached files; MATLAB scripts, the Simulink models, LabView project, and a PDF
version of the report can be found for those of interest.
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SUMMARY

The main topic for this project is an investigation of fault tolerant control of a hydraulic servo-
system. The main reason for the investigation is the recently increase in interest of fault
tolerant control for wind-turbines. This report will focus on the hydraulic cylinder of the
pitch system. First, an investigation of the most common faults in a hydraulic servo-system is
reviewed. Secondly, an investigation of previous studies regarding FTC has been made. Based
on this investigation, the method Indirect Adaptive Robust Control (IARC) is chosen.

A non-linear model of the system has been established, and verified experimentally. A proof
of stability and convergence of the IARC has been made. The optimal control gains and the
optimal parameters for an estimation algorithm are found through a genetic optimisation
algorithm. Furthermore, the range of the considered faults is chosen.

For emulation of the considered faults, different methods are used. A second cylinder is used
to emulate variations in mass and excessive friction forces. Internal and external leakages are
emulated by manually operated needle-valves connected to the tank.

Simulation results showed that the IARC was able to compensate for changes in mass, viscous
friction, and air-ratio. The IARC was able to compensate for some of the leakage, but could not
follow the variations in direction completely. The IARC had troubles identifying variations in
Coulomb friction.

When tested experimentally, the force controller emulating force related faults had difficulties
following the preset trajectory, and was not able to emulate the faults satisfactory. The IARC
was able to estimate and compensate for the leakage fault in a similar manner as in the
simulations.

For future work it is proposed that the tests are repeated with a velocity sensor. Currently, the
velocity is estimated through a numerical differentiation of the position, which requires heavy
filtering. Furthermore, an improved validation of the non-linear model regarding friction
parameters and leakage flows is of interest. An improved accuracy of the non-linear model
may improve the determination of control- and estimation gains.

Lastly, an investigation of changes to the estimation algorithm regarding leakage flows is
desired, together with an improved optimisation.
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Acronyms

FI

FD

FTC
FMEA

FTA

FDI

IARC
SMC/SMO

NOMENCLATURE

Fault Identification

Fault Detection

Fault Tolerant Control

Failure Mode and Effects Analysis

Failure Tree Analysis

Fault Detection and Isolation

Indirect Adaptive Robust Control/Controller
Sliding mode controller / Sliding mode observer
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Parameters

Symbol Explanation Unit

Ap Piston area [m?]

Ajeak Leakage opening area used to emulate internal and external [m?]
leakage

B, 0, Viscous damping [Ns/m]

Cad Adiabatic constant for air [=]

Cy Discharge Coefficient -1

Dyj, 04 Nominal lumped force modelling error [N]

D Lumped force modelling error [N]

Dyin, B¢, 07 Nominal lumped flow modelling error for chamber 1 and 2 (m3/s]
(named Qjqq4,1 during fault emulation)

Dy Lumped flow modelling error for chamber 1 and 2 [m3/s]

F., 05 Coulomb Friction [N]

ho, hs Non-linear control gains [-]

ke Coulomb friction discontinuity constant [m/s]

K, Gain of the valve from supplied voltage to position of the spool [m/V]

kq Flow gain coefficient m3/(s vVPa)]

ki, k, k3, kscqie Control law gains [-]

L Length of piston movement [m]

Meg, 01 Equivalent Mass kgl

Qieak,i Leakage flow in chamber 1 and 2 (called D.;, in estimation [m3/s]
algorithm)

Qn Rated flow of Moog-valve [m3/s]

Re Reynolds Number (-]

Vo Initial Volume (m?]

a; Forgetting factor,i=1,2,3 [-]

Berrr 05" Effective bulk modulus [Pa]

r Estimation algorithm gain [-]

€40 Volumetric ratio of free air in the fluid at atmospheric pressure  [-]

Wy Natural frequency [rad/s]

0 Standard deviation [-]

ApN Rated Moog-valve pressure drop [Pa]

o Density [kg/m3]

OMi Maximum eigenvalues used in estimation algorithm, i=1,2,3 [-]

Pli Minimum eigenvalues used in estimation algorithm, i =1,2,3 [-]

éma x Maximum rate of convergence of parameters [-]

¢ Damping ratio [-]

0 Vector of seven uncertain parameters [-]

0ange Vector of ranges for the seven uncertain parameters [-]

€9, €3 Control law parameter for as and Q. [-]

Pi,max Maxmimum magnitude of vector of variables used in calcula- [-]
tion of hy and h3,i=2,3

Vi Normalisation factor,i=1,2,3 [-]

Voil Kinematic viscosity of the oil (m?/s]
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CHAPTER

INTRODUCTION

In this chapter general background information for fault tolerant control will be given.
The system that will be considered in this project will be presented.

1.1 Background Information

One of the important benefits of industrial automation is the possibility for an automated pro-
cess to be continuous for long time periods. This is further reinforced for autonomous pro-
cesses where constant supervision can be omitted and around the clock operation is desired.
In these cases the possibility of an unnoticed change in operation is present. These changes
can arise from wear or unplanned conditions. The result of such a change can lead to poten-
tially negative consequences. The possibility of a reduction in production quantity and quality,
or damages to equipment and personnel, necessitates that these issues are addressed. The sci-
entific field of Fault Identification (FI) concerns itself with detecting that a fault has occurred.
Fault Diagnostics (FD) focuses on determining which fault has occurred. Fault Tolerant Control
(FTC) uses the information provided by FI or FD to compensate for the fault, and in so doing
ensures that the aforementioned issues are prevented. With the increase in automation and
the desire for increased reliability and reduction in downtime, a lot of work has been devoted
to the subject. Automotive and aircraft applications have received a lot of attention, due to the
critical part safety plays in these industries. The area of FTC for industrial hydraulic application
has less publications, but there appears to be an increased interest in the past years [Odgaard
and Johnson) [2013], [Amirat et al., 2009]. Some of these methods will be presented and dis-
cussed in the state of the art in Chap. 3| To help readers that have not previously encountered
the subject, some basic information and classification will be presented here.

Definition of a Fault

An important part in these subjects is the definition of a fault. According to [Mogens Blanke
and Staroswiecki, [2016] a fault can be defined as "a deviation of the system structure or the
system parameters from the nominal situation". This deviation can be caused by any number
of factors such as wear or outright failure of components in the system and it can usually re-
sults in an inability of the system to execute the action for which it was designed.

Department of Energy Technology - Aalborg University 3



1. INTRODUCTION

A system effectiveness is measured in its ability to complete a task. Efficiency on the other
hand is the ration between the useful work done by a system versus the energy expended by
the system. If a fault only reduces the efficiency, but not the effectiveness of the system and
furthermore it does not propagate further, then it is classified as a simple fault [Mogens Blanke
and Staroswiecki, 2016]. On the other hand if the system is unable to fulfil its design criteria
then the fault has resulted in a failure. This distinction is important, because the field of FTC
deals with accommodating faults and determining, when a fault is about to propagate into a
failure.

Faults can occur in the actuators of a system, in the plant or in the sensors of the system as seen
in fig. In the first case the ability of the controller to affect the plant has been changed. In
the second case the properties of the system have change and the controller might not ensure
stability. In the third case the incorrect or missing information the controller receives can result
in incorrect operation. If one of these faults occurs it is desirable that the process continues in
the most efficient way. In order for this to be possible the control structure should accommo-
date the fault.

Actuator Plant Sensor
faults faults faults
. [ S
— Actuators ~|  Plant Sensors —

Figure 1.1: Figure distinguishing between types of fault. [Mogens Blanke and Staroswiecki,
2016]

Fault Detection

Fault occurrence can be disruptive to any operation even if it does not propagate into a
failure. This is why finding and treating faults is a major research issue. A common systematic
approach in literature revolves around the construction of a table linking predicted faults and
describing their effects on the system. This technique is called a Failure Mode and Effects
Analysis (FMEA).

This approach depends on the analysis of the most basic parts of the system. Finding how they
might fail. Finally building a map of how a failure of a component affect the system. To list all
of the possible ways the components of a complex system might fail is not a simple task. Then
determining the possible ways the failure of a component might propagate through the system
requires a rigorous time consuming analysis.

Once all the possible faults are linked to their effects, a unique path might be traced from a fault
to its effect [Mogens Blanke and Staroswiecki, |2016]. One might assume then, that if a certain
effect is observed in a system the logic can be inverted and a specific fault might be isolated
as the cause. This cannot always be ensured, since multiple faults or indeed a combination of
faults might produce the same effect in the end. Furthermore listing all possible eventualities,
in which a change in a system can occur, is impossible.

To deal with these issues the usual method is to apply risk analysis, so only the more probable
faults are included in the design. If all possible component failures are included into a design,
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1.1. Background Information

then it can be considered "complete" [Mogens Blanke and Staroswiecki, [2016].

Once a fault is detected, measures may be taken to account for it. The more information about
the fault that is available, the better the decision handling. That being said, there are methods
of accommodating faults, without the need to find the specific fault, or indeed detect that there
is a fault at all.

Fault Handling

There are multiple ways of dealing with faults. They can roughly be divided into active and
passive ones. The passive ones can also be describes as robust controllers. In this case the
controller is designed in such a way as to be able to ensure stability of the plant provided some
conditions are met, without any need for change of controller structure or control parameters.
The positive sides of robust controllers are the lack of need for Fault Detection and Isolation
(FDI) techniques. This reduces the analytical and component redundancy. On the other
hand in order for the controller to be robust a trade-off in the form of reduced performance
is required. Larger safety margins and more conservative control design lead to the system
being robust to larger faults.

Another method for FTC is adaptive controllers. These can be considered active, in the sense
that they vary their control gains in accordance with the changing parameters of the system.
These controllers do not need additional supervisor functions from the control structure. The
trade-off is that they require time to estimate the system dynamics. This means they have
difficulties with dealing with discontinuous changes in the system. In order to detect changes
in the system, an estimation algorithm can be used. If the estimation is incorrect, the controller
is usually desired robust to obtain stability for all conditions. This can be considered a passive
feature.

These controllers are highly dependent on accurate sensor data. If a fault occurs in one of the
sensors it is not possible for these control methods to identify that the information is false. If an
adaptive controller is to be made tolerant to sensor faults, then additional active FTC methods
can be applied.

Active FTC methods require that a fault is detected for them to come into effect. This necessi-
tates the use of FDI techniques and, usually, component or analytical redundancy is required.
Component redundancy can be defined as the addition of more actuators and sensors than are
technically needed for the system to be effective. These redundant components are utilised to
either detect faults or to return the system to nominal operation. For the system of interest, it
should be noted that no redundant components will be available, and component redundancy
method should therefore not be investigated further. Analytical redundancy can be cheaper
and it might be preferred in some cases. These methods have the benefit of possible optimal
process performance under the applied conditions. Furthermore, in the occurrence of a fault,
the control architecture can make decisions to prevent fault propagation and send messages
to schedule maintenance. It could be possible to predict the consequences for the system to
be running in a faulted state for a specific amount of time. This could be beneficial for hard
to reach systems such as offshore wind turbines, or components of naval or aviation systems.
[Mogens Blanke and Staroswiecki, |2016]
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1. INTRODUCTION

1.2 System considered

The desire to reduce maintenance-, and operation costs of wind turbines, together with
increased computation power, has lead to an increased interest in FDI and FTC for wind
turbines. [Odgaard and Johnson,[2013], [Amirat et al., 2009].

Due to this, this study will focus its investigation on FTC for implementation on the pitch
system of a wind turbine. A picture describing the main parts of this system is shown in fig.

Pitch actuator

Pitch accumulator

il
2
El

Hydraulic pitch power pack
(stationary relative to the rotor)

=

Control panel

Figure 1.2: Picture of a wind turbine hydraulic pitch system. [HydratechIndustries,2016]

A full scale pitch system is not available for testing. In order to emulate the movement of the
cylinder in a pitch system, a friction test bench will be used. The bench has two cylinders
connected back-to-back. One of the cylinders will be acting as a load to emulate conditions
similar to what is expected in a pitch-system, more specifically, a large mass. The load cylinder
will also provide a load for the test cylinder. FTC will be implemented on the test cylinder. A
CAD of the system that will be used can be seen in fig.
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Figure 1.3: CAD of the test bench with test cylinder (left) and load cylinder (right).

The system considered has non-linearities mainly because of the servo-valve, which provides
flow depending on the position of the spool and the pressure in the chambers of the cylinder.
The possible faults considered include changes in friction parameters. During faults friction
can have discontinuous and/or non-linear changes in its parameters. Leakage faults can have
non-linear variations because they depend on the pressures in the system, which are non-
linear. This should be taken into account when choosing a method, because not all FTC
methods are suited for non-linear systems. Accommodations that would handle a fault by
increasing or reducing a gain linearly might not be able to handle these changes. The friction
test-bench consist of two cylinders:

e Test cylinder (on the left):Stroke length of 500 mm, Piston diameter of 80 mm, Rod
diameter of 40 mm

* Load cylinder (on the right):Stroke length of 400 mm, Piston diameter of 40 mm, Rod
diameter of 25 mm

The two cylinders are connected to a swash-plate pump capable of delivering pressures up to
180 bar and flows above 60 L/min. The hydraulic schematic can be seen in fig.
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Figure 1.4: Laboratory set-up schematic.

In this figure the Moog Serve-Valve signal denotes the two MOOG-D633 valves, which control
the cylinders. The valves are rated to provide 40 L/min of flow. [Inc., 2009] Several variable
valves will be used to emulate internal and external leakages. These are needle valves,
controllable by hand. The valve used for internal leakage and one of the external leakages
(Prolasa-FT 257/2-12) has a maximum flow of 60 L/min flow at 400 bar. The valve for the
other external leakage (Prolasa-FT 257/2-38) has a maximum flow of 50 L/min at 400 bar.
[Prolasal. To reduce pressure pulsation, an accumulator is connected to the supply pressure
with a capacity of 4 L. Sensors have been added to measure some position, pressures and flows
as seen in the figure.

Failure Mode and Effect Analysis

To be able to do fault tolerant control of a system, it is necessary to do an analysis of which faults
can occur and what effect these have on the system. A study has been done by |Jesper Linger,
2016] where the faults, their effects, and how often they occur has been made for a pitch system
for a wind turbine. The pitch systems in the study are hydraulically actuated, which is why the
study can be used for this project.

There are two general approaches to failure analysis, FMEA and failure tree analysis (FTA).
FMEA is a bottom up approach, starting with a fault for a given component and determining
its effects and causes. FTA is a top down approach, where the analysis starts with an undesired
event happening in the system and then working down to determine which components failure
is the reason for it. The study [Jesper Linger, 2016] uses a combination of the two, to discover
all relevant failure modes. The study uses a Risk Priority Number (RPN) to compare the faults.
RPN is defined as a measure combining the chance for a fault to occur and the severity of its
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consequences.

Results of the top ten RPN for the system in [Jesper Linger, [2016] is shown in fig. From
there it can be seen that leakage, internal and external, is a major fault together with valves

being stuck. The study also found excessive friction and load/inertia to be a possible fault,
however, not in the top ten.

25,0%

20,0%

15,0%

10,0% |— H

% of total RPN

| B R B I

Valve V8 Valve V7 Valvevg | Accumulator | Accumulator | 0 yag Valve V6 Hose Ha Hose HE Filter F1 Other
Al A2 components

W Other 0,0% 0,0% 0,0% 0,0% 0,0% 0,0% 0,0% 0,0% 0,0% 0,0% 0,5%
B Electrical fault 1,2% 1,2% 2,5% 0,0% 0,0% 1,2% 0,0% 0,0% 0,0% 1,2% 10,0%

Internal rupture/leakage 5,0% 1,9% 1,2% 4,4% 4,4% 0,0% 5,0% 0,0% 0,0% 0,4% 0,0%
® External rupture/leakage 2,2% 1,9% 1,2% 1,6% 1,6% 1,9% 0,9% 2,9% 2,9% 0,5% 11,8%
® Internally stuck 5,6% 6,2% 6,2% 3,1% 3,1% 5,6% 0,0% 0,0% 0,0% 0,4% 1,0%

Figure 1.5: Component RPN top ten with failure mode distribution, [Jesper Linger, 2016].

Based on the relevant faults for a wind turbine pitch-system, the faults that will be considered
in this study are: Internal- and external leakage, varying friction parameters, varying
load/inertia, together with a varying bulk modulus due to air in the oil. The reason for not
considering a stuck valve, which according to fig. [1.5]is a common fault, is that the set-up does
not have redundant valves applied, making it impossible to control the system with a stuck
valve, i.e., it would be considered a system failure.

For the emulation of these faults in the system model, exact consequences of a fault will not
be made. The emulation of faults is simplified to be a variation of the system parameters,
independently of each other. In the case of leakage, it will be emulated by the opening and
closing of a valves to either short circuit the cylinder, or allow flow to the tank. The following
faults will be emulated:

* Change in Mass by applying a load force in synch with the acceleration
* Change in Friction parameters by applying a load force in synch with the velocity

Change in Disturbance force by applying a load force

Change in Bulk Modulus by increasing the Air-ratio in the oil

Change in Internal and External Leakages by varying the opening area of a valve

Department of Energy Technology - Aalborg University 9






CHAPTER

INITIAL PROBLEM FORMULATION

Initial Problem formulation

This project will investigate FTC for wind-turbines hydraulic pitch systems. Currently, only
relatively few studies have been made with a focus on FTC for hydraulic systems. A majority
of the studies are mainly focused on aeroplanes and vehicles, however, recently there has been
an increase in interest and studies regarding wind-turbines [Amirat et al.,[2009], [Odgaard and
Johnson, 2013]. Some of the common faults that affect wind-turbines are leakage flows, valves
being stuck, sensor malfunction, and to some degree, a varying load and friction parameters
lJesper Linger,2016]. The studies focused on aeroplane or vehicle FTC do not specifically target
the afore mentioned faults, but some of these algorithm can deal with a loss of efficiency in
actuators i.e. reduction in area of control surfaces for an aeroplane. It is expected that these
more general terms encompass some of these faults. For instance it can be considered that an
internal leakage in a cylinder would result in a proportional loss in pressure and limit the force
output and velocity of the piston. The two faults will affect the dynamics of the respective
systems differently, but a similarity can be seen in the sense that the performance of the
actuator will be impaired in both cases. This leads to the initial problem:

* Which FTC algorithm can be implemented on a hydraulic servo-system considering the
possibility of faults like leakage, and varying load/friction being present?

e Which of the considered FTC algorithms shows the most promise of successfully
handling these faults?

Department of Energy Technology - Aalborg University 11






CHAPTER

LITERATURE REVIEW

In this chapter, articles regarding different FTC methods will be reviewed. For the interested
reader, more elaboration on each article can be found in App.

The First part will include different passive fault tolerant control (PFTC) and active fault
tolerant control (AFTC) methods, with a focus on their effectiveness and where they have been
applied, rather than the underlying theory.

The second part will contain a closer look at 2 of these articles. These have been chosen, be-
cause they were deemed more suitable for the task at hand.

The final section will contain a discussing about the pros and cons of the two articles. Based
on the discussion, the best FTC method and strategy for the system of interest is chosen.

3.1 Broad Review

Classitying which method an article has chosen in order to achieve fault tolerance is not a trivial
task, because many of the presented methods incorporate parts of each other. The division
used here is by no means exact, but it serves the purpose of alleviating some of the difficulty of
categorising the amount of information available on the subject.

H,, Control

A common design methodology for PFTC, is to use robust controllers in order to obtain sta-
bility and disturbance attenuation, both when the system operates normally and when faults
occur. As discussed in the introduction chapter, passive FTC methods do not change the con-
trol structure or controller parameters when a fault occurs. Instead they are designed in a way,
which is robust to faults, disturbances and modelling errors within certain bounds. Hy is but
one of the methods that can be used to obtain robust control. It is used as an example of what
can be achieved with such methods, because Linear Quadratic Regulators and other optimal
control methods share many of the same limitations.

The H,, method has been used in [Veillette et al., (1992], [Zhou and Ren, [2001], and [Huang
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et all2014].
[Veillette et al.}[1992] and [Zhou and Ren,|2001] are only theoritical, with no verification of their
performance, and is therefore not considered for this project.

The article [Huang et al.,2014] considers Hy, for a linear system with an example for a vertical
take-off and landing vehicle. The article considers a new way to process the faults, called semi-
Markov process which is able to consider a larger variation of fault processes. The design is
tested for the vehicle with a 50% actuation fault. The controller was able to reduce the effect
from the fault to a small steady error. It was proposed to use a higher order feedback to remove
the steady error. The main issue with this method is the requirement of a linear system which
may introduce large uncertainties when the highly non-linear dynamics in a hydraulic system
are linearised.

Quantitative Feedback Theory

The FTC method Quantitative Feedback Theory (QFT) has been used both as a passive and
active FTC for hydraulic systems in studies from 2002-2010. Their findings are mentioned
below:

The studies [Niksefat and Sepehri,2002], [Karpenko and Sepehri,[2003], [Karpenko and Sepehri,
2005], and [Karpenko and Sepehri, 2010 proposes methods to use Quantitative Feedback The-
ory (QFT) for hydraulic systems. [Niksefat and Sepehri, 2002] considers faults in both sensors,
supply pressure, and servo-valve. However, the method is only able to achieve robustness, and
requires a conservative design to cope with all the faults without any adaptation. The study
[Karpenko and Sepehri, 2003], and [Karpenko and Sepehri, [2005] considers leakage faults, with
leakages of up to 25% of the piston seal. These studies are not investigated further due to the
lack of severe non-linear faults considered and their conservative control design.

The study [Karpenko and Sepehri, 2010] investigates an approach to reduce the conservative-
ness of QFT algorithms due to the linearisation. The proposed method is using a Linear Time
Invariant Equivalent (LTIE) modelling approach, where LTIE models are defined as models
generating the same output as non-linear systems given the same input. Two QFT control laws
are proposed for different fluid power applications. The first controller uses a proportional
control structure and is well suited for applications with noisy sensors or highly dynamic ref-
erence commands. The second controller incorporates an integrator and is suited for applica-
tions where static errors due to un-modelled non-idealities are present. The controllers were
tested on a hydraulic ram where different load springs (0-80 kN/m) were attached. The con-
trollers were also tested with various parameter uncertainties, but no specific values have been
mentioned. The proposed controller worked well for all tests, with the proportional having a
slight overshoot and able to be within 5 % of the desired value and the integrator being more
tight and having zero steady state error due to the integrating term.

QFT has also been proposed as a control strategy for aircraft, the studies concerning these are:
[Keating et al.}|1997] and [Wu et al., 1999]. Here QFT is used to compensate for loss of elevator
surface area of up to 50 %. These have however not been investigated further due to only linear
faults being investigated.
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Adaptive Control

A large number of studies regarding adaptive control design used for FTC have been made,
because of the inherent properties of the adaptation theory. Different methods have been de-
veloped to achieve the desired adaptive properties. Papers describing some of them will be
presented in the following section.

The studies [Maybeck and Pogoda, [1989], [Maybeck and Stevens| [1991], and [Maybeck, [1999]
investigates the use of multiple models for aircrafts. Loss of efficiency of actuators is consid-
ered, but the design requires redundant hardware to compensate for the faults and failures
tested. Due to this, the method proposed is not investigated further.

The article [Tong et al.| 2014] involves observer-based adaptive decentralised fuzzyfied FTC
of a non-linear large-scale system with actuator failures. The article considers unmeasured
states, unknown non-linear functions, and actuator faults modelled as loss of effectiveness.
The control design method is done by combining a backstepping technique with the non-
linear tolerant-fault control theory. The simulated system used for testing is a model of two
inverted pendulums connected by a spring. The existing adaptive decentralised control ap-
proaches made prior to this study are able to control the same system, however, only if no
actuator faults occurs, which is where this approach is superior. The future work proposed is
to simplify the design. Other studies using similar methods have been made for hydraulic sys-
tems. Because of this, this study will not be investigated further.

The studies [Yao et al.,2000] [Bu and Yuo,[2001], [Yao et al.| 2001], [Bu and Yao,|2001], [Yao and.
Palmer, |2002], [Mohanty and Yao} 2006], and [Mohanty and Yao)} 2011] investigates the use of
Adaptive Robust Controller (ARC) for hydraulic systems in the form of 3-DoF robot with seven
uncertain parameters, hard to model non-linearities, and disturbances. These includes pa-
rameters such as bulk modulus, leakage and friction forces. For testing and examples, a three
degree of freedom robot has been used. The study [Mohanty and Yao, [2011] proposes to use
indirect ARC, (IARC), which is able to separate parameter estimation and control law. By do-
ing this, the estimation of seven parameters has been improved regarding estimation time to
1.5-10 seconds. A requirement for the proposed algorithm is a known range on the parameters
investigated and an adaptation rate. The resulting IARC is shown to be superior to both in-
dustrial controllers, and the direct ARC, (DARC), used in the previous studies. The test for the
comparison of IARC and DARC consisted of slowly moving a load of 22.7 kg in a swinging mo-
tion. The reference is a pulse of 0.3 radians with a frequency of approx 4 seconds. Because of
the system similarities with this article and the promising results this article has been selected
for further investigation.

The article [Balle et al.,|1998] investigates FTC for heat-exchanger. The method used is based
on fuzzy controller and observers. The faults considered were sensor faults. The method de-
scribed is not investigated further due to no actuator faults being investigated.

A lot of work has been devoted to FTC for aviation purposes: [Tao et al., |2002],[Tao et al.,
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2001], [Boskovic, 2014], [Wise et al.} |1999], [Bodson and Groszkiewicz, [1997], [Bodson and
Groszkiewicz,|1997], [Gao et al.,2015], [Zhou et al.;, 2014, [Ahmed-Zaid et al.},[1991]. The studies
[Tao et al.,2002| [Tao et al.,2001], [Boskovic, 2014, [Wise et al.,|1999] all consider situations in
which redundant hardware is available making them unsuitable for this project. The articles
[Gao et al.}|2015] and [Zhou et al.} 2014] consider only linear faults. The method in [Bodson
and Groszkiewicz,|1997] requires the estimation of 45 parameters. Furthermore none of these
articles have laboratory test due to the expensive nature of the systems they are investigating.
For these reasons these methods have not been chosen.

The study [Yao et al., 2014] is regarding internal leakage for a single-rod hydraulic actuator.
The article proposed two controllers, one for the nominal system with small faults, and a FTC
for the severe faults. The controller designed is based on parameter adaptive methodology,
with a learning mechanism. For the system investigated in the article the learning mechanism
only has one uncertain parameter, internal leakage. The designed controller is simulated on a
double-rod hydraulic actuator model. The internal leakage faults tested were abrupt and incip-
ient cases with a leakage parameter corresponding to an increase of 50 to 200 % of the nominal
leakage (calculated under the assumption the load pressure is equal to supply pressure), which
was detected in 6 seconds and compensated for a few seconds later. An issue with this method
is the lack of friction related faults and only considering one uncertain parameter.

The article [Yin et al., 2014] investigates an integrated design of FTC systems with applica-
tion to Tennessee Eastman (TE) benchmark. The proposed fault-tolerant architecture is a
data driven design whose core is an observer/residual generator based realisation of the Youla-
parametrisation of all stabilisation controllers. The FTC is then achieved by an adaptive resid-
ual generator for the on-line identification of the fault diagnosis relevant vectors, and an gra-
dient based optimisation approach for the on-line configuration of the parameter matrix. The
faults considered were actuator faults, process faults and sensor faults. The performance and
effectiveness of the proposed schemes has been demonstrated by using the TE benchmark
model. Based on simulations the FTC was found superior to a standard PI-controller at faulty
situations. The system considered in the article diverted too much from a hydraulic servo-
system to be considered for further studies.

[Plummer and Vaughan,|1996] proposes an adaptive control based on pole placement for electro-
hydraulic positioning systems. For the design, a linearisation of the system is required. The
method is considered indirect and switches off adaptation if the trace of the covariance matrix
is too large. To reduce the magnitude and variance of uncertainties in the parameters, an off-
line initial system identification is proposed. Faults tested include a change in supply pressure
from 160 to 40 bar and vice-versa. Dead oil was introduced into the circuit reducing the natu-
ral frequency equivalent to an increased load mass. Another test was done removing the dead
oil. The test results showed the adaptation happens rapidly and the control is able to compen-
sate for the fault. This study shows promise, however, [Mohanty and Yao, 2011] uses a similar
method. The difference being that [Plummer and Vaughan, [1996] uses the estimated system
parameters to create a linear controller, while [Mohanty and Yao, [2011] utilises a non-linear
control design with Lyapunov proof of stabilty if the estimation fails.
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The studies [Jin, 2015] and [Jin, 2016] analyses FTC for MIMO non-linear systems. The design
method used is based on the backstepping approach, and the proposed controller is tested on
a2 DoF robot. The method is not investigated further, due to the system of interest being SISO.
The method is similar to the one used in [Mohanty and Yao) 2011], but the latter one has the
benefit of it having been tested on a SISO system.

[Yang and Ye, 2006] investigates FTC for linear time-invariant systems. The proposed control is
based on adaptive H, design. The new indirect adaptive FTC design method is made via state
feedback and is presented for actuator fault compensations. The design is developed in the
framework of linear matrix inequality approach. A comparison between the proposed adap-
tive gain controller and a fixed gain version was tested on both a nominal system and a system
with a failure on the first actuator. From the simulation, the proposed adaptive H,, has better
performance in both situations and has more relaxed conditions than the standard H,, design
with a fixed gain. This study is not considered due to it being based on a linear time-invariant
system.

The article [Chen et al.}[2016] involves FTC for an ocean surface vehicle. The method used is
based on a backstepping approach. The article is not investigated further due to it being based
on a system with multiple actuators, which is not the case for the system considered in this
report.

Sliding Mode Control

Sliding Mode theory has received a lot of research attention, due to its relatively simple design
and implementation and highly robust properties making it a good candidate for FTC applica-
tions. Application using sliding mode controllers (SMC) or observers (SMO) are presented here.

In [Kim et al.,[2001] a SMC is investigated as a FTC for a combustion engine. The article inves-
tigates valve and sensor faults, but not for a hydraulic cylinder or faults in the form of friction
or similar. Due to this, the proposed control law is not found of interest.

The article [Moradi and Fekih, 2014]| is regarding FTC for a full-scale car suspension. The
proposed control is an adaptive PID for each subsystem, one for each wheel. A tracking signal
is made from a sliding mode controller to each of the subsystems to mitigate the 3 degree
of freedom arising from road undulations. The proposed controller is tested on a full-scale
vehicle dynamic model with active suspension system with 7 degrees of freedom. The faults
considered are actuator faults and uncertainties. To test the uncertainties, 20 % uncertainty
was added to 18 parameters, and a 1 % uncertainty to tire stiffness. From this test, the system
was able to handle the system with only slightly less tracking performance than for a nominal
model. For faults, a test for each of the wheel subsystem was made where one received zero
control signal. Further tests were made were a varying efficiency was applied to the actuators.
The result from these tests were that the proposed controller was found superior to those used
in previous studies. For further studies, the use of observers instead of measuring states is
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desired.
This has not been considered further due to a 20 % uncertainty of the system parameters being
smaller than the ones in [Mohanty and Yao,2011].

SMC FTC has also receive a lot of attention from aviation industry [Shtessel et al.,[2002], [Hess
and Wells, |2003], [Liu et al., 2011], [Zhao et al., 2014b]. [Zhao et al., 2014a] is based on the
availability of redundant hardware. [Zhao et al., 2014a] considers a near space vehicle. [Zhao
et al., |2014b] requires 50 sec to accommodate to a loss in actuator efficiency fault. For these
reasons the methods in these articles has not been investigated further.

[Patton et al.,2010] proposes a method where a sliding mode observer is combined with a slid-
ing mode controller in order to deal with abrupt actuator faults. The authors propose the use of
this method to deal with the hard to model friction effect such as Stribeck effect and Coulomb
friction. The system considered was a linear inverted pendulum. The authors of the article
claim that the proposed methods are less complex, than constructing accurate friction mod-
els, while still being able to deal with the problem. Laboratory test show that the method is
viable and shows promising results. The article proposes further study of this method on a
non-linear system. The focus on discontinuous faults in this article makes a good candidate
for implementation in this project. The article has been chosen for further study.

Linear Parameter Variation

The study [Sloth et al., 2011] investigates FTC for wind turbines. The method used is Linear
Parameter Variation (LPV), where different design strategies are compared. The strategies
used are active, passive, and nominal. Furthermore, a robust controller is designed. For
the optimisation problem involved in the passive and robust controllers, bilinear matrix
inequalities are solved instead of linear matrix inequalities due to parameter variations not
being estimated. For comparing the controllers, a non-linear simulation model of a wind
turbine is used. A nominal and a faulty case were simulated, with the fault being a low pressure
in the pitch system. From the tests, the active strategy had a superior performance for the
faulty case, at the cost of a fault diagnosis. For the nominal case, similar performances were
observed. This study is not considered for further analysis, due to only faults regarding low
pressures being investigated.

(Shin et al., 2002] and |Ganguli et al., 2002] investigates FTC for aircraft with actuator failures.
The method used is a LPV controller based on LMI optimisations and LPV using a quasi-LPV
model. The strategy described in the articles requires multiple actuators to react to the faults,
and the strategies are therefore not investigated further.

Intelligent Systems

The articles [Sami and Patton}2013], [Diao and Passino,|2001], [Diao and Passino,|2002], [Zhang
et al, [2004], [Farrell et al.,|1993], [Reveliotis and Kokar, [1995], [Polycarpou and Helmi, 1995],
[Polycarpou, [2001] and |[Musgrave et al., |1996] have investigated the possibility of applying
machine learning in order to obtain FTC. While the proposed methods work theoretically,
not all have been tested in a laboratory setting where the conditions could affect the learning
process. Due to the complexity of these algorithm, they have been deemed not suited for the
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task at hand.

Findings Table

Based on the literature made, a table has been constructed to give an overview of which faults
each method has been able to handle and for what system type they have been tested.

