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Abstract

This report covers development and implementation of a model-based fault-detection and fault
diagnosis algorithm based on structural analysis, providing deeper knowledge of predictive
maintenance, which offers the industry increased uptime and reduced spending. Failure mode
and effect analysis are carried out at component level for an electrical winch. Construction of
a Simulink model, used to verify the algorithms, are described in detail including governing
equations and implementation. The basis of a structural analysis is outlined and tested on the
electrical winch system. Results from the simulation model covers faults in permanent magnet
motor, bearings, gearbox and sensors. The structural analysis is able to detect and isolate
several types of typical faults that can occur in electrical winch systems.
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Abbreviations

Table 1: Abbreviations

Symbol

Explanation

AC

AE
ARRs
CUSUM
DAE
DFT
DM
DOF
D-Q
FDI
FFT
FMEA
IATA
IM
MCSA
MRO
PMSM

Alternating current

Acoustic Emission

Analytical Redundancy Relations
Cumulative Sum Algorithm

Differential Algebraic Equation

Discrete Fourier Transform

Dependency Matrix

Degree of Freedom

Direct Quadrature

Fault Diagnosis and Isolation

Fast Fourier Transform

Failure Mode and Effect Analysis
International Air Transport Association
Induction Motor

Motor Current Signature Analysis
Maintenance, Repair & Overhaul Market
Permanent Magnet Synchronous Motors




1 Introduction

Electrical winches are making an entry in the Norwegian ship and lifting industry, replacing
traditional hydraulic actuated systems. They require less space, as there is no need for hydraulic
pumps and reservoirs. The maritime supplier, Rolls-Royce, has developed winch technology
actuated with a permanent magnet motor that can drive the drum without a gearbox. Using
electric motor, the dynamic behaviour is claimed to minimise tension peaks in the wire and
reduce the vessels fuel consumption, additionally power can be regenerated.

1.1 Background and Motivation

Maritime winches are often placed on locations that are inaccessible during operation time
of a vessel, increasing the need for development of a remote fault diagnosis system to keep
productivity continuous and avoid downtime of physical assets. Proper maintenance ensures
that machines and equipment will perform as expected whenever they are needed. Maintenance
also plays a part in eliminating hazards and accidents that can occur off shore.

Maintenance can be divided in several categories [1,2]

e [ailure based maintenance - Do maintenance once there’s a problem or a breakdown. This
is the simplest form of maintenance, and obviously, the most expensive as a breakdown
most likely will lead to downtime.

e Calendar-based maintenance - Do preventive maintenance at a periodic interval without
considering the health status of a physical asset. As products become more complex with
higher demands to quality, unnecessary maintenance can be wasteful. In addition, it may
not eliminate all failures.

e Condition-based maintenance - "a maintenance program that recommends maintenance
actions based on the information collected through condition monitoring." [2] Condition-
based and predictive maintenance falls under the same category. It can be said to consist
of three steps [3] ; data acquisition, data processing and maintenance decision-making.

In times when technology is rapidly developing, and automated systems are becoming more
available, it is important for mechatronic engineers to have knowledge about both monitoring
techniques and electrical drives. The motivation for writing this thesis is to learn more about the
opportunities that predictive maintenance offer to the industry. This thesis incorporates several
of the disciplines covered in the mechatronics master program in addition to providing valuable
knowledge regarding electric actuated systems. Implementation of predictive maintenance are
relevant for several applications. Furthermore, the thesis is based on modelling and simulation,
two subjects that appealed to both group members.
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1.2 Problem Statement

This report will investigate further into predictive maintenance, which provides several benefits.
Increased up-time and safety in addition to reduction of maintenance cost should be mentioned.
The International Air Transport Association (IATA) [4] states this about predictive mainte-
nance: "Predictive maintenance is estimated to increase aircraft availability by up to 35%" and
"These innovations are estimated to decrease MRO (Maintenance, Repair & Overhaul Market)
spending by 15 to 20% but first, the market needs to innovate with a clear vision and strategy."

The goal of this project is to develop and assess suitable algorithms for fault detection and
identification, for an electric winch. The main project goal is divided into the following primary
objectives:

e Identify failure modes for an electric winch and its respective components.
e Establish a simulation model for detection and identification of simulated faults.

e Derive diagnosis method based on structural analysis for detection and identification of
faults at incipient stage.

e Verify the proposed methods by running simulations that includes generation of faults
derived in the Failure Mode and Effect Analysis-chapter.

1.3 Analysis Methods Review

An important aspect during winch operation is to have a safe and efficient system with rapid
detection and removal of faults. During literature study it was found that several analyse
techniques are in use today, like vibration analysis, acoustic analysis and current analysis. Each
of the methods have distinctive characteristics different advantages and disadvantages. This
section gives an outline of the most common techniques and their respective applications, and
a brief description of sensor fusion that can be used to combine methods, improving detection
accuracy.

Vibration Spectrum Analyses

This section is based on various literature and research from [5-7]. Vibration analyses is a
beneficial trouble-shooting tool to detect the causes of fault conditions at an early stage but
can also be used for quality control of new components that are to work in a harsh environment.
All components in a winch produces vibration, sound and heat during operation, which can
be measured by utilizing sensors. Raw data from sensors is usually in discrete-time waveform,
which is the sum of several sine waves. A single component motion generates a single sine wave
with an amplitude and frequency, thus, vibration from additional components adds additional
frequencies and amplitudes.