Control Non-linear | Actuator | Sensor | Non-linear | Simplicity Tested on
Method system fault fault faults hydraulic sys.
Passive QFT - + - - ++ +
Active QFT - + - - + +
SMC + + + - -
Adapt. + - + - +
Backstepping

Adapt. MM - + + + - -
Passive LPV - + - - ++

Active LPV - + - - +

IC + + + + - -

Based on the literature review it has been concluded that it is very difficult to accommodate
for sensor faults without redundant sensors. Furthermore, methods which can accommodate
for sensor faults often cannot accommodate actuator faults. Alternatively a multiple model
approach can be taken. Then the decision if a fault has occurred in an actuator, the plant or a
sensor can be taken based on statistical information and probability theory. This method has
not been tested on hydraulic system and it has been concluded that the large non-linearities
present in a hydraulic system might not allow for correct implementation of such a method.
Based on this reasoning this project will not attempt to accommodate sensor faults, instead
focusing on actuator faults. The conclusion is that two methods have the most promise, based
on the consideration that the method has to be applied on a non-linear system with non-linear
actuator faults. These are the SMC and the Adaptive Backstepping methods. Two specific
articles have been chosen for further study representing each method, [Patton et al.,[2010] and
[Mohanty and Yao, 2011] respectively. The Intelligent system methods also show promise, but
have been rejected due to the complexities associated with the learning process.

3.2 Indirect Adaptive Robust Control

In this section, a deeper analysis of the article [Mohanty and Yao) [2011] will be conducted.
The article concerns a hydraulic system and uncertainties similar to the ones this project is
interested in. Furthermore the article shows promising results. Based on this analysis and 3.3}
a choice of method for the system in this report will be made.

The system considered in [Mohanty and Yao, 2011] is a hydraulic system in the form of a three
degree of freedom hydraulic robot with uncertain non-linearities and disturbances. Two of the
three DOF are locked, leaving a single cylinder to be controlled. The uncertainties considered
are bulk modulus, inertia, non-linear friction forces, leakage, and lumped modelling errors.
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These are similar changes to what effect uncertainties/faults can have on the hydraulic system
considered in this report. Two of the major faults for the system of interest in this report are
the leakage and friction, which are both included. The objective of the proposed control law,
Indirect Adaptive Robust Controller (IARC), is to achieve precision control while maintaining
a fast parameter estimation in order to make the controller applicable for non-linear systems
with uncertain non-linearities and disturbances. The authors of the article propose that the
method can be used for FTC, but have not simulated faulty conditions.

The adaptation law requires an estimation of the system parameters. The article uses a least
squares method, because it can lead to faster convergence of the estimates to the correct
parameters.

The article uses a backstepping method to design the control law. The resulting controller
has three linear and three non-linear control gains. For the estimation algorithm, the
authors mention that the improvement compared to the previous method is a generally faster
estimation. The estimation is based on measurements filtered through a stable low pass
filter with a relative degree of no less than three. This removes the need for a acceleration
measurement, because the stable filter removes the noise from the measurements and outputs
a smooth signal. In this way the filter velocity measurement can be derived to acquire the
filtered acceleration.

Based on this, the article continues to show a numerical example where a comparison of DARC
and IARC is made. The result is that IARC has a faster converge of the uncertain parameters and
better steady state tracking accuracy which was the desired result from the articles problem
formulation. The article does not test how the estimator handles parameters which vary over
time, but the theory supports the assumption that the algorithm will be able to converge to
the new parameter values. The algorithm is only able to accommodate faults which affect the
system parameters in a way that can be estimated.

3.3 Combining Sliding Mode Observer and Controller

In this section a deeper analysis of the article [Patton et al.,2010] will be conducted. A step-by-
step presentation, of the method and what conclusions can be derived from it for further use
in this project, will be given. Based on them together with the conclusions from 3.2} a decision
will be made for the final choice of method. The study is focused on accurately estimating
the non-smooth, non-linear nature of friction in mechatronics systems as a motivation for its
research into FTC. On-line estimation of friction is complex and degradation of components
can drastically change friction dynamics. Patton et al. propose a controller that estimates this
friction based on the sliding term of a sliding mode observer (SMO) and then compensate for
it through a sliding mode controller (SMC).

A canonical linear state space representation is used to design an observer and then a
discontinuous term, dependent on the sign of the error, is added to keep the plant output on
the sliding surface.

According to the article the friction will be seen as a disturbance by the linear system. When
perfect sliding occurs the system is guaranteed to be robust to a certain type of uncertainty and
the system behaves as a reduced order motion independent of the control. The article does
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not discuss it, but when applied to a non-linear system any differences that appear between
the system and its linear approximation will produce the same error. This error would also be
lumped with the difference due to friction forces. The controller will then have to take care of
the faults, non-linearities and the friction terms.

[Patton et al.}|2010] continues by designing a SMC. First a sliding hyperplane is defined based

on the design in [Dorling and Zinober, |1988]. By dividing the control law in a linear and a

discontinuous part the system stability can be proven by designing the control law for the
reduced order motion system. In this article a Quadratic Minimisation method is chosen for
the linear part of the control law. For the discontinuous part a single parameter has to be
chosen large enough to ensure reachability of the sliding surface. Patton et al. also prove that
by augmenting the design of the sliding surface and the variable structure control law stable
sliding motion can be achieved even though some states are not available for measurement.
Overall this design method can be beneficial, because velocity or acceleration measurement
are not always available and furthermore a large part of the controller design is linear, with a
single non-linear control gain to be tuned.

The article tests the theory on an inverted pendulum. The cart in the test was driven by a
DC motor. Friction has been modelled by the discontinuous Stribeck friction model
land Nijmeijer, 2004]. The available measurement were cart and pendulum position and cart

velocity. Another test was done with only the cart and pendulum position available in the
feedback loop. The method worked in both cases and a noticeable result is visible in Fig.
when the compensation is activated.
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Figure 3.1: Figure presenting [Patton et al.,{2010] results of SMO-SMC with a 25 N friction force.

3.4 Discussion

It is difficult to determine, which method holds more potential. On the one hand it is a well
known problem for SMC that once the system converges to the sliding surface, a chattering
occurs. In order to reduce this phenomenon a number of methods have been proposed like
the inclusion of a boundary layer or the nesting of the sliding controller in the derivatives of
the control law, so by integration the chatter can be reduced. The inclusion of these methods
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can degrade the robustness of the controller or increase the complexity of the implementation
and the proof of stability.

Furthermore, the SMC requires a linearisation of the system. A linearisation may be possible
for some non-linear system, but the effectiveness of the control law will depend on the severity
of the non-linear tendencies in the system.

Some positive points of the SMC/SMO are:

* Does not need velocity sensor, due to the way the SMO is designed.
* Fewer design parameter can make for a simpler implementation.

While the negative points are:

* The controller hasn't been tested on a non-linear system.

* The controller only accounts for differences between the linear and non-linear model. It
is not possible to determine why these differences have arisen.

* Due to the difference between the system in the article and the hydraulic system
considered in this report, the mathematical proof ensuring stability of the controller will
require reworking.

On the other hand adaptive control is based on a gradual convergence to the values of a
system, with the size of the error depending on the performance of an estimation algorithm.
Adaptive algorithm are however not dependent on a linearised model, possibly increasing the
performance on non-linear systems.

Some of the positive features of the IARC are:

 Similarity between the system used in the article and the one that will be used in this
report.

¢ The same parameters will have to estimated.

* Possible future work in using the estimated system parameters for diagnosis.

The main negative points of the IARC is the larger amount of parameters which have to be
tuned.

Based on these considerations, and the general idea of how the two methods described in the
previous section work, the IARC method is chosen to design a control law for this project. One
of the major reasons is that it is based on a non-linear model, allowing the control structure to
be used for more complex non-linear systems compared to SMC.

Mohanty et al. have proposed that the method can be used for FTC, but have only tested the
method for an initial error in estimation. In this project the ability of the IARC to operate under
faulty conditions, that is, the system parameters will vary with time, will be tested.
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CHAPTER

PROBLEM STATEMENT

The goal of this project is to select and implement FTC on a hydraulic servo-system emulating
conditions and faults that a wind turbines pitch system might experience. Based on the initial
problem formulation and the literature review, an Indirect Adaptive Robust Controller (IARC)
has been chosen as the most suited FTC for the system, and will be implemented.

The project will answer the following questions:

* What performance can an IARC achieve on the hydraulic servo-system provided by AAU?

* Can the IARC still handle the faults if the change in the mass, friction parameters, the
bulk modulus of the oil, and the leakages in the hydraulic servo-system is occurring
continuously over time?

* Whatis the effect of designing the IARC to handle larger variations in the aforementioned
parameters?

* How fast does the algorithm accommodate faults and how much performance is lost
during faulty operation?

Solution Strategy

Before the performance of the IARC can be determined, a non-linear model of the system
is constructed. This model will be used to design the IARC, which is based on the system
dynamics. The model will then be used to test the behaviour of the algorithm in a safe
environment, before the actual implementation of the controller is considered. Based on a
Failure Mode and Effect Analysis, made by [Jesper Linger,|2016], and the limitations of the IARC,
the faults that will be looked into are chosen.

A force controller is designed for a load cylinder connected to the test cylinder, as seen in
fig. It will emulate conditions similar to what a cylinder in a wind turbine pitch system
experiences. The force controller is also used to emulate faults such as varying mass and
friction parameters. Faults concerning leakage will be emulated by varying an opening area
of needle-valves placed on the set-up. Both external and internal leakage can be emulated in
this way.

The user defined parameters used in the IARC structure will depend on the size of faults the
IARC can handle. A number of parameter variation ranges will be investigated. The user
defined parameters will be determined by using an optimisation algorithm.
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To obtain a benchmark which will be used to evaluate the performance under faulty condition,
a simulation and experimental test of the IARC, under fault-less conditions will be made.

To obtain a realistic simulation, the noise and delays from the measurement equipment
available will be used. The noise levels have first been taken from the data sheets for the
respective sensors. Later on, laboratory measurements show that the standard deviation of
the simulated noise is similar in magnitude to noise samples obtained during tests.

Further simulations will be made where faults are introduced to the system to determine how
the IARC will perform under faulty situations.

To validate the simulations, similar tests will be made on the experimental set-up.

Based on the analysis of the IARC structure, the simulation results, and experimental results,
the answers to the problems above will be obtained if the following tasks are completed:

* Modelling of the system to be used as a preliminary test bench

* Determination of possible faults and which system parameters are affected

* JARC design for the system and proof of stability

* Choice of estimation algorithm required for the optimal operation of the IARC

* Design of estimation algorithm for the system parameters affected by the considered
faults: Mass, Coulomb and Viscous Frictions, Bulk Modulus and Leakage

* Determination of optimal parameters for the IARC and the estimation algorithm through
an optimisation algorithm

* Simulation tests to verify the IARC works under realistic conditions i.e noise and delays

e Simulation tests to determine the performance of the IARC under nominal conditions

e Simulation tests to investigate the amount of time needed to accommodate a fault and
the reduction in performance during faulted operation

* Writing of IARC and estimation algorithm program in LabView to be implemented on a
Real Time Machine

* Testing of IARC and estimation algorithm on the set-up in order to verify simulation
results
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CHAPTER

SYSTEM MODEL

In this chapter, a model of the experimental set-up will be determined. Faults will be emulated
in the non-linear model of the system based on chap. and at a later time they will be repli-
cated in the lab.

5.1 Non-linear System Model

To simulate the faults considered and their effects, it is desired to obtain a precise model. Flow
calculations due to leakage, system dynamics due to mass and friction parameters need to
be precise enough to simulate the faults. For the bulk modulus calculation, the air-ratio in
oil should be included. Furthermore, to include the limitations from the servo-valves, the
dynamics and flow limitations will be included.

The desired precision is linked to the accuracy of the sensors. Simulation with more precision
than sensor accuracy cannot be validated in the lab and do not benefit the project.

A sketch of the full hydraulic system that will be used for experimental purposes is shown in

fig.
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Figure 5.1: Schematic of the hydraulic system

In fig. [p.Iboth a test cylinder and a load cylinder is shown, where the load cylinder will be used
to emulate a load, faults, and time-varying parameters. Components used to emulate leakages
are shown as flow valves in fig. a description of these will be made later in Chap. The
components and relevant info for the measurements will be described in the experimental set-

up chapter, Chap.

The description of the non-linear model in this chapter will be for the test cylinder, but the
same equations can be applied to the load cylinder if required. A simplified sketch showing the
components required in the modelling of the test cylinder is shown in fig.
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Figure 5.2: Sketch of the cylinder and valve with component parameters

Based on the components and parameters shown in[5.2} a description of the established model
will be made in the following, starting with the cylinder and the forces applied to it. From this,
the equations for each force will be described, and the underlying dynamic models will be
shown, which includes the continuity equation and valve dynamics.

Forces Acting on the Piston

From the cylinder shown in fig. a force equation is determined based on Newtons 2nd Law
eq. (5.1):

ZFx:Meqxp:FL_Ffric_Fext (56.1)
=MeqXp = p1Ap1— P2Ap2—Ffric— Fext

where
M,y  isthe mass of the piston (kg]
Xp is the position of the piston [m]
Fp is the pressure force acting on the piston  [N]
Frric  is the friction forces acting on the piston  [N]
F..; isadisturbance force [N]
pi is the pressure in chamber 1 and 2 [Pa]
Api  isthe piston area for chamber 1 and 2 [m?]

The pressures acting on the piston will be determined based on the continuity and orifice
equations, see section The disturbance force F,y; is controlled by an actuator, and can
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deliver different force trajectories. The load force will be used to test for different scenarios of
mass, disturbances and emulating varying friction force related parameters. The control law
used for the load cylinder is described in App.

The IARC will be able to compensate for variations in the load and mass by estimating the
system parameters: M., and Fey; with the estimation algorithm explained in Sec.

The friction force will be modelled by (5.3). Here, only the Coulomb friction and viscous friction
are included, due to these being the dominating factors for the speeds that will be used during
testing. If very low speeds were considered, then the Stribeck effect should be considered.
For the Coulomb friction, a sign function of the piston speed is needed. A sign function may
give numerical problems, due to discontinuities that will occur. To avoid this, a tanh function
is used instead, which uses a steep slope when a sign change occurs, making the function
continuous.

Ffric:Bxp"'Fc‘S(xp) (5.2)

Ftric = By +Fc-tanh(7€—’:) (5.3)
where k. is a user defined constant to choose at what velocity the Coulomb friction will have
its full effect.

A nominal value of the parameters B, and F, will be determined experimentally. For the
initial system model and IARC parameter determination, the nominal system parameters will
be based on a previous project [Henriksen, [2009]. The previous project used the same load
cylinder, but a different test cylinder, resulting in expected differences in the magnitudes.
These should however give a decent baseline for the friction parameters. The previously
estimated parameters are approximately: B = 18000, F, = 200.

The IARC will be able to compensate for variations in the friction force related parameters by
estimating the system parameters: B and F,, with the estimation algorithm described in Sec.

2

A comparison of the use of sign function and tanh function can be seen in fig. where
the viscous friction is also included. The parameters used are: B = 18000 N %, F. =200 N,

ke =122,
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Figure 5.3: Combined friction model using parameters mentioned above.

In fig. the comparison of tanh and sign function shows that the error introduced by
using a tanh in simulations will only be relevant for velocities smaller than = 2 mm/s. The
trajectory used for this project will mainly operate with speeds of 20-150 mm/s, meaning the
error introduced by using tanh will only have an effect in the transition period between two
directions. The use of tanh is therefore found acceptable.

5.1.1 Cylinder Dynamics

The dynamics of the pressures in the chambers of the cylinder p; and p, can be determined
based on the continuity equation shown in eq. (5.4) and (6.5).

N S
Q1 — Qreakint — QreakExt1 = Ap,lxp + Epl (5.4)
.V
Qreakint + Q2 — QreakExt2 = _Ap,pr + EPZ (5.5)
where
Vi=Vo1+Ap1xp (5.6)
Vg = V(),g - Apyzxp (5.7)

where Vp1, Vo2 are defined as the volumes in each chamber when the piston is in middle
position together with the volume in the hoses connecting the valve and cylinder.

The flows Q; and Q; can be calculated based on the orifice equation and valve dynamics, see
Sec.
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The set-up used for this project will have needle valves emulating the leakages. Flows across
valves can usually be assumed turbulent. However, at low pressure drops and small openings,
which may be the case when emulating small leakage flows, the Reynolds number may
become sufficiently low to permit laminar flow. The minimum Reynolds number for a flow
to be considered turbulent depends on the shape of the cross section area, = 600 for valves.
[T.0.Andersen, 2007

The Reynolds number can be calculated by eq. (5.8), [T.O.Andersen, 2007].

udyp, dy,
Re = = (5.8)
Voil AVoi )
where
u is the average velocity of flow [m/s]
dy, is the hydraulic diameter [m]

Vi1 is the kinematic viscosity of the oil ~ [m?/s]

A is the opening area [m?]

where v,;;is 50 ¢St, 1¢St = 10‘6'”72, based on [T.0.Andersen, |[2007].

To determine the maximum Reynolds number that can be achieved under test conditions, the
range of leakage flows is used, which is up to = 10 L/min, or 25 % of the maximum flow sup-
plied to the system. By sweeping across the range of valve openings that will be used to simu-
late leakage flows, together with a range of pressures from 1-180 bar as pressure difference, the
leakage flow is found to be turbulent for flows larger than 0.6 L/min. However, if the maximum
valve opening is used in the simulation, then a minimum of 4 L/min is observed. In order to
simulate leakages below 0.6 L/min the Reynolds numbers is above 600 unless the pressure dif-
ference is close to 0 bar. The error introduced for those cases is found to be negligible because
the flows are very small. Based on this, the discharge coefficient used in the orifice equation
can be kept constant at 0.6, corresponding to a turbulent flow.

The leakage flow can then be calculated by an orifice equation as:

Qreakint = CaALeakint V [(p1— p2)IS(p1—p2) (5.9)
QreakExtl = CaAreakexti V1(p1 — p)IS(p1 — pi) (5.10)
Qreakext2 = CaAreakexn V(P2 — p)IS(p2 — pt) (5.11)

where S(e) is a sign function and C4 = 0.6. The value of Ajcakint, ALeakExtls ALeakExt2 Will
initially be 0, due to the valves being closed. The valves can be opened during testing, to
emulate faults causing a change in the leakage flow.

For the TARC to compensate for the varying leakage flow, the leakage flow will be estimated
directly through an estimation algorithm described in Sec.

The bulk modulus, g, in and can be approximated based on as described in
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[T.O.Andersen, 2007].

Berf,i(t, pajir€a) = ) 11 ) T ! e i=12 (5.12)
grealdi-g) wtR

Ba=cCaaPai» i=1,2 (5.13)

where
Berr s effective stiffness of the fluid-air mixture [Pa]
£ is the volumetric ratio of free air in the fluid, [-]
Br is the stiffness of the pure fluid according to 4 [Pa]
Ba is the air stiffness according to the pressure, p, ; [Pa]
t is the temperature of the oil [°C]
Pai isthe absolute pressure in each chamber [Pa]
[

Cad is the adiabatic constant for air, 1.4

-]
From eq. (5.13), bulk modulus is a varying parameter, depending on the pressure, temperature,
and air volume ratio in the oil. In fig. different scenarios of air volume ratios have been
shown, where €4 is calculated based on (5.15). The result is that if the oil contains no air,
then the bulk modulus can be considered constant, assuming constant density, and with an
increasing reference volumetric ratio of free air in the fluid at atmospheric pressure, € 49, the
bulk modulus reaches a constant value at a higher pressure, assuming constant density.

7000
A0 =0
€p0 = 0.0005
6000 €50 = 0.001
€0 = 0.002
€0 = 0.005
e =0.01
5000 A0
__ 4000
3
=2
=
I3
Na)
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O 1 1 1 1 1 1 1 1 1 ]
0 10 20 30 40 50 60 70 80 90 100

p [bar]

Figure 5.4: Effective bulk modulus build up for different air to oil ratios.

During faulty situations, the ratio of air in the oil, €49, may not be constant, resulting in a
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varying bulk modulus when the pressures are relatively small. To calculate €4 based on € 49,
eq. will be used [T.0.Andersen, [2007].

1
ealt,p,pa) = — (5.14)
1.0—€40 ) Po(%) ( Pam \aa
( €40 ) p(t,p) ( Pa ) +1.0
where

€40 is the volumetric ratio of free air in the fluid at atmospheric pressure  [-]

Patm is the atmospheric pressure [Pa]

p is the pressure in each chamber [Pa]
po(ty) is the mass density at atmospheric pressure (kg/ m3]
p(t,p) isthe pressure in each chamber (kg/ m3]
o is the reference temperature [°C]

For the modelling, eq. is simplified by assuming p¢(f)=p(t, p). The assumption is based
on that the temperature variations expected on the system will not have a significant impact on
the density of the oil. During experimental testing, the temperature of the oil varied from 36-56
°C, which corresponds to an = 2 % variation in the density. Furthermore, the pressure variation
in the system are not significant enough to result in significant density variations (supply of 180
bar). The resulting equation is:
1
ealt,pa) = — (5.15)
) ) o

€ A0 pa

The IARC will be able to compensate for a varying air-ratio by estimating the size of Bulk-
modulus with an etimation algorithm described in Sec.

5.1.2 Valve Dynamics

The valve used in this project is a MOOG D633 directly actuated servo valve. The spool
actuation is achieved with a voltage input. The valve posses a 40 L/min capacity seen in fig.
The valves frequency response is given by the producer as fig.
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Figure 5.5: Flow rate of MOOG D633 (left) and Frequency response of MOOG D633 servo valve
(right) 2009

The flows from the valve, Q; and Q, can be described by the orifice equation, eq. and
(5.17).

Q1 =kgxy/IAp11S(Apy) (5.16)
Q2 = —kgxy\/I1Ap2|S(Ap2) (5.17)

where k; is a flow gain coefficient defined as eq. (5.18), x, is the normalised spool
displacement which is controllable by a voltage input, and has the dynamics (5.2I). S(e) is
a sign function. Ap; depends on which chamber is connected to the tank, controlled by the

valve input, defined as eq. and (5.20):

k= -2 (5.18)
v PN
ps—p1, xp=0

Ap; = (5.19)

P {pl_pt Xy <0

Apy = p2—pe, Xy =0 (5.20)
ps—p2 xp<0

where the nominal flow and pressure, Qx and py, can be found in the datasheet, 2009].
The values are 40 L/min and 35 bar.

For the purposes of this project the valve dynamics will be modelled as a 2nd order system with

a transfer function: ,
Xy Kywsy,

- (5.21)
Uref  $2+2{wys+ 0%
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where

Urer is the voltage control signal [V]

K, is the gain of the valve from supplied voltage to position of the spool [m/V]
[rad/s]
(-]

wy,  isnatural frequency of the valve
¢ is the damping ratio of the valve

From fig. the natural frequency will depend on the opening of the valve, ranging from =
22.5-60.0 Hz.

5.1.3 Discussion of Natural Frequencies of the System Components

To get an understanding of how the hydraulic cylinder frequency compares with the valve
frequency, the following calculations are made. Furthermore, a short description of the
dynamics and system effects of the force controller used to emulate an increase in mass and
force related faults will be made.

The values for the transfer function are estimated based on the frequency response in fig.

The valve frequency is determined from fig. [5.5|to be 377 rad/s for a +10% valve opening. The
natural frequency of an asymmetric cylinder can be found by equation (5.22) as proposed by
[T.O.Andersen), 2007].

eyt (0y) = 1 | L) (5.22)
n,cyl\Ap) = Meq .
where Ky, (xp) is a function of the position of the cylinder piston and can be defined as
App®  Api® Aps® Apst
K (xp) = Besf Pl P P P (5.23)
Valxp)  Vilxp)  Vs(xp)  Valxp)

where 3, 4 corresponds to the piston and rod side of the load cylinder respectively. The result
for the natural frequencies of the two cylinders can be seen in fig. together with the valve
frequency at 10 % corresponding to the fastest natural .

36 MCE4-1022



5.1. Non-linear System Model

900 -

Natural Frequency Cylinder
Natural Frequency Valve (10% open)

800 -

]

o

o
T

600 -

Frequency [rad/s]

al

o

o
T

400 -

300 | | | | | | | | | |
-125 -100 -75 -50 -25 0 25 50 75 100 125

Position [mm]

Figure 5.6: Cylinder frequency as a function of position.

The natural frequency of the test cylinder is calculated to be =640 rad/s at a linearisation point
of 25 mm and 30 mm/s. The reasoning for the linearisation position and the procedure can
be seen in appendix[Al By comparing the frequencies in fig. it is shown that the cylinder
natural frequencies are approximately a factor of 2 faster than the fastest case for the valve(10%
opening). From this, the fast dynamics of the cylinder will not be excited, and should not be a
concern when tuning the controller. However, for the case where the load cylinder is supplying
a large force, corresponding to an increased mass of the system, then the natural frequencies of
the cylinder may decrease to values where the valve is faster. This is done to emulate conditions
for a wind-turbine pitch system. Due to this, the frequencies have been calculated again, with
an upper and lower bound of the desired emulated mass, 6000-9000 kg. The result can be
seen in fig. This range is associated with the ranges of mass uncertainty the non-linear
controller will be tuned for.
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Figure 5.7: Cylinder frequency with a simulation of larger mass as a function of position.

Fig. b.7]shows that when a large load is applied to the cylinder, the natural frequency is reduced
significantly. For the force controller design, the resulting frequency of the load cylinder system
should not be faster than the valve, in order to obtain a good response. To make sure the valve
frequency will not become a problem, the valve dynamics will be included in the design of the
force controller.

In App. [A] a linear model of the system is defined and verified with the non-linear model
described in this chapter. The linear model determined is used to design the force controller,
used to emulate an increased mass, together with variations in the mass, load, and friction
parameters in the system.

The reference force for the load controller is calculated from a reference mass, viscous friction,
and Coulomb friction, together with the position trajectory. Where the reference mass, viscous
friction and Coulomb friction are used to emulate time varying parameters. A block diagram
of the structure is shown in fig.
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Figure 5.8: Block diagram of force controller structure.
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To emulate the variations in force related parameters as realistic as possible, the force controller
needs to be able to emulate the variations at least as fast as the reference dynamics. To reduce
the limitations the force controller will have emulating on the simulations, the force controller
is designed to be as fast as possible. The resulting force controller has a rise-time of 4 ms and
a settling time of 36 ms, with an overshoot of 27 %. Applying the force controller to the load
cylinder, the resulting bandwidth of the load cylinder subsystem is 78 Hz. The fast controller
has the benefit of being able to follow the reference fast enough to for example emulate the
increased mass. The load cylinder control will include a velocity feedforward in order to reduce
the possible pressure build up when the test cylinder accelerates.

To ensure that the tuning of the IARC does not exceed the bandwidth of the force controller,
the force controller will be included in the model used for tuning of the IARC in Chap.
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CHAPTER

SUB-CONCLUSION

In this part of the report a non-linear model of the hydraulic system has been established.
Based on information from an FMEA analysis, the following parameters have been chosen for
fault emulation: Mass, Friction parameters, Air-level in the oil, and internal/external leakage.
These parameters will be varied in the non-linear model and later on, changes in them will
be emulated in the lab. The non-linear model has been linearised in order to investigate
the eigenfrequency of the system. Furthermore a force controller is designed for one of the
cylinders. This controller will provide the forces, which will emulate parameter changes in the
lab. In order to bring the conditions in the lab closer to those expected for a cylinder in a wind-
turbine pitch system, the force controller will emulate a minimum mass of 6000 kg.
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CHAPTER

CONTROL DESIGN AND PARAMETER ESTIMATION

7.1 Control Design

For the design of the indirect adaptive robust control law, a modularised backstepping design is
used [Mohanty and Yao, 2011]. To guarantee transient performance and tracking accuracy the
standard design requires that no unknown non-linearities are present in the system. However,
this is not the case for the system in this project due to the interest of faulty situations. In order
for the method to still guarantee a minimum transient performance and tracking accuracy,
[Mohanty and Yao, 2011] proposes to utilise the known, bounded and pre-set adaptation rate
for the uncertain parameters, determined in Chap. [8 With the assumption that the parameters
will remain within these bounds it is possible to prove the stability of the controller. The control
law and estimation algorithm will be explained in the following.

The general idea of the structure of the controller and estimation algorithm can be seen on
fig. where the estimator sends the estimated parameters, 8, to the controller, calculated
based on the previous states, x, and control input, u. The estimator has a filter added, to make
sure the states are smooth and continuous, so the time derivative of velocity and pressures can
be calculated. This is done due to the acceleration and time derivative of pressure not being
measurable. The controller then sends out a new control input, «, and new plant outputs are
obtained. The cycle then repeats.
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Figure 7.1: Block structure of plant, estimation algorithm, and control law

In this chapter, the following nomenclature is used: ¢ is used to denote estimate of e, and s is
used to denote the error between real and estimate of e, e.g. s =% — e,
Uncertain Parameters

The system model from chapter [5|includes a number of uncertain parameters. The uncertain
parameters are defined as:

0 =06, 6, 03 04 05 0O 07]

01 =M,; Equivalent mass of piston and load mass (kg]

0, = Viscous friction coefficient and damping [Ns/ml]
03 =F, Coulomb friction [N]

04 =D;;, Lumped model error in the force equation, i.e. friction [N]

05 =p~! Inverse bulk modulus [Pa~!]
0 =Dy, Nominallumped model error in the continuity equation, i.e. leakage [m3/s]
07 =Dy, Nominallumped model error in the continuity equation, i.e. leakage [m3/s]

Accurate off-line estimations can be made for some of these parameters (B, F,, ') through
laboratory tests. These estimation will only be correct for specific conditions. Their values can
change over time, as a function of other system parameters (pressure for 1) or during faulty
operation. The modelling error D, is present due to omitted dynamics such as the Stribeck
effect. [Mohanty and Yao, |2011] use a 3 DoF robotic manipulator, which means that some
coupling effect is probably included in their article, which will not be present here. The Dy,
and Dy, modelling errors contain the internal leakage and external leakages, which can occur.
Dy, D1, and Dy, are the changes in the lumped model errors from the nominal value in case
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of incorrect estimation or faults. The system model can then be expressed by eq. (7.I)-(7.3):

lep=p1Ap’1—pgApyz—02.72?,0—038(56’7)4-944-131 (7.1)

A 66 D
Loty Q_Bs Do (7.2)
VPtV M g

A 6; D
oz, & 01 Do (7.3)
V2 Vo, Vo W

Osp1 =—

O5p2 =

The control law will be designed to cancel out the system dynamics and to force the error
dynamics of the closed loop to converge to zero. The stability of the plant depends on the
accuracy of the estimated parameters. For this reason certain requirements are imposed on the
control law. For the control design and parameter estimation method, a requirement to prove
stability and convergence is that the uncertain parameters are bounded to a specific range and
rate of change. Larger bounds i.e. more uncertainty and possibility for larger estimation error,
lead to larger control gains.

The ranges for the uncertain parameters are determined based on the nominal system
parameters and restrictions due to system performance. These will be discussed when
choosing the control gains and the parameters used in the estimation algorithm in Chap.

States of the System

Before the control method is explained, the states of the system are introduced, where the
piston position, velocity and chamber pressures are assumed measurable. The states are:

p = [X1 X2 X3 X4]T
X1 = xp

X2 = )‘cp

X3 =p1ip

Xy =p2hAp2

By inserting the defined states into the system equations (7.1)-(7.3), the time derivatives of the
states can be calculated as:

X‘l = X2 (7.4)
91)272 =X3—X4— 92)62 —938()62) +H4 + Dl (7.5)
A2 A A A
. 1 pl pl = p1
05z = ——L Xy — O —— + Qy —2= — Doy —2= 7.6
5X3 v, 2, Q1 7 217, (7.6)
A2 A A A
. 2 p,2 p2 = p.2
Oy = —2= xp + 07 —2= + Qp—2Z= 4 Dy L2 7.7
sty =~ t b Q2 3 2, (7.7)

7.1.1 Backstepping Design

For the backstepping design method, a number of variables and virtual controllers are
introduced to prove convergence, and by combining these, a control input is defined. The
method starts with a virtual controller for the position error. It then moves through the
derivatives until a directly controllable state is found. In this case the derivative of the pressures
of the system.
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For the position and velocity states, two variables, z;, z» are defined:

21 = X1~ X1d (7.8)
Zo=21+ k1 21 = X2 — X2eq (7.9)
Xpeq = 1a~ k121 (7.10)

where x4 is the reference position and k; is a positive gain feedback. The size of the gain k; and
the following control gains introduced later in this section are chosen based on an optimisation
algorithm, described in Chap. corresponds to the position error, and is the velocity
error, with a position feedback. The transfer function for eq. is:

z1(8) 1

Gsls) = 22(8) - s+k;

(7.11)

The transfer function is stable for k; = 0. From the transfer function, it can be seen that z; is
bounded if z, is bounded. Furthermore, it can be seen that making z, small or converging to
zero is equivalent to making z; small or converging to zero. These considerations are needed
for the Lyapunov proof of stability for the controller. The next step of the design is then to make
zy as small as possible.

To prove convergence of z; to as small a value as possible with a guaranteed transient
performance, a time derivative of (7.9) is inserted into the system eq. (7.5):

013 =012 +91X23q (7.12)

9122=X3—X4—HZX2—93S(JC2)+94+D1—91X23q (7.13)

Eq. becomes the error dynamics of the velocity of the system. The controllable input in
this equation is the load force (F; = x3 — x4). This load force can be selected with the intention
to cancel out the influence of the other parameters in the equation. Furthermore the load force
can ensure that 2z, has an opposite sign to z,. The load force is dependent on the pressures in
the chambers of the actuator. These can be manipulated by the valve input. If this load force is
selected with these considerations in mind, it can make z, converge to zero. For this purpose
Fj is selected as the virtual control law a» which is designed as:

az(x1,%2,0, 1) = @z + s (7.14)

=Q2qt Q251 + Q252 (7.15)

where the @y, part of the control law, is designed to cancel out the current estimate of 8, and
a2 consists of the control gains. The resulting equations for them are:

Q2 = 01%26q + 0222 +038(x2) — 04 (7.16)
251 = —kozo (7.17)
Qos2 = —kos(x1, %2, 1) 2p (7.18)

By inserting the virual control law a, = x3 — x4 into (7.13), the following is achieved:

012 = —k2Z2+((pgé+D1 —koszo) (7.19)
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where:
@2=[%20g X2 Sx2) -1 0 0 07 (7.20)

Again the aim is to ensure z, converges towards zero, which in this case requires that the
term D; + (pzTé — koszp is dominated by ky;. The terms D, + (pzTé can be seen as a disturbance
preventing the error dynamics from converging to zero, since they are not dependent on z,. If
the estimation of the parameters is perfect, then the estimation error 6 will be zero, removing
this term. Of course this is not a reliable assumption and the size of ks has to be selected
large enough to reduce the effect of these terms. As z, converges towards zero the influence of
koszo reduces as well. This means that z; = 0 is not achievable unless 0= D; =0, but a small
value can be reached. In order to ensure that these dynamics are stable and the error will not
grow to infinity, steps have to be taken. The expression will be examined at the worst case
scenario, where the estimation error is at its maximum and so are the non-linear uncertainties
and disturbances. In order to establish bounds for the uncertain non-linearities and uncertain
parameters, the following conditions will have to be satisfied when choosing the value of the
non-linear gain ky;.