As each component generate distinctive frequencies, the spectral analyses is applied to distin-
guish the components. Spectrum is generated from the waveform using a Fast Fourier Transform
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(FFT). The transformation makes each vibration source easier to see, highlighting the different
frequencies as spikes. When the spectra of a healthy system are known, the challenge is to
identify changes in this spectrum, which can be caused by e.g. a faulty component.

Acoustic Analyses

This section is a short summation from [2,8,9]. An acoustic signature analysis is another
method used for condition monitoring that is applicable for induction motors (IM). Recent
studies, mentioned in [9], have also considered the use of acoustic emission to detect bearing
failures. When a solid substance is under stress, the defects in it produce high-frequency sound
waves, acoustic emission (AE). These waves are released in the material and can be received
by certain sensors. By analysing these waves, one can determine the type of defect, its location
and its severity.

The process to obtain AE-signals is relatively easy, as the sensor is a microphone that is placed
near the machine. However, a microphone is sensitive to external noise, increasing the need
for good signal filtering. Analysis of AE signal can provide valuable information in relation to
the initiation and growth of a discontinuity in a metal, as cracks. As well as detect dislocation
movement, testing for leaks, detecting flaws, and generally can used extensively as a research
tool.

There are two benefits of acoustic emission compared to most other non-destructive testing.
The first is about the origin of a signal. that is, instead of transforming energy to the object
under testing, AE test, listens to the energy released by objects, second is that AE test deals
with dynamic process, or changes in a material.

Current Signature Analyses

This summary is based on various literature and research from [6,10-13]. Motor current sig-
nature analysis (MCSA) is a tool that can be used to monitor electric motors during normal
operation and is well-established in industry. MCSA is performed by attaching a clamp probe
to the supplied current. This allows for monitoring of motors that are operating in inaccessible
areas by simply attaching a current sensor to the power supply. Data from the sensor can be
processed via a spectral analysis or specialized MCSA software. MCSA is also considered a
powerful tool for detecting faulty bearings and gears. Dubravko, MILJKOVIC, 2018 [14] lists
the applications for MCSA as:

e Static and/or dynamic air-gap irregularities

e Broken rotor bar or cracked rotor end-rings

Stator faults (opening or shorting of one coil or more of a stator phase winding)

Abnormal connection of the stator windings.

Bent shaft (akin to dynamic eccentricity) which can result in a rub between the rotor and
stator, causing severe damage to stator core and windings.
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e Bearing and gearbox failures

Signals obtained by the current sensors can be processed in several ways, where the spectrum
analyses (described in section 1.3 ) is frequently used. The spectra analysis can utilize a Discrete
Fourier Transform (DFT) or, in the simpler form, a Fast Fourier Transform (FFT). The data is
also filtered using a technique called demodulation, which removes the carrier frequency of the
signal (50 Hz in Europe, 60 Hz in USA), making the interesting frequencies more visible [14].
Other processing methods includes wavelet analysis and Park’s vector approach, latter requiring
current sensors on the three current phases i,, i, and ..

Structural Analysis

Structural analysis is based on [15-19]. The structural analysis requires a good mathematical
model of a system and are used to analyse redundancies. Behaviour of the model are described
by considering links between constraints (equations used to model a system) and parameters.
The method requires manually composition of a systems bipartite graph, which forms the basis
for fault-diagnosis.

The composition of system parameters and constraints has the ability to identify if a failure
in a component occurs, in addition to highlight the specific component. Structural analysis
utilizes the fact that all components are described by constraints computing the expected
behaviour, real time, identifying any deviation from the actual behaviour. Divergence between
expected and measured value can indicate that a fault has occurred. Structural analysis is
considered effective as it does not require additional hardware and can be performed in real
time. However, unlike the other methods, there are not much published material regarding the
method of structural analysis.

Sensor Fusion

The brief summary of sensor fusion is based on [2]. Every sensor has its own characteristics,
and to achieve accurate condition monitoring readings and measurements of a complex system,
a trend is to fusion data from multiple sources. An increase in the number of sensors will collect
more data from the system, proportionally increasing the measurement accuracy, easing the
process of locating faults. Fusion and processing of the gathered data can be grouped in three
methods as listed, and discussed, in [2].

1. Data-level fusion
2. Feature-level fusion

3. Decision-level fusion

Chosen Method

The different analysis methods are not always suitable to detect any kind of fault. Some
methods works well at detecting that a fault has occurred but may struggle to isolate in which
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component it is, like vibration and current analysis [12,20]. Spectral analyses can be hard
to perform real time, as this method is dependent on data sets from sensors and can require
extensive training for feature extractions. The structural analysis is able to provide real-time
diagnosis of dynamic systems, isolation of faults are also possible. It was desirable to choose
a versatile method that was able to both detect and isolate faults at an acceptable level and
operate in real-time.

The literature study revealed that most of the condition monitoring studies are done for single
components, like a bearing or electric motor. This motivated the group to investigate condition
monitoring of a complex system (electrical winch, with the associated components). Structural
analysis was chosen as the preferred method for this thesis.

1.4 Report Structure

This section gives a brief description of each chapter in this master thesis. A summary of each
chapter is listed below.

e Chapter 1 - Introduction
Problem statement and motivation are presented along with the objectives for this thesis.
Then, a literature review covering a variety of fault diagnosis methods follows. Last, the
report structure is explained.

e Chapter 2 - Failure Mode and Effects Analysis
A Failure Mode and Effect Analysis (FMEA) is carried out in this chapter, and relevant
literature are presented. The main components of a winch are reviewed to identify the
most common failure modes.

e Chapter 3 - Modelling
This chapter covers the theory behind- and implementation of the governing dynamic
equations used to model the permanent magnet motor, bearings, gearbox, winch and
payload. The chapter is structured as a mixture of theory and implementation.

e Chapter 4 - Diagnosis using Structural Analysis
The theory covering structural analysis and implementation on the modelled winch are
presented. Terminologies regarding the method are explained, then the specific imple-
mentation is described. Last part of the chapter presents how faults are induced to the
simulation model.

e Chapter 5 - Results
In this chapter the achieved results are presented. First, results verifying that the simu-
lation model runs as expected, then the addition of sensor noise are presented. The main
part of this chapter shows how the algorithm identifies induced faults.

e Chapter 6 - Discussion and Conclusion
The discussion chapter elaborates the results and methods used. Last the main conclu-
sions are drawn.



2 Failure Mode and Effects Analysis

In this project, Failure Mode and Effect Analysis (FMEA) will be used to identify potential
failure and errors that can occur within an electric winch. FMEA was introduced in 1949 by
the US Army to study malfunctions of military system. The method has been modified and
improved over the years, leading to a well-established analysis method [21]. FMEA is used
to determine in which a part or system can malfunction. It can also be used to identify the
consequence of failures and prioritize them in order to make the correct actions to prevent
them [21-23].

2.1 Main Components

This section introduces the main components of an electrical winch and investigate the most
common fault for each component.

2.1.1 Gearbox

A gearbox consists of several moving parts, that are difficult to monitor using vibration analyses.
Induced vibrations from a gearbox can be very complicated, since there can be several pairs of
gears in contact at the same time [24]. Usually, there is also mounted two or more bearings on
each shaft. A gearbox has multiple shafts turning at different speeds that produces both high
and low frequencies.

Gearboxes generally operate under a tough working environment, which can lead to several
failure modes on the main components [25]. One of the most common failure mode is simply
wear, but other failure modes can also occur like broken or damaged teeth, misalignment of the
shafts, bent shafts, backlash and tooth load |3, 26].

Tooth damage and wear can cause metal particles in the lubricant. Therefore, an important
condition regarding gearboxes design is that the number gear teeth is a prime number. A
damaged tooth is likely to cause slightly damage to all meshing teeth in a gear connection.
Prime numbered gears lead the wear to spread slow and even across all teeth, in contrast to
even numbered gears, where the damage will spread within a limited number of teeth

Gear eccentricity can occur if gear centres move relative to each other, If one of the shafts has
a circular trajectory it can result in a varying mesh force (high mesh force during part of the
rotation and a lower mesh force in the other part of the rotation). Eccentricity can be caused
by poor installation, poor misalignment, a bent shaft or if the gear hole is not in centre.
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Table 2.1: Gear failure mode

Component Failure Mode
Tooth Physical damage
Broken
Wear
Load shearing
Gear Misalignment
Eccentricity
Backlash
Wear
Shaft Fatigue
Bent shaft
Overload

2.1.2 Bearing

Failing of bearings can roughly be sorted in to three main sources. Fatigue, lubrication-
contamination and handling-installation. This subsection presents a small overview of the
respective failure modes [20,27-30].

Excessive loading can cause premature fatigue of bearings and can be caused by the use of
wrong bearings for a given application. Indentations or dents in balls or raceways are referred
to as brinell marks and are indicators that loading has been excessive.

Brinelling is a localized surface corrosion and occurs in two forms; true brinelling points to a
load that has exceeded the elastic limit of the bearing material. Typically leaving indentations
in the raceway of both outer and inner ring which can cause vibration in the bearings. False
brinelling marks usually take the form of a depression around the race due to vibration or
swaying between the rolling elements and the raceways. False brinelling is usually seen in
non-rotating applications.

Spalling failure can occur at contact points, between rolling elements and the raceway, subjected
to high stress just below the surface, shearing the spall of. This leads to metal adhesion where
small parts of metal are acting between the moving parts of the bearing and can weld themselves
together during service.

Proper lubrication will reduce friction, prevent metal to metal adhesion, dissipation of heat,
corrosion protection and removal of solid debris. However, improper lubrication may account
for most of bearing failures since bearings are designed to operate in a state where they are
correctly lubricated.

Incorrect lubrication for the work environment can lead to premature wear and failure. Ex-
amples can be wrong lubrication viscosity, or simply the wrong operating temperature for a
given lubricant. Too long maintenance intervals between renewal of lubrication or the lack of
lubrication is also considered a failure mode. Another failure mode is over lubrication.

A contaminated lubricant can cause several failures, like abrasive wear to races and balls, micro-
cracks in races due to solid wear particulate in grease, micro-adhesion between balls and races
and seizure of the bearing due to overheating. Contamination of lubricant may originate from
seal failure or other external sources like lubricant storage, machine wash-down and location of
the device. Corrosion can occur due to chemical or moisture exposures leading to both pitting
and rusting which again can lead to the mentioned brinelling.
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Fits and tolerances are critical, correct personnel training and tools is important. A bearing
mounted with to loose fit leads to unbalanced load, where the load will move around in the
bearing causing the bearing to vibrate. On the other hand, tight fits from improper interference
can lead to excess loading which again can lead to heat generation and seizure of the bearing due
to overheating. Misalignment of both shaft or bearing can cause edge loading and brinelling.