Condition1 2z (a2 + D1 +@10) <ey
Condition2 2z a5 <0

Table 7.1: Conditions for the choice of as».

where €, > 0 is a design parameter affecting the maximum effect a parameter uncertainty, 6,
and uncertain non-linearity, D; can have on the system. A consideration when choosing the
size of &, is, that if chosen too small, a large a.;, is required. Since large values for D; + (pzT 0
increase the size of 2, leading to an increasing z,. In turn z, is composed of the current ve-
locity, a velocity reference and a position position error as seen in eq. (7.9). All of these are
in practical terms bounded. In that case the control gain k,s can be chosen, so the maximum
disturbance cannot exceed the design parameter. The second condition ensures that the term
ks is positive, so the equation for Z, minimises the size of z;.

To chose a value for ky; to satisfy these conditions, a method described in [Yao and Tomizuka,
1997] is used. The method ensures that a»s, satisfies the conditions, while having a smooth
non-linear gain function, by utilising a tanh(-) function. The control law is defined as:

h
Qg = —hy tanh (Z—ZZ) (7.21)
&2
where the non-linear gain, h,, is defined as:
hy = 1192(x2) "0 rangell + 11D, maxl| (7.22)

Here the vector 8,4, is defined as maximum error that can occur in the estimation and each
element is defined as

Hrange,i = emax,i _Hmin,i i=1,2,3,4,56,7 (7.23)
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By using this definition of h,, the Condition 1 is fulfilled. The use of L, norm to calculate the
size of h, ensures it is a positive scalar. The design parameter ¢, is also a positive scalar by
definition, which means that the sign of is determined by z,. This fulfils Condition 2,
because the tanh(-) function will cancel out the sign of z, in the condition, equivalent to zg,
and the negative sign of will give the negative value of the expression. To reduce the
effect of noise and the computation required for each iteration, h, can be defined as a constant
by using the maximum value of ¢,. The resulting control gain is:

hy = ||‘Pg:max0range|| + ||D1,max|| (7.24)

If @, is considered as the desired load force the following of this reference has to be considered.
To make sure that the load force F; will converge to the proposed virtual controller a», a third
state is introduced, z3 = F — a2, corresponding to a force error. To prove boundedness and
convergence of z,, a Lyapunov candidate is defined as

0

V, = ?lzg (7.25)
Vo=01222 (7.26)

Inserting (7.13) in (7.26) gives:
Vg ZZz(FL—Hleeq—92X2—935(XZ)+94+D1) (7.27)

Using F, = z3 + a» gives:

Vz =22Q251 + 22 (01252 + Dl +(pgé) + 2223 (7.28)
Vg S 22Q251 +HE2+ 2223 (7.29)
Vg S—k2Z§+£2+ZZZ3 (7.30)

where €, is the user defined constant from the conditions of the virtual control law. This
Lyapunov candidate cannot be used to prove stability, because of z3. At this point the force
build up has not been investigated and conclusions about the stability of this error state cannot
be drawn. Although, it can be concluded that z, is bounded and converges to zero or a small
value, if z3 converges to zero or a small value. This will be investigated later in the chapter, by
establishing a combined Lyapunov candidate for z, and zz. In order for this to be possible, the
dynamics of z3 have to be investigated.

The time derivative of z3 is combined with the time derivative of F; from eq. (7.6) and (7.7),
resulting in:

052 LA Ale A20 O5c5, — O5a D (7.31)
Z3=0Qp—|— +—=|x0— =05 — —=607 — Osc2c — Os502, + )
523 = Qr v, T, |2 1, 06Ty, 0 Osdac —Bsdzu+ Do

Once again the aim is to force the dynamics of z3 so it converges towards zero. The force Fp
depends on the load flow determined by valve spool position. The term Qr can be considered
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proportional to the load flow, since it depends on the flows Q; and Q-, but in this case the unit
for Qp is m?/s. The terms Q; and D- are defined as:

A A
p.1 p.2
=—0Q1—-—— 7.32
QL 7 Q v Q2 (7.32)
A A
~ pyl ~ pyz ~
Dy=———Dyy———D 7.33
2 v 21 v 22 (7.33)
The derivative of a5 is:
(p = dac + A2y (7.34)
56!2 5&'2 ~ 5(12 A 50!2
dop= —Xp+ —Xo+ —0 + — 7.35
ST TR PPy N " a2
. 6“2 T
Qoy = X2 (7.36)
5XZ

where dy. is the calculable part of @,. d», is the incalculable part, because acceleration
measurement, X», is not available. This means that the estimation error, X, cannot be
calculated.

For the calculation of ¢, a derivation of z, as is used, which can be derived from (7.9).
The values in @, can be defined as the following:

Zp = X1 — X149 + k1 (1 — X14) (7.37)
= Xp — Xpq + k1 (x1 — X14) (7.38)
0
0% koky - kosky (7.39)
5)61
0 A
0% _ ) — ky — ks (7.40)
5x2
(5052 . T
— = [X2eq X2 S(x) -1 0 0 0] (7.41)
00
oay . . . i
T 01X20q + (k2 + ko) dog + (ko ky + kask1) X14 — k2sz2 (7.42)
= 01X2¢0q + (ko + ko) Xog + (ko k1 + kosk1) X14 (7.43)

where for the last step, the time derivative of k»; is zero, due to the gain being defined as a
constant in eq. (7.24). The equations for X, and X, are:

N 1 A A N
X2 = = ((3 — x4) — B2x2 — 03 S(x2) + 04) (7.44)
1

Xo = Xp — X (7.45)

A virtual control law is applied to select Qy, such that z3 converges towards zero. The control
law should cancel out at least the known part of the derivative of the virtual law a, and the
pressure dynamics of the system. The virtual control law is:

Qr=Qra+Qrs=Qra+Qrs1 +Qrs2 (7.46)
A2 AS Ap1~  Aps. .
Qm:_%Lh%ﬂﬁ_@+i$%+€§&+%@c (7.47)
Qrs1 =—kzzs (7.48)
Qrs2 = —k3s(x, 1) z3 (7.49)
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where z; is introduced in order to cancel out the term z,z3 in the Lyapunov candidate (7.30).
Similar to a», Qr, cancels out the known dynamics of the pressures, based on the estimated
parameters. Qrs drives the z3 towards zero, since k3 is a positive control parameter, chosen
based on the conditions mentioned for k;. kss is a non-linear gain, chosen based on the
following two conditions: where

Apr Ap2]”

=10 0 0 0 « — 7.50
@3 2c v v ( )

and €3 is s design parameter affecting the maximum effect a parameter uncertainty, 0,
uncertain non-linearity, D», and acceleratoin estimation error, d»,, can have on the system.
Similar to the conditions for ky;, the first condition ensures that the effect from uncertainties
will remain bounded and k3¢ will dominate these errors. The second condition is to make sure

the controller Qr, follows the desired functionality, e.g. 23 = —kzs. By inserting the proposed
control law for Qy into yields:

0523 = Qrs1 + Qrs2 + 93 0 — d2,05 + Dy (7.51)
= —kg,Zg - k3523 +(p3T§ + Dz (7.52)

The method used to choose the gain of ks3; is the same as for k»;. The control law is defined as:

h
QL2 = —hs tanh (—zz3) (7.53)
3

where non-linear gain is defined as:

hs = llp3(x1, xz,é, t) Terange” + ||d2u,max(95,max _95,min)|| + ||D2,max|| (7.54)

Like hy, the control gain can be simplified to be using a constant value for ¢3, to reduce
the computation time and noise effect. Due to a lack in acceleration measurement the term
a2u,max05,max—05 min) willnot be zero. Itis included here, so the non-linear gain can suppress
maximum influence. The resulting control gain is:

h3 2 ||(p§:max0range|| + ||d2u,max(95,max - 95,min)|| + ||Dz,max|| (7-55)

The proof of convergence by use of a Lyapunov candidate of z3 will be shown in sec. due to
convergence of the estimation algorithm determined in the next section is part of the proof.

Assuming the virtual control law, Qy, is valid, and z3 converges to zero, the control law for the
system can be defined. Due to Qy, being controllable by the valve input, and the parameters for
the valve are known, the virtual control law for Q; can be used to determine the control input

Condition1 z3 (QLSZ +¢p§0 — (2,05 + Dg) <é&3
Condtion2 z3Q;» <0

Table 7.2: Conditions for the choice of Qp».
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to the system by isolating x, in the following:

A A
p.1 p,2
=20, - 2= 7.56
Qr v Q1 7 Q2 (7.56)
Ap Ap,2
= quxy\/ Apl + quxl,\/ Apz (7.57)
1 2

QL
A A
VLl'lkq\/Apl +VL;'2kq\/Ap2

Xy = U= (7.58)

where for x, = u it is assumed that the control gains fulfil the condition that the frequency of
the controller do not exceed the bandwidth of the servo valve.

A diagram showing how the different states and control laws are connected can be seen on fig.
[(.2]

j/l ka, kas G
[ 5 “ =
z3 equation 2, equation z3 equation 23
Xp,ref (error in desired position) (error in desired speed) @% a, equation (error in desired force)
Xp, ref. P, f;
—RIEy " = (Force feedforward) —
xg,ref;
ks, ks N
d/dt .
[e7)
(Calculated
numerically) @H Q Xp <
@——) Q_ equation M X =U X
(Pressure dynamics Valve equation feedforward Plant :E
:> > feedforward) . A P1 ﬂ
6

Figure 7.2: Diagram of control structure

From the structure of the control law gives an overview of how the final control law is
obtained. Furthermore, the two virtual controllers both require the estimated parameters as
inputs. Due to this, the convergence speed of the estimation algorithm, introduced in the next
section, is correlated to the performance of the IARC.

The requirement for the backstepping design utilised to obtain this control input, is the
boundedness of the uncertain parameters and non-linearities. Furthermore, as mentioned
above, to accurately cancel out the dynamics of the system, an accurate estimate of its
parameters is needed. To achieve this, a parameter estimation algorithm is introduced in the
following section, Sec. Once that is established the combined Lyapunov candidate can be
examined and the stability of the control law can be proven.

7.2 Parameter Estimation

For the IARC algorithm to be fault tolerant and work satisfactory a parameter estimation of
the uncertain parameters, 8, is needed. The general idea of parameter estimation is that at
each time instant, the parameter estimation algorithm utilises the previous control input and
measurements to update the uncertain parameters. The updated parameters are then used in
the computation of the next control input. The proposed method in [Mohanty and Yao,2011] is
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an indirect adaptive control, which separates the estimation and control law by first estimating
the parameters and then computing the control parameters. The other method is the direct
adaptive control which combines the two, and estimates the control parameters directly. Due
to the study [Mohanty and Yao, 2011] having shown that the indirect method was superior to
the direct method tested on a similar system, the indirect method will be used for this report.

The parameter estimation can be done in various ways, for example gradient or least square
estimation methods. This project will use the least square method, because it has proven itself
to be more efficient in [Mohanty and Yao) 2011].

Least square estimation is based on regression analysis in order to determine the parameters
in a system. Its based on a cost function which contains the prediction error. A simple example
of how the parameter estimation is done, based on an example from [Slotine et al., [1991], is:
Consider a system where the acceleration can be measured, and the mass is uncertain.

mi=F=u (7.59)

m(r) = M (7.60)
X

By using this estimation directly, the noise of the measurements may give significant errors. To
overcome this problem, the least-square approach can be used. The total prediction error is
estimated as:

t
]=f e*(rydr (7.61)
0
where the prediction error is defined as:
e(t) = m()x(t) — u(r)

By using this error minimisation, the measurement noise is potentially averaged out. The
resulting estimate is:

[ wudr
J w2dr

where w = X. For a time varying parameter, this calculation has to be done for every iteration,

= (7.62)

which may cause computational problems. To overcome this, an estimation gain is defined as:

1
P(t) = — (7.63)
fot w2dr
where the update can be obtained by:
d 2
— [P ' l=w 7.64
T [P7] ( )
By inserting this into eq, (7.62), the time derivative of the uncertain parameter is obtained as:
t
P’ln%:f wudr (7.65)
0
—1.4 d —11 .4
P m+%[P Im=wu (7.66)
P Ui+ w?m=wu (7.67)
Pl =wu-w?m=-we (7.68)
m=-P(H)we (7.69)
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The estimate can then be calculated by numerically integrating eq. (7.69).

With the general idea of parameter estimation introduced, the method can be applied to the
system of interest.

To apply the method the first step is to define the output of the system with the assumption
that no uncertain non-linearities are present, i.e. D; = D, = D,y = 0. For cases where this
assumption is not true, the estimation algorithm will not work optimally, and will not converge
to the correct parameters. The reason for this is that the uncertain non-linearities will be seen
as an error in the estimation algorithm. The effect this will have on the control algorithm
can be seen from the Lyapunov candidate, described in the section There it is shown
that the states, zp and z3, converges to a value bounded by £. The value converged to will
be proportional to 8. Due to the non-linear uncertainties affecting the estimation algorithm, 8
will only converge to zero, when Dy = Dy; = D2, = 0, and when that is not fulfilled, z; and z3
will converge to a bounded value. This means that the controller will be stable at all times, but
performance is depending on the size of 6.

By using this assumption, the system equations can be split up into measurable and known
parameters, and uncertain parameters. The left side of the bold equal sign in (7.70)-(7.72)
contains the known or measurable components. The right side of the bold equal sign contains
the real values of the uncertain parameters and their regressors.

J1=X3—Xg= 91)272 + 92)62 + 938()62) - 94 (7.70)
- A A 0 A
p1 Q1Ap1 ) 6Ap,1
= X2 + =05%3 — 7.71
V2 7 2 7 5X3 " ( )
A? A 0, A
Y3 = P2 X2 + Q2 p2 = 95)2?4 + 72 (7.72)
Vo Va V,

The acceleration of the system is not available as a direct measurement. To remedy the
situation a stable filter of the 3’ order is applied. The reasoning for the third order filter comes
from the requirement of velocity, acceleration, and jerk inputs to the estimation algorithm, in
(7.70)-(7.72). Due to the acceleration (x»), and jerk (x3, X4) not being measurable they need to
be approximated by a time derivative of x, and x3, x4. To make sure xy, x3, and x; are smooth
and continuous, the third order filter is required. There exists a number of different types of
filters that can be used, Bessel, Butterworth, and Chebyshev among others. The filter that will
be used for this project is a Butterworth filter due to its flat frequency response, defined as
(7.73). When it is applied to previous equations the result is (7.74) - (7.76).

_ biSP+bos®+b3s+ by

Hs= 7.73
f a1sS+arst+azs+a (7.73)
yif=Hplxs— x4 =018x27 +O2x27 +035(x2) p +04(—1) ¢ (7.74)

- A2 A A

p.1 Q1Ap: p1
=H + =0 —0| — 7.75
Yoy = Hp 7 X2 7 58X3r — s ( w )f (7.75)
A? A A

.2 Q24p,2 p.2
=H + =0 +0;|—— 7.76
Y3f=Hf 7 X2 7 58Xaf 7( 7 )f (7.76)

where the subscript ¢ denotes that this is a filtered value. The variables X, ¢, X3r, and 45 are
estimated by sxr, sx3¢, and sx4¢ in (7.74)-(7.76), where s is a Laplace transformation of the
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Bode Diagram
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Figure 7.3: Open loop bode diagram of the system with the 3" order Butterworth filter applied.

derivation function. A bode diagram of the filter Hy applied to the open loop system is shown
in fig.

The filter is designed in such a way as to allow the system dynamics to be excited, but it will stop
the high frequency noise, which will be present in the measured signals. The cut-off frequency
of the filter has been chosen as 1 Hz. The relatively low frequency compared with the natural
frequency of the system can be explained by the large resonance peak of the open loop system
which has a size of 94 dB that occurs a decade after the cut-off frequency of the valve. Since
itis a 3”4 order filter the frequency response decays with 60 dB/dec leaving a positive response
at the natural frequency and cutting off at = 200 rad/s. The frequency of the noise is 1 kHz or =
3000 rad/s, resulting in the majority of the noise being filtered out.

The second step is to define the regressor matrices from (7.74)-(7.76):

Q1= [szf xor  Sley (=g ' (7.77)
A T

@of = [stf (VL) f] (7.78)

@37 = [sxis (AVLj)f] ' (7.79)

and the vector of uncertain parameters

0, = [91 0, 05 94] ! (7.80)

0, = [95 96] ' (7.81)
T

05, = [95 97] (7.82)

Then the regression model can be defined as

Vir=ir 0 (7.83)
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where i = {1,2,3}. The error between the estimated output and the real output can be defined

as
€i=Jif—Yif (7.84)
ci=p!Bis—0i 0 (7.85)
ei=¢;0is (7.86)

In order to update the estimated unknown parameters according to the error defined in7.86]
an adaptation law is used, sat up similar to the simple example in (7.69), with the addition of a
normalisation factor, v, explained below.

2 1
0,‘ = ——r,‘(p,'fé'i (7.87)
1+vip[ Tipiy
where T'; is the adaptation gain, which defines the rate at which the estimation error gets
reduced. A large gain ensure a fast convergence but can also lead to overshoot in estimation.
For this reason the gain is chosen large initially and is then updated as

Tip; f‘P,-Tfri

r'i=zali—-———
N +Vi‘P,~Tfri‘Pif

(7.88)
where «a; is the forgetting factor. If chosen properly, this may improve the estimation rate of
time-varying parameters. It will reduce the rate at which I'; converges towards a predetermined
minimum value. If the forgetting factor is not used once T'; and I'; reach a small value, the
adaptation algorithm is not able to handle time varying parameters.

v; is the normalisation factor that should only take on positive values. If it is equal to 0 the
algorithm is not normalised. Two additional requirements on the adaptaion gain, I';, are:

r;0)=C;"0)>0 (7.89)
I‘,-(t,*) = PiIi (7.90)

The first is the starting condition for the adaptation gain where it may not be equal to
zero, otherwise the derivative of T';, eq. (7.88), is equal to zero and no adaptation occurs.
Furthermore, it needs to be positive, in order to make the error, €; converge to zero. The second
condition states that at the covariance resetting time ¢, the value of I'; will be reset. The time ¢,
is defined as the time at which I reaches its smallest eigenvalue A,,;, (T; (¥)) = py;. At that time
T'; is reset in such a way as to make 0 < p;; < p;. I; is an identity matrix with the appropriate
dimensions. By having this, I never reaches zero, and the estimation algorithm will maintain a
minimum adaptation gain.

A practical problem can occur with this implementation, because if the system dynamics are
not sufficiently excited, I'; can become unbounded and this can lead to estimator wind up. In
order to prevent this, bounds are set as

Tigirp] T .
airi_m i fAmax @i () < pmi
fi= &||Proj (Tit;) || <0y (7.91)
0 otherwise

Here p ) is the preset maximum eigenvalue of [|T'(#)]|. This lead to the following bounds on the
adaptation gain: p1;I; <T'(#) < ppI;.
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To get an idea of how all the described equations are connected to achieve the estimated
parameters a block diagram of the parameter estimation structure has been made, and can

be seen in fig.

The proof of convergence for the estimation algorithm together with proofs for the IARC will
be made in the following section.
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7.3. Control Law Proof

7.3 Control Law Proof

In this section the proof that the control law from Sec. is stable will be given. Claims for
the control on a similar system have been proven in [Mohanty and Yao, 2011]. The Lyapunov
functions described in [Mohanty and Yao) [2011] will be used as a basis for the proof.

7.3.1 Boundedness of error

The first step is to establish a Lyapunov candidate function:

6] 2 05 2
V=—2z+—7z 7.92
32t 54 (7.92)

The function is positive definite(PD), because 0, is the mass of the system and 65 is inverse
proportional to the bulk modulus. The derivative of (7.92) is

V= 01222y + 052323 (7.93)
Inserting the expressions for Z, and z3 from eq. (7.13) and eq. (7.31) into eq. (7.93) the result is

V= Z2 (Zg +ar —91)'62“, —02x9—03S(x2) +04 +D1)

A2 A2
pl p2 A Ay . ) -
+z —|—=—+—]x——0— —07—-0505,— 0502, +D 7.94
S(QL 7 7 2 7 6 7 7= 0502 —0O50d2y 2) (7.94)

Then by inserting the expressions for ay and Qr, from eq. (7.14) and eq. (7.32) one obtains

V= 22 (Zg - 915628q — 0%, —03S(x2) + 604 + Dl + éleQq + éng + égS(Xg) - é4 —kozo + aggg)

A2 A2 A A L (A2 A
+ 23 —(—pl-i-—pz)xZ——les——297—95d25—95d2u+D2+( Pl +—p2)X2
%1 V) %1 Vs Vi V2
Ay A Az s A
— 2+ 106+ 207+ Os5dne — k3zz + Qi (7.95)
i Vs

This can be simplified by noting that = § — 6, which results in
V = —]C2Z22 + 2023+ 2» ((lzsg +(pgé + Dl) + Z3 (lez +(pgé - 95d2u + Dg) — 2322 — k3Z32 (7.96)

As stated in Sec. the term z; is added in the control law Qr, with the purpose of cancelling
out the term z, z3, which results from the derivation of z,. This reduces eq. (7.96) to

V = —kpzo® — ksza? + 22 (@252 + 3 0 + D1) + 23 (Qrs2 + 92 0 — 052, + D) (7.97)

=~ =~
=& <é€3

The last two terms in eq. (7.97) are upper bounded by the definition of the conditions in sec.

which are presented in tables[7.3|and[7.4]

Since the first two terms in (7.97) are always negative, the upper bound of the function
is defined by the worst case scenario, where the terms which can have a positive sign are

Condition1 2z (a2 +D1+@10)<er
Condition2 2z a0 <0

Table 7.3: Conditions for the choice of as».
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Condition1 z3 (QLSZ + (pge —(p,05 + Dz) < &3
Condition2 2z3Q;,» <0

Table 7.4: Conditions for the choice of Q; 5.

maximum and the ones that are always negative have a minimum value. This scenario will
produce the largest possible value for the equation. This can be expressed as

VS —kzzg—k32§+£2+83 (7.98)

To consider the worst case scenario the two control gains k» and k3 are considered at their
minimum values. Furthermore the first two terms are dependent on square values of the errors
zo and z3, similar to the original Lyapunov candidate. A new term € = € + €3 is introduced and
the derivative of the Lyapunov candidate can be rewritten to

V < -miniky, ks} (25 +25) +¢ (7.99)

The dlfference between the original Lyapunov candidate V = % z§ + 3 9‘ 2 and the term z2 + z3

are the scales = and 95 . These scales are positive scalars so it is p0351ble to multiply with 291

and 2 E’ w1thout changlng the equation.

V<-— ko, k +—2z5 |+ 7.100
min {k, 3}(201 z5 295 € ( )
. [k k3} 01 2 05

-2 —, — + — + 7.101
mln{e1 b (2 2t Z) +e ( )
) {kz ks }V+ (7.102)
min .
0, 05
By deﬁning/lzz-min{ 52,153}0ne obtains
V<s-AV+e (7.103)

This result is not negative semi-definite, because it is not possible to determine, which of the
two terms is larger at all times. Stability cannot be proven with this Lyapunov candidate by
Lyapunov like analysis. But another approach can be taken. The solution of the differential
equation eq. (7.103) is
At E( At
V=e™V(Q0)+ 1 1-e (7.104)

From it can be concluded that as t — oo the exponential terms in will converge
towards zero, because A is a positive scalar. This makes the equation have an upper bound of
£ at t = oo. This is a positive scalar smaller than infinity. Which in turn, when comparing with
the original Lyapunov candidate (7.92), leads to the conclusion that z, and z3 are bounded,

expressed as (7.105).

1 2 05 2 €
—Z5+—z5— —
272727 A
From the fact that z, is bounded it can be concluded that z; is bounded i.e. z;, 22, z3 € L2 [0, 00).

V(t— 00) = (7.105)

This still does not show convergence of these values, but it proves the stability of the system.
Furthermore by examining

E E2+€3 22 (azsz +‘P2Té+Dl)+Zs (lez +¢P3T§—95d2u+152)

il 1 (7.106)
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It can be concluded that the only way for V to be equal to 0 is for z, and z3 to be equal to zero,
which can only happen if the term (@252 + 20 + D1) and (Qys2 + 910 — 05d2, + D) are equal
to zero, because of the dynamics of z, taken from sec.|7.1

0122 = —kazo + (@252 + 10 + Dy) (7.107)

Here it can be seen that as z, converges to zero the influence of @, becomes smaller because
2 hy
€2
dynamics. In other words the convergence of the algorithm depends on the accuracy of the

trs0 = —hy tanh( ) Then the estimation error and the disturbance can influence the error

estimation. But the stability of the system is ensured within the maximum estimation error.
To prove convergence of the error states to zero the following considerations have to be made.
The adaptation rates are bounded by definition and the filter Hy is stable. This together with

the stability of the error states means that the following bounds exist z1,22,23,é,é,9,(pi rE€
L[0,00). Where Ly is the L-infinity norm. Furthermore 2y, Z3,€; € Loo[0,00).
7.3.2 Boundedness and convergence of estimation error

To prove that the estimaton error is stable and will converge to zero another Lyapunov
candidate is introduced ]
Ves:0)) = EBZ-TGZ- (7.108)

This Lyapunov candidate is positive definite. The derivative is then
Ves: =078, (7.109)

By considering 6 to be slow varying or at least slower varying than the update frequency of the
estimation algorithm, it can be assumed that 8; = ;. Then by utilising the derivative
becomes

Ves: =0] (-Tiirei) (7.110)

Furthermore by using the definition of €; from eq. (7.86)
—w!
€i=@;0, (7.111)
It can be inserted into the Lyapunov candidate derivative to obtain
a7 T A
Vest—_ei ri(Pif‘Pifei (7.112)

In eq. (7.112) T'; is a bounded positive definite matrix by definition. Furthermore the matrix
created by the two vectors ¢; f(pin will always be of the form

a a: ab ac
b [a b c]z ba b* be (7.113)
c ca bc c?

The leading principle minors of the matrix are all non-negative and so are the principle minors.
The matrix will be positive semi-definite. This leads to being negative semi-definite.
This shows that 6 ; is bounded. Since we assumed é,- =0 i, then éi € Ly(0,00), furthermore
€; € Ly[0,00). No further conclusion can be made based on this result alone. In order to prove
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convergence Lyapunov like analysis has to be applied. This involves investigating the second
derivative of the Lyapunov candidate

Vest = —ZéiTl"ﬂPiﬂPiné +5,-Tf'i¢Pif¢P,~Tféi +éiTri‘Pif‘p,’Tféi +5l~T1"i¢if(Pinéi (7.114)

I'; is bounded by definition. ¢; r is bounded and continues, because it is the output of a 3" d
order filter, that has been designed with the specific desire to have these signals smooth and
derivable. 8; was proven bounded in the previous step. This means that V,; is uniformly
continuous in time. Barbalat’s Lemma is applied:

* V.4 islower bounded by zero
o Vg is negative semi-definite
 V,, exists and is bounded = V,; is uniformly continuous in time

Then V,5; — 0 as t — co. Since I'; cannot become zero, the only way for V., to converge to
zero is if@; — 0 or @; f — 0as t — oo. From the assumption that the system will be persistently
exited, it can be concluded that ¢; ¢ cannot be equal to zero and this leaves the only possibility
of & — 0. To ensure persistent excitation conditions the algorithm should only update if ¥ >
and x =. Since d,, is proportional to X; it also converges towards zero. Then equation can
be rewritten to

V= —kzzg - k3z§ + 2oa252 +23Q152 + ((ngQ +(p523)é + o, 0523 (7.115)

Since z3Qr < 0 and zyass < 0 from the conditions (7.2) and (7.I), these terms can be
omitted. Furthermore, since it was proven that 0, d, — 0 and z1, 22,23 € Ly [0,00) the terms
(¢l 25 + @1 z3) and 0523 will converge to zero. This leaves

V< —kozs — k325 (7.116)

Since (pzT 5,(p3T 0, 2,05 € Loo[0,00) and 2y, and z3 are bounded and continuous, once again
Barbalat’s Lemma can be applied and it proves that z;,z2,23 — 0 as t — oco. It is important
to note that z3 is a virtual state containing both x3 and x4 and while it is stable there are
infinite combinations of pressures that satisfy a desired force output meaning that the internal
dynamics of degree one can still be unstable. This is a limitation of the algorithm and the fact
that the separate pressures cannot be controlled individually. [Mohanty and Yao), |2011] does
not provide stability proof of the internal dynamics of the system, but instead test the system
experimentally to show stability. This project has done the same. The internal pressures p; and
p2 for a simulation of a pulse-like trajectory is shown in fig. The parameters used for the
IARC in the simulation are the optimised parameters, determined in Chap.
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Figure 7.5: Internal pressure dynamics for chamber 1 and 2.

Fig. indicates that the system is indeed internally stable. However, since no proof is
made together with different trajectories and faulty situations being investigated, the separate
pressures should be monitored during testing.

7.3.3 Implementation problems

The first numerical Matlab implementation resulted in an unstable system with the control
effort reaching values outside the normalised valve opening and oscillating heavily. This
resulted in consecutive hits against the valve opening saturation. In order to determine the
most influential parameters in the control law another simulation experiment was conducted.
The control gains in the control law were alternately significantly lowered, set to zero and to
large values one at a time in order to determine their influence. The uncertain parameters of
the system were set to be constants, which were then directly given to the feedforward terms of
the controller, so the estimation algorithm could not influence the controller. The result of this
sensitivity analysis was the conclusion that z,, shown in[7.117} was one of the most dominant
terms causing the problems.

pvl p» p,l A p,z A AL
QLa ‘/1 V- 2 2 Vl 6 V- 7 5U2¢ ( )

A possible reason for this was found to be that the system velocity, x; is scaled down by A?/V,
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where z, is used directly. To investigate if this was the problem, a scaling factor, k.4, Was
applied to the z,, shown in (7.118).

A2 A2
p,1 " p,2
Vi Vy

z Ap1 o~ Apo o~ R
Xom —2 4 TP A TP 4 G, (7.118)
kscale Vl V2

Qra =

By including the scaling factor in the optimisation algorithm, the optimisation was able to
obtain a stable response, where a scaling factor above 1 was found to be needed.

This indicates that including a scaling factor as a design parameter could improve the system
response. To determine if this affects the stability proof of the control law, a new Lyapunov
candidate is investigated where k.47, will be included.

The new Lyapunov candidate function is:

01 , kscared
=?1z§ %zg (7.119)

%4
Once more the derivative of the Lyapunov candidate is:

- 2 TH . A T4 . - 2
V=-koz5+2223+ 2 (a2$2 +¢,0+ Dl) + Kscalezs (lez +¢@30—0s5a2, + DZ) — 2322 — kscalekszs

(7.120)
This can be simplified to:
V < —kpzs + €2+ kscare€3 — Kscatekszs (7.121)
The solution to this differential equation is:
Ve My()+ % (1-¢7) (7.122)
A:Z-min{z—j,g—z} (7.123)
€=€+Kkscale€s (7.124)

The fact that €3 is scaled increases the upper bound of the Lyapunov candidate. In the worst
case scenario the upper bound of the candidate § is increased, while the rate of convergence
A is kept the same. This does not change the fact that V is bounded and so z; and z3 are
bounded. The rest of the proof showing that z;,z, and zz will converge to zero is based on
the estimation algorithm forcing the estimation errors 6 to zero. This part will not change,
because the estimation algorithm operation is not directly reliant on the control law. Based on
this the derivative of the new Lyapunov candidate can be shown to be bounded by

V < —kozs — kscareks s (7.125)

Which once more, through the use of Barbalat’s Lemma, shows that z;, 2,23 — 0 as t — oco.
This concludes the controller proof. The conclusion is that as long as the values for ki, k», k3
and k.47, are positive scalar values the errors are convergent as t — co. No conclusions can be
made about the performance of the algorithm, when a trajectory has to be followed, beyond
the fact that the system will be stable. There are no standard procedures for the tuning of a non-
linear adaptive controller. For this reason, an optimisation algorithm will be chosen to find the
optimal control- and estimation parameter values for this specific system and trajectory.
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CHAPTER

CONTROL AND ESTIMATION PARAMETER
OPTIMISATION

No set procedure is available for the tuning of non-linear controllers. So an optimisation
algorithm was selected as the best approach for tuning the IARC and the estimation algorithm
parameters. The trajectory that will be used for the optimisations is discussed in the first
section. The simulation model will use the force controller determined in App. [B} because
it will introduce delays in the mass emulation. If the force controller is not used during
the optimisation, the IARC may have a higher bandwidth than the force controller, possibly
introducing stability problems.

The simulation model will not include noise on the measured states, but the effect from
including these will be determined in Chap. Section will be concerned with the
control gain optimisation. This optimisation is affected heavily by the severity of the faults
the controller has to be stable for. To test to what degree the performance is reduced under
the worst conditions of the estimation algorithm, an analysis has been made. The analysis
consists of a test where the estimation algorithm is completely wrong, for example where the
real leakage is maximum, but the minimum is estimated, giving the wrong information to the
control law.

In this chapter, the final findings will be described, and the optimum control law parameters
and estimation algorithm parameters will be shown together with their performance. For the
interested reader, a full description of the method used and discussion of various findings can
be found in App. [D]
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8. CONTROL AND ESTIMATION PARAMETER OPTIMISATION

8.1 Optimisation Trajectory

The trajectory used for the optimisation can be seen in fig.
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Figure 8.1: Position, velocity, and acceleration trajectory used for the optimisation algorithms

By using this trajectory the system will be tested for dynamic scenarios with frequencies of 1-

4 Hz on the acceleration. Higher frequencies have not been included because of a desire to

not optimise the controller for a high bandwidth. The reason for this is the valve and force

controller limits how fast the IARC can operate. At the maximum velocity, the normalised valve

opening is =0.8.

Simulations where higher frequencies are used will be made in Chap. These are done to

determine if the system is stable with the designed controller, if a higher frequency reference is
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required.

8.2 Control Law Parameter Optimisation

The performance of the control law depends on the four control gains, k;, k2, k3, and kscq/e-
k is used for the position control, k, for the velocity, and k3 for the acceleration. k.47, Was
introduced in the control law proof to reduce the impact of the velocity error state z,. These
will be used as the optimisation variables:

T
Xopti = [kl ko ks kscate (8.1)

The desired result of the optimisation is to obtain the best performance, during trajectory
tracking under nominal conditions. In App. [D]it was found the best result was obtained when
acceleration error was used for the cost function value. The test starts with an initial error in
estimation, shown in table The cost function to be minimised is based on a simulation
using the trajectory in fig. on the non-linear model and it depends on the Root-Mean-
Square (RMS) acceleration error (é,), calculated as:

fmin®opti) =/ mean (&3) (8.2)

The performance of the controller also depends on the estimation algorithm. For this
optimisation an initial error is present in the uncertain parameters. The estimation will then
converges to the true values over the course of the simulation. It is possible to give the correct
values to the control law directly to remove the impact from not having optimal estimation
algorithm parameters. The optimisation has not been performed in this manner, because
part of the control law is only active when the uncertain parameters have not converged to
their real values. The parameters for the estimation algorithm in this optimisation are hand
tuned, to achieve a convergence from initial offset to the nominal values. These values are not
the optimal values, but the performance is satisfactory for these tests, estimating the correct
parameters within 5-10 seconds.

In the non-linear virtual control laws shown in eq. (8.4), two user defined parameters have to
be chosen, ¢, and €3.

g0 = —hytanh (@) (8.4)
&2
h
Qrs2 = —hztanh (3_23)
€3

where hy and h3 are the non-linear control gains, defined as:

2 2 1903 pmax@max =0 min) |l + 11Dy, maxll 8.5)

T . 2
hs = ||(P3,max(0mux =0 mi) |l + 1&20,max (05, max — 05,min) || + 11D2, maxl|
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By having a relatively large value of €, and €3, the non-linear virtual control laws will only have
an effect when there is a larger error, z; and z3. The sizing of € and €3 also correspond to the
maximum effect that an error in the estimation and unmodelled non-linear forces will have
on the system. Having a very large value of €, and €3 means the controller will mainly use the
linear control gains when no faults and uncertainties are present. This is desirable, because the
tanh function in the non-linear gains can result in a fast changing control law. By increasing
the values of €5 and €3 the non-linear gains switch direction less abruptly. This leads to a lower
bandwidth of the controller. The downside of having large €, and &3 is that estimation errors
and non-linear disturbances can introduce larger errors. Both points should be considered
when choosing the size of €5 and 3. It is difficult to determine the exact effect a chosen value
will of €5 and &3 has. For this reason hand tuned values were initially chosen in order to have
a starting point for the investigation of the controller. The resulting controller had instability
issues which served to guide its further tuning.

In App. [D} different values of e3 were investigated, because it was found that part of
the instability problems originated from the initial choice of this value. Through further
investigation it was found that the initially chosen leakage range of 6 L/min resulted in large h3
gains. An initial €3 value of 1 was too small and needed to be increased. The resulting difference
in the two investigations was on the uncertain leakage flow range. By increasing the size of €3
it was possible to use a larger leakage flow range. Further investigation of the choice of ¢ will
be discussed later in the chapter. The ranges obtained with different values of € are shown in

table[8.1]

Range Meglkgl | B[Ns/m] | F¢[N] D1, [N] BT [bar 1] D1y [m3/s] | Dogy Im3/s] | &2 | €3
Nom. Value 6500 18000 200 0 700071 ~-2-1070 ~-2:107° - -
Ini. est. 7000 16500 120 0 75001 0 0 - -
Orange,1 [109000] | [030000] | [01500] | [-500500] | [100004000] 1 | [-21]1/60000 | [-21]/60000 | 200 | 1
Orange2 [109000] | [030000] | [01500] | [-500500] | [100004000]~ ! | [-51]/60000 | [-51]/60000 | 200

Orange3 [109000] | [030000] | [01500] | [-500500] | [100004000]~L | [-91]/60000 | [-91]/60000 | 200 | 8

Table 8.1: Nominal value of uncertain parameters, initial estimate used, uncertain parameter
range tested and values of €, and ¢3.

The ranges achieved in table8.1|are found to be acceptable uncertain parameter ranges for a
hydraulic servo-system of this size. For the tests, a large mass will be emulated (6500 kg) to
simulate operation conditions of a pitch-system.

To emulate the maximum mass and friction parameters, which exceeds the real values, the
force controller is required.

To validate that the load cylinder can deliver enough force to emulate these parameters, the
maximum force output is calculated and compared with the required force.

With a supply pressure of 180 bar, the load cylinder can deliver a force of up to = 14000 N
or = 22000 N depending on the direction. Assuming the nominal parameters are zero, and
the maximum acceleration and velocity in the trajectory is required together with a maximum
Coulomb friction, then a load force of = 7750 N is required. This scenario may not be realistic,
due to it requiring maximum acceleration at maximum velocity, but it shows that the load
cylinder is able to produce the required force. An use of up to 50 % of the possible force from
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the load cylinder is found acceptable, and a safety margin of = 2 is achieved. Based on this, the
desired range on the uncertain parameters regarding mass and friction are possible to emulate
on the experimental set-up available.

A leakage range of 10 L/min corresponds to 25 % of the maximum flow in the system which is
also found to be satisfactory. The lower &3 tested was due to an initial choice of using €3=1. The
effect on the system performance when using different values of €3 will be shown later in this
section.

The optimisation algorithm used to determine the control gains is a standard Genetic
Algorithm (GA) from Matlab’s Global Optimization Toolbox. The algorithm is slower and more
complex than a gradient based optimisation. A gradient based method is not used, because the
non-linear nature of the controller and the system prevent the determination of the shape of
the cost function. The genetic algorithm has the added benefit of having random initial guesses
for the parameters, removing the requirement of having a good user defined initial guess, or
multiple tests with different initial guesses. Furthermore the values have been normalised to
prevent numerical problems, due to the large difference between the magnitude of k; and k»,
and k3. The values are:

Parameter | Minimum Value | Maximum Value | Normalisation Scale
k1 1 250 0.05

ky 1 200 1

ks 1 1550 1-10719

Kscale 1 300 1

where the minimum and maximum values have been chosen based on what previous studies
have used, [Mohanty and Yao, 2011], and realistic values from hand tuning.

Optimisation Results

The optimum control gains determined for each range are shown in table[8.2]

Range tested k1 ko k3 kscate | fmin(acc)
Orange,1 36.0-0.05 | 285 | 17.0-10719 | 471 39.27
Orange,2 71.5-0.05 | 294 | 1.0-10710 578 40.01
Orange3 76.5-0.05 | 129 | 35.0-10'° | 197 40.16

Table 8.2: Optimisation of control law gains result using RMS of acceleration error as cost
function value

The cost function values obtained for the three leakage flow ranges, marked with bold
in table are very similar. This indicates that under the conditions optimised for,
similar performances are obtained. To determine what the difference between the designed
controllers are, a comparison is made in the following subsection.
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Discussion of Control Law Parameter Variations

To determine the effect of an increased €3, a comparison is made where a maximum estimation
error is introduced. This is achieved by having the control law use the maximum value of the
leakage flow (1 L/min), while the system will be subjected to minimum leakages of -9 L/min.

The comparison can be seen in App. [D} A more thorough discussion is made, but the main
part is that by having a large €3, the control law is allowed to have a larger error in certain
conditions. By allowing a larger error, the control law will give a more smooth signal unless
a large error occurs. If a smaller €3 is used for the large leakage flow range, the control law
will try to maintain a very small error, requiring fast changes in the valve position. These fast
changes might not be possible, and the system may go unstable, which was observed during
some simulations. The performance achieved with a leakage flow range of 10 L/min is found
acceptable, and larger leakage flows are not investigated, due to 10 L/min being sufficiently
large considering the valve for the system available can deliver 40 L/min.

Control Law Performance

The performance achieved when using the control law parameters for 8r4nge3 using the
trajectory mentioned in the beginning, fig. can be seen in fig.
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Figure 8.2: System response.

In fig. the system follows the reference nicely. The acceleration does have a few spikes in
error, which is due to the force controller having some difficulties for fast changes in direction
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due to the emulation of mass. The initial spike is due to the initial pressures not corresponding
to the initial acceleration reference. The RMS position error for the simulation was 0.22 mm.

The determined control law gains and ranges will be used when determining the estimation
algorithm parameters in the following section.

From this, the system parameters ranges that the system can tolerate is determined, and a
satisfactory system response has been obtained. For the IARC to achieve similar performance
during faulty situations, corresponding to a variations in the system parameters, the optimal
parameters for the estimation algorithm has to be determined, which will be done in the
following section.

8.3 Estimation Algorithm Parameter Optimisation

For the estimation algorithm, the control parameters determined in the previous section will be
used. The piston movement trajectory used is generally the same, it has been extended to last
25 seconds to make it start and stop at the same position. The simulation will last 50 seconds,
allowing the trajectory to be run twice, and allow time for multiple changes to the parameters.
For the estimation algorithm optimisation, a number of faults have been introduced, to
emulate time-varying tendencies of the uncertain parameters. For the emulation of mass-,
viscous friction-, Coulomb friction-, and disturbance changes, a load trajectory will be used.
To emulate a time-varying bulk modulus, a varying air ratio in the oil is introduced. For
the leakage, a varying internal and external leakage area is used. A visual depiction of the
parameter trajectory is shown in fig. [8.3]and[8.4]
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Figure 8.3: Force fault related parameter variations.
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Figure 8.4: Flow fault related parameter variations.

where the terms Qj¢qx1 and Qjeqk2 corresponds to D, and Dayj, in Chap.

As can be seen in fig. and all uncertain parameters are varied during the run. This
is done because some of the parameters of the estimation algorithm are not independent,
and should be chosen simultaneously. This trajectory does not correspond to realistic fault

scenarios. Instead it is designed to ensure the algorithm is optimised for a multitude of
different situations.

The optimisation variables are:

Xopti=[TO) O v a pu pi’ (8.6)

where the variable vectors contain multiple elements, written explicitly in table[8.3] The upper
and lower bounds for the optimisation parameters, can be seen in App. [D}]

The cost function is defined as eq. (8.7), to obtain a minimisation of the error between the real
parameters and estimated parameters. A scaling, weight;,i = 1:7, has been applied to make
the algorithm weigh the parameter more equally. This is not an optimal way, because some
parameters change much faster. The ones like mass, which have a changes in the form of a
step introduce error spikes. By using RMS, peak errors may have a larger impact than a small
consistent error. This approach was however found to give a decent estimation performance.
Furthermore, the D, error is not included in the cost function due to the reference being
zero during the whole run. If this is included, it will interfere in the three other force related
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parameters in a negative way, due to it trying to reduce the variations in D, ,, to become as small
as possible. An attempt was made to include D, in the optimisation. The result was that the
convergence time for mass, viscous friction, and Coulomb friction was increased significantly.
Because these are found to be more important parameters, it is chosen to not include the D, ,
in the cost function. A different approach that could be used is a minimax approach, where
the optimisation tries to decrease the parameter with the largest error first, then the next and
so forth. This was tried to be implemented, however, the results obtained showed significantly
worse performance than the GA results.

7
JminXopti) = ) \/mean ((0;- weight(i))?) (8.7)
i=1
, 1 1 1 5 4 nE
weight=|—— —— — 0 7000-10° 12-10* 12-10 (8.8)
5000 10000 900

The optimisation algorithm chosen is the GA, with the same reasoning as for the control law
optimisation: The optimisation function is very non-linear, and GA is not dependent on a good
initial guess. The simulation required for the estimation algorithm is very time consuming.
A full optimisation run with 2600 generations was determined to be unfeasible. Instead,
a 10 generations optimisation run which required 4 days was performed. The parameters
determined here may not be the optimum due to the relatively low amount of generations.
However, the parameters will be analysed and the performance will be determined. The results
from the optimisation is shown in tab.
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type Parameter | Optimum value | Normalisation scale
I'1;1,1(0) 4250 1
1“1;2,2 0) 2690 1
1"1;3,3 (0)] 2890 1
Initial estimation gain I'1.4,4(0) 2140 1
T.1,1(0) 48.4 10712
T2.2,2(0) 3140 1074
T3:2,2(0) 3060 1074
On 279 20
Onr2 240 70
O3 320 2
Maximum rate of change Onra 197 20
Ones 164 1078
One 198 1076
Oni:7 159 107°
vy 0.148 1
Normalisation factor Vo 0.010 1
V3 0.023 1
ap 0.979 1
Forgetting factor ar 0.639 1
as 0.621 1
M1 1190 10*
Maximum eigenvalue PM2 1290 10?
PM3 1030 10%
PI1 9.32 1072
Minimum eigenvalue 01,2 6.86 10710
013 14.3 10710

Table 8.3: Optimised estimation algorithm parameters

The optimum values in table[D.14] has a few noticeable factors. The first one is the low initial
estimation gain for bulk modulus (I's;1,1 (0)) which indicates that the normalisation factor might
be set high compared to the others. The optimum value is however not equal to the minimum,
indicating the optimum is still inside the bounds used. For the normalisation factors, v, and v3
are found to be almost zero, resulting in almost no normalisation being used. v; is optimised
to 0.148, indicating the force relevant parameters can benefit from having some normalisation.
The forgetting factor has been optimised to 0.979 and =0.6, indicating the estimation algorithm
is benefiting from having a relative large forgetting factor.

To determine the estimation performance for each parameter without any influence from
variations of the others, tests are conducted with a variation in only one parameter for each
run.

Estimation Performance

The estimation performance for time-varying variations of each parameter can be seen in fig.
and|[8.6] These figures will show the estimation performance if the possible fault occurring
is only affecting one parameter.
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Figure 8.5: Parameter estimation of mass, viscous friction and Coulomb friction

The mass estimation in fig. shows that the estimation algorithm is able to follow the
variations emulated, with a 2-5 seconds delay for a step variation. It should be noted that the
movement trajectory used is the same as for the estimation optimisation, meaning there are
time periods with low or no accelerations. Without any acceleration, the estimation algorithm
may have difficulties estimating. An example is at time 4 seconds, the reference acceleration is
zero for 0.5 seconds, possible resulting in the mass estimation stopping to converge.

For the viscous friction, similar conditions apply, with the estimation algorithm being able to
follow the reference, with some issues at ~27-34 seconds, which is a period in time where a low
reference velocity occurs.

The Coulomb friction has some difficulties, however, it follows the tendencies.

The last uncertain parameter D, is not shown, due to the reference being zero.
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Figure 8.6: Parameter estimation of bulk modulus, leakage flow 1 and leakage flow 2

The bulk modulus estimation in [8.5]shows that the algorithm has some difficulties estimating
the reference value, while still being somewhat close to the reference value. A possible
explanation to the difficulties is the low pass filter applied on the pressure measurements to
allow an approximation of the pressure dynamics removing the high frequency variations.
However, if the cut off frequency in the filter is increased too much, problems regarding noise
can appear.

The leakage flows follows the reference quite well with a small delay or offset.

A simulation where all parameters are varied as is the case for the fault trajectory used during
determining the estimation parameters has also been made. Tendencies were similar, with the
only parameters being affected significantly being mass and bulk modulus. The results can be
found in App. [D}
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CHAPTER

SUB-CONCLUSION

In this part of the report the IARC structure has been determined for the hydraulic system of
interest. The IARC consists of a control law and an estimation algorithm. The effectiveness of
the control law is found to depend on accuracy of the estimation algorithm. If the parameter
variations are within the defined bounds, the IARC has been proven to be stable.

The IARC tuning requires 4 control gains and two user selected constants. These parameters
together with the bubble within which the controller is proven stable, determine the
performance of the controller. The influence of the user defined constants €, and €3, and the
range were investigated. It was found that increasing the parameter range within which the
controller is stable also requires larger values for €, and €3. The range of parameter variations
was determined through considering this compromise, and the result can be found in tab.
These ranges are found to be suitable for the system available. However, if desired, increased
ranges are possible, at the cost of performance, and increased dependency of a good estimation
of parameters. To determine the optimal parameters for the IARC, it was found suitable to use
a GA optimisation algorithm. The determined control parameters can be seen in table[9}

Range | Megylkgl | BINs/m] | F.IN] Dy, [N] 1 bar~1] Do1p Im3/s] | Daoy Im3/s]
Orange | [109000] [ [030000] | [01500] | [-500500] | [100004000)' | [-91]/60000 | [-91]/60000

Table 9.1: Uncertain Parameter Range.

Range kl kz k3 kscale
Orange | 76.5:0.05 | 129 | 35.0-10710 | 197

Table 9.2: Optimised Controller gains
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CHAPTER

LABORATORY SET-UP

In this chapter, a description of the laboratory set-up provided by AAU will be given. The
chapter is not only intended to provide the reader with a description of the available hardware,
but to also point out specific condition that are present in the laboratory.

The optimised controller, found in sec. {8} will be tested in a simulation that will attempt to
emulate these conditions before being applied on the experimental set-up. The simulation
tests are made to get an indication of how well the IARC will work when all uncertainties from
the lab is included, i.e. noise and delays.

The set-up in the laboratory consists of two connected cylinders. One will act as a controllable
load, and the other will be the cylinder controlled by the fault tolerant IARC. A CAD drawing
of the set-up can be seen in fig. and a schematic of the set-up with sensors and valves
included can be seen in fig.

0o

00

Figure 10.1: CAD of the test bench with test cylinder (left) and load cylinder (right).
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Figure 10.2: Laboratory set-up schematic.

Cylinder and Valve Dimensions
The dimensions for the test cylinder, left cylinder in fig. [10.1} are:

e Stroke length: 500 mm
¢ Piston diameter: 80 mm
¢ Rod diameter: 40 mm

The dimensions for the load cylinder, right cylinder in fig. are:

e Stroke length: 400 mm
¢ Piston diameter: 40 mm
¢ Rod diameter: 25 mm

To control the cylinders, two MOOG-D633 valves are used. The rated flow is 40 L/min. The
valves are voltage controlled, 0 to + 10V, and have a threshold of less than 0.1%, and a hysteresis
of less than 0.2%. The null-leakage at an operating pressure of 140 bar is 1.2 L/min. [Inc.,2009]

The valves used to emulate internal and external leakages are needle valves, controllable by
hand. The valve used for internal leakage and one of the external leakages (Prolasa-FT 257/2-
12) has a maximum flow of 60 L/min flow at 400 bar. The valve for the other external leakage
(Prolasa-FT 257/2-38) has a maximum flow of 50 L/min at 400 bar. [Prolasal.

To control the system a real time computer with an EtherCat slave will be used. The
communication between the two real time PC, the EtherCat slave, the sensors and the valves
will be achieved with NI's Labview software. This will be discussed in further details in App.
It is important to note that the control law will be implemented in a loop executed at 1 kHz
frequency.
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To reduce pressure pulsations on the supply pressure, a 4 L accumulator has been applied after
the pump output.

Measurement Equipment

The pressure transducers used are made by Danfoss and are rated to 400 bar (Danfoss-MBS
32-3615-1AB08). The pressure transmitters used are made by Danfoss and are rated for 250 bar
(Danfoss-MBS-33-3411-3AB08).

The tolerance is typically £0.3 % with a max of £0.8 %. The response time is less than 4 ms.
For the load cylinder, the 400 bar transducer will be used, and for the test cylinder, the 250 bar
transmitter will be used for each chamber, return pressure, and supply pressure. [Danfoss|

The flow sensor used are from the Parker and are rated to 15 (Parker-K-SCVF-015-10-07) and
+60 L/min (Parker-SCQ-060-0-02).

For the external leakage, the 15 L/min version will be used. The output is current and it has a
tolerance of 0.5 % and a response time less than 400 ms.

For the flow through the system and internal leakage, the 60 L/min will be used. The sensor
has a voltage output and a tolerance of +2 % and a response time less than 2 ms. [Parker]

The position and velocity sensor used is called Temposonics-RP-M-2000M-D60-1-V61000.6.
The stroke length is 1000 mm and it has an update time of 1 ms, with a resolution of 0.0015 %.
The speed range is +1 m/s, and has a resolution of 0.1 mm/s, with deviations less than 0.5 %.
Update time is the same as position of 0.5 ms. [Temposonics].

Another position sensor is applied inside load cylinder. The sensor is from Regal, model No.
PS6308. The sensor can measure the full stroke length of the cylinder from 0-400 mm with a
standard linearity of +0.1 % [Regal Components AB].

Simulation Considerations

In order to bring the non-linear model of the system, as close as possible to reality. The
accuracy of the sensors will implemented as white noise, i.e. a mean of zero and therefore no
bias. This is under the assumption that the sensors will be calibrated. The standard deviation
of this noise will be selected as the maximum tolerance of the sensors. To implement response
time delay of the sensors a low pass filters will be used. These filters have been designed
to have a rise time equivalent to the largest response time of the respective sensors they are
applied to. To emulate the fact that the control law will be executed once every 1 ms, a delay
has been introduced after the control law is calculated. The control loop in the program has
been synchronised with the scan engine, so no further delay will be introduced in the feedback
signals. The IARC has been designed without the requirement of flow sensors, meaning these
will not be used for the control law. The flow sensors will be used when determining the
system parameters, described in App. The flow sensors will also be used to analyse the
effectiveness of the estimation of leakage flows in the system. A test of the controller with these
considerations implemented in the model can be seen in the following chapter.
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CHAPTER

SIMULATION RESULTS

To verify the stability and performance of the IARC with optimised gains a number of
simulations are made. First a verification of the non-linear model that will be used in this
chapter will be conducted here. Once it has been shown that the model agrees to a degree with
the real system, a simulation where no faults are present will be introduced. The conditions
used and results from this simulation will serve as a benchmark throughout the chapter,
referred to as nominal conditions, and the performance can be seen in App. Using the
nominal conditions as a benchmark the system response will be compared when different
faults are introduced. This will give an indication of the fault tolerance of the IARC. During
the first tests only one parameter variation will be introduced per simulation.

The considerations from the previous chapter regarding noisy measurement and delays have
been implemented in the model used for these tests. Sec. [11.2]will discuss the influence of the
measurement noise on the performance of the IARC. The tolerances of the sensors are included
in the simulation as white noise with a standard deviation (§) corresponding to the tolerance
value of the respective sensor. The values have been validated experimentally and can be seen

in App. Their values are:

e 6, =0.1 mm, with arise time of 0.5 ms
e §; =5 mm/s, with arise time of 0.5 ms
* 5ptest
* 0p,paa = 1.20 bar, with a rise time of 4 ms

= 0.75 bar, with a rise time of 4 ms

The rise time for position and velocity is not emulated due to the sampling frequency (1
kHz) being slower. The rise time for pressures are emulated as a first order system with
an approximate rise time of 4 ms. Since all optimisation was done without noise in the
measurements, its effect has to be investigated before a performance benchmark is selected.

11.1 Verification of Non-linear Model

To verify that the non-linear model constructed in chap. is correct and describes the
dynamics of the system accurately, a comparison between simulated and measured results is
made. The position, pressures, and flows will be compared.

The valve inputs used during the measurement test have been recorded. These time series will
be used as inputs to the simulated cylinder models. The measured supply and tank pressures
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will also be used in the simulation because it was found that they are varying during the tests.
Comparisons of pressures, flow, and position can be seen in fig.

Pressure Dynamics and Flows Comparison

Fig. shows similar tendencies have been achieved for the measured and modelled
pressures and flows. There are some differences in the pressure magnitudes, for example after
the valves are opened at time 1 second, the simulated pressures drop resulting in a smaller
pressure difference across the simulated cylinder. Because of the large difference in chamber
areas the resulting force is still in the correct direction. The opposite happens when moving in
the other direction, seen at time 2 seconds, resulting in a larger force produced by the simulated
cylinder compared with the real one. This indicates some differences between the non-linear
model and the real system. The differences could for example be friction forces and leakage
flows. The friction parameters used in the model are based on test results in the App.
These were deemed uncertain partly due to their sensitivity to pressure measurement errors,
and partly due to the use of a basic friction model only considering Coulomb- and viscous
friction. A leakage across the valve is evident on the real system, and is also mentioned in the
data sheet. This has been included in the model, but this value has not been validated, due to
measurement uncertainties as discussed in App.

60 -
e Meas. Cyl. 1, P,
50 - — — —Sim.Cyl.1,p,
40 Meas. Cyl. 1, P,
— — —Sim. Cyl. 1, P,

Pressure [bar]
w
o

20
10
O | | | | | | | | | |
0 0.5 1 15 2 25 3 35 4 4.5 5
Time [s]
100 Meas. Cyl. 1, Q,
— — —Sim. Cyl. 1, Q1
Meas. Cyl. 1, Q,
50 — — —sim.cyl.1,Q,

i“v*w\

[ /Wmmmwmlwmnhq

Flow [L/min]

o

-50
0 0.5 1 15 2 25 3 35 4 4.5 5

Time [s]

Figure 11.1: Cylinder 1 dynamic comparison of experimental and non-linear model.

For the second cylinder, the flows were not measured, because flow sensors were installed only
on the test cylinder. The simulated flows are included, to show their dynamics. The difference
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in the simulated pressures for the second cylinder are almost always lower than the measured,
with the exception being when the valve is close after time 4 seconds. Similar to the first
cylinder, the explanation could be errors regarding friction forces and leakage flows.
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Figure 11.2: Cylinder 2 dynamic comparison of experimental and non-linear model..

Position Comparison

In fig. two different simulations are shown. In the first the measured valve inputs are fed
to the valves in the complete non-linear model. For the second test, the measured pressures
are used directly in the mechanical equation, omitting the orifice equation and continuity
equation in the model. This is done to detect if the difference in chamber pressures observed
in the previous figures has a significant effect.

In fig. the position shows similar tendencies between measured and simulated using the
experimental valve openings. The offset could be due to the friction parameters or possible
leakage in the system not accounted for.

When using the measured pressures directly, the result is a significant error in the position.
This indicates that either the pressure measurements are wrong or the estimated friction
parameters are not tuned correctly. By tuning the friction parameters, it was possible to
make the position fit when moving in the positive direction, when moving in the negative
direction however, the position barely moved, even when setting the friction forces to zero.
Since friction forces cannot be negative it is concluded that the pressure measurements are, as
mentioned in App. [C} uncertain, and might not be correct. Once again a variation of 1 bar in
the measurements can result in forces large enough to accelerate the 25kg mass of the system,
resulting in the position error seen here.
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Figure 11.3: Position comparison of experimental and non-linear model.

11.1.1 Verification Conclusion

Based on the measurements and tests discussed in this section, the following can be concluded

The non-linear model shows tendencies not unlike the real system

Due to uncertain measurements, and possibly due to a simple friction model it cannot
be concluded why the non-linear model does not describe the real system perfectly
New friction models and further verifications have not be considered due to time
constraints

It is further concluded that the parameter uncertainties are within the fault ranges
the IARC is designed for meaning. The controller can be implemented under these
conditions

11.2 Noise Influence on System Performance

11.2.1 System Response without Measurement Filters

To determine the effect of noise, a simulation with the noise levels from the datasheet explained
in the Chap. [10]is made. In App. reasoning behind the need of filters is shown.

Based on the results it is found that due to the influence from noise, a low pass filter with a 15
Hz cut-off frequency should be applied to the measured inputs of the IARC. With this filter the
estimation is not affected, but the chatter of the IARC is reduced significantly. No filter will be
applied to the force controller. Attempts to down-tune the force controller and either reduce
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its sensitivity to noise or allow a filter to be applied have not worked. All force controllers tuned
with a lower bandwidth have shown stability issues when paired with the IARC.

11.3 System Performance under Faulty Conditions

To determine how much the system performance degrades under faulty situations, different
fault scenarios will be tested. To compare the performance, the nominal condition benchmark
simulations will be used, described in App. The nominal values can be seen in tab.
The system performance may be influenced by the value of each parameter, i.e. the system
performance may vary for a mass of 6000 kg and 9000 kg. The comparison will however give an
indication of the impact of a fault.

Range Meglkgl | BINs/m] | F¢IN] [ D1, [Nl [ BT Ibar 1] | D1 [m°/s] | Dappy [m3/s]
Nom. Value 6525 18000 200 0 7000 T 0 0
Ini. est. 7000 16500 120 0 750071 0 0

Table 11.1: Nominal value of uncertain parameters and initial estimate used.

It is expected faults occur one at a time. The fault will be simulated by a change in the system,
in the form of: Mg, B, F, € A0, Areak- The time at which the different changes occur and their
magnitude is shown for each test. The nominal test did not have any variations, only an initial
error. The values used can be seen in tab. [11.11

The first results will show the performance for the control law and estimation when the system
reference trajectory has a pulse reference, moving from one end to the other. This test will show
how the IARC performs under non-optimal conditions for the estimation due to it only being
accelerated for short periods of time.

The second part will be tests where a sine curve is used as a reference, resulting in a system
which is accelerated at all times. This fulfils the estimations algorithms requirements, allowing
it to work constantly. The result from this test can show how fast the estimation algorithm
can estimate variations in parameters under optimal conditions. Furthermore it is expected
that the cylinder in a wind-turbine’s pitch system would have a repeating, possibly sine-like
trajectory.

The last test is for conditions where the emulated mass is zero, resulting in a M, of 25 kg. This
is done to make sure the system is stable when no mass is emulated. The estimation algorithm
still has an initial mass estimate of 7000 kg.

11.3.1 Pulse Reference

The reference trajectory used for the tests in this section can be seen in fig. Furthermore,
the time periods where the estimation algorithm will not update has also been shown to give
an indication of the conditions for the estimation algorithm.
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Figure 11.4: System reference.

As mentioned above, pulse like reference affects the efficiency of the estimation, because it
will only be effective for small time periods. The pulse train excites the system dynamics
better than a sine curve, but anti-wind up implemented in the estimation algorithm prevents
it from updating parameters when the velocity and/or acceleration are equal to zero. To get
an indication of how well both the control law and estimation algorithm will perform under
these conditions, two scenarios are investigated. The first scenario will be where the system is
affected by an increase in mass. The second scenario will be where a relatively fast increase
in leakage flow opening area is introduced. One scenario will investigate the part of the
estimation which is based on the mechanical equation. The other will investigate the part
which is based on the continuity and orifice equations.

Simulations for faults of the remaining parameters has also been made. The results from these

94 MCE4-1022



11.3. System Performance under Faulty Conditions

tests were similar to what was achieved for faults regarding mass and leakage flow.

Mass Variation

In fig. the reference and estimated mass is shown, together with the position error under
these conditions compared to having a constant mass at the initial value.
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Figure 11.5: Performance when affected by a mass related fault.

In fig. the IARC shows that it is fault tolerant to variations in the mass under these
working conditions, due to it converging to nominal conditions within three acceleration
pulses. Looking at the position error, the mass step introduced an increase in error. After =
10 seconds, the mass change has been estimated, and nominal error response is achieved.
The instant change in mass is not expected to occur in realistic situations. A more realistic
scenario would be for a gradual increase in load due to wind changes. Here the mass is
varied with a step to investigate the rate with which the algorithm will converge to the correct
parameter.

Results from a simulation with more variations during the run, including ramp variations, can
be found in App.

Leakage Flow Fault

In fig. the reference, estimated leakage, and the position error is shown.
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Figure 11.6: Performance when affected by an increased leakage flow.

Fig. indicates that the IARC is not completely fault tolerant to faults regarding leakage
flows. The reason for it not being considered completely fault tolerant is that it does not
converge to nominal conditions, but only reduces the effect from the fault.

In fig. the estimation takes longer to converge to the increased leakage flow, due to the
estimation algorithm only being able to estimate when the system is accelerating. After =3
pulses, the leakage estimation is in the same range as the real leakage. Looking at the position
error plot, the initial delay on the leakage estimation resulted in a relative large error of up
to 12 mm. After the estimation algorithm has converged to approximately the same value
as the real leakage, the position error is reduced to +4-5 mm. The nominal case has errors
up to +2 mm, indicating the leakage estimation is not perfect, which can also be seen on the
comparison of reference and real leakages. The algorithm does however shows that it is able
to compensate for part of the introduced fault in the form of leakage flow. If an improved
estimation algorithm is used, resulting in a better estimation, the error may be reduced further
to nominal like conditions.

Other Faults

The figures for the remaining faults have been omitted here, and are shown in App. [F| The main
findings are:

A fault introduced in the form of a step change in the viscous friction had a similar response to
the mass step. When the change is introduced, the effect was observed as an increased error.

96 MCE4-1022



11.3. System Performance under Faulty Conditions

After 4-5 pulses, the estimation algorithm had converged to the correct viscous friction. After
8-9 pulses, the position error signal was the same as the nominal case. Based on this, the IARC
is considered fault tolerant to step changes in viscous friction changes under these working
conditions.

Continuously varying viscous friction was also simulated in the form of a ramp change
increasing and decreasing the size of B. The resulting estimation was poor. Based on the fact
that the estimation managed to convert for a step change in 8-9 pulses, a reason for the poor
estimation is that the variations are introduced too fast for the estimation to follow the real
value.

For the Coulomb friction, the fault was introduced as step changes on the absolute value
of the Coulomb friction, resulting in Coulomb friction forces of +£200-1000 N. Based on the
simulation, the IARC was not able to compensate completely to the fault, the reason may be
it requiring a longer time period at a value to estimate it properly. The estimation algorithm
had difficulties estimating the variations in the Coulomb friction, but showed tendencies
of converging towards the correct value. The difficulties may be due to it being hard to
differentiate between a disturbance and the Coulomb friction when only accelerating for short
periods of time. For the position error response, the faulty situation generally had a larger error
than the nominal case, with the largest spikes being 9 mm and -6 mm compared to the nominal
case of £2 mm.

Faults introduced as variations in the air-ratio of the oil did not have any noticeable impact on
the system response.

11.3.2 Sine-Curve Reference

The reference used in this section is a 0.5 Hz sine-curve, with an amplitude of 35 mm. The
resulting control input is up to =0.6-0.9 at the maximum speed depending on the size of
leakage flow in the system.