Table 2.2: Bearing failure mode

Component Failure Mode

Bearing Incorrect lubrication
Inadequate maintenance
Overlubrication
Contamination
Corrosion
Excessive loading
Misalignment
Brinelling

2.1.3 Permanent-Magnet Synchronous Motor

Permanent Magnet Synchronous Motors (PMSMs) are widely used in industry as the PM-motor
can deliver high torque and has a simple construction that is easy to maintain [10]. Thus, the
PM-motor can be exposed to adverse conditions, increasing the need for condition monitoring.
A PMSMs failure mode is defined as the specific failure of a component to perform its function
and can occur in different components on a motor. Faults of PMSMs can be sorted in to
several categories, discussed in [31]. Figure 2.1 states that the most common faults is related
to bearings, stator windings or external factors, like overloading.

IEEE-IAS (%) EPRI (%)
Faults Electrical Electric Power
Safety Research Institute
Workshop
Bearing 44 41
'Winding 26 36
Rotor 8 9
Other 22 14

Figure 2.1: Percentage of failures [31]

Eccentricity-related faults occurs frequently due to mechanical reasons, like bearing failures,
bent shaft and overload [11]. Eccentric faults is defined as the relative displacement between
both rotor and stator centre axis, and is divided in to two types: dynamic and static eccentricity
[20,32]. Optimally, the axes should be perfectly aligned.
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Table 2.3: PMSM failure mode

Component Failure Mode
Housing Improper installation
Physical damage
Corrosion
Material build up
Stator Physical damage
Contamination
Corrosion
High temperature
Voltage imbalance
Broken supports
Rewind burnout procedures
Rotor Thermal stress
Contamination
Physical damage
Imbalance
Broken rotor bar
Improper installation
Fan Physical damage
Ice build up
Foreign material
Corrosion
Insulation/Windings ~ Contamination
Over heating
Improper storage
Moisture
Insulation breakdown
Cycling/Flexing
AC drive stress
Shaft Physical damage
Improper manufacturing
Improper installation
Corrosion
Bearings Improper handling/storage
Improper installation
Misalignment
Improper lubricant
Lack of/Over/Under lubrication
Start/stop loss of lube film
Contamination
Overhung load
Motor fan imbalance

2.1.4 Winch Related Faults

There is limited open research regarding failure modes for a winch, but some common failures
are known based on hands-on experience. Actuator and bearing faults are considered as external
in this case, and are already covered in sections 2.1.2 and 2.1.3. Other faults are often related
to the wire. The innermost layers of wires tend to be spooled more rear than the outer. If
the winch operates in seawater, then salt water can gather near the drum core and increase
corrosion in the innermost wire layers. Therefore, it can be beneficial to unroll all wire at a
certain interval and lubricate the wire.

Reduction in the wire area can occur over time due to usage, especially in outer wire sections
that are often rolled on and off the drum. At times, the wire can spool close to the drum
housing, causing metal to metal contact that can wear out the wire faster than under normal
conditions. Wind-ups can also occur in situations where the wire are rolled in with high velocity,
leading to additional wear and tear.

10
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2.2 Component Faults

After investigating the main components of a winch, it was decided to focus on the most frequent
faults for each of the components. It was also desirable to include possible misreading from
sensors, i.e. faulty sensors. The selected faults are listed in table 2.4, which presents the chosen
component and sensor failures, categorized as "Parametric" and "Additive" - respectively.

Table 2.4: The selected failure modes for the winch system

Item Failure mode Component Failure Type Variable
effect

fi Stator windings Internal resistance Heat dissi- Parametric Rq
pation

fa Contamination  Rotor Increased Parametric = briction
friction

f3 Sensor fault Current sensor Incorrect Additive Tam
readings

fa Sensor fault Rotor encoder Incorrect Additive 0,
readings

f5 Brinelling Bearing Increased Parametric Db,
vibration

fs Misalignment Bearing Heat gen- Parametric F,
eration
and seizure

fr Sensor fault Displacement sensor Incorrect Additive Xinn
readings

fs Tooth damage  Gearbox Stiffness Parametric  Cj,
change

fo Lubrication Gearbox Increased Parametric i,
friction

fio Sensor fault Drum encoder Incorrect Additive 0,
readings

fi1 Wear and tear  Wire Decreased  Parametric A,
stiffness

Ji2 Sensor fault Pressure sensor Incorrect Additive Zy,
readings

fi3 Sensor fault Displacement sensor Incorrect Additive Yinno
readings

fia Brinelling Bearing 2 Increased Parametric Db,y
vibration

fis Misalignment Bearing 2 Heat gen- Parametric Fo
eration

and seizure

11



3 Modelling

This chapter describes layout of the Simulink model and derives the mathematical equations
implemented to run the simulation. MATLAB/Simulink provides libraries of various compo-
nent models. The model consists of different subsystems and MATLAB function blocks which
represents components of a winch. A more detailed description of the subsystems are given in
the following sections.

3.1 Permanent-Magnet Synchronous Motor

The PMSM-model uses dynamic equations from the book "Control of Voltage-Source Convert-
ers and Variable-Speed Drives " [33] and are based on a PMSM motor that are installed at
a winch set-up at the university. It was considered important to base the PMSM-model on
an existing motor to achieve a good model. Needed electric parameters was provided on the
motors nameplate, figure 3.1, and listed in table 3.1.