Mass Fault

A change in mass can be explained by a change in the load of the system. It not assumed that
these kinds of faults can occur abruptly, but this will be done here to show the limits of the
algorithm. The fault will be simulated by a step in the trajectory of the load cylinder. A ramp
input is also implemented, which could be due to an increase over time in load. Change of
these sort are more likely real life. The mass trajectory used to simulate these faults can be
seen in fig. A comparison of position error between the faulty case and a nominal case
with a constant mass of 6525 kg is also shown.
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Figure 11.7: Performance for a mass related fault

From fig. the IARC is found to be fault tolerant to mass variations under the conditions
applied, both to step variations and to ramp variations. Furthermore, there are indications of
either the emulated mass or the estimated mas being = 2 % off the reference mass. In fig.
the position error shows that the steps emulated in mass has a position error effect of up to =0.5
mm, before converting to similar performance as obtained with the constant mass of 6525 kg.
For some cases, the performance is improved after the estimation has converged to the correct
value, which could be due to the increased mass damping the system.

Viscous Friction

In order for the viscous friction of the system to change, the consistency of the oil has to change.
Either due to foreign particles or due to temperature variation. Changes of this nature are
expected to occur slowly, which is why this parameter will also be varied slowly. The trajectory
tracking performance can be seen in fig.
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Figure 11.8: Performance for a Viscous friction related fault

Fig. |11.8| indicates that the system when having a large viscous friction has improved
performance, possibly due to the increased damping. When a decrease in B is applied, the
error is increased, and when it is increased, the error is decreased. This shows that the system
works better for an undershoot of the parameter than an overshot. Generally, the estimation
algorithm is able to follow the variations, and if the viscous friction coefficient was set to
constant for a time period, the correct value should be estimated with similar accuracy as for
the nominal case. Based on these findings, the IARC is found to be fault tolerant to variations
in the viscous friction under these conditions.

Coulomb Friction

The magnitude of the Coulomb friction parameter will be varied abruptly. The results of the
simulation can be seen in fig.
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Figure 11.9: Performance for a Coulomb friction related fault

In fig. it can be see that the estimation algorithm struggles with estimating the correct
Coulomb friction. The problems in estimation result in reduced performance. Furthermore,
the problems in estimation may cause problems for the other estimated values. To investigate
this, the estimated parameters and corresponding reference is shown in fig.
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Figure 11.10: Estimated force related parameters

In fig. [11.10} this

corresponds to the time period with the largest estimation errors of the three other parameters.
This indicates that the estimation algorithm has troubles determining if the introduced fault
corresponds to a change in Coulomb friction, and not mass or viscous friction. If given a larger

The largest position errors occurred at the time internal 20-35 seconds.

time span to converge, the system should learn, for example the mass gives indications of
converging back to the reference. At the time internal 35-50 seconds, the Coulomb friction
is reduced again. Here, the other estimated parameters converges to their correct values, while
the Coulomb friction maintains an error of =200 N. For this time internal, fig. shows that
the position error corresponds to nominal values. Based on these observations, faults due to
Coulomb friction are deemed hard to compensate, however, under some conditions, and if
given a larger time span, the system will converge to nominal conditions.

Air-Ratio

Faults resulting in a varying air-ratio in the oil will affect the size of the bulk modulus, with
the main effect being at pressures below 100 bar. The result from varying the air-ratio in the
simulation can be seen in fig. where a comparison of the resulting bulk-modulus value
and estimated value is shown. A comparison of the performance to a nominal case is also
shown.
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Figure 11.11: Performance for an air-ratio related fault

Fig.[I1.11)shows that the estimation follows the reference somewhat. The estimation is not able
to follow the relatively fast changes due to direction changes, but it follows the main variations.
The effect on the position error is minimal, resulting in the IARC being considered fault tolerant
to air-ratio variations under these conditions.

Leakage

Faults resulting in varying leakage flows, both external and internal, has been combined. The
emulation of a leakage flow fault will be an increase in leakage area over time, untill = -9 L/min
is obtained. A decrease in leakage is also emulated, although this might be uncommon in real
systems. The external leakage is increased after = 27 seconds. After this point the difference
of the two leakage flows is not zero ergo the leakage leaving one chamber is not entering the
other.
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Figure 11.12: Performance for a Leakage related fault

From fig. the IARC is not considered to be completely fault tolerant to faults regarding
leakage flows. Similar to the pulse-reference test, the estimation algorithm is only able to
estimate the average leakage flow, resulting in it not achieving nominal conditions at when
alarge leakage is applied. For lower leakages, the effect is smaller, and the estimation is able to

follow the variations better, for example after time 45 seconds.

No Mass Emulation

For safety reason, a situation where the force controller is not working as intended is simulated.
The force controller is given zero reference, which means the equivalent mass in the system is
the 25 kg real mass. The initial mass estimate is kept at 7000 kg, to determine how quickly the
estimation algorithm can estimate the correct mass of 25 kg. The trajectory used is the pulse-

reference. The response can be seen in fig.|11.13
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Figure 11.13: Performance with M, of 25 kg, with initial estimate of 7000 kg.

Fig. shows that the estimation algorithm is able to converge to the correct mass within 5
acceleration pulses. The system response shows that the performance is improving as the mass
converges to the correct value. Initially an error of up to 4 mm is observed. After the mass has
converged, position error is similar to the nominal conditions.

11.4 Discussion of Simulation Results

In this part of the report the optimised controller and estimation algorithm are tested. First
the influence of noise is investigated. The conclusion is that the IARC will perform satisfactory
provided some of the noise is filtered out. The trade-off is that high frequency trajectories
cannot be followed, since the dynamics are lost in the filtering. Since the project focus is on
wind-turbine pitch systems and it is not expected for the orientation of the blades to change
faster than 1 Hgz, it is concluded that the trade-off is acceptable. The second set of tests
investigate the influence of a trajectory on the abilities of the controller to estimate parameter
changes.

A pulse like trajectory is used, because it has long periods of time where velocity and
acceleration are zero. The estimation algorithm was able to estimate changes in parameters
even though the operating conditions for the algorithm were sub-optimal. The controller had
a larger error when the fault was introduced and then converged to a smaller error when the
estimation converged to the real parameter. The test where leakage was introduced showed
that the estimation algorithm had some difficulties following the real leakage flow perfectly.
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This resulted in position error larger than the one in nominal conditions. It was however able
to reduce the error significantly.

For the last test regarding having no mass emulation, the estimation algorithm was able
to converge from an initial mass guess of 7000 kg to the correct mass of 25 kg within five
acceleration pulses, which resulted in the performance converging to nominal performance.

The tests with a sine curve trajectory, showed better estimation, probably due to the system
having a varying velocity and acceleration at all times. This fulfils the estimation algorithm
conditions regarding when it updates. The estimation algorithm was able to estimate the
The most difficulties occurred for the the Coulomb friction estimation.
The continuous estimation of parameters resulted in the estimation algorithm being able to
estimate the parameters consistently. After the estimation algorithm had converged to the
applied variations/faults, the IARC was able to obtain nominal like system responses.

parameters well.

Based on these results, the performance is found to be heavily dependant on how fast the
estimation algorithm converged to the real values.

Generally the IARC seemed to be able to compensate for variations in the system, which can
occur during faulty situations. To verify that this also works on a real set-up, similar tests will
be made experimentally on the set-up described in Chap.

Table shows the Root-Mean-Square of the position error, recorded during runs for each
parameter estimation for both the pulse train and the sine wave trajectories. The RMS errors
will be for fault trajectories used during the Sine-wave trajectories, which has also been applied
when using the pulse trajectory.

Trajectory erms Nominal[mm] erRMS Meq [mm] eryMs Blmm] epms Felmm] eRMS ﬁ_l [mm] epnms Leakage[mm]
Pulse train 0.73 0.79 1.49 2.04 0.73 3.58
Sine Wave 0.70 0.82 0.77 3.84 0.70 1.36
Trajectory | lemax| Nominallmm] | |emax| Meg [Imm] | |emax| Blmm] | |emax| Felmm] | lemaxl B~ TImm] | lemax| Leakage[mm]
Pulse train 1.90 2.29 3.31 9.45 1.90 12.83
Sine Wave 1.96 2.01 1.96 17.38 1.96 3.19

Table 11.2: Root-Mean-Square and maximum of the position error for different parameter faults
for pulse train trajectory and a sine wave trajectory.

It is desired to compare the simulated performance with the experimentally obtained one, in
order to verify the fault tolerance of the IARC.
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This chapter will show the experimental results obtained from the laboratory implementation
of the TARC and the estimation algorithm. The faults are introduced one at a time and
the results from the estimation algorithm and the changes observed in the performance of
the TARC are analysed. A number of changes had to be introduced in the algorithm in
order to facilitate smooth operation for all conditions. These modification are shown and
discussed in the first section. The second section discusses tests which attempt to replicate
the nominal conditions benchmark established in App. Each following section shows the
fault operation of the estimation algorithm and the IARC for a specific parameter variation.

12.1 Filtering and Parameter changes

Based on the estimated friction parameters in App. |C} the initial guesses of friction parameters
that were used in the non-linear model were not chosen correctly. According to the tests the
friction parameters change according to direction.

The estimated viscous friction was significantly lower than assumed, =7670 Ns/m in one
direction and =859 Ns/m in the other, which is significantly different than the initial
assumption of 18000 Ns/m. These values are within the defined estimation range of [0 30000]
Ns/m. Since this is the case it is expected that the estimation algorithm will converge to the
real value.

The Coulomb friction found through the tests in App. [Clwas larger than expected. Values of up
to 1384 N and 198 N in the other direction were calculated, compared to the initial guess of 200
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N.

The initial assumed size of Coulomb friction led to an initial range of [0 1500] N for the
estimation algorithm. The upper bound of the range is close to the calculated values. It is
not desirable to have the upper bound so close to the actual value, because it would be difficult
to distinguish between an overshoot of the estimation and an incorrect estimation, if in both
cases the estimation shows a saturated value. The range of the Coulomb friction has been
increased to [0 3000] N to prevent this.

A new optimisation is required to ensure that the controller is stable for this range. The new
friction values have been added in the non-linear model as well as the expanded range. Since
the friction parameters calculated from the tests are considered uncertain an average value
has been chosen. This can result in a less than optimal controller performance-wise, but it
also results in more robust controller. The friction parameters used are 600 N for Coulomb
friction and 3000 Ns/m for viscous friction. The resulting controller is shown in table[12.1] The
estimation range is shown in table[12.2]

Range tested k1 ko ks kscaie
Orange,exp 77.2-0.05 | 5.11 | 545-10719 | 27,5

Table 12.1: Control Law Parameters used for experimental testing

Range Meglkgl | BINs/m| | F¢IN] D1, IN] T [bar~1] Do1p (m3/s] | Doy [m3/s]
Orange,exp | [109000] | [030000] | [03000] | [-500500] | [100004000]~T | [-91]/60000 | [-911/60000

Table 12.2: Parameter Ranges used for experimental testing.

An increased filtering of the measured data that is fed into the IARC was needed in order to
obtain a smooth response. Runs with position and pressure filters set to 15 Hz resulted in near
instabilities. It was concluded that the signals were not smooth enough for derivation after they
were filtered. This resulted in spikes in velocity and acceleration estimation. The controller
compensated for this acceleration which leads to problems during the run. The sudden drop in
position observed in fig.[12.1]is the result of one of these problems. This drop in position could
be easily heard and a pressure spike could be observed in the hoses. Because of safety concerns
associated with the possibility of larger spikes when faults are introduced, it was concluded that
the feedback signal have to be filtered more.
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Figure 12.1: Results with initial filters.

The cut-off frequency for positions and pressures was reduced to 1 Hz. Velocity was found
through the derivation of the position signal after it is filtered. The IARC will attempt to follow
the velocity profile provided from the derivation. It was found that if the velocity is not smooth
the IARC provided unneeded forces to attempt to follow the velocity reference. The filter on the
velocity reference was also a 1 Hz first-order low-pass filter.

The estimation algorithm also requires that the position and pressures are filtered, but through
a different filter. According to the theory discussed in Sec. the signals have to be filtered
through at least a third order filter. Instead of the 1st order 1 Hz filter, a 15 Hz third-order
filter has been used for position and pressures signal in the estimation algorithm. The velocity
was obtained through the differentiation of the 15 Hz filtered position signal and was further
filtered with a first order 5 Hz filter. This extra filtering was required, because the velocity
estimate is further differentiated to obtain an acceleration estimate. The original design in
Sec.|7.2|originally intended one less differentiation.

The excessive filtering resulted in a stable controller without any chatter, but a poorer
performance. It is expected that this issue can be solved after the velocity sensor is installed
on the system and no numerical differentiation is required to provide velocity for the IARC.
The consequence of the heavy filtering can be seen in fig.
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Figure 12.2: Results from increased signal filtering.

It can easily be noticed that there is a large difference between the measured position and the
filtered one. It can also be observed that the filtered position, which is the signal that the IARC
sees, follows the reference with some success. The conclusion from this test is that the excessive
filtering has resulted in a large error in position if the reference is compared with the measured
position. It can also be argued that the IARC is performing to some extent, considering the
comparison between the filtered value and the reference. From these two observations it can
be argued that the algorithm itself is not wrong. It is expected that some of these issues will be
solved and a better performance will be obtained, when the velocity sensor is installed on the
test-stand. In order to evaluate the performance of the IARC despite the situation error will be
considered as the difference between the reference and the filtered position. This is not the
real error during the test, but this method will potentially better show the effect faults have on
the performance of the algorithm.

12.2 Nominal Performance and Estimation of Nominal Uncertain
Parameters

For the nominal tests, the force controller is given a 0 N reference. This is done to determine
if the estimated parameters converge to constant values, corresponding to the nominal
parameters of the system. The nominal test is done for both the pulse reference and sine
reference, to verify that they converge to the same values. The force related parameters can
be seen in fig. and the flow related parameters in fig.
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Figure 12.3: Nominal estimation of uncertain parameters estimated from the mechanical
equation.

Fig. shows that for these tests, the mass is estimated towards the lower limit. This can
be expected, since the actual mass of the system is close to 25 kg. There are some variations
during the run, where the mass goes up to 200 kg for the sine trajectory, and 800 kg for the
pulse trajectory. This estimation error can be explained by errors in the other force parameters
due to the difficulties the estimation algorithm has with estimation of the friction parameters.
Tests in App. [C|show that a linear calculation of the friction parameter solely based on velocity
results in different parameters according to the direction of movement. It can be expected that
the on-line estimator would also see the difference as a sudden error when a switch in direction
occurs. This can result in the 200 kg spikes. It is also possible that part of the problem is the fact
that the estimation algorithm uses acceleration as the regressor associated with mass. Since
this acceleration is obtained through double derivation of position the value of it is uncertain

Department of Energy Technology - Aalborg University 111



at best.

12. EXPERIMENTAL RESULTS

An alternative explanation is also that the poorly performing force controller introduces force

errors above the 500 N D, ,, ranges. This can also be a valid assumption when considering that

this parameter is at either saturation limit for nearly the entire run. No conclusion can be made

based on the available information. It is proposed that as future work a comparison between

results with a different force controller and the same estimation algorithm, and the same force

controller but an expanded estimation algorithm are compared. Due to time limitation this

analysis has not been conducted in this report. Instead the general trend of the estimation

towards convergence is accepted as satisfactory.
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Figure 12.4: Nominal estimation of uncertain parameters estimated from the continuity and
orifice equations.

Table shows the mean values estimated during the sine and pulse trajectory following. The
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information is averaged over the time period from 20 to 50 seconds . It can be noticed that the
estimated values are not far-off from the values calculated in App. [C| The exception is Coulomb
friction, which shows much smaller values than the expected ones. It is possible that some of
the force error has been redistributed to other parameters in an attempt to estimate the real
system. It can also be noticed that excluding viscous friction, the estimated mean values have
not been changed significantly for the two trajectories.

Trajectory | Megq kgl B [Ns/m] F; [N] mDj, [N] B [N] Qleak,1 [L/min] Qjeak,2 [L/min]
Sine 120.0 2470 85 477 9930 0.788 0.789
Pulse 120.4 5470 137 427 9470 0.947 0.947

Table 12.3: Mean nominal parameter estimation.

12.3 Performance for a Mass variation

First an attempt was made to emulate, estimate and compensate for changing mass. The mass
variation has been introduced as a change in the force controllers trajectory. The goal was to
emulate a step of 4000 kg. The mass step occurs at = 25 s. A small difference can be noticed
in the estimation of mass in fig. The algorithm consistently estimates a higher mass
value with results between 400 kg and 1000 kg. This is a fraction of the desired step of 4000
kg. Two explanations for this lack of mass increase are the most obvious. Either the estimation
algorithm cannot converge to the new value or the mass is not estimated in the first place.
Since the estimation algorithm showed better results in the nominal test, the force controller
performance was examined.
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Figure 12.5: Filtered position trajectory following during mass parameter variation.

The performance of the force controller during mass step emulation for a sine curve trajectory
can be seen in fig. It can easily be observed that the force controller is not following the
trajectory in a satisfactory manner. Error spikes consistently occur in one movement direction.
After the step in mass the controller follows the reference to some extent between the error
spikes. Since the force controller is not providing the correct force at the correct time the
estimation algorithm is unable to link it to any of the variables and the error is estimated as
a change in the Coulomb friction for a sine curve trajectory. For the pulse trajectory following
changes can be observed in the D,, parameter and a slight increase in viscous friction. Based
on these results the force controller is not able to emulate a change in mass. No conclusions
can be made about the performance of the estimation algorithm as far as this test goes.
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Figure 12.6: Trajectory following performance of the force controller during mass step
emulation.

The performance of the IARC concerning fault tolerance cannot be examined thoroughly since
an actual mass change is not emulated consistently, but the estimation algorithm does attempt
to incorporate the disturbances the force controller delivers, which means that the force can
potentially be accounted for in the feedforward of parameters to the IARC. To see if this is the
case the reference following of the filtered position signal is examined for both trajectories. In
fig. [12.7] the results from a run with the sine curve trajectory can be seen. Two of the graphs
show the performance of the IARC with a higher resolution. One shows a time period just
after the fault has occurred and one after it has occurred and the estimation algorithm has had
some time to converge to some values that should describe the situation better. Changes in
the performance can be noticed, but they are not necessarily better. No conclusion can be
drawn from this test as far as the performance of the IARC and the estimation algorithm are
concerned.
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Figure 12.7: Filtered position trajectory following during mass parameter variation with a sine
curve trajectory.

In fig. the same can be seen for the pulse trajectory. No noticeable changes can be

observed in the performance during the operation.
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Figure 12.8: Filtered position trajectory following during mass parameter variation with a pulse

trajectory.

12.4 Performance for a Viscous friction variation

The second parameter variation test shows the ability of the IARC to handle changes in viscous
friction. The change in viscous friction is introduced through the force controller trajectory. An
increase of 10000 Ns/m is desired during this run. Figure[12.9|shows that indeed the estimation
algorithm sees the force delivered by the force controller as an increase in viscous friction.
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Figure 12.9: Estimation of parameters estimated from force equation during viscous friction
parameter variation.

The performance of the IARC improves over time as can be seen in fig. The change
in error is not large but a positive trend can be observed. The overshoot when moving in the
negative direction is reduced from 1.5 mm to 0.5 mm. Slight tremors were observed during
this test. They cannot be seen in the result shown here due to the heavy filtering applied to the
variables. Since the simulations result chapter and the theory behind the estimation algorithm
conclude that the performance of the IARC will be poorer for a pulse trajectory, this test has
been omitted due to safety concerns.

118 MCE4-1022



12.5. Performance for a Coulomb friction variation

Position [mm]

Position [mm]

260 -

N
S
o

N
N
o

N

o

o
T

[uny

o]

o
T

160

Filtered Meas.

2401

220 1

N
o
o

180 1

20 25
Time

Position [mm]

160
25

3

35 4
Time [s]

4.5

Reference
EEEAEE | | ‘ | ‘ |
| | | | R | |
| | |

L L L L |

30 35 40 45 50
[s]
2401
220
200 1
180
160 * * * * !

46.5 47 47.5 48 48.5 49

Time [s]

Figure 12.10: Filtered position trajectory following during viscous friction parameter variation.

12.5 Performance for a Coulomb friction variation

A test, investigating the ability of the IARC to handle changes to Coulomb friction, can be seen
in fig. The Coulomb friction variation has been introduced through the trajectory of
the force controller. The controller is supposed to increase the Coulomb friction by 1000 N for
the entire run. It can be observed that the estimation algorithm cannot distinguish between
Coulomb and Viscous friction in this case. It can be seen in the mass variation test shown
previously, that the algorithm estimates an increase in Coulomb friction when an increase
in mass is desired. It is assumed that the excessive filtering of regressor parameters and the
force controller problems resulted in a general inability of the test stand to emulate Coulomb

friction.
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Figure 12.11: Estimation of parameters associated with the mechanical equation during
Coulomb friction parameter variation.

12.6 Performance for a Leakage fault

Both internal and external leakages were tested. Results for internal leakage will be shown
here, because they are more conclusive. The results for external leakage can be seen in App.
The leakage fault was introduced into the system through a user operated needle valve. Since
the leakage through the valve is both dependent on the opening of the valve and pressure
difference across the cylinder chambers it is difficult to get a specific leakage flow fault. The
opening of the needle valve was increased steadily while looking at the measurement graphs
until an internal leakage of close to 6 L/min was achieved. The estimation of the leakage can
be seen in fig. The estimation follows the real leakage to some extent. The simulation
results showed that leakage estimation cannot follow the leakage perfectly as the changes occur
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too fast when the cylinder switches movement direction. Similar tendencies can be seen here.
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Figure 12.12: Estimation of leakage flows during sine and pulse trajectories.

The performance of the IARC can be observed in fig. [12.13| The two smaller time period graphs
show that the IARC is reducing the under- and overshoot error after the estimation converges
to the average of the leakage.
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Figure 12.13: Trajectory tracking of filtered position signal.

It was found suspect that the internal leakage dropped to 0 L/min when the cylinder was
moving in one direction. This should correspond to equal pressures in both cylinder chambers.
The non-filtered cylinder pressure recorded during this test can be seen in fig. It can
be observed that a pressure difference is always measurable between the two chambers. The
pressure in chamber 2 is always larger, due to the area difference between chambers. Because
of this the internal leakage in the cylinder is always negative according to the sign convention
established in this report. According to the pressure difference the leakage should have a =20 %
difference in one direction, but instead the sensor shows a zero leakage flow. The uncertainty
of the pressure sensor calibration is not large enough to account for total of 12 bar error in
pressure measurement. Based on this the sensor measurement are considered suspect. The
estimation agrees with the pressure measurements, but no baseline is available, since the other
tests suffer from other issues. The filtered position shows an improvement after the estimation
has converged to the assumed leakage level. For the pulse trajectory, similar results were
observed in position tracking. The increase in error introduced when the leakage was increased
was reduced over time by 1-1.5 mm. A graph of the result is shown in App.
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.30 1 1 1 1 1

Figure 12.14: Pressure difference between chamber 1 and 2 for cylinder 1.

A test was also done where external leakage of 1 L/min was introduced. No significant impact
was observed on the position measurements. The results have been omitted here, but can be
found in App. [G

12.7 Test Results Discussion

It can easily be seen that the result in the test results are not identical to the ones obtained
through simulation. A number of issues have been found during this testing procedure. Due
to time limitations the issues have not been addressed on time to be included in the project.
Further testing will be conducted after the project is handed in to further verify the promising
simulation results. The issues discovered during this testing are:

» Lack of velocity measurements has lead to excessive filtering which has caused the IARC
to perform in a degraded manner. The actual position does not follow the reference
trajectory. Instead the filtered signal is attempting to.

* The force controller designed for this project has difficulties delivering forces in one
direction. Since the force error is not filtered the output of the force controller is out
of phase with the information the IARC and the estimation algorithm are receiving.
Because of this variations in mass, viscous friction and Coulomb friction cannot be
introduced as intended. The estimation algorithm cannot distinguish between errors in
the different force related parameters. The IARC still forces the filtered position to follow
the reference to some extent.
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* The estimation algorithm can estimate the direction and to some extent the magnitude
of the leakage, based on it being able to reduce the error to nominal-like conditions. The
changes to performance in the IARC resulting from leakage are then the closest to what
was expected to be obtained from these tests. It can be seen that when the magnitude
of the leakage is estimated correctly the IARC is able to compensate for the fault. Based
on this observation it can be concluded that the simulation results are not false. The
method shows promise, but certain issues still need to be addressed. The experimental
performance of the algorithm needs to be verified under the same faults as introduced
in the simulated test. Nonetheless it is expected that the performance obtained in the
simulations is possible.
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CHAPTER

CONCLUSION

Based on the literature review, the JARC method was chosen to be used as a fault tolerant
controller for the considered hydraulic servo system. To determine which faults were of
interest, a previous study regarding FMEA of wind-turbines was utilised. Based on the study,
it was chosen to consider faults regarding internal- and external leakage, excessive friction, a
varying mass, and an increase of the air-ratio in the oil.

A non-linear model of the system was constructed to be used for design and simulations of the
control law and estimation algorithm. Furthermore, a linear model of the system was made to
investigate frequencies of the system compared to the valve dynamics.

A force controller was designed based on the linear model of the system. The force controller
is used to emulate an increased and time-varying mass together with excessive friction in the
form of time-varying friction parameters. To emulate the internal- and external leakage flows,
user controlled needle-valves on the experimental set-up were used.

Experimental tests were conducted to estimate the nominal friction parameters. The results
showed that the parameters were sensitive to small variations in the measured pressures. This
resulted in uncertain friction parameters. The friction parameters also depended heavily on
the direction of movement. To make sure the IARC was able to handle these variations, the
ranges on the friction parameters were set accordingly.

The non-linear model was verified by comparing with laboratory measurements. Similar
dynamics were observed between the simulations and experimental results. But, if the
measured pressures in each chamber were applied directly into the non-linear model,
circumventing the continuity equation, differences were observed. The main issue being that
when the model was set to move in the negative direction almost no movement was achieved
using the measured pressures. The reason behind the difference was not determined, but
a possible reason is a leakage across the valve, allowing the system to move without a force
applied in one direction. Observations of the system drifting in one direction when all valves
were closed were observed, indicating the valves have a small steady state opening.

Based on the non-linear model and the faults considered, the design and proof of stability
of the IARC and estimation algorithm have been conducted. To determine the optimal
parameters for the two algorithms, an optimisation algorithm was used. The IARC is proven
to be stable for a predefined operation range. The initial ranges were chosen based on the
non-linear model. If the ranges were increased, the performance of the system was found to
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be increasingly dependent on the performance of the estimation algorithm. Furthermore, to
achieve a stable response, user defined parameters had to be changed accordingly. From the
information obtained in the verification tests, the initial parameter ranges were expanded and
anew controller optimisation was conducted. The resulting range of faults that the control law
can tolerate in the form of parameter variations are shown in tab. Where D1, and Dy,
can be considered as the leakage flow in each chamber.

Range Meg kgl B [Ns/m] F¢ [N] D1y, IN] ﬁ’l [bar’l] D21y, [L/min] D23, [L/min]
Brange,exp [10 9000] [0 30000] [0 3000] [-500 500] [10000 4000]71 [-91] [-91]

Table 13.1: Parameter Ranges used for experimental testing.

Simulations were conducted in order to investigate the performance of the IARC and possibly
point out implementation errors. Plausible noise levels and signal delays were used. These
simulations showed that the IARC was noise sensitive. It was found that low-pass filters should
be applied to the measurements. Due to velocity sensor issues, a low cut-off frequency was
selected for the filters. This was required, in order to obtain a smooth position profile. The
position was then differentiated by time to obtain a velocity estimate. The force controller was
also found to be noise sensitive, mainly due to an aggressive design. The aggressive design
resulted in a marginally unstable force output if filters below 400 rad/s were applied.

The simulation and experimental tests used two trajectories. The first being a pulse trajectory,
which moves back and forth with a wait-time between each movement. This trajectory is
chosen due to it exciting a wider range of frequencies than a sine curve. Furthermore, the pulse
trajectory will have acceleration pulses for short periods of time, resulting in the estimation
conditions only being met for short periods of time. The second trajectory used was a sine
curve with a frequency of 0.5 Hz. Here the system is accelerated during the whole run, resulting
in a continuous estimation of uncertain parameters.

The simulation tests indicated that the IARC was able to compensate for variations in mass,
viscous friction, and air-ratio, in the sense that conditions close to nominal were obtained after
the system variations had been estimated.

The estimation algorithm had problems estimating variations in the Coulomb friction
magnitude. An analysis showed the emulated variation in Coulomb friction affected the
estimated values of all the force related parameters. The result of these estimation problems
was an inability to determine that the fault has affected Coulomb friction specifically. Even
though the estimation algorithm did not estimate each parameter correctly the position error
was rejected after some time.

Faults where a leakage flow was introduced as internal- and external leakage showed that the
estimation was able to follow the average leakage flow. The estimation was not able to keep
up with the relatively rapid changes in leakage due to its pressure dependence, but it managed
to converged towards the mean of the signal. The result was that the IARC was not able to
converge to nominal conditions. Nevertheless a reduction of the magnitude of the initial error
was observed.

During the first laboratory implementation of the IARC, an increased filtering was found to be
required. The consequence of the heavy filtering was a reduced performance, due to the large
delays introduced in the signal values. It is expected that this problem will be addressed when
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a velocity sensor is applied on the system. This will reduce the smoothness requirement of the
position signal.

When attempting to emulate faults such as excessive friction and an increased mass, it was
found that the force controller is not able to obtain the same performance as the one achieved
in the simulations. Due to this, it was not possible to detect the increased mass and increased
Coulomb friction. An increase in viscous friction was detected during both the viscous friction
emulation and the Coulomb friction emulation.

Based on the experimental tests regarding force related parameters, no conclusion can be
made, due to no proper emulation of the introduced faults was observed. The IARC was
however able to reduce the increase in error observed when the inaccurately emulated faults
were introduced.

For the experimental tests regarding an increased leakage flow, the magnitude of the
introduced internal leakage flow was -6 L/min during one movement direction, and close to
zero when the cylinder was returning. An investigation of the pressure difference between
the two chambers revealed that this should not be the case. The reason being a minimum
of 10 bar difference throughout the run, indicating uncertainties of the internal leakage
measurement. The estimation algorithm converged towards the maximum magnitude. The
result was however, that the IARC maintained a good performance, and reduced the influence
from the introduced leakage flow to a minimal. Based on this information it is assumed that
the IARC is fault tolerant to leakage related faults.

Air-ratio was not tested experimentally due to it not being possible to emulate an increase
on the experimental set-up. The simulation tests regarding air-ratio showed no significant
influence at the tested levels.

Based on the simulation , the IARC was found to fault tolerant to the emulated faults regarding
increased mass, excessive friction, leakage, and increased air-ratio in the oil. The most
difficult fault being for coulomb friction, due to difficulties estimating its value. When tested
experimentally, a number of issues prevented solid conclusion on the fault tolerance of the
IARC. However, some indications can be seen, due to the estimation algorithm showing
converging behaviour during the nominal test and the leakage test. A lot of the issues are
known, and are expected to be possible to fix by the time of the presentation of results.

13.1 Future Work

Based on the experimental result, it is desired to test the designed control law with a velocity
sensor. This will determine if the hypothesis of it reducing the required filtrations is true. This
will potentially increase the performance. Furthermore, it is desired to determine the problem
regarding the force controller, and possibly design a new controller to emulate force related
faults better experimentally.

Furthermore, it is desired to investigate if a better optimum of the estimation algorithm
parameters can be achieved, due to the relatively few generations currently used.

Further studies regarding the real system parameters may improve the verification and
validation of the non-linear model. This may allow for an improved optimum of both the
control law and estimation parameters to be obtained. Furthermore, the ranges may be
determined with more confidence if the real nominal values are known.

Based on the simulation and experimental tests, it was found that the estimation algorithm
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had troubles following the leakage during changes in direction, resulting in only a mean of
the leakage flow being estimated. It is desired to redesign the estimation algorithm to include
a pressure dependant leakage flow parameter. By doing so, the leakage relevant estimated
parameter should not change when the leakage area has settled.
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APPENDIX

LINEAR MODEL

In this section, a linear model of the hydraulic cylinder is developed in order to determine the
natural frequency of the system. The dynamics will be used to design a filter for the estimation
algorithm. The structure of the linear model will be used to design a force controller, which will
be used to emulate force related time varying parameters on the system.

Natural Frequency of the Hydraulic Cylinder

In the linearisation of the hydraulic system, the following assumptions have been made.

e Constant supply & tank pressure.
* Constant bulk modulus.
* Negligible deadband in the valves.

The first assumption can be defended, because accumulators will be in place on the laboratory
set-up to filter out some of the supply pressure oscillations. The result will be small variations
of supply pressure, which should not have a large effect on the system. The second assumption
can be defended, because the majority of the operation of the system will be at a relatively high
load pressure. This will lead to a small variation in bulk modulus. The third assumption can be
defended, because the valve used in this project is constructed with high requirements on its
dynamic response.

In order to linearise the pressure build up equations the flows Q; and Q» have to expended
using Tailor’s series. This converts eq. and eq. (5.17) into
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A. LINEAR MODEL
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In order to linearise the system it should be forced to a standstill. This can be done by setting
the gradients of the system i.e. X, p1, p2 to zero. This lead to the following set of equation to
be solved simultaneously:

0=%,= Api plo_A”’zpzo— B Xpo (A.3)
Mog """ Mg 20" Moy P

Q1 =Ap1%p0=kgXy0vPs0— P10 (A.4)

Q2 =—AppXpo=—kqgXp0yP20— P10 (A.5)

Here it is assumed that the external force is not present. The velocity chosen for linearisation
is 30 mm/s. The reason being that the system will work around 30 mm/s for the majority of
the tests. Furthermore the valve opening corresponding to this velocity is = 10%. The data
sheet of the valve gives the frequency for this opening seen in fig. A larger valve opening
would have a lower bandwidth and would give a higher damping in linear model, which is not
necessarily true for all cases. Furthermore the linearisation position has been chosen as -0.1
m. This corresponds to a high frequency of the test cylinder as can be seen in fig.
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Figure A.1: Cylinder frequency as a function of position.

For the linear model, the following states will be used:

x=[p1 p2 %p xp Xy X7 (A.6)
where x,, is the piston position and x, is the valve opening.

The resulting linear constants are

'p1,0~ '54.2[bar] -
P20 71.7[bar]

= Xpo| _ |30[mm/s] A7)
0= Xpo | 25[mm] )
Xp,0 0[]

X0,0 0.1618[-]

With these linear constants a state space model has been established as

X=AX+BXy e (A.8)
y=Cx (A.9)
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The scalar denoted as x,,,.r is the reference valve opening. The output y will be a 3 x 1 vector

consisting of force from pressure force, velocity of piston, and position of piston. The matrices

in eq. and are defined as
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(A.10)

(A.11)

(A.12)

To verify the described linear model, a comparison of the system response of the linear and

non-linear model is made. The test is done where the reference normalised valve opening to

both models is the linearised valve opening of 0.1618. The initial state values can be seen in
(A.7). The comparison between the linear and non-linear models can be seen in fig.
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Figure A.2: Comparison of linear and non-linear model system response.