9 5
—---
VYR CT S [ S35 A
mvmin Kﬂ 45

o630 mHLa1330
' wor.

Getriebebau NORD GmbH & Co. KG, 22939 Bargieheide / GERMANY

Figure 3.1: Photo of nameplate for SK80T1/4 TF,
where electrical parameters are listed

Table 3.1: Motor parameters SK80T1/4 TF

Description Parameter Value Unit
Number of poles P 4 [—]
Number of pole pairs ny 2 [—]
Torque constant K 25  [Nm/A]
Rated current L ated 2.07 [A]
Rated torque Trated 5.175  [Nm]
Revolutions per minute ny 2000  [rpm]
Motor inertia J 0.0011  [kgm?]
Stator resistance R, 52  [Q]
Stator inductance L 98 [mH]

12
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Electric parameters are implemented in the model parameter script, seen in appendix A.1. In
addition, the following assumptions are made to simplify the dynamic motor model:

e Stator resistance and inductance are constant

e Perfect field orientation is assumed

e Iron loss are neglected

e Sensor dynamics are ignored, and measurements are assumed to be real-time

Figure 3.2 shows the model outline, and a more detailed description of the subsystems follows.
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Figure 3.2: Overview PMSM

A Direct Quadrature (d-q) transformation approach is used to model the motor. The transfor-
mation simplifies the three-phase circuit in terms of reducing the three AC quantities (v,, vy, v.)
to two quantities (v,, vg), which reduces the computational power demand. The transforma-
tion is invertible, thus, the three phase results is recoverable [34]. The transformation between
two and three phases are valid for both voltages and current, thus, the covered equations will
only be derived using voltages as current transformations are identical.

Utilizing the property of a symmetric system, equation 3.1 allows for reduction to a two degree
of freedom system, as one component always can be expressed in the remaining two.

Vo (t) + vp(t) + ve(t) =0 (3.1)
Reducing the degrees of freedom gives the opportunity to express the three phase system as

an equivalent two-phase system denoted v, and vg, where o and 3 are perpendicular to each
other.

—

Uy = Uy + jU8 = Uy + expj%w vy + expj%w Ve (3.2)

13
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Equation 3.2 is the basis for deriving the transformation matrices T3, and T3 that are used for
the transition between two- and three-phase.

11 v
[Mt) ] _|P E;) (3.3)
vg (T N \/§ \/g o '

ﬁj) | 0 -5 "3 | v (t) J

-2 .

y 3

o I T O

Up (t) = 3 \/g [ Vg (t) ] (3~4)

Uc(t) 1 1 —

L 3 3 "

Transformation between the fixed stator coordinate system and synchronous coordinates, v (a
coordinate system rotating with the stator frequency w) is given by

7= eap iy (3.5) 12 - Space vector %n synchronous. coordinates |d, q|
. o s U, - Space vector in stator coordinates [ev, B
vs = exp’tU (3-6) 6, - Electrical rotational angle [rad]

Figure 3.3 represents the dynamics of a PMSM motor and consists of several equations that will
be described. The PMSM model has four inputs, whereas three of them are the three-phased
voltages v,, vy, V. and the forth is load torque. Block outputs are the induced electromagnetic
torque, T,,,, the electrical rotational speed and angle, w,, and 6., then the three phase currents
la, tp and 2.
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> R
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N

P im

v_beta

—Pwr psi_R"s P psi_R"s Tem

& Flux Torque

Theta_r

Figure 3.3: Inside PMSM model block

The PMSM block calculates the mechanical rotational speed, equation 3.7, then converts it to
electrical rotational speed with equation 3.8. 6, is obtained from integrating w,..

dw_m — l(Tem — b Wiy — Tpm ) (3.7) P - Number of poles [—]
dt pJ wm - Fixed mechanical rotor speed |[rad/s|
W = 5Wm (3.8) J - Moment of inertia [kgm?]
Trm - Load torque on motor side [Nm)|
0, = / wydt (3.9) Tem - Electromagnetic torque [Nm)|

The block called Flux are expanded in figure 3.4 and bases on equations 3.10 and 3.11. The
complex integrator subsystem simply divides a complex signal into a real and imaginary part,
then the integration is done separately for each part before they are combined into a complex
signal. There are two inputs to the flux block. First is the two-phased vector v, which is
calculated using the transformation matrix derived in equation 3.3, next is electrical rotor
speed, w,. The block computes stator current, 7, and the flux linkage 3.
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G
v_s In1 out1 " @
is
{ Complex integrator1
R_a‘
o<
<—
@
w_r
\dot psi_R"s In outt psi_R*s a
psi_R”s
Complex integrator
Figure 3.4: Inside the Flux block
y Ly - Stator inductance |H|
Lsﬁ = v, — Rgis + w5 (3.10) Uy - Space vector |H|
dt % - Rotor flux linkage [—]
% z_; - Stator current |A]
dwR . s .
el Jwrs, (3.11) R, - Stator resistance 1€
w, - Electrical rotor speed [rad/s]

The electromagnetic torque, equation 3.13, is calculated in the "Torque" block. Dependent on
inputs computed in the flux block, expanded in figure 3.5.