From fig. the system responses are very similar, and the linear model has almost identical
dynamics as those from the non-linear model. Based on this, the linear model is found
acceptable, and can be used for force controller design.

It can be seen in the bode diagram that the natural frequency of the system is 630
[rad/s]. This can be compared with the frequency response of the valve at 10% opening which
is 376 [rad/s]. The fact that the fastest frequency response of the valve is slower than the
eigenfrequency of the cylinder means that the bandwidth of the valve will be the limiting factor
when designing controllers. The design of the force controller, which will simulate an increased
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mass in the system can be seen in Appendix chapter[B

Bode Diagram
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Figure A.3: Bode plot of the transfer function between valve opening and force.
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APPENDIX

FORCE CONTROLLER

In this appendix the design of the controller for the load cylinder will be discussed. The load
cylinder will be used to provide a changing force trajectory for the test cylinder. The trajectory
is designed to emulate changes in mass and/or friction forces. For this reason a force controller
will be designed here. A linear controller has been chosen for the control of this side of the set-
up. A simpler control structure can reduce the difficulty of deducing implementation problems
in the entire set-up during practical tests.

The reference for the force controller is calculated based on fig.[B.Iand eq. (B:2).

Qfle © ¢ © © ©¢ © © © ©

Ofe @ ¢ o0 © @ © © © ©

Fpric {inip
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e
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Figure B.1: Diagram of forces relevant to the design of the force controller.

Ftest:Mrefxp‘*'Brefxp"‘Fc,ref (B.1)
= Mjép +Ffric + Fload
= MJip+ Bxp+ Fc + Memuip + BemuXp + Feemu

Fioaa = Memujép + Bemuxp + Feemu (B.2)
where the subscript ¢, is for emulated variations to the nominal system parameters.

In order to design a linear controller for the load cylinder a linear model is required. A state
space model similar to the one designed in App. [A} with the appropriate changes in dimensions
and parameters, is used. The system parameters used for the linear model of the load cylinder
will be the emulated sizes, shown in eq. (B.2). The cylinders will be working in opposite
directions and the controllers are being tuned to be able to follow a reference with little error.
The reference frequency will depend on the acceleration, velocity, and parameter variation
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trajectory.

An increase in mass to 6000-9000 kg has been selected as an appropriate load for the system,
together with a viscous friction of up to 30000 Ns/m. By having system parameters of this size,
a larger percentage of the possible pressure force from the test cylinder will be used. This will
reduce the effect of noise in the sensor signals. The magnitude of the noise has been found to
be around 500 N. By having a larger force trajectory the effect of this 500 N is smaller. Example
of the maximum force available for each cylinder is shown in eq. and (B.4).

Frest,max1 = psA1 — prAz = 90000 N (B.3)
Frest,max2 = PsA2 — prA1 = 68000N
Fioad,max1 = PsAs — prAy = 22000N (B.4)

Froad,max2 = PsAs — prAz =~ 13800N

where A; and A; are the areas for the piston and rod chambers on the test cylinder, and A3 and
Ay are for the piston and rod chambers on the load cylinder.

For the trajectory used when tuning the controller in Chap. [8} acceleration of up to 0.25 m/s*
is used. If only the maximum mass is emulated, then the load side uses 2250 N or 10-20 % of
the available force. The viscous friction force depends on velocity. The valve can deliver flow
for velocities up to = 0.15 m/s. To emulate the maximum viscous friction of 30000 Ns/m, the
load side uses 4500 N, or 20-30 % of the available force. Furthermore, the maximum emulated
coulomb friction is 1500 N. If all parameters are set as maximum, and a maximum acceleration
at maximum speed is required, then a total force of 7750 N is required by the load side.

These calculations are assuming the load cylinder will have to emulate the full magnitude of
each system parameter, where in reality, the nominal size of the parameters will reduce the
size of the emulated parameters. However, it shows that the load cylinder will be able to deliver
enough force in both direction to emulate the desired parameters variations. It is expected that
the load cylinder will be providing forces of up to 3300 N for the fault trajectory used.

If these relative large system parameters were not emulated, the test cylinder would only be
using a low amount of the available force, making it difficult to control precisely due to the
sensor noise having a larger influence. Furthermore, if the tested hydraulic servo-system was
applied to a wind-turbine, then the increased mass is a more realistic scenario.

A velocity feedforward is applied to reduce the coupling between the cylinders. Without a
velocity feedforward the movement of the test cylinder may introduce a pressure build up
in the load cylinder, depending on the reaction time of the force controller. The feedforward
signal will open the load cylinders valve to allow the appropriate amount of flow. Then the only
force the force controller has to produce is the load.

The IARC requires an estimation algorithm in order to operate. Three of the uncertain
parameters, which will be estimated, are the mass, viscous friction, and coulomb friction of
the system. This means that the non-linear controller will adjust to the appropriate emulated
parameters. Furthermore the TARC has been shown to ensure stability, despite incorrect
estimation. This is done through the sizing of a non-linear gain according to ranges of possible
estimation error. The IARC is stable for non-linear force errors of upto 1000 N. The margin
comes from the ranges of D, and D;. These ranges are effective when the estimation of a
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parameter has already reached a limit, but the real parameter is outside it. If the force controller
has to emulate a parameter at the range of the estimation, then possible overshoot can cause
the real parameter to go outside the range for which the controller is designed to be stable for.
In this case overshoot force will be seen from the estimation as a non-linear force. Then the D,
and D; range will have to be linked to the possible fluctuation of mass due to over/undershoot
of the force controller that will be designed here. From the stability range of the IARC (1000
N) and the maximum force required from the force controller (in this case 3300 N), it is found
desirable that the force controller has an over/undershoot limit of 30%. Furthermore, a rule
of thumb dictates that the load controller has to be faster than the test controller. Otherwise
the load cylinder may not be able to provide the desired emulation of parameters. This is the
case, because the force controller and the IARC are following the same trajectory. To allow
for a better tuning of the IARC the force controller will be tuned aggressively. The maximum
possible bandwidth in the system is determined by the valve, which is a limiting factor. For this
reason the force controller will be tuned to have a frequency close to the valves. With these
considerations in mind the requirement for the force controller, arranged by importance from
more to less important, are:

¢ Bandwidth above 50 Hz
¢ Overshoot/undershoot under 30%

The load cylinder has been linearised with a velocity of 30 mm/s and at 7 equally spaced
linearisation points spanning the entire length of the cylinder. The transfer functions from
valve opening to load force for the 7 linear models can be seen in fig[B.2]
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Bode Diagram
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Figure B.2: Bode plot of the transfer functions between valve opening and force for the 7
linearisation points.

The slowest peak in these bode plots is at the 5th linearisation point, which is close to the center
of the cylinder. In order to spare time, a PID has been autotuned for the 5th linearisation point
using Matlabs "pidtune’ function. The slowest transfer function will be used, because that one
will have the smallest safety margins. In the other linearisation points the controller will have
a slightly degraded performance, but will still be stable.

Abode plots of the OL systems with the controller can be seen in fig[B.3]
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Bode Diagram
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Figure B.3: Bode plot of the OL system with applied force controller and the controller itself.

The autotuned controller is difficult to implement in its initial form, because of the derivative
term. The force feedback is based on pressure measurements. These will not be smooth
continuous signals, meaning their derivation will be problematic from a numerical simulation
perspective. To overcome this problem the controllers will be implemented as a PI-Lead, where
the derivative term has been implemented as a lead filter. The effect of the double zero has
been removed close to a decade later, by a double pole. This will reduce the effect of the
derivative term in the higher frequencies, reducing the sensitivity of the controller to sensor
noise. At the same time the zeros introduce a positive phase contribution before the phase
crosses 180 deg, in effect delaying it. This allows a higher CL bandwidth of = 490 rad/s(78 Hz)
to be achieved. The CL response of the system can be seen in fig[B.4]
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The peak at the eigenfrequency of the system does not move sufficiently to merit the use of
gain scheduling. Fig. shows the controller applied to the linear model with the fastest

eigenfrequency.
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Figure B.5: Bode plot of the OL system Lin; with applied force controller.

It is possible to improve the tuning of this controller. The standard desired margins of 6 dB
and 45 deg are not achieved. The extra time and effort associated with this has been deemed
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inefficient, because the load controller has been found to perform satisfactory in simulations.
The errors in force produced by this controller will be within the margins of the estimation
algorithm, and the IARC is expected to give a good performance regardless of uncertainties in
the system. Furthermore any errors in parameter estimation will be estimated and accounted
for by the IARC. Since the emulated parameters are not based on a real case, their exact values
are not important as long as their values are within the ranges set for the IARC. Finally the large

margin can help avoid instability if any of the systems parameters change.

A step response of the closed loop system with the designed controller can be seen in[B.6|
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Figure B.6: Step responses of the CL system linearised at middle position with the force

controller.

The 20% overshoot of the controller has to be taken into account by the estimation algorithm
and the non-linear gain of the IARC. The settling time is 36 ms with a rise time of 4 ms.

The feedforward introduced to help the force controller follow the IARC movement is
implemented as a passive feedforward. The feedforward is based on the DC gain from the
transfer function of each system. To visualise the structure of the force controller, a block

diagram can be seen in fig.
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Figure B.7: Diagram of the load cylinder control structure.
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APPENDIX

EXPERIMENTAL PARAMETER DETERMINATION

In this chapter, tests for determination of the nominal system parameters will be described.
The system parameters that need to be determined are:

M,y Equivalent mass of the system kgl

B Viscous friction coefficient and damping [Ns/m]
F, Coulomb friction [N]

B Bulk modulus [Pa]
D1, Nominal lumped model error, fx. leakage [m3/s]
Dy, Nominal lumped model error, fx. leakage [m3/s]

where the lumped model error, Dy, is considered to be zero, i.e. no load applied, and stribeck
does not have an influence.

These have been split up into force and flow parameters, based on whether they can be
determined from the force equation, or the continuity equations, -(C3). Dueto alate
order of a velocity sensor, which resulted in a delivery too late for implementation, derivation
of the measured position will have to be made to approximate the velocity. It is expected that
the velocity obtained by derivation will be less accurate than the measured one, because the
position signal will have to be filtered heavily in order to obtain a smooth derivable signal. This
filtering will introduce a phase delay between the real and estimated velocities. The velocity
obtained by derivation will be accurate enough for these tests, since a constant velocity is
required during the testing and the delay will not have an effect.

The acceleration will be estimated in a similar manner by deriving the position twice. The
acceleration is needed in order to estimate the mass of the system. The uncertainty of
the acceleration estimation would also affect the mass estimation. In order to avoid these
uncertain measurements a different method will be used to find the mass of the system. Since
the CAD model of the system is fairly accurate it has been decided to obtain the mas through
it. From the CAD model, the mass is calculated to be 21.6 kg. However, the piston seals are
not included in the CAD model. To compensate for this, a larger mass should be used. It is
chosen to use 25 kg as the mass of the system. This is a small mass compared with the forces
the cylinders can produce. Errors in mass estimations of 20 % will have little to no effect,
because of the large load forces.
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C. EXPERIMENTAL PARAMETER DETERMINATION

The equations used to estimate the system parameters are:

Meqjép =p1Ap’1—pgApyz—B)'Cp—Fc'S()'Cp)-i-Dln (C.1)
~ .
Q1 —D21n— D2 =Ap,1xp+Epl (C.2)
- .V
Q2+ Daop+ Doz = —Ap2Xp+ Epz (C.3)

where the stribeck part of the friction force is included in D;,, and external and internal
nominal leakage in D21, and Dozj,.

C.1 Force parameters

C.1.1 Viscous friction and Coulomb friction

To estimate the viscous friction and Coulomb friction, a constant speed test is made, to remove
the acceleration term in (C.I). Furthermore, the Stribeck friction should not affect the tests,
due to it only being relevant at speeds close to zero. The resulting dynamics are:

0= plAp,l_pZAp,Z_Bxp_Fc‘S(xp) (C.4)

The measured variables are:

¢ Position
e Pressure 1 &2

The tested velocities are +[50:180] mm/s. Before the velocity tests have been conducted the
system has been "warmed up". This consist of a sine-wave trajectory run continuously until
the oil of the system reaches close to 50 degrees. This is considered the working temperature of
the oil. Throughout the testing the temperature of the oil does not increase significantly. This
warm-up procedure should prevent variations in the system parameters due to temperature
changes. The velocity is estimated by fitting a first order polynomial function of the position
during the movement, where the slope will be equal to the average velocity. An example is

shown in fig.
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C.1. Force parameters
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Figure C.1: Measured position compared with linear fit.

From each test, the average velocity and force is determined within the range shown as a red
line in fig. If the forces follows the expected model shown in eq. (C4), a first order
polynomial can be applied for each direction of movement. Since no acceleration is present,
during that part of the run, the resulting force provided by the cylinders is equivalent to the
friction forces in the system. For each test the resulting force of the pressures is divided by the
estimated velocity. The results can be seen in fig. where each test result is indicated with a
Cross.
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Figure C.2: Friction parameter estimation.

In fig. the results from 50 runs in each direction with velocities of +[50:180] mm/s is
shown. The force from the cylinders were found to be sensitive to small calibration errors of the
sensors. The sensors have been calibrated by forcing a cylinder to push against the maximum
position on one side. This results in supply pressure in one chamber, and tank pressure in
the other. After the pressures settled the chamber pressure sensor is calibrated to a match the
readings of a pressure sensor integrated in the pump station. This pump sensor is the only
available benchmark for calibration. This was done at various pressures to reduce calibration
errors. However, small errors could still be there, because it difficult to match the two signal
when noise and oscillations in the supply pressure of up to 2 bar were present at all times.
To determine how sensitive the estimated friction parameters are to errors in the calibration,
an estimation, where 0.75 bar is added or subtracted to the pressures, has been made. These
are plotted as maximum and minimum in fig. and correspond to worst cases of wrong
calibration, assuming errors of up to 0.75 bar.

Because the relative small errors in the calibration will result in significantly different friction
parameters, the estimated values are found to be uncertain. The fitted values are shown in
table Min and max for the viscous friction are not shown, because an offset on the
measured pressures only results in an offset of the average force. This will not affect the slope
of the velocity dependent viscous friction. An error in the gains of the sensor from raw voltage
and current measurement to engineering units can result in a uncertainty range of the viscous
friction. It is not expected that a gain error is made because that error would have been notice
easier during the calibration process, since the calibration has been checked at both 1 bar and
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120 bar.
Parameter | Positive Test | Negative Test
Fe min 572N -613
F, 1384 N 198
Femax 2195N 1010
B 859 7670

The estimated values are uncertain, however, due to lack of time to further study the friction
parameters and obtain more confident results, these values will be used to compare the
dynamics of the experimental set-up and the non-linear model.

C.2 Flow parameters

C.2.1 Leakage flow

To estimate the nominal leakage in the system, it is desired to have precise flow measurements,
because the leakage flows are expected to be in the magnitude of 1-2 L/min. These leakage
ranges correspond to information from the valve data sheet. The sensors applied on the set-up
however, have errors of up to 1 L/min. The error of 1 L/min is based on a calibration data-sheet
made by Danfoss for these sensors. The uncertainty on the measurements results in the leakage
measurement being unreliable. No baseline is available for better calibration of these sensor
so they cannot be made more accurate. Due to this, the nominal leakage flow will be set to 1.2
L/min at 140 bar initially [Inc., 2009]. Since this leakage’s dependency on pressure cannot be
investigated, a linear dependency is used in the model. When comparing the dynamics of the
experimental set-up and non-linear model, variations can be made, if the tendencies indicates
a leakage flow in the system.

C.2.2 Bulk modulus

Similar to the leakage flow, the uncertainties on the sensors makes it difficult to determine a
proper bulk modulus value. The initially assumed bulk modulus of 7000 bar will be used in the
comparison simulation. During this comparison of the pressure dynamics of the experimental
set-up measurements with the non-linear model an indications of the correct range for the
bulk modulus may be obtained. The nominal air ratio in the oil cannot be determined due to
the measurement uncertainties, so it has been assumed zero for the verification.
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APPENDIX

CONTROL AND ESTIMATION PARAMETER
OPTIMISATION

No set procedure is available for the tuning of non-linear controllers. So an optimisation
algorithm was selected as the best approach for tuning the IARC and the estimation algorithm
parameters. The trajectory that will be used for the optimisations is discussed in the first
section. The simulation model will use the force controller determined in App. [B} to include
the delay in emulating an increased mass. The simulation model will not include noise on the
measured states, but the effect from including these will be determined in Chap. Section
[D.2]will be concerned with the control gain optimisation. This optimisation is affected heavily
by the severity of the faults the controller has to be stable for. For this reason an analysis is
performed. This analysis investigates if the uncertain parameter ranges used are at the limit
of what the system can handle. In the third section an optimisation of the parameters for the
estimation algorithm is performed.

D.1 Optimisation Trajectory

The trajectory used for the optimisation can be seen in fig.
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Figure D.1: Position, velocity, and acceleration trajectory used for the optimisation algorithms

By using this trajectory the system will be tested for dynamic scenarios with frequencies of 1-
4 Hz on the acceleration. Higher frequencies have not been included because of a desire to
not optimise the controller for a high bandwidth. The reason for this is the valve and force
controller limits how fast the IARC can operate. At the maximum velocity, the normalised valve
opening is =0.8.

Simulations where higher frequencies are used will be made in Chap. These are done to
determine if the system is stable with the designed controller, if a higher frequency reference is
required.
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D.2. Control Law Parameter Optimisation

D.2 Control Law Parameter Optimisation

In the appendix section a lot of the information from the main report section [8.2]is repeated
in order to make the section easier to read. The important differences are the expended
investigation of the effect of €2 and €3. The performance of the control law depends on the
four control gains, ki, k2, k3, and k4. k1 is used for the position control, k; for the velocity,
and ks for the acceleration. k.4, was introduced in the control law proof to reduce the impact
of the velocity error state z,. These will be used as the optimisation variables:

T
Xopti = | k1 ko ks kscate (D.1)

The desired result of the optimisation is to obtain the minimum error of velocity, during
trajectory tracking for run without faults. The test starts with an initial error in estimation,
shown in table The cost function to be minimised is based on a simulation using the
trajectory in fig. [D.1)on the non-linear model and it depends on the Root-Mean-Square (RMS)
velocity error (é), calculated as:

fminEopti) =/ mean (é3) (D.2)

ép = Xpa—Xp (D.3)

The performance of the controller also depends on the estimation algorithm. For this
optimisation an initial error is present in the uncertain parameters. The estimation will then
converge to the true values over the course of the simulation. It is possible to give the correct
values to the control law directly. This would decouple the two algorithms. The optimisation
has not been performed in this manner, because part of the control law is only active when
the uncertain parameters have not converged to their real values. The parameters for the
estimation algorithm in this optimisation are hand tuned, based on simulation tests. These
values are not the optimal values, but the performance is satisfactory for these tests, estimating
the correct parameters within 5-10 seconds.

For the first optimisation, relatively large ranges on the uncertain parameters are used, to
determine how large a fault spectrum can be tolerated by the control law. The nominal value,
initial value and range tested are shown in table[D.]]

Furthermore, the values of the user defined constants £; and €3 have to be chosen. €; and €3
are used in the calculation of the virtual non-linear control laws a2 and Qrs2, shown in eq.

(D.4).

50 = —hytanh (@) (D.4)
&2
h
Qrs2 = —hztanh (3—23)
&3

where hy and h3 are the non-linear control gains, defined as:

h2 = ||‘P§max0range|| + ||D1,max|| (D-5)

T . >
hs = ||‘P3,max0range|| +&2u,maxOs,max — 05,min) |l + [1D2, maxl|
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By having a relatively large value of €, and &3, the non-linear control gains will only have
minimal impact when the estimator is working correctly and no uncertain non-linearities are
present. The sizing of €5 and &3 is also regarding the maximum effect that an error in the es-
timation and unmodelled non-linear forces will have on the system. From this, having a very
large value of €, and €3 means the controller will mainly use the linear control gains when no
faults and uncertainties are present, which is desirable, but will also result in a large maximum
effect when a fault occurs. With these considerations in mind, values of €, and €3 has initially
been set to 200 and 1 respectively. These values have been chosen from hand tuning and only
serve as an initial guess.

The ranges tested are:

Range Meglkgl | BINs/m] [ F¢[N] D1, [N] 1 [bar 1] D1 Im3/s] | Dazp Im3/s]
Nom. Value 6500 18000 200 0 700071 ~-2-10"0 ~-2107°
Ini. est. 7000 16500 120 0 75001 0 0
Orange [109000] | [030000] | [01500] | [-500500] | [100004000]~% | [-51]/60000 | [-51]/60000

Table D.1: Nominal value of uncertain parameters, initial estimate used, and uncertain
parameter range tested

The optimisation algorithm chosen for this purpose is a standard Genetic Algorithm (GA) from
Matlab’s Global Optimization Toolbox. The algorithm is slower and more complex than a
gradient based optimisation. A gradient based method is not used, because the non-linear
nature of the controller and the system prevent the determination of the shape of the cost
function. The genetic algorithm has the added benefit of having random initial guesses for the
parameters, removing the requirement of having a good user defined initial guess, or multiple
tests with different initial guesses. Furthermore the values have been normalised to prevent
numerical problems, due to the large difference between the magnitude of k; and k», and ks.
The values are:

Parameter | Minimum Value | Maximum Value | Normalisation Scale
k1 1 250 0.05

ko 1 200 1

ks 1 1500 1-10719

Kscale 1 500 1

where the minimum and maximum values have been chosen based on what previous studies
have used ([Mohanty and Yao, 2011]), and realistic values from hand tuning.

The algorithm is set to run for 10 generations. By using only 10 generations, it is not certain
that the optimum is found. However, the cost function value can give an indication whether
the controller can be tuned with this method. By running the reduced version of GA, the time
used is decreased significantly, which is desired, due to the amount of settings considered in
this section. The conditions that can be varied to improve performance are mainly the size of
a fault that can occur (Brange) and the values of €, and 3. After proper conditions has been
found, a full GA run will be made.
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For the GA, a penalty function has been applied, which stops the simulation if control law
input of more than 1.5 has been observed. These will stop the simulation if it goes unstable,
and possible result in a very slow simulation, delaying the optimisation significantly.

First Optimisation Results

The resulting optimum control gains are shown in table[D.2} together with the value of the cost
function. The control law input was found to have chattering during the run. The performance
can be seen in fig.

Range tested k1 ko ks Kscale | fmin
Orange 100.6 | 17.2 | 12.1-10710 | 426.2 | 13.32

Table D.2: Optimisation of control law gains result

The RMS velocity error found of 13.9 mm/s in[D.2} marked with bold, is quite high, and changes
of the user defined parameters should be considered. The system response can be seen in fig.

D.2
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Figure D.2: System performance with initial control gains and uncertain parameter ranges

From fig. it can be determined that the controller has high frequency chattering causing
the acceleration, velocity, and position to chatter. The system also uses a load cylinder to pro-
vide a simulation of increased mass, designed in App. |B| Either one or both of the controllers is
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chattering. A discussion regarding the root of this chatter is done in the following section.

D.2.1 Evaluation of Results

The performance obtained with the control gains found through optimisation were not
satisfactory. First it was assumed, that the optimal control gains were found too large, resulting
in the chattering effect. The gains were reduced in order to alleviate the problems. The
reduction consisted of lowering each gain separately, and in combinations of each other. The
reduction of the control gains k;, k» and ks did not reduce the chattering significantly, and
led to a poorer performance. Tests where a fraction of the magnitude of the non-linear gains
hy, and hs were used was also made. These resulted in a significantly reduced chattering.
Based on these tests, it is assumed that the non-linear gains are the reason for the chattering
behaviour. To investigate these findings further, the control input, &, was split into a linear and
feedforward part, and a hy, h3 part. The linear and feedforward part contains the terms where
the gains ki, k, and k3, and the scaling factor k.4j. are used. The control input from both can

be seen on fig[D.3]
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o
o ol

)
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-0.15 L L
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Figure D.3: Comparison of linear and feedforward control input with &y, h3 control input

Fig. shows that a significant part of the chattering on the control input is from the h,, h3
control part. From the figure with the enlarged time frame it can be seen that the two signal
have a phase shift. The chattering of hy, h3 introduce a similar error in the velocity state.
The resulting control law has a frequencies of close to 90 Hz, which exceeds the bandwidth
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of the valve. To investigate if the non-linear control gains are the reason for the high frequency
chatter, methods of reducing the control gains of sy, and &3 will be investigated. By reducing
these gains, the frequency of the control input may decrease below the valve- and force
controller frequency, reducing the chattering and improving the performance.

The magnitude of the gains, hy, and h3, are dependent on the selected ranges as seen in (D.6).

2 2 11903 pmax@max =0 min) |l + 11Dy maxll (D.6)

T . 2
hs = ||‘P3,max(0max _emm)“ + ||a2u,mux(65,max - 95,min)|| + ||D2,max||

The magnitude of the gain used for a specific error, zp and z3, is dependent on the size of &3,
and &3. The reason for this is the use of a tanh function for the calculation, see eq. (D.7).

h
o0 =—ho tanh(i—zz) D.7)

2
h

Qrs2 = —hstanh (3—%)

€3

This means that there are two ways of reducing the effect of the non-linear gains:

* Reducing the magnitude of h, and h3 through reducing the range of the uncertain
parameters, |10 ;angell

* Reducing the part of i, and h3 which is used at a certain error through the user defined
parameters €3, and €3

These will be investigated in turn. First an analysis is made on the uncertain parameter ranges.
The analysis will consist of changing the magnitude of each uncertain parameter range by +
5% to see which uncertain parameter the cost function value, fi, is the most sensitive to. If
large changes are introduced in the parameter ranges control values would no longer be valid.
This is why only small changes are made in the analysis. The results are shown in fig. In
the second analysis €, and €3 have been varied by + 5%. The results can be seen in fig.
Parameters causing a significantly larger variation in f;;, compared to others will be looked
into, and a new optimum determined.
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Figure D.6: Analysis of uncertain parameter ranges (left) and £, and €3 (right)

Uncertain Parameter Range Variation

Fig. shows that the cost function f;;, is sensitive to changes of D), and D,»,, which
includes the possible leakage ranges of the system. Changes to the other parameter ranges
seems to only have minimal effect, and will not be adjusted. The effect from varying the
uncertainty range on D), and D, , will be on the gain hs.

To investigate to what degree the range should be decreased to reduce the chattering, four new
ranges are investigates. The new ranges tested are shown in table[D.3} changes are marked with
bold text.

Range Meglkgl | BINs/m] | F. IN] D1y [N] BT [bar~1] Doy [m3/s] Dj2y [m3/s]
erange,l [10 9000] [0 30000] [0 1500] [-500 500] [10000 4000]_l [-31]/60000 [-31]/60000
erange,z [10 9000] [0 30000] [0 1500] [-500 500] [10000 4000]_1 [-21]/60000 [-2 1]/60000
9range,3 [109000] [0 30000] [0 1500] [-500 500] [10000 4000]*1 [-1.5 1]/60000 [-1.51]/60000

Table D.3: Uncertain parameter ranges tested.

&, and &3 variation

Fig. shows that the cost function is very sensitive to a change in £3. Based on this result,
changes to the magnitude of €3 will be tested to see what performance can be achieved with
the initial leakage range.

Similar to the range variation, different magnitudes will be tested. The new values can be
seen in table marked with bold text. The initial test had a €3 of 1. This investigation
will determine if it is possible to remove the chatter of the signal by increasing the value of
€3 instead of decreasing the range of the stability proof.

& with 6 L/min leakage range £ €3
£3,1 200 2
£32 200 3
£33 200 4

Table D.4: Values for € tested
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The leakage range in the previous test is considered small for the available system. This test
will determine if a leakage range of 10 L/min can be obtained. This leakage range corresponds
to the difference between the rated value of the valve which 40 L/min and maximum flow
during the trajectory following which is 32 L/min. An extra 2 L/min is added for safety. If the
relationship from the previous test holds, an even larger €3 is required. The values tested are
shown in table[D.5l

& with 6 L/min leakage range £ £3
€34 200 8
€35 200 | 9
£3,6 200 10

Table D.5: Values for ¢ tested

D.2.2 Uncertain Parameter Range Variation Results using e3=1

The result of the optimisations for a variation of the leakage fault range are shown on table
D.2.2} with the ranges mentioned in table[D.3]

Range tested k1 ko k3 kscate | fmin

Orange, 77.7:0.05 | 152 | 15.0-10710 469 2.028
Orange2 204-0.05 | 54.5 | 125-10°10 125 0.2139
Oranges 224-0.05 | 92.4 | 15910710 | 558 | 0.1899

Table D.6: Optimisation of control law gains result - variation of range on uncertain parameters,

table[D.3]

Table shows that reducing the range on Dy, and D»y;, reduced the optimum value of
the cost function to only a fraction of the initial value. From the results, it was found that
the leakage range should be decreased to 2-3 L/min. The reason for the relative low leakage
is mainly its effect on the gain k3, which seems to be the main reason for the high frequency
demand from the control law. The cost function value found for the ranges 0range,2-0range3
are very similar, and the difference may be due to the GA stopping after 10 generations. From
the result, it is decided to use 8range,2 for further analysis. This range has been chosen because
itis a compromise between cost function minimum and leakage range.

The system performance for Orange,2 is shown in fig.
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Figure D.7: System performance with Orange,2

From fig. the chattering of the control input is now almost gone, which results in smoother
responses of the velocity and acceleration. The initial error in the system responses are due to
the initial pressures not being set ideally, resulting in a large initial acceleration error. This error
is quickly rejected by the controller, and has little effect.

At around 6 seconds, marked with an arrow, a problem still occurs regarding high oscillations
on the velocity. Further testing showed that the reason for this behaviour is the force controller.
The simulation of mass requires an instant change in force direction which is not possible for
the force controller. The next best thing is for the force controller to be sufficiently faster than
the non-linear controller. It was found that optimising to reduce the acceleration error instead
of the velocity error reduced this problem. A possible reason could be that a better correlation
between the force controller and the IARC controller is obtained. The new optimum control
gains are:

Range tested k1 ko k3 kscale | fmin(acc)
Orange2 45.8-0.05 | 625 | 18.3-10"10 465 39.28

Table D.7: Optimisation of control law gains result using RMS of acceleration error as cost
function value

The resulting system performance using the control gains from table is shown in fig.
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Figure D.8: System response with Orange,2.

Fig. shows that the high frequency chatter at time =6 seconds has been reduced
significantly. This indicates that the optimisation using the acceleration error as cost function
value results in a more stable control signal. The new control gains in table are lower
than those found with the velocity error based cost function. This shows that by using the
acceleration error, the controller frequency is reduced.

By using these control gains, the position- and velocity error have been increased. This
is however not seen as an issue, because the maximum position error is still below half a
millimetre. Errors of these sizes may not be measurable on the experimental set-up, due to
a sensor noise within the range of 0.4 mm.

Based on these results, the range of uncertain parameters where a stable response can be
achieved, if the &3 is kept constant, is Orange2. To obtain even better control gains, a full
GA optimisation will be made under the determined conditions. The GA setting used are
the standard in Matlab. The resulting control law parameters are shown in with the
performance shown in fig.

Range tested k1 k> k3 kscale | fmin(acco)
Orange?2 36.0-0.05 | 285 | 17.0-10°10 471 39.27

Table D.8: Optimisation of control law gains result using RMS of acceleration error as cost
function value
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The resulting system performance using the control gains from table is shown in fig.
The full GA run improved the performance sligthly when looking at the cost function value,
improved from 39.28 to 39.27. The performance can be seen in fig.
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Figure D.9: Systemn response.

These control gains will work for a 3 L/min leakage flow range and a €3 of 1. To investigate if
a higher leakage flow range can be achieved, a different approach will be used. Here different
values of €3 will be investigated, to see if a stable system response can be achieved at the initial
desired leakage range of 6 L/min, and if possible, also investigate 10 L/min.

€3 Variation

Leakage Range of 6 L/min

In the previous section the effect of range size on the performance of the controller was
investigated. Here the effect of £3 will be investigated. The variations in table[D.4]will be used.
From the findings in the previous section the RMS of the acceleration error will be used as the
cost function value. The result of the optimisations are shown in table[D.2.2]
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Leakage Range tested, € k1 ko k3 Kscale fmin

6L/min, €3,1=2 77.70.05 | 49.3 | 243-.10°10 284 3961.3
6L/min, €32=3 68.6:0.05 | 185 | 13.2-10°10 194 40.02
6L/min, e33=4 140-0.05 | 109 | 36.0-10"10 339 39.28

Table D.9: Optimisation of control law gains result - variation of €53 with 6 L/min leakage flow
range

The optimums from table[D.2.2|shows similar tendencies to what was found when lowering the
leakage ranges. A fast decrease of the cost function is achieved until a saturation is reached,
which for RMS of the acceleration error is =39. For €3 of 3 and 4, similar cost function values
are found, and the differences may be due to the GA only having run for 10 generations. The
effect of varying €3 is the maximum effect that an error in the estimation and unmodelled non-
linear forces will have on the system. Due to this, it is desired to use a low value, and the lowest
value resulting in a =40 cost function value is chosen. The chosen €3 for further analysis is €3 ».

The performance for the control gains found with €3 » is shown in fig.
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Figure D.10: System response with control gains for €3 5.

Fig. shows that the increase of €3 has indeed given similar improvements as the decrease
of leakage range. The chattering on the control input and error dynamics has been reduced
heavily. Similar system response as when 6range3 is used has been achieved regarding cost
function value and the system response when looking at the error plots in fig. [D.8|and fig.
With the determined size of €3 that results in a stable system, a full GA optimisation will be
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made. The result is shown in table

Range tested, & k1 ko ks kscate | fmin
Orange, €32 71.5-0.05 | 204 [ 1.0-107° [ 578 | 40.01

Table D.10: Full optimisation run of control law gains result

Leakage Range of 10 L/min

The result of the optimisations are shown in table

Leakage Range tested, ¢ k1 ko k3 kscale | fmin
10L/min, £34=8 38.2.0.05 | 147 | 1.6-10710 329 | 40.21
10L/min, £35=9 50.1-0.05 | 84.7 | 15.5-10"10 414 39.69
10L/min, £35=10 26.5:0.05 | 69.1 | 4.4-10710 251 39.47

Table D.11: Optimisation of control law gains result - variation of €3 with 10 L/min leakage flow
range

From the cost function values, similar cost function value has been achieved. It is desired to
have €3 as low as possible, because it reduces the maximum error if the estimation algorithm is
not working. To show to what degree the difference of the three €3 has, a comparison is made,
where the estimation algorithm is giving an estimate of 1 L/min, with the real leakage being
down to -9 L/min. The result is shown in fig.
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Figure D.11: Comparison of system response at large leakage estimation error.