)
s - R —

- T em
C2 ) res™ -

<

Figure 3.5: Inside the torque block

an i} Temn - Electromagnetic torque |[Nm)
T,, = 2K’; N3 { (%‘3) @Z} (3.12) n, - Number of pole pairs [—|
K - Constant coefficient [—|
By choosing K = % and substitute number of pole pairs by the number of poles , p, the
electromagnetic torque equation can be written as
_ P « 2\ 7
Ton =% -5 {(Vk) 7} (3.13)
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3.2 Bearing

Ball bearings are used to support rotating shafts and to reduce friction and absorb external
stress. A schematic model of a ball bearing can be seen in figure 3.6, pointing to the outer-
and inner raceway, the cage and balls (four balls for this case). Ball diameter are given as D,
while cage diameter is given as D.. The bearings are modelled with two degrees of freedom,
bases on literature from [35]. The parameters are based on the SKF Deep Groove Ball Bearing
6204-27, which are mounted in the chosen motor.

Outer
raceway

%
#

Inner
raceway

)

Cage

Figure 3.6: A schematic model of the bearing

Figure 3.7 illustrates the kinematic relations inside a bearing. Outer raceway are stationary,
while rotation of the input shaft ,w;,.,, is directly transferred to inner raceway with a tangential
velocity of the point P given by equation 3.14. The balls will rotate in the opposite direction of
inner raceway, with a tangential velocity of ball centre O that are half of the velocity of point

P.

Figure 3.7: Kinematic model of the
bearing

(3.14)

VUp = Tinn * Winn
The cage angular velocity, w,. is given by:

Tinn

T (oo £72) (3.15)

We = Winp -

17
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The bearings are simplified to a mass-
spring-damper system seen in figure 3.8.
Each ball is indexed with a number j, rang-
ing from one to n, (number of balls).

Figure 3.8: Diagram of a rolling-element
load distribution

Where
Tinn - Displacement of the inner ring movement in x-direction [mm]
Yinn - Displacement of the inner ring movement in y-direction [mm)]
6, - Angular position of the j-th ball [rad|
F - Total elastic force [N]
Oinn - Centre of inner race [—]
Oout - Centre of outer race [—]
) - Elastic deformation [mm]
o - Number of balls [—]

The elastic deformation, J, between the raceways and a ball has a non-linear force-deformation
relationship which is obtained by applying the Hertz theory (page 291. |36]). Hertzian forces are
only valid if the ball is in contact with either inner- or outer-raceway. Spring force is modelled
so that it will only be greater than zero when the spring is compressed, else zero. The elastic
deformation can be expressed analytically by:

(3.16)

d = Tinn - €08(6;) + Yinn, - sin(d;) if >0
J =0 if 0<0

The elastic force, Fj, are calculated for every j-th ball using equation 3.17. The total elastic
force, F' are then computed using 3.18.

Fy=C(3))? (3.17)
F=XF j=0...n (3.18)

18
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Values of the spring constants between inner- and outer raceway and the balls (Cj,,, and Cpyy
respectively) are calculated by equation 3.19 - 3.24. Contact stiffness are dependent on the
curvature sum Yp and curvature difference, ), that are expressed in the equations 3.19 and
3.20 [36].

1 11 1
Yp=put+p2tpntpe=—=+-—+—+— (3.19)

r11 T12 21 T'22
1 1 1 1
Go—m) G — )

F = 3.20
Where
pi; - Curvature according to the two planes i and j [1/mm]
ri; - Radii of curvature of the contact surfaces according to the two planes ¢ and j [mm)]

The equations are separated for the inner- and outer- race ball contact. When the surface
is concave at the contact point, curvature radius is negative. Kinematic model of inner- and
outer-race derived for XZ- and YZ-plane as seen below.

©

Figure 3.9: Inner race Figure 3.10: Outer race
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The contact surface between balls and the raceways will form an ellipse, with semi-major
axis, a, and semi-minor axis, b. Values for a*, b* and 0* are obtained from figure 3.11 using
the calculated curvature difference, F,. Values for a*, b* and 0* are used to calculate the
deformation values and maximum normal tension for a given load.

07 10
—
P
06 - /
! ]
.~
05 ™ / 8
-‘—N a
o e N
7
e — N
-— I S
]
03 N—l¢
02 ‘/ 5
01 al 4
—] all
| ey 3
09 091 092 093 094 095 096 097 098 099

F(p)

Figure 3.11: a* ,b* and §* Vs F(p) |36]

The load-deformation relation, for steel bearings, is given by the expression:

(NI

N

(3.21)

Wl

F = ! ¥
2.79 - 10 - §*(0p):

N J/
-~

C

Equation 3.21 must be calculated for both inner- and outer raceway contact. The load of
elasticity deformation is the same for both inner- and outer raceway as shown in equation 3.22.

3

F = Cmn : 53 = Oout : 53ut (322)

Total deformation is the sum of the deformation between the ball and the inner race and the
outer race. Allowing the equivalent stiffness constant, C,, to be determined for two springs in
series, figure 3.12 by combining equations 3.22 and 3.23.