In fig. the difference is found to be up to = 10 mm position error increase when €3 is
increased by 1. Based on these findings, it is chosen to use €3 4 = 8 for further analysis.

The performance is shown in fig.
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Figure D.12: System response with control gains for €3 4.

In fig. good performance is achieved with similar error magnitudes as for the previous
leakage ranges investigated. The full GA run resulted in the following control parameters:

Range tested, € k1 ko k3 kscate | fmin
Orange €34 76.5-0.05 | 129 | 35.0-10°10 197 | 4018

Table D.12: Full optimisation run of control law gains result

D.2.3 Control Law Result Discussion

The optimisation and analysis, done up to this point, has been focused on performance and
stability of the control law. The increase in €3 has lead to a larger range of faults, which can
be handled by the algorithm. But the actual effect of €3 can be seen when the maximum
estimation error is present. The increase in €3 should be associated with a larger maximum
error in zp and z3 and it can be seen in fig. [D.11]that the assumption holds.

Based on the performance shown in fig. it is found acceptable to use a €3 of 8, and by
doing so allow a leakage flow range of 10 L/min. The increased leakage range will allow the
controller to work under larger leakage faults, which is desirable. A e3 than 8 would require
a decrease in the leakage range. This is not desirable and the error introduced when the
estimation algorithm is not working is found an acceptable trade-off.

The last analysis made before the estimation algorithm parameters are to be found, is to see
what effect an incorrect estimation of all parameters will have on the system. For this test, the
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mass and friction related parameters are inserted as maximum to the control law, while the
simulated system will be using minimum values. The performance result can be seen in fig.
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Figure D.13: System response with large estimation errors for all parameters.

In fig. the system now has position errors of up to 15 mm. The magnitudes of the errors
may change if different scenarios are tested. For example if the control law uses minimum flow
of -9 L/min, and the system has 1 L/min leakage, or if the control law uses minimum mass,
with the simulated system using maximum. All possible estimation errors have not been in-
vestigated, so conclusions cannot be made on what is the largest possible error. These tests do
however give an indication regarding the systems stability under the influence of large errors
in the estimation algorithm.

Based on these findings, the control law found for a leakage flow range of 10 L/min will be
used for implementation. In the following section, estimation algorithm parameters will be
determined.

D.3 Estimation Algorithm Parameter Optimisation

In this appendix section the detailed optimisation of the estimation algorithm parameters is
shown. A large part of the information is repeated in sec. This information has not
been removed here, in order to allow the section to be read more easily. The important
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difference is the table inclusion of the table showing the upper and lower boundaries of the
optimisation algorithm. Furthermore simulation results where all the faults occur during the
same test is shown. For the estimation algorithm, the control parameters determined in the
previous section will be used. The piston movement trajectory used is the same. For the
estimation algorithm optimisation, a number of faults have been introduced, to emulate time-
varying tendencies of the uncertain parameters. For the emulation of mass-, viscous friction-,
Coulomb friction-, and disturbance changes, a load trajectory will be used. To emulate a time-
varying bulk modulus, a slow variation in the air ratio of the oil is introduced. For the leakage,
an increasing internal leakage area is used. A visual depiction of the parameter trajectory is

shown in fig. and fig.
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Figure D.14: Force fault related parameter variations.
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Figure D.15: Flow fault related parameter variations.

As can be seen in fig. [8.3]and [8.4} all uncertain parameters are varied during the run. This is
done because some of the parameters of the estimation algorithm are not independent, and
should be chosen simultaneously.

The optimisation variables are:

Xopii =[FO) Oy v @ py pil” (D.8)

where the variable vectors contain multiple elements, written explicitly in table The
upper and lower bounds for the optimisation parameters, are shown in table Here a
number of notations are introduced: A, . corresponds to the matrix element for matrix
number a at row b column ¢, and j; for maximum, ; for minimum.
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Parameter | Minimum Value | Maximum Value | Normalisation scale
1.11(0) 1 5000 1
I'1;2,2(0) 1 5000 1
I'1;3,3(0) 1 5000 1
Initial estimation gain I'1,4,4(0) 1 3000 1
T'2.1.1(0) 1 3000 1012
T'2:22(0) 1 3000 1074
I'322(0) 1 3000 1074
Onr 1 400 20
Orr2 1 400 70
O3 1 400 2
Maximum rate of change Onra 1 400 20
Onrs 1 400 1078
One 1 400 1076
Onr7 1 400 1075
v 0 1 1
Normalisation factor Vo 0 1 1
Vs 0 1 1
a) 0 1 1
Forgetting factor ar 0 1 1
as 0 1 1
OM.1 1 2000 10*
Maximum eigenvalue PM,2 1 2000 10?
OM.3 1 2000 10%
oLl 1 20 1072
Minimum eigenvalue 012 1 20 10710
013 1 20 10710

Table D.13: Upper and lower boundaries for estimation algorithm optimisation

where the initial I' and maximum rate of change, ] M, is assumed equal for the bulk modulus
in each chamber. Furthermore, the maximum rate of change has been set as the maximum
absolute magnitude, i.e., the same maximum rate of change is used when increasing and
decreasing a parameter. The ranges and scales set on the parameters are based on what
previous studies have obtained, together with what has been found to be the correct magnitude
for the system available for this project.

The cost function is defined as eq. (D.9), to obtain a minimisation of the error between the real
parameters and estimated parameters. A scaling, weight;,i = 1:7, has been applied to make
the algorithm weigh the parameter equally. D, error scale is zero, resulting in it not being
included in the cost function. This is done due to the reference being zero during the whole
run. If Dy, is included, it will interfere in the three other force related parameters in a negative
way, due to it trying to reduce the variations in D;, to become as small as possible. This
hypothesis was tested and the result from an optimisation with a weight larger than zero on
Dy, resulted in slower convergence of the mass, viscous friction, and Coulomb friction being
increased significantly. Because these are found to be more important parameters, it is chosen
to not include the Dy, in the cost function.

A different approach that could be used is a minimax approach, where the optimisation tries to
decrease the parameter with the largest error first, then the next and so forth. This was tried to
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be implemented, however, the results obtained showed significantly worse performance than

the GA results.

7
fmin@opii) =) \/mean (0; - weight(i))?)

i=1

1
weight = [

5000 10000 900

0 7000-10°

T

12-10* 12-10*

(D.9)

(D.10)

The optimisation algorithm chosen is the GA, with the same reasoning as for the control

law optimisation with the optimisation function being very non-linear, and GA not being

dependent on a good initial guess. The simulation required for the estimation algorithm is

very time consuming. A full optimisation run with 2600 generations was determined to be

unfeasible. Instead, a 10 generations optimisation run which required 4 days was performed.
The parameters determined here may not be the optimum due to the relatively low amount
of generations. However, the parameters will be analysed and the performance will be
determined. The results from the optimisation is shown in tab.

type Parameter | Optimum value | Normalisation scale
I'1;1,1(0) 4250 1
1"1;2,2 (V)] 2690 1
1“1;3,3 (V)] 2890 1
Initial estimation gain I'1,4,4(0) 2140 1
T2.1,1(0) 48.4 10712
T.2,2(0) 3140 107*
T3,2,2(0) 3060 1074
O 279 20
Oz 240 70
Or3 320 2
Maximum rate of change Onra 197 20
On:s 164 1078
On:6 198 1075
0.7 159 1078
v 0.148 1
Normalisation factor Vo 0.010 1
Vs 0.023 1
@ 0.979 1
Forgetting factor a 0.639 1
as 0.621 1
oM. 1190 104
Maximum eigenvalue OM2 1290 10*
M3 1030 10%
P11 9.32 1072
Minimum eigenvalue 01,2 6.86 10710
013 14.3 10710

Table D.14: Optimised estimation algorithm parameters

The optimum values in table has a few noticeable factors. The first one is the low initial
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estimation gain for bulk modules (I',;1,; (0)) which indicates that the normalisation factor might
be sat a bit high compared to the others. The optimum value is however not equal to the
minimum, indicating the optimum is still inside the range sat. For the normalisation factors,
vy and v3 are found to be almost zero, resulting in almost no normalisation being used. v;
is optimised to 0.148, indicating the force relevant parameters can benefit from having some
normalisation. The forgetting factor has been optimised to 0.979 and =0.6, indicating the
estimation algorithm is benefiting from having a relative large forgetting factor.

To determine the estimation performance for each parameter without any influence from
variations of others, the tests are conducted with a variation in only one parameter for each
run. The estimation performance for time-varying variations of each parameter be seen in fig.
and[D.17] These figures will show the performance if the possible fault occurring is only
affecting one parameter.
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Figure D.16: Parameter estimation of mass, viscous friction and Coulomb friction

The mass estimation in fig. shows that the estimation algorithm is able to follow the
variations emulated, with a 2-5 seconds delay for a step variation. It should be noted that the
movement trajectory used is the same as for the estimation optimisation, meaning there are
time periods with low or no accelerations. Without any acceleration, the estimation algorithm
may have difficulties estimating. An example is at time 4 seconds, the reference acceleration is
zero for 0.5 seconds, possible resulting in the mass estimation stopping to converge.

For the viscous friction, similar conditions apply, with the estimation algorithm being able to
follow the reference, with some issues at ~27-34 seconds, which is a period in time where a low

182 MCE4-1022



D.3. Estimation Algorithm Parameter Optimisation

reference velocity occurring, possible being the reason.
The Coulomb friction has some difficulties, however, it follow the tendencies.
The last uncertain parameter D, is not shown, due to the reference being zero.
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Figure D.17: Parameter estimation of bulk modulus, leakage flow 1 and leakage flow 2

The bulk modulus estimation in[D.16/shows that the algorithm has some difficulties estimating
the reference value, while still being somewhat close to the reference value. A possible
explanation to the difficulties is the low pass filter applied on the pressure measurements to
allow an approximation of the pressure dynamics removing the high frequency variations.
However, if the cut off frequency in the filter is increased too much, problems regarding noise
can appear.

The leakage flows follows the reference quite well with a small delay or offset.

A simulation where all parameters are varied as is the case for the fault trajectory used during
determining the estimation parameters is shown in fig. and
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Figure D.18: Parameter estimation of mass, viscous friction and Coulomb friction

Similar tendencies in the estimation is obtained in fig. to what was observed when each
parameter was varied individually. The main difference is the mass estimation having some
problems, indicating its the most affected by variations in other parameters.
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Figure D.19: Parameter estimation of bulk modulus, leakage flow 1 and leakage flow 2

In fig. the leakage flows are barely affected by the other parameter variations, obtaining
almost identical results to what was found when only the leakage flow was varied. The bulk
modulus is effected heavily. A reason may be the leakage flow variations, causing pressure
differences affecting the bulk modulus.
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APPENDIX

IMPLEMENTATION

In order to apply the IARC controller on the friction testbench provided by AAU, several steps
have to be taken. A Real Time (RT) system has been established The RT computer will
conduct the calculations required by the controller. A laptop with LabView will be used to
interact with the RT system. It will provide user access to control gains, trajectory selection and
will allow the states of the system to be monitored. The control law and estimation algorithm
have to be discretized to difference equations, which can be implemented in the RT system
shown in sec. A number of fittings have been increased in size in order to replace one of
the cylinders with a larger one.

E.1 Labview RealTime

This implementation is based on a Labview Real-Time(RT) sample project. The sample project
provides a framework for easier implementation of a RT controller. In depth understanding of
the full code is not the focus of this project, which is why only a general explanation will be
provided here. The virtual instrument in which the controller has been implemented will be
explained more thoroughly in sec. The general explanation can be seen below.

E.1.1 Broad View

The program consists of eight parallel loops. These loops are executed on two targets. One
being the RT PC and the other-a laptop through which the commands will be sent. The loops
which get executed on the laptop are

e Event Handling Loop
¢ Message Loop
* Monitoring Display Loop

The event handling loop produces messages based on the events in the main user interface(UI).
These events consist of start/stop commands, changes in controller gains, trajectory loading
and others.

These messages are then sent to the RT PC by the Message Loop.

The monitoring loop displays messages and data acquired from the RT loop. This information
can consist of system health messages and system parameter values i.e. position measure-
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ments, pressure measurements and so on. The Message Loop sends messages through the
network streams. The network connection is achieved via an Ethernet cable and a switch. The
monitoring loop executes at 100 Hz frequency, since it is of lower priority than the actual con-
trol loop. The loops which get executed on the RT desktop are

e Control Loop

e UI Command Handling Loop

* Message Handling Loop

* Watchdog Loop

* System Health Monitoring Loop

The Message Handling Loop receives and sends messages through the network connection.
The user commands are received in this loop and rerouted to the Ul Command Handling Loop.
The UI Command Handling Loop then send the appropriate commands and values to the
Control Loop.

The control loop is a while loop, which executes with a 1 kHz frequency. The loop is
synchronised to execute at the same time as the scan engine. In this way the latest values
are used in the control loop. The control loop is where the estimation algorithm, the IARC,
and the force controller algorithm will be executed. The loop receives values from a EtherCAT
slave chassis, when the scan engine reads the sensor measurements. Then based on these
measurements the calculations of these three algorithms have to be executed within one
millisecond. The outputs of the control loop are sent back to the EtherCAT slave chassis, which
then converts them to analog voltage signals for the two MOOG valves, which control the flow
in the system. The control loop is the main focus of this implementation so it will be examined
in greater detail in sec. [E.1.2

Every time the control loop is executed it send a signal to the Watchdog loop. If this loop does
not receive a signal in time, it assumes that a problem has occurred and stop all loops.

A graphic representation of the programs structure can be seen in fig.

User Laptop RT Desktop
User Input )
M,‘ EventHanIlmg Loop ‘ ‘ System Health Monitoring 1-; W t hd EtherCAT Slave Chassis
] atchdog

|
Mesage Loop M Handling L ‘
‘ l 1 } essage lan ;ng oop Sensors
. Ul Command Handling H Control Loo
‘ Monitoring Loop ‘ ‘ P T_ MOOG Valves

Figure E.1: Graphical representation of the RT project used for controller implementation.

Furthermore a RT lossless First-In First-Out (FIFO) buffer records all relevant information on
the RT target. The content of the buffer is sent to the user laptop through the network. The
buffer ensures that no information is lost when the faster RT loops sends information to slower
loops running on the laptop. When the appropriate command is given through the UI, the
content of the buffer is flushed through a TDSM virtual instrument, which writes it to a file. The
data recorded in the file contains sensor measurements, system outputs, system health, loop
variable and the exact time step at which this information has been recorded. The information
from these log files will be the experimental results data used in this project.
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E.1.2 Controller Loop

A schematic of the control loop can be seen in fig.
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Figure E.2: Graphical representation of the Controller virtual instrument.
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The Trajectory Reading For Loop reads the trajectory file from the hard drive of the RT PC once
and converts it to an array. The trajectory contains both the trajectory for the IARC and the
Force controller. In the program the data is defined as a cluster of data which is then connected
to the controller VI's. The inclusion of all data connections between the VI's would make the
figure difficult to read, which is why they have been omitted.

The Initialisation Flat Sequence structure is run once at the beginning of the program. It
defines the width of the FIFO buffer, it configures the scan engine and defines the number
of CPU that will be available for the computations.

The Error-No error Case Structure switches between two cases based on an input. If the
structure receives an error message it stops the RT loop. It is not possible to exit the error
case without the intervention of the user. This structure is an extra security feature. This error
can be tripped by attempting to give out more output voltage than 10 V to the Moog valves,
reading sensor measurements outside the user predefined range, inconsistencies during the
initialisation sequence or finished late flags.

The RT loop, marked in blue, is synchronised to the scan engine thanks to the initialisation
sequence. It is set to run at 1 kHz, so whenever the scan engine acquires new measurement
values the control structure is executed and a new output is given. Once the Read
Measurements VI has read, filtered and transformed the sensor measurement to the correct
engineering units it sends them to the flat sequence in which the estimation and control are
executed. This flat sequence structure contains VI's with the algorithms explained in sec.
The calculation in conducted in Labview’s formula nodes. To reduce computational
time no mathematical functions are called. For this reason matrix multiplications have been
implemented by manually multiplying and adding the appropriate elements. It was decided to
test if the discrete implementation was valid, before it was tested on the set-up. To do this
the resulting code ,which is similar in syntax to Matlab’s, is copied into an estimation and
controller Simulink functions. These are set to execute at 1 kHz intervals. The comparison
between the continuous and discrete implementation of the algorithms shows nearly identical
results. From these result it is concluded that the discrete implementation is valid and the
laboratory results should agree with the simulation results in chap. |11} After the flat sequence
is executed and both controller have calculated appropriate valve openings, the control signals
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are sent to the EtherCat slave chassis to be converted to an analog voltage signal for the Moog
valves.

The RT FIFO buffer records the control values, the measurements on which the values were
calculated, system health information and the time step at which these have been recorded.
Through a Ul command this buffer can be emptied into a data file. The width of the buffer
is selected in the initialisation sequence. This defines how many variables can be recorded at
each time instant. This has been set to 90. Each group of 10 variables has been selected to
record a different group of signals i.e. group 0-10 contains system information, while group
80-89 contains the estimation vector. This allows for easier reading of the data.

The difference equations in the control VI's require values from the previous iteration of the
while loop. Shift registers act similar to Matlabs zero-order hold blocks. The signals whose
previous values are required are sent to these shift registers. The force controller requires values
from more than one iteration ago, so some signals are held for several iterations. Specific signal
connections have not been shown in the figure to preserve the readability of the figure.

This concludes the explanation of the implementation. The code can be seen in the attached
files.

E.2 Discretisation of force controller and filters

Force controller

To implement the designed controller in LabView, a discrete form of the continuous controller
is required. In Matlab Different methods are available for discretisation of continuous
equations. The Tustin method is suited for applications where "You want good matching in
the frequency domain between the continuous- and discrete-time models". Based on the
descriptions, the Tustin method is chosen, due to it being desired to achieve a good matching
in the frequency domain.

The continuous load controller that is to be discritised is:

2.195-1077-s2+6.551- 10725+ 0.004889
2.25-1078-53+0.0003-s2 + s

Grorce(s) = (E.1)

To discretise, the Matlab function c2d is used, which discretises the continuous controller
using a chosen method with a user defined sampling time. For the real-time pc used on the
set-up, a 1 kHz sampling time will be used, which will also be used here. The result of the
discretisation is:

8.072-107°-22-8.779-107°- 2+ 1.195-107°
z3-1.003- 22 +0.002547 -z — 1.62- 1076

Gforce(2) = (E.2)

To verify that the discretisation is working as intended and the sampling frequency is sufficient,
a comparison of a step response to the two controllers on the system is made. The result can

be seen in fig[E.3]
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Figure E.3: Comparison of continuous and discrete step response.

From fig. the discretisation has little effect. The discrete version follows the continuous
step response, and converges to the same value. From this, a sampling frequency of 1 kHz
is found acceptable for the force controller, and the Matlab function is working as desired.
The controller has to be converted to a difference equation in order to be implemented in NI’s
Labview. This can be done in the following manner

Output(z) = Gforce(2) - E(2) (E.3)
8.072-107°-22-8.779-107°-2+1.195-107°
Output(z) = ———E(2) (E.4)
z3-1.003- 22 +0.002547 -z — 1.62-1076

(2% - 1.003- 2% +0.002547 - z— 1.62-107°) - Output(z)
=(8.072-107°- 2% ~8.779-107°- 2+ 1.195-107°) - E(2) (E.5)

where E(z) denotes error in the z-domain. The following conversion can be implemented,
where (k) corresponds to the current value, (k-1) corresponds to the previous iteration value
and so forth.

Output(k)—1.003-Output(k—1)+0.002547 - Output(k—2)—1.62- 1076. Output(k—3)
=8.072-10°-E(k—1)-8.779-10 2 - E(k—2) +1.195-107° - E(k — 3) (E.6)
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Isolating for Output(k) leads to

Output(k) =8.072-107°-E(k—1) —8.779-107° - E(k—2) + 1.195-107° - E(k — 3)+

+1.003- Output(k—1)—0.002547 - Output(k—2) +1.62-10"%- Output(k - 3)
(E.7)

This is the force controller which has been implemented in NI's Labview.

Filters

The filter used in the estimation algorithm is a Butterworth filter. In LabView, the discretisation
of a Butterworth filter can be done automatically, and no discretisation is therefore required.

E.2.1 Velocity Sensor Problem

The desired velocity sensor mentioned in Chap. was ordered too late, and will not arrive
until a few days before the end of this project. However, because the system is not required to
move at high frequencies, the performance may still be satisfactory by estimating the velocity
based on position measurements. Currently, a position sensor is applied on the load cylinder.
This sensor has a noise level of = 0.4 mm.

The noise levels of the position sensor have been verified by a test on the experimental set-
up. The position was put in steady state. The standard deviation was found to be 0.33 mm,
which validates the use of 0.4 mm in the simulation. Furthermore, the noise levels used for the
pressure transducers and transmitters were verified to correspond to a standard deviation of
0.5-0.8 bar for the test cylinder, and 0.5-1.3 bar for the load cylinder. These levels agree with
0.75 for the test cylinder and 1.2 for the load cylinder.

To estimate the velocity, a time derivative of the position feedback is required. In order to
obtain a somewhat smooth signal, further filtering is required. The filter applied on the
position feedback is a second order filter, with cut-off frequencies at 15 and 5 Hz. A comparison
between the simulated velocity, the simulation of velocity measured by a sensor, and the
estimated velocity based on derivation of position is shown in fig. where the reference
used is the pulse-like trajectory.
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Figure E.4: Measured compared to Estimated Velocity

In fig. the estimated velocity has slightly more noise. The estimated velocity lags behind
the other two signals, because of the extra filtering.

The system performance achieved by using the estimated velocity has been compared to the
which would be achieved with a velocity sensor. It is found that the resulting position error
depends on the frequency of the trajectory. For slower frequency references, the impact is less,
because the velocity has lower frequency changes which can pass through the filter. Figures
showing the system response to the pulse reference and sine curve reference regarding position

errors are shown in fig. [E.5|and [E.6|respectively. No faults have been introduced during these
tests.
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w. Vel. Meas.
w/o Vel. Meas.

R

|

1 1 1 1 1 1 1 1 1 |

5 10 15 20 25 30 35 40 45 50

Time [s]

Figure E.5: Measured compared to Estimated Velocity

For the step response shown in fig. the increased delay introduced from the required

estimation of velocity has reduced the performance for a nominal run. The response is however

found to be sufficient for comparing nominal conditions and faulty conditions.
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Figure E.6: Measured compared to Estimated Velocity

For the sine-curve reference with a frequency of 0.5 Hz, shown in fig. the performance is
similar. The response without velocity measurement has a larger initial error. However, after 5
seconds similar or better performance compared to the response using velocity measurements
can be observed.

Based on these simulations, satisfactory system performance can still be obtained without a
dedicated velocity sensor. Depending on the frequency of the trajectory an increase in position
error can be expected. The system is still stable, and the IARC can be tested on the set-up.
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APPENDIX

SUPPLEMENTARY SIMULATION RESULT

E1 System Response without Measurement Filters

To determine the effect of noise, a simulation with the noise levels from the datasheet explained
in the Chap. [10]is made. Fig. shows the system performance compared to the reference,
and fig. [E2|shows the pressure forces from each chamber. The plotted values are the simulated
system values, ergo the chatter in the figures is not noise, but real parameter chatter.
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Figure E1: System performance with simulated noise in the feedback signals.

Fig. shows that position is barely affected by the noise levels. The velocity has some
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fluctuations. The acceleration is fluctuating heavily. This could be the result of both the IARC
and the force controller being sensitive to noise or possibly amplifying each others problems.
Based on these observations, the IARC is assumed to be sensitive to noise. This could be
expected due to the control structure consisting of feedforwards and proportional controllers,
which sees the full effect of the noise.
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Figure F.2: System performance with noisy measurements.

In fig. [F2] the force from both cylinders is influenced by the noisy signal, resulting in chattering
of =~ 300 N.

E1l.1 System Response with Measurement Filters

The result from the previous subsection are considered unsatisfactory. In order to attempt to
reduce the amount of control chatter, the measurement of the system have been filtered with
first order low pass filters. For the IARC measured inputs, a cut-off frequency of 15 Hz is used. A
low cut-off frequency is chosen to reduce the chattering significantly, which is found desirable.
For the force controller, a cut-off frequency of 400 rad/s has been tested. The reason for the
relative high cut-off frequency of 400 rad/s is the aggressive control design, which may give
stability problems if a lower frequency is chosen. The force controllers lead filter delays the
natural 180 deg crossover of the system. This crossover would occur at 40 rad/s but is delayed
to 941 rad/s as can be seen in app. B} fig. Since a filter would affect the phase of the system
a decade before its cut-off frequency, any filters with a cut-off frequency below 400 rad/s can
potentially cause instability. The system response can be seen in fig. [E3[and fig.
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Figure E3: System performance with filtered noisy measurements.

In fig. the chattering in the system response has been significantly reduced, when
considering the control input, and velocity response. For the acceleration, it was found that
the use of a filter on the force controller did not improve the system response. In fig. it
can be seen that for the acceleration, an increase in error was obtained. It is assumed that the
high cut-off frequency of the filter does not reduce noise as intended, but the introduced delay
in the response of the controller has a negative impact on the performance. Based on this,
filtering the input to the force controller may need to be reconsidered. Before a choice is made,
the force output from each cylinder is investigated.
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Figure E4: System performance with filtered noisy measurements.

Similar to the acceleration, the introduction of a filter of the measured pressures used in the
force controller has not improved the response in the form of a reduced chattering. Based on
these results, it is chosen not to filter the force controller input. Before a choice is made on the
IARC inputs, a higher frequency test is made.

E1.2 Influence of Filtering on Performance for Higher Frequency Trajectories

The low cut-off frequency of the filters has shown itself to be beneficial in the previous tests,
but it can introduce problems if the system has to follow higher frequency trajectories. An FFT
has shown that the previous trajectory contains frequencies under 4 Hz. This is why the 15 Hz
cut-off frequency has not interfered with the trajectory following. A test where a large sine wave
with a 0.5 Hz frequency is combined with smaller but faster sine waves to produce a velocity
trajectory. The response can be seen in fig[F5] The 5 Hz sine wave is replaced with a 10 Hz sine
at time 2 seconds.
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Figure E5: Higher frequency test of 5 Hz initially and 10 Hz after 2 seconds.

In fig. the system response without any filter applied is able to follow the velocity reference
for both cases with minimal error. The response with filter has some issues, due to the low
cut-off frequency of the low pass filter applied to the measurements. This is one of the
consequences of applying a somewhat heavy filtering of the measurement inputs. However,
looking at the control inputs from the IARC, the filtered response has significantly reduced
chatter, resulting in a smooth signal compared to the non-filtered. It is desired to have a smooth
control signal, because chatter increases the rate of wear of the valve. Furthermore it can lead
to pressure oscillations.

If this controller is to be applied on a wind-turbine pitch like system, it is not expected to
require a trajectory at frequencies 0.40-1.75 Hz [Vidal et al.,2015] [Leithead et al.,[1999]. The
test however, shows that if the chattering is not an issue, or improved sensors and/or better
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force control response is obtained, then a higher frequency trajectory can also be followed.
Based on these findings, it is decided to use the filtered measurements for further analysis, due
to it not being desired to have chattering.

F1.3 Noise Influence on Estimation

To determine if the estimation algorithm is able to estimate the uncertain parameters under
noisy conditions, the estimation of an initial mass error is shown in fig.
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Figure F.6: Mass estimation comparison using a 0.5 Hz sine curve as reference trajectory.

In fig. the estimation has some initial issues, however, over time it is able to converge close
to the correct value. Performance is not reduced compared with the noiseless simulations. This
shows that the 3rd order filter applied is working as desired, filtering the noise while keeping
the system dynamics.

Based on these results it is found that due to the influence from noise, a low pass filter with a 15
Hz cut-off frequency should be applied to the measured inputs of the IARC. With this filter the
estimation is not affected, but the chatter of the IARC is reduced significantly. No filter will be
applied to the force controller. Attempts to down-tune the force controller and either reduce
its sensitivity to noise or allow a filter to be applied have not worked. All force controllers tuned
with a lower bandwidth have shown stability issues when paired with the IARC.
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F2 Nominal Performance
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Figure E7: Nominal performance for the trajectory used for optimisation.

The performance achieved with this trajectory during a nominal run can be seen in the table

below

Parameter Maximum error | RMS error
Position [mm)] 1.3 0.64
Velocity [mm/s] 10 1.75

Table E1: Trajectory following information for dynamic trajectory benchmark.
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Pulse Trajectory
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Figure E8: Nominal performance for a pulse trajectory.

The performance achieved with this trajectory during a nominal run can be seen in the table

below

204

Parameter Maximum error | RMS error
Position [mm)] 1.90 0.73
Velocity [mm/s] 9.27 1.88

Table E2: Trajectory following information for Pulse-like trajectory benchmark.
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Sine curve Trajectory
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Figure E9: Nominal performance for a sine curve trajectory.

The performance achieved with this trajectory during a nominal run can be seen in the table

below

Parameter Maximum error | RMS error
Position [mm)] 1.96 0.70
Velocity [mm/s] 8.13 2.58

Table E3: Trajectory following information for Sine-curve trajectory benchmark.
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Figure E10: Performance when affected by a step change in Mass.

The following performance is observed during a mass fault handling test

Error

erpms Nominal[mm]

emax Blmm]

erms Bmm]

€max Blmm]

0.73

Position [mm]

1.90

0.79

2.19

Table E4: Trajectory following information for Pulse-like trajectory and mass fault.

206

MCE4-1022



E3. Pulse reference

Viscous Friction
3 X 10%
Est. (Nom)
Est. (Fault) v, - T
25 Ref. (Nom) Jf 77777
'g' Ref. (Fault) T
g ot f W
- - e ——— N A
m o — N g - -
15
l 1 1 1 1 1 1 1 1 1 |
0 5 10 15 20 25 30 35 40 45 50
Time [s]
6
Nominal
'g‘ 4 Varying B
£
5 2
3]
SO
=
o
a -2
-4 L L L L L L L L L |
0 5 10 15 20 25 30 35 40 45 50
Time [s]

Figure F.11: Performance when affected by a step change in viscous friction.

The following performance is observed during a viscous friction fault handling test

Error

erpms Nominal[mm] | e;.c Blmm] | egpms Blmm] | €4 Blmm]

Position [mm)] 0.73 1.90 1.17 4.65

Table E5: Trajectory following information for Pulse-like trajectory and viscous friction fault.
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Figure E12: Performance when affected by ramp changes in viscous friction.

The following performance is observed during a viscous friction fault handling test

Error

erpms Nominal[mm]

emax Blmm]

erms Bmm]

€max Blmm]

Position [mm)]

0.73

1.90

1.49

3.31

Table E6: Trajectory following information for Pulse-like trajectory and viscous friction fault.
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Figure E13: Performance when affected by a varying Coulomb friction.

The following performance is observed during a Coulomb friction fault handling test

Error erpms Nominallmm] | e, Blmm)]

erms Blmm]

€max Blmm]

Position [mm)] 0.73 1.90

2.04

9.45

Table E7: Trajectory following information for Pulse-like trajectory and Coulomb friction fault.
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Figure F.14: Performance when affected by a varying air-ratio.

The following performance is observed during an Air-ratio fault handling test

Error

erpms Nominal[mm]

emax Blmm]

erms Blmm]

€max Blmm]

Position [mm)]

0.73

1.90

0.73

1.90

Table E8: Trajectory following information for Pulse-like trajectory and Air-ratio friction fault.
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APPENDIX

SUPPLEMENTARY EXPERIMENTAL RESULTS

G.1 Pulse trajectory following with internal leakage

The position following of the IARC when an internal leakage of 6 L/min was introduced can be
seen in fig. A small improvement can be seen after the estimation algorithm converges to
the assumed leakage value.
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Figure G.1: Results with initial filters.
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G.2 External Leakage Test

The result of the estimation algorithm during test for external leakage can be seen in fig.
The external leakage was introduce by manually opening a needle valve from either one or
both chambers to tank. The estimation algorithm had problems and an increase in leakage
in one chamber appeared in both chamber estimations. Because the leakage introduced was
comparatively small(0.5 L/min), the impact on position was minimal as can be seen in fig.
[G.3] Because the algorithm estimated leakages in both chambers the result from increasing
chamber 2 external leakage had the same results

LAAAAAAAAAAAAAA

=

Time [s]

e AL A
st Y

Time [s]

Figure G.2: Results with initial filters.
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G.2. External Leakage Test
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Figure G.3: Results with initial filters.
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APPENDIX

LITERATURE REVIEW

In this Appendix, an extension of the review of the methods and findings for the articles re-
viewed in Chap. 3|is made. A lot of the information from the report chapter is repeated. The
main difference is the expanded information for articles that were found not relevant.

H., control

A common design methodology for PFTC, is to use robust controllers in order to obtain sta-
bility and disturbance attenuation, both when the system operates normally and when faults
occur. As discussed in the introduction chapter, passive FTC methods do not change the con-
trol structure or controller parameters when a fault occurs. Instead they are designed in a way,
which is robust to faults, disturbances and modelling errors within certain bounds. Hy is but
one of the methods that can be used to obtain robust control. It is used as an example of what
can be achieved with such methods, because Linear Quadratic Regulators and other optimal
control methods share many of the same limitations.

In [Veillette et al.,(1992] it is shown that an H,, controller can be design to deal with either ac-
tuator or sensor faults. The design is possible provided the remaining non-faulted part of the
system is able to stabilise the whole system. Furthermore the system is only robust towards
the failures included in the design phase. No numerical examples are given in the article, since
it is more theoretically focused, but the authors conclude that increase the robustness of the
method also increase the H, bound i.e. it reduces the performance of the system.

In the study [Zhou and Ren, 2001| a new architecture for the Hy, design approach is found. A
parametrisation for an Linear Time Invariant (LTT) system based on the sufficient condition for
existence of stable H, controller is determined. An internal model is included to determine
if a fault has occurred by comparing measurement and internal model output data. A perfor-
mance controller is designed for the optimal case, allowing a less conservative design. The
performance of the controller is then augmented by a feedback from the internal model when
faults or uncertainties are present. This feedback is designed to ensure stability. Since hydraulic
system have inherent non-linearities and uncertainties in their parameters this robust modi-
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fication of the control law would be constantly active. This means that the controller would
always be operating under less than optimal conditions, thus degrading the performance of
the system.

H has also been introduced as a method for AFTC. In [Huang et al., |[2014], a Ho, controller
is applied, where a semi-Markov process is used in the system fault modelling. This system is
able to accommodate for different types of faults, which includes sensor and actuator faults.
The controller is recalculated based on the results of the semi-Markov modelling. The semi-
Markov method is useful for modelling abrupt random changes in the system according to the
article. The controller and system modelling was applied to a vertical take-off and landing
vehicle, where an actuation fault of 50% was applied. Based on the tests, there were some im-
provements that the study would like to continue working on, which includes using a higher
order feedback to potentially remove a steady state error, which occurred in the example. Fur-
thermore, an improved control performance for systems with uncertainties is of interest. The
study proved stochastic stability of the system, but no performance criteria is considered.

Quantitative Feedback Theory

The FTC method Quantitative Feedback Theory (QFT) has been used both as a passive and
active FTC for hydraulic systems in studies from 2002-2010. Their findings are mentioned
below:

The article [Niksefat and Sepehri, [2002] utilises QFT on a linearised electro hydraulic servo
system. The faults considered were sensor failure, and servo-valve and supply pump faults.
The faults were modelled as uncertainties for the control design. The proposed controller was
tested experimentally on a electro hydraulic servo system, where the system was found robust
to the sensor fault. One test included a completely failed sensor, while another considered a
faulted sensor, which was delivering four times the actual position measurement, with an in-
clusion of random noise with an amplitude of 40 % of the actual measurement. The system
was stable in both cases, but it could not correct the error in the first, while it was still able to
reject the noise in the second. Actuator fault in the servo-valve (25 % change in output- tested
as sensor reading four times the correct values) and the supply pressure (55-400 % of operating
point, tested as drop from 103 bar to 41 bar) were also tested, the controller was able to com-
pensate for the fault and achieve good responses. Another fault tested was a model uncertainty
of 5% in piston effective area and 65 % in viscous damping coefficient.

The article [Karpenko and Sepehri, |2005] investigates the use of QFT for increasing leakage in
actuator piston seals for a electro-hydraulic positioning system. For the control design, a lin-
earised model of the system is required. The study proposes a way to remove the requirement
of a fault detection from a previous study [Karpenko and Sepehri, 2003]. In the previous study,
the increased leakage was corrected by use of multiple controllers, where each QFT controller
was designed for a given range of leakage, which resulted in the requirement of fault detection
to determine the level of leakage in the system. [Karpenko and Sepehri, 2005] establishes a
fixed-gain linear time invariant FTC via QFT, which is able to maintain performance despite
a degrading effect of fluid leakage across the actuator piston. The size of the fault considered
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corresponded to a loss of 25 % effective area of the piston seal. The controller was however
not compared to the one determined in the previous study, but to a nominal controller. Here
the FTC QFT was found to be four times faster in response time, under the faulted conditions,
while giving the same performance under nominal conditions. The drawback of the proposed
controller is the need for a priori defined leakage range fault, and if chosen too small, the con-
troller does not have the guaranteed performance.

The study [Karpenko and Sepehri, [2010] investigates an approach to reduce the over-design
of QFT algorithms due to the linearisation. The proposed method is using a linear time in-
variant equivalent modelling approach, which captures the important properties of non-linear
hydraulic actuator frequency responses. Two QFT control laws are proposed for different fluid
power applications. The first controller uses a proportional structure and is well suited for ap-
plications with noisy sensors or highly dynamic reference commands. The second controller
incorporates an integrator and is suited for applications where static errors due to un-modelled
non-idealities are present. The controllers were tested on a hydraulic ram where different load
springs (0-80 kN/m) were attached. The controllers were also tested with various parameter
uncertainties, but no specific values have been mentioned. The proposed controller worked
well for all tests, with the proportional having a slight overshoot and able to be within 5 % of
the desired value and the integrator being more tight and having zero steady state error due to
the integrating term.

QFT has also been proposed as a control strategy for aircraft, the studies are briefly described
beneath:

The study [Keating et al., (1997 establishes a frequency domain based QFT robust control sys-
tem design for aircraft. The design consists of a MISO longitudinal channel and a MIMO lateral
direction channel. The faults under consideration were varying flight conditions and damage
to aerodynamic control surfaces. The controller however is only able to be robust for up to 25%
loss of elevator surface area. It was shown that reasonable aircraft control is maintained up to
loss of 50% but tracking and stability specifications will no longer be met. The reason given is
the large bandwidth of longitudinal channel sampling rate effect and sensor noise problems,
not limitations of QFT.

The article [Wu et al.,{1999] proposes to use QFT to design a controller for an aircraft due to it
not requiring the use of gain scheduling and involves a simple low-order fixed controller. To
use QFT, the control system is converted into a set of LTI MISO plants, that are controlled using
QFT designed controller. The aircraft control surface loss is considered as a model uncertainty
and can therefore be included in the QFT approach. For the simulations, a 50 % loss of eleva-
tor surface was tested, and the proposed controller resulted in a maximum deflection of 0.58
degree, which is better than the original controller, which had approximately 0.85 degree de-
flection. The proposed controller gives the designer a more versatile solution, where a trade-off
between system performance specification and controller complexity can be made.

Based on these articles, QFT is found to be an useful tool for hydraulic systems, which is of
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interest in this study, when linear or close to linear faults are considered in addition to the
range of uncertainty and fault condition being known beforehand. The above articles provide
proof that the method can deal with 50% loss of efficiency in actuators. The problem however
occurs when more non-linear faults are included. The increased uncertainty bounds can re-
sult in a very conservative controller design, depending on the severity of the non-linearities.
This should be taken into consideration when the choice of control algorithm is to be made.
Furthermore, since the main plus of this method is the ability to provide robust performance
without the addition of complicated schemes and strategies for FD], it is expected that these
will not be added to a system that will be controlled by QFT. The simplicity is a plus, but de-
pending on the system, the benefits of FDI and FDD can greatly outweigh this plus.

Adaptive Control

A large number of studies, regarding adaptive control design used for FTC, have been made,
because of the inherent properties of the adaptation theory. Different methods have been de-
veloped to achieve the desired adaptive properties. Papers describing some of them will be
presented in the following section.

The study described in [Maybeck and Pogoda, [1989], [Maybeck and Stevens, (1991], and [May-
beck,|1999] is regarding the development of an improved multiple model approach for aircrafts.
The two older articles use a multiple model adaptive controller, where seven controllers are
made. A specific controller is used depending on the current state of the faults in the system.
The faults and failures considered are single and double actuator and sensor faults/failures. In
[Maybeck,|1999] the method is improved to a multiple model adaptive estimation. For detect-
ing faults, a bank of Kalman filters is used, together with a blending of the output of the filters
by using a probability-weighted average. If multiple failures occur, a hierarchy structure will be
used to keep the number of used filters to a minimum. Based on the detected fault, the control
uses a back end algorithm to redistribute control signals from failed control surfaces to non-
failed control surfaces instead. The method is able to detect faults in less than a second based
on tests on a precise aircraft model.

The problem with applying this control structure to the system available for this project is the
lack of multiple actuators and sensors. The lack of redundant hardware makes the control al-
gorithm not relevant. The fault detection method by using Kalman filter however might have
potential.

The article [Tong et al., 2014] involves observer-based adaptive decentralised fuzzy FTC of a
non-linear large-scale system with actuator failures. The faults and uncertainties considered
are unmeasured states, unknown non-linear functions and actuator faults modelled as loss of
effectiveness. The control design method is done by combining a backstepping technique with
the non-linear tolerant-fault control theory. The simulated system used for testing is a model
of two inverted pendulums connected by a spring. The existing adaptive decentralised control
approaches made prior to this study are able to control the same system, however, only if no
actuator faults occurs, which is where this approach is superior. The future work proposed is
to simplify the design. Other studies using similar methods have been made for hydraulic sys-
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tems. Because of this, this study will not be investigated further.

The studies [Yao et al., 2000] [Bu and Yuo! [2001], [Yao et al., 2001], [Bu and Yao, [2001], [Yao
and Palmer, 2002|, [Mohanty and Yao, 2006|, and [Mohanty and Yao, 2011] investigates the use
of Adaptive Robust Controller (ARC) for hydraulic systems with uncertain parameters, hard to
model non-linearities, and disturbances. These includes parameters such as bulk modulus,
leakage and friction forces. For testing and examples, a three degree of freedom robot has been
used. The most recent study [Mohanty and Yao, 2011] proposes to use indirect ARC, (IARC),
which is able to separate parameter estimation and control law. By doing this, the parameter
estimation from the previous studies has been improved regarding estimation time. The reason
for this, is the separation allowed the use of a better method than a gradient approach. A
requirement for the proposed algorithm is a known range on the parameters investigated and
a adaptation range. The resulting IARC is shown to be superior to both industrial controllers,
and the ARC and direct ARC, (DARC), used in the previous studies. The test for the comparison
of IARC and DARC consisted of moving a load of 22.7 kg in a swinging motion, where seven
parameters were estimated by the algorithm. The IARC was able to estimate the parameters in
1.5-10 seconds, depending on the parameter.

The article [Balle et al.,|]1998] investigates FTC for heat-exchanger. The proposed control method
is based on the fuzzy model type Takagi-Sugeno, together with a FDT based on self-organising
fuzzy structure. The control algorithm is a non-linear model adaptive predictive controller.
The faults considered were faults in sensors, namely the temperature (can detect 2 °C errors
and higher - the nominal temperature in the system is approximately 30-50 °C), fan speed (can
detect faults larger than 15 %), and flow rate sensors (can detect higher than 2 m3/h - flow rates
in system are 3-8 m3/h)). Based on experimental tests on a thermal plant, the fault detection
was working for most cases which resulted in the controller being able to compensate for it.
There was however a problem distinguishing between a fault on the fan speed sensor and flow
rate sensor.

The articles [Tao et al., 2002] and [Tao et al.,2001] are regarding systems with unknown param-
eters and in the presence of unknown actuator faults. The base plant considered is an LTI plant.
The method used for controller design is an effective output feedback controller structure for
the actuator failure compensation. The new feature in [Tao et al.[2002] is a stable adaptive law
to derive parameter adaptation in the presence of parameter uncertainties, which gives more
relaxed conditions. The controller proposed in [Tao et al.,[2002] is tested on a Boing 747 model.
Actuator failures were considered and in order to emulate them a controller value would be
stuck at a specific number. First one controllers output was stuck at 50% , and then later a sec-
ond controller stuck at -100%, leaving only one controller working. A failure regarding stuck
actuators was also tested, where instead of having the controller 1 and 2 go close to zero, be
stuck at a specific value used at a specific time. A combination of the two was also tested. The
results showed that the controller worked as intended and was able to compensate for the fail-
ures.

[Boskovic} 2014] develops a new decentralised retrofit adaptive fault tolerant control design
for non-linear models in flight control. The proposed controller is designed to accommodate
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loss of effectiveness failures in flight control actuators, and achieve accurate estimation of fail-
ure related parameters. The control design is based on local estimation of loss of effectiveness
parameters and to generate local retrofit control signals to accommodate the failures. Simu-
lations are made of a F/A-18 aircraft under the actuator fault mentioned. The proposed con-
troller is compared to a fully centralised design and a decentralised estimation with centralised
control. The fault that was tested was the variation of three actuator gains from a normalised
value of 1 to 0.01. The proposed controller had a significantly superior parameter estimation,
however with a slightly worse tracking performance compared to the decentralised estimation
and centralised control. Future work proposed is extending it to handle sensor faults and struc-
tural damage.

The study [Yao et al., 2014] is regarding internal leakage for a single-rod hydraulic actuator.
The article proposed two controllers, one for the nominal system with small faults, and a FTC
for the severe faults. The controller designed is based on parameter adaptive methodology,
with a learning mechanism. For the system investigated in the article the learning mechanism
only has one uncertain parameter, internal leakage. The designed controller is simulated on a
double-rod hydraulic actuator model. The internal leakage faults tested were abrupt and incip-
ient cases with a leakage parameter corresponding to an increase of 50 to 200% of the nominal
leakage (calculated under the assumption the load pressure is equal to supply pressure), which
was detected in 6 seconds and compensated for a few seconds later. An issue with this method
is the lack of friction related faults and only considering one uncertain parameter.

The article [Yin et al., 2014] investigates an integrated design of FTC systems with applica-
tion to Tennessee Eastman (TE) benchmark. The proposed fault-tolerant architecture is a
data driven design whose core is an observer/residual generator based realisation of the Youla-
parametrisation of all stabilisation controllers. The FTC is then achieved by an adaptive resid-
ual generator for the on-line identification of the fault diagnosis relevant vectors, and an gra-
dient based optimisation approach for the on-line configuration of the parameter matrix. The
benefits of the proposed design is a fault tolerant architecture that can be reconfigured on-line,
together with the on-line calculation cost reduced to minimal. The faults considered were actu-
ator faults, process faults and sensor faults. The performance and effectiveness of the proposed
schemes has been demonstrated by using the TE benchmark model. The FTC was compared
to a standard PI controller, which showed that the FTC was superior to the PI controller when
faults occurred. They reduced the variance in the control signal from 0.1387 to 0.0020 by using
the proposed FTC. The control signals are applied to valves, so by decreasing the frequency and
chattering, the valves life-time would also increase.

[Wise et al.,|1999] proposes a direct adaptive reconfigurable flight control approach. The recon-
figurable control law is based on a dynamic inversion controller in an explicit model following
architecture. An on-line neural network is used to adaptively regulate the error between the
desired response model and the actual vehicle response. An on-line control allocation scheme
generates individual control selector commands to yield the moments commanded by the con-
troller, while prioritising critical axis and optimizing performance objectives such as manoeu-
vre load alleviation. An on-line system identification module generates estimates of the vehi-
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cle’s stability and control derivatives for use in control allocation and command limiting. The
reconfigurable control laws are demonstrated by comparing their performance to a dynamic
inversion control law when unknown failure/damage are induced. The comparison is made
using simulations, where the proposed controller was able to cope with class 1 failures/dam-
age very well, and was satisfactory for class 2. Some issues were present, however including the
pilot as a control aid was suggested as a way to improve the conditions. Furthermore, including
an FDI to locate the faulty components was found to improve performance. Proposed future
work is testing it experimentally.

The study [Bodson and Groszkiewicz, |1997] compares three adaptive algorithms for a multi
variable model reference control. The controllers compared are: Indirect adaptive control,
direct adaptive control (both input- and output error direct), and least-squares adaptation al-
gorithm. The indirect algorithm required 45 parameters versus the 27 required for input error
direct method for the specific application. This is considered a handicap for identification ma-
trices. The output error direct method, also required 45 parameters, but it has a more rigid
stability conditions than the other two. A proposed least-square adaptation method can only
be used with the indirect and input error direct algorithms. The usage of least square algorithm
results in a faster convergence, furthermore, a new algorithm for this has been tested where a
forgetting term is added. For the design, all states are assumed measurable. The faults con-
sidered in design and simulations are actuator failure or surface damage (size not mentioned).
Based on simulations on a full non-linear model of a twin-engine jet aircraft, the input error
direct algorithm with the new proposed least-squares algorithm is found preferable. The arti-
cle did not consider noise, input saturation or the implementation of the algorithm to systems
where some of the states are not available for measurement.

[Plummer and Vaughan),1996] proposes an adaptive control based on pole placement for electro-
hydraulic positioning systems. For the design, a linearisation of the system is required. The
method is considered indirect and uses a strategy to switch off adaptation if the trace of the
covariance matrix becomes too large. System identification is done off-line to determine the
plant model structure and reduce the number of parameters adapted on-line and to obtain
initial estimates and variances for controller start-up. Faults tested include a change in supply
pressure from 160 to 40 bar and vice-versa. Dead oil was introduced into the circuit reduc-
ing the natural frequency equivalent to an increased load mass, a reverse of this is also made,
where external oil is initially there and then removed. From these tests, the adaptation hap-
pens rapidly and is able to compensate the fault.

[Yang and Ye, 2006] investigates FTC for linear time-invariant systems. The proposed control
is based on adaptive Hy, design. The new indirect adaptive FTC design method is made via
state feedback and is presented for actuator fault compensations. The design is developed in
the framework of linear matrix inequality approach. A comparison between the proposed con-
troller and a fixed gain version was tested on a nominal system and a system with an outage on
the first actuator. From the simulations, the proposed adaptive Hy, has better performance in
both situations and has more relaxed conditions than the standard H, design with a fixed gain.

Department of Energy Technology - Aalborg University 221



H. LITERATURE REVIEW

The article [Chen et al.,2016] investigates FTC for an ocean surface vehicle. The faults consid-
ered on the system are parameter uncertainties and unknown disturbances. The method used
for the adaptive tracking control design is backstepping technique and a Lyapunov synthesis
method. The initial development is incorporating the actuator configuration matrix and then
considering actuator saturation gains. The result is a method similar to the standard backstep-
ping design, but with an auxiliary system added to handle saturations and faults in actuators.
For testing the controller, a simulation is made on a model based on a 1:70 scaled supply ves-
sel, called Cybership 1. The firsts steps include a disturbance applied to the ship in the form of
wave currents, which tests the systems ability to compensate for a changing system. A compar-
ison of a FTC design with and without adaptation is made, where the controller with adaptation
was found superior. Another test is made to test the fault tolerance, where an actuator is set to
fail at 120 seconds. Given the systems conditions of having only two out of three controllers
working, and therefore reaching saturation, it nonetheless met satisfactory performances.

The studies [Jin, 2015] and [Jin, 2016|] analyses FTC for MIMO non-linear systems, which are
tested as a simulation for a model of a two degree of freedom robotic manipulator. The brief
review here will be based on [Jin, 2016] due to it being a continued work of [Jin, 2015|. The
faults considered in the design are both multiplicative and additive actuator faults. The in-
put constraints can be asymmetric, and state constraints can be time-varying. To handle state
constraints, a Barrier Lyapunov function (BLF) is used, and for analysis of input constraints an
auxiliary system is used. For the control design, a backstepping approach is used together with
BLF and auxiliary system. The proposed controller is simulated under different scenarios of
actuator faults, both multiplicative and additive. The results shown are the systems ability to
estimate the faults and ability to be within the constraints while following the reference.

[Gao et al.}|2015] is regarding FTC for feedback linearisable systems. The system used for testing
is a pendulum and an air-breathing hypersonic vehicle, where actuator faults will be consid-
ered. The controller is a robust controller with applied adaptive terms to relax the need for
precision of several parameters in the actuator faults. Furthermore, a chattering free FTC law
is designed, which showed good performance for restricting the parameter estimation drifting.
For the simulation of the pendulum, the system was tested with an 0.85 efficiency of the ac-
tuator, and 100 tests were conducted using a Monte Carlo simulation with random actuator
efficiencies in the range from 0.5 to 1. A comparison between using and not using the chatter-
ing free control law, showed that while the tracking performance is similar, the chattering of
the control input was reduced as intended.

The aircraft simulation was conducted with the following efficiencies: Actuator one 0.74, actu-
ator two 0.71, together with an uncontrollable action parameters of 2.57(bounds of parameter
defined as [0,3]) and 0.13(bounds [0,0.2]) for actuator one and two respectively. Under these
conditions, the nominal controller was not able to maintain the tracking performance of the
velocity. Furthermore, a 100 simulations were made with a randomly varying efficiency and
uncontrollability, with efficiency of 0.7-1.0 and uncontrollability parameters of 0-3 and 0-0.2.
Based on these, the proposed control law was shown to have good tracking performance, and
it was suggested to use the chattering free version.
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[Zhou et al.,2014] investigates FTC for non-affine non-linear systems. A model approximation
method is developed to bridge the gap between affine and non-affine control systems. As a
basis for the adaptive FTC, a joint estimation approach based on unscented Kalman filter is
used, which estimates both failure parameters and states simultaneously by using the argu-
ment state vector composed of the unknown faults and states. To show the performance of the
proposed controller, a simulation of a 3 degree of freedom fighter aircraft is utilised. The fault
tested is a change in thrust efficiency going from 1 to 0.2 in 20 seconds and rising back to 1 in
20 seconds. The reference speed is set to 300 m/s. By using the nominal controller, an error
up to approximately 30 m/s is obtained, but with the fault tolerant controller, the error is not
visible. Furthermore, the fault estimation of the FTC is able to converge to the true fault value.

The article [Wu and Yang, [2015] looks into FTC for linear systems with mismatched parameter
uncertainties, external disturbances, multiple time-delays state perturbations, and actuator
faults. The upper bound of the perturbations, uncertainties and disturbances are assumed to
be unknown. The proposed FTC design is an adaptive robust tracking controller. To test the
proposed controller, a model of a B747 is used. A simulation was made, where the third actu-
ator failed after 6 seconds, and the first actuator had a 20 % loss in efficiency, furthermore an
unknown disturbance is applied for the full test (sinus wave function, no specific frequency or
amplitude mentioned). From the tests, the system was able to estimate the parameters and its
ability to keep the tracking error at minimal. It was compared to a non FTC, which did not work
well when faults were introduced.

The study [Ahmed-Zaid et al.,|1991] looks into FTC for a F-16 fighter with surface or hardware
failure. The proposed controller is designed with a hybrid adaptive linear quadratic control
scheme. For the design, a reduced order model is utilised, however, it should match the full-
order model for the frequency range of interest. For the simulations, a failure on the pitch
control channel was tested by applying a 100 times higher dynamic pressure as input to the
gain scheduling blocks. The proposed controller was compared to a standard non-FTC con-
troller, where the proposed controller was found superior. The other faults and failures tested
were: Failure in the horizontal stabilizer, and bank-to-bank reversal attempts using lateral stick
commands with stabiliser failure. From these, the proposed FTC is found superior, and is able
to better cope with the failures applied.

Sliding mode control

Sliding Mode theory has received a lot research attention, due to its relatively simple design
and implementation and highly robust properties making it a good candidate for FTC applica-
tions. Application using sliding mode controllers or observers are presented here.

In [Kim et al., 2001| the authors have developed an integral sliding mode controller for a com-
bustion engine. The article utilises the integrated term of the controller to determine and iso-
late faults and then uses observers with fault hypothesis to isolate the fault. One hypotesis is
that there is a sensor fault, while the other is that there is an actuator fault. The different fault
produce different residuals, which allows the authors to distinguish between them. A valida-
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tion simulation has been performed in the article, where a valve fault is introduced, increasing
the output of the valve by 15 %, at the 38 engine cycle. Within 2 cycles the fault is accom-
modated. Also a sensor fault is introduced at the same time, but the controller does not drift
with the sensor fault and the result remain within the desired values. The design appears to
be a valid approach with the possibility of detecting and accommodating actuator and sensors
faults. Even though the system discussed in the article is not a hydraulic cylinder there are sim-
ilarities to the task of this project and the method proposed is deemed relevant.

There are multiple works devoted to sliding mode control in the aviation industry. In [Shtes-
sel et al., [2002] a tailless fighter jet is considered. The plant is linearised and abrupt faults are
considered. Both actuator fault and control surface loss is presented as augmentations of the
input matrix in a state space representation. Then the triple loop continuous SMC designed in
this work is shown to be stable under loss of 30 % of a left elevator area and 50 % of a pitch flap
by tracking a manoeuvre reference with little to no error. The boundary layer preventing chat-
ter in the control signal is continuously adjusted by the most inner loop of the controller. The
multiple level controller in this article is very complex and requires an over-actuated system
due to the nature of flight control systems. With the most outer loop of the controller allocat-
ing control effort to the actuators it is possible to accommodate the major faults tested in the
article, but the task this project aims to solve will probably not require this level of complicated
control and furthermore will not have redundant actuators.

In [Hess and Wells, |2003] the SMC method is applied to an F-18 aeroplane with a focus on the
methods sensitivity to neglected high order dynamics. Where the previous study varied the
boundary layer, this one proposes the use of an asymptotic observer to reject the chatter in
the control signal. The article claims that such an observer "serves as a high frequency bypass
loop in the SMC system". The fault tested in the article is an abrupt 50 % loss of stabilator. The
authors show they have achieved better performance with the SMC method than with a classi-
cal controller synthesised through loop shaping. Furthermore they claim that the asymptotic
observer can reduce the sensitivity to high order dynamics and structural modes neglected in
modelling, thus reducing some of the minuses of sliding mode controllers.

In the study [Zhao et al.,[2014a] an adaptive sliding mode scheme has been proposed, for both
fault identification and fault-tolerant control of near space vehicles. For determining fault pa-
rameters, an adaptive observer design is used, which is found to accurately estimate the pa-
rameters on-line. The adaptive sliding mode controller is able to work for both actuator dy-
namic faults and control effector damage. The proposed controller and observer have been
tested in simulations, where different faults are tested. The result is that the controller is able
to compensate for the faults tested. A saturation of the switching algorithm, within certain
bound around zero error, has been selected as a method for removing the chattering action
normally exhibited by SMC.

A more mathematical approach was taken in [Liu et al.}, 2011], where instead of a specific sys-
tem the authors treat non-linear Markovian jump systems with time delays. The article uses an
augmented sliding mode observer called proportional and derivative sliding mode observer to
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accurately estimate both system states and sensor faults. Then they implement an observer
based feedback controller and prove stability by Lyapunov-like analysis. Simulation results
have been omitted from the article due to space issues, but the authors claim that the method
has been verified and has been able to stabilise the CL system. Furthermore the method only
deals with sensor faults. While a valid approach for sensor faults a different control should be
considered to deal with actuator faults as well.

Such a method is proposed in [Patton et al.,[2010], where a sliding mode observer is combined
with a sliding mode controller in order to deal with abrupt actuator faults. The authors pro-
pose the use of this method to deal with the hard to model friction effect such as Stribeck effect
and Coulomb friction. The system under consideration was an inverted pendulum with a DC
motor for actuation of the sled. The authors of the article claim that the proposed methods
are less complex, than constructing accurate friction models, while still being able to deal with
the problem. Laboratory test show that the method is viable and shows promising results. The
article proposes further study of this method on a non-linear system.

[Zhao et al.,2014b] investigates adaptive sliding mode for a linearised aircraft model. The fault
considered on the aircraft is structural damage at the vertical tail damage or loss, and has also
considered outer disturbances. For the controller to work at a given drop in system efficiency,
the system has to have compensated from the error within 50 seconds. From the simulations,
the system was tested with a range of efficiency losses in the range of 0-0.6, where the system
was able to compensate for the error within 50 seconds for efficiency losses of up to 0.5. For
future work, an increase in the amount of efficiency loss that can be compensated for is desired.

The article [Moradi and Fekih}|2014] is regarding FTC for a full-scale car suspension. The pro-
posed control is an adaptive PID for each wheel subsystem, where a tracking signal is made
from a sliding mode controller to each of the subsystems to mitigate the 3 degree of freedom
arising from road undulations. The proposed controller is tested on a full-scale vehicle dy-
namic model with active suspension system with 7 degrees of freedom. The faults considered
are actuator faults and uncertainties. To test the uncertainties, 20 % uncertainty was added to
18 parameters, and a 1 % uncertainty to tire stiffness. From this test, the system was able to
handle the system with only slightly less tracking performance than for a nominal model. For
faults, a test for each of the wheel subsystem was made where one received zero control sig-
nal. Further tests were made were a varying efficiency was applied to the actuators. The result
from these tests were that the proposed controller was found superior to those used in previous
studies. For further studies, the use of observers instead of measuring states is desired.

Linear Parameter Variation

The study [Sloth et al., 2011] investigates FTC for wind turbines. The method used is Linear Pa-
rameter Variation (LPV), where different design strategies are compared. The strategies used
are active, passive, and nominal. Furthermore, a robust controller is designed. For the opti-
misation problem involved in the passive and robust controllers, bilinear matrix inequalities
are solved instead of linear matrix inequalities due to unmeasured parameter variations. For
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comparing the controllers, a non-linear simulation model of a wind turbine is used. A nominal
and a faulty case were simulated, with the fault being a low pressure in the pitch system. From
this, the robust controller and nominal controller showed similar performance, however, both
had a greater loss in performance, when a fault was introduced, with robust being the better
here. For the faulty case, the active showed a better performance than the passive, and it was
also easier to solve the optimisation algorithms for the active. However, the active does require
having fault diagnosis.

[Shin et al.,|2002] investigates FTC for aircraft with actuator failures, which are assumed to fail
one at a time in the study. The proposed controller is a LPV controller based on LMI opti-
misations, which are based on estimated failure parameter with pre-defined estimation error
bounds. The conservatism of LPV control synthesis methodology is reduced by using a scal-
ing factor on the uncertainty block, which represents the estimated parameter uncertainties.
The estimations are done using a Kalman filter. For testing of the proposed controller, a com-
parison to a He, controller is made. The actuator fault considered is having the performance
parameter at the following values at different times: [1, 0.01, 1, 2], where 1 corresponds to the
nominal case. The simulations shows that the proposed controller is superior to the H, design
and able to cope with the faults satisfactory.

[Ganguli et al., 2002 proposes a FTC for a Boeing 747. The proposed controller design is an
LPV using a quasi-LPV model based on Jacobian linearisation approach. The controller uses
three signals, two measured and a fault identification signal from an FDI module. The actuator
faults considered in the simulations are lock-in-place and float (the control signal is floating
around zero, thus becoming ineffective). It is assumed that an FDI is able to detect the faults
immediately, and send a signal to the controller. From these tests, the controller was able to
maintain stability and desired tracking and good disturbance rejection, but the immediate de-
tection and diagnosis assumption can be a possible problem for the implementation of this
method.

Intelligent Systems

[Sami and Patton, 2013| investigates a strategy for fault tolerant tracking control (FTTC) based
onrobust fault estimation and compensation of simultaneous actuator and sensor faults, which
have a bounded first time derivative. The contribution from this study is a new architecture
based on a combination of actuator and sensor Takagi-Sugeno proportional state estimators
augmented with proportional and integral feedback fault estimators together with a Takagi-
Sugeno dynamic output feedback control capable of time-varying reference tracking. The re-
quirement for this method is that the non-linear system can be modelled in Takagi-Sugeno
fuzzy inference form.

[Diao and Passino, [2001] investigates FTC for a turbine engine. They use a hierarchical learn-
ing structure in the form of Takagi-Sugeno fuzzy systems. Based on this, a FTC scheme is de-
signed based on stable adaptive fuzzy/neural control, where the learning capabilities capture
unknown dynamics caused by faults. The designed controller is tested as both indirect and
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direct adaptive control case. Based on simulations on a component level model simulation of
a turbine engine. The faults tested were having an initial engine variation of -0.3 % to 0.2 %
together with an engine deterioration of 10 %. The results showed that both could compen-
sate for the fault as they learned over time, with the direct case resulting in more oscillations
compared to the indirect case. The same authors also utilised this method for the adaptive es-
timation based on neural networks in their article [Diao and Passino, 2002|, which also dealt
with FTC. The systems considered are input-output feedback linearisable time-varying non-
linear systems. The fault tolerance was improved by using a multiple model structure of expert
supervisory schemes to do the fault-diagnosis.

The proposed control algorithm is tested on a precise model of a jet engine.The faults tested
were a deterioration of the engine and initial engine variation, from -0.5 % to 0.5 %, another
fault tested is an abrupt large compressor hub fault. The results showed the control algorithm
was able to learn and obtain an improving performance over time.

[Zhang et al., |2004] proposes a way to unify the methodology for detecting, isolating and ac-
commodating faults in a class of non-linear dynamic systems. Three controllers are proposes,
one for the nominal system, one during fault detection and one during fault isolation. An adap-
tive tracking design is proposed, which uses neural networks to approximate the unknown fault
function. It is enhanced by the use of adaptive bounding design technique. The proposed
methodology is tested as a simulation using two tanks with fluid flow. The faults simulated are
abrupt, and specifically leakage in tank 1 (modelled as an orifice with 0.01 m radius circular
shape) and model uncertainties (bound of 5-107°/A;). The two tanks are identical with a cross
section of 0.0154 m?, and a water level of 0.2333 m is desired. A comparison between the pro-
posed controller and the proposed controller not using FDI was made, and the results showed
the controller, using FDI information, was superior to a system not using FDI information. The
future work proposed is to extend the design to a larger class of non-linear systems and fault,
together with cases were not all state variables are available for measurements, which is a cur-
rent requirement.

|[Farrell et al.,1993] investigate the possibility of applying FTC that can accommodate unantic-
ipated unspecified faults to a water vehicle. Improvement was noticed in the performance of
the vehicle with each completion of the prespecified trajectory. The error of 6 degrees in the
heading of the vehicle, which was present on the first pass, was reduced to nearly 0.5 within 9
passes of the trajectory. This kind of training requires the vehicle to always be operating under
the same conditions, which was considered insufficient in the study, so another test was con-
ducted. A number of training phases, consisting of a 1000 second each was performed. The
trajectory was randomly varying between runs in all degrees of freedom. After each training
phase a helical benchmark trajectory was tested. After 5.6 hours of learning the variance of the
estimation error was decreased by a factor of 10 in some degree of freedom. The article con-
cludes that a constraint of 4 inputs per mapping is the reason for the reduced improvement in
the other degrees of freedom. The article concludes that by assuming a more general form for
the post-fault system model a learning algorithm will take longer estimate the error but will be
able to learn and accommodate a greater number of faults.
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H. LITERATURE REVIEW

[Reveliotis and Kokar, |1995] presents a learning framework, which is able to "learn" local
models and recognise that a change in these models behaviour has occurred and finally control
the plant on which it is applied. Once it establishes a model the framework would store it in
a data base, meaning if the plant deviates from the behaviour of the current model a new one
is learned, but if it returns to a certain behaviour the stored model is used. The system under
consideration was a mass-spring system. Part of the range of motion of the mass in an air
environment and part was in a liquid environment, thus the damping in the system changed
abruptly. The article shows that the learning controller performed better than a standard PID
controller, which was designed for the liquid environment. The article further investigates the
limitations of the framework associated with noise in the measurement.
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