5 = G+ Oout (3.23)
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@,
O, .
(Cﬁrz—i_cogut)a

d

)
%

Figure 3.12: The total
deformation inner/outer race

The dynamic study assumes that the bearing only support radial load. Movement equations
are obtained by Newtons second law. Figure 3.13 shows the forces that act on the ball, F; and
the inner race, F', G, Fy,, F,; and F,. The angle 3 is close to zero and hereby neglected.

ms - & = Foy + F, - cos(a,) — Di — XF, - cos(a,) (3.25)
mg - §j = Fey + F, - sin(a,) — Dy — XF, - sin(o,)) —my - g (3.26)

Figure 3.13: Forces in the bearing

F, - Forces due to the elasticity of the contact [N]
Feyey - External force [N]
F, - Radial force due to unbalance in the shaft [N]
G - Gravity force of the total weight of the inner race and balls [N]
I6] - Contact angle between ball and raceway [rad]
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Figure 3.14 shows the outline of how bearing dynamics are implemented in Simulink. The
model consists of multiple subsystems with a more detailed description in the following pages.

e e
Inner race movamant 1.9!3 inner_race] - .m
‘ 1 F2x o -—P-[Fzy] F2y Yinn [¥inn]
2 2]
Fax (F3y) Fay
ab —b-lThe'a bi)
-—> Fax -—>[F4y1 Fay
Xedirection Vdrecion
(G —»{meta_rotor ab2 —b-lrhem b2)|
Theta rotor
[Theta_bi] Theta_bt
Fix. [Theta_b2] Theta_b2 @
Fix 4
inn] i
o o y——
¥inn] in F¥ m
BALLT
abd {Theta_b4) BALL2
Movement [Theta_bd} Thetabé | [Theta_b3] Theta_b3
» Fix
3 a
& £
BALLS

Figure 3.14: Overview of bearing

The block called movement is based on equation 3.15, but has the shaft rotation as input.
Outputs are inner raceway angle, with a one-to-one ratio, and rotational angle of each ball
(phase shifted with 27 /ny).

@D "D

Theta_rotor Inner race movement

Theta_B1

Theta_B2

2'pifN_b
2°piN_b

Figure 3.15: Inside the movement block

Figure 3.16 is an expansion of the block called "BALL1", which bases on equation 3.17. The
block computes F, and F),, which are the two components of the total elastic force, F.. The
inputs are x;,, and y;,,, both are corrected from meter to millimetre through a gain of 1000,
and the rotational angle of the ball (from figure 3.15).
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Fiy

Figure 3.16: Inside the ball block

The X- and Y-direction blocks are based on equations 3.25 and 3.26, respectively. The only
difference between the structure of the block are that the gravity force is subtracted in the Y-
direction block. Inputs for the direction blocks are the inner raceway angle and the components
of total elastic force, F, from each ball. Output are the displacement of inner race.

Fex
Extern Force
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I T
b
[

Theta_inner —

o}

3
B3
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m
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8

8

TI
S
x

Figure 3.17: Overview over Inner race X direction
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3.3 Gearbox

Gears of different kind have been used for centuries to control needed rotational speed and
load torque. A gearbox can be used to increase delivered motor torque at the cost of reduced
rotational speed, which allows to select a motor that produces smaller torque. The gear model
used in the system is assumed as a one-step gearbox consisting of one pair involute spur gears
with straight cut teeth. The two gears are called pinion and wheel, subscripted with p and wh,
respectively. Equation 3.27 is used to calculate the dimensions of the pinion and gear.

D, - Pitch diameter  [mm)]
D,=m-Z (3.27) Z - Number of teeth [—]
m - Module [mm)]

The gearbox is modelled as two stiff disks connected via a spring and damper in parallel. The
inputs to the dynamic model are torque and rotational speed produced by the motor (7, and
wp), and the counteracting torque from the load side (Tpy).

0.1 Cu

Tem

(c\% C.

Figure 3.18: Gearbox Model

Equation 3.28 is used to calculate output speed and torque from the gearbox.

th'éd = Fsd'rwh_ﬂf'éd—i_TDL (328)

Where

Jwn - Moment of inertia for the wheel [kgm?

0s - Angular acceleration of the wheel [rad/s?|

F,qs - Tooth coupling torque between gears [N]

r - Pitch radius [m]

ps - Friction coefficient [—|

0 - Angular velocity of the wheel [rad/s|

Tpr - Load torque [Nm)|

The feedback load torque, from gearbox to motor, is described by

Juh - 4
n

TLm =

(3.29)
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Figure 3.19 shows implementation of the gearbox model in Simulink.

Figure 3.19: Gearbox model in Simulink

The tooth coupling force, which is the reaction force from the modelled spring-damper between

the cogwheels is described with the following equation.

Fsd = Ck (Qp Tp — Qwh . Twh) + 0-1Ok (wp *Tp — Wwh - Twh) (330)
Where
C), - Spring stiffness coefficient for gears — [-2-]
Fsq - Tooth coupling torque between gears [N]

Figure 3.20 shows how equation 3.30 is implemented in Simulink.

D o> ok
Theta_r
+ % Fs

-
o> .
Omega_r F_SD
-
o=} oo,

8
Y

Figure 3.20: Implementation of Fy; in Simulink
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3.4 Winch

The following section presents the mechanical modelling of the winch drawwork. The model
was created using traditional mechanics theory for the drum and payload, where the steel wire
was modelled as a massless spring-damper in parallel.

Payload

Figure 3.21: Winch overview

The winch is based on the PMSM output torque as an input, and this torque is used to rotate
the drum, hence, hoist or lower the payload.

Figure 3.22 shows the kinetic diagram for
the drum, which combined with Newton’s
second law (3.31), forms the basis of the
motion eqation 3.32

¥

UM
Jd . Qd = Fw g — TDL (332)

Ja - 04 (3.31)

Figure 3.22: Kinetic diagram for the drum
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Where
Jg - Drum inertia [kgm?]
F, - Wire force [N]
rq - Drum radius [m]

Figure 3.23 shows how equation 3.32 is implemented in Simulink, using drum angular acceler-

ation as input.
ddTheta_D J d
Alpha_drum | —

1) .>_.+
T DL

Fw

Figure 3.23: Implementation of drum kinematics

As the wire is modelled as a spring and damper in parallel, the wire force, F,, will vary as a
function of the wire elongation, ¢, and will be used to express the payload position.

Fu(6,0) = 04 ky~+ 0y - by (3.33)

Figure 3.24 shows how equation 3.33 is implemented in Simulink, using real time wire elongation
as input.

CO—
Delta
ol b —|_.
: D Ow - Elongagon of the wire . [m]
Fw d» - Elongation rate of the wire [m/s|
C2) " x ky, - Wire stiffness [N/m]
b, - Damping coefficient of wire [Ns/m)|

Delta_dot
[b_w]

Figure 3.24: Implementation of wire force

Elongation of the wire is dynamically dependent on both drum and payload movement, and is
derived in equation 3.34. Equation 3.35 is the time derivative of §(t), needed to model damping
in the wire.
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0; - Angle of rotation |rad]
Ow(t) = =04 - 1a+ xp + do (3.34) z, - Payload displacement [m]
Ou(t) = —bq - 74 + vy (3.35) vy - Payload velocity [m/s]

do - Static deflection of wire |m]

Figure 3.25 shows how equations 3.34 and 3.35 is implemented in Simulink.

>
e >

v_pl
‘

Figure 3.25: Implementation of wire elongation

The wire must be assumed flexible during operation, as a wire will stretch under the impact
of an external load. Wire stiffness will wary as a function of the length of unrolled wire, L.,
which again is a function of the drum rotation angle, 6,.

kyn - Wire stiffness [N/m)]
P E, - Ay (3.36) E, - E-modulus of steel [Pal
Y Gy rg+ Lo ’ A, - Cross-sectional area of wire |[m?|
Ly - Initial length of wire |m]

Figure 3.26 shows how equation 3.36 is implemented in Simulink. Note that the length of
unrolled wire, L. is dependent on 6.

Theta_Drum J—D +
Lo

Figure 3.26: Implementation of wire stiffness and damping
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Knowing the wire stiffness, the initial static deflection of the wire can be calculated to avoid
transients at the simulation initialization. The static deflection term, §y will be valid for any
initial position, Ly, of the payload.

5y — mypi - g - Lo (3.37) do - Static deflection of wire [m]

E, - A, my - Payload mass [kg]

Deriving the wire force allows us to obtain the payload acceleration, velocity and position
(a, v, z) at any time, by simply applying Newton’s second law to the payload, 3.27.

Fw
Payload
@ mp-a = F,—myu-g (3.38)
F, — .
o = w9 (339
mpl
I\/Iload 8

Figure 3.27: Free body diagram of
payload

Figure 3.28 shows how equations 3.39 - 3.39 are implemented in Simulink.

@—‘ v.pl x_pl
F w

! 1
ol o

Figure 3.28: Payload block

o=
w
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3.5 Full Model

Figure 3.29 presents the full version of the mechanical model composed of the main components,
in addition to a cascaded PID-controller setup. The model input are a velocity profile, seen in
the lower plot in figure 3.30, that lowers and elevates the payload.
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VelocityProfile o et
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y
|

heta_r_m

o
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Bearing Motor Shaft

Theta_d

!

Z_pl -
(Omega_r Omega_r Omega D Payload Position
v_pl

T_DL q Payload Velocity. pogitionvelocity
T.DL Bearing Winch Shaft

Gearbox

Winch1

Figure 3.29

Figure 3.30 shows the output values for the payload position and velocity after the simulation
is run for thirty seconds. The upper plot shows that the payload has an initial position at
five meters below the surface and is lowered to ten meters below, then hoisted back up to five

meters.

Payload Position
T

Figure 3.30: The upper plot shows the payload position during a 30 second simulation, while
the corresponding velocity is shown in the lower plot

Dynamic behaviour of the model is considered sufficient to proceed to introduce faults and
implement the diagnosis method.
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4 Diagnosis using Structural Analysis

This chapter presents the structural analysis approach that forms the basis of creating a Fault
Diagnosis and Isolation (FDI) algorithm. FDI are considered critical to guarantee safety, re-
liability and continuous operation for complex systems, but also to detect possible failures in
an early stage and provide insight to a systems behaviour. The theory covered in the following
section bases, solely, on chapter five in the book "Diagnosis and Fault-Tolerant Control" [16].

4.1 Structural Model

Structural analysis bases on a systems structural model, which according to the introduction
to chapter five in [16], is described as:

"The structural model of a system is an abstraction of its behaviour model in the sense that only
the structure of the constraints, i.e. the existence of links between variables and parameters is
considered and not the constraints themselves"

Structure and constraints can be represented as a bipartite graph, which represents basic fea-
tures and properties of an independent system. The behaviour model is defined by [C, Z] where
Z is a set of variables and parameters, and C'is a set of constraints. Constraint can be expressed
in several forms, such as algebraic and differential equations.

The set of variables Z consists of known variables, K, and unknown variables, X. Where K are
measured variables and known control inputs . X refer to algebraic variables, dynamic states
defined in the model, unknown inputs and parameters. The system constraints are a set of
algebraic, differential and measurement constraint.

4.2 Canonical Subsystem

Canonical decomposition utilizes the mathematical tool Dulmage-Mendelsohn Decomposition
(DMD), where a structural model can be decomposed into three sub graphs with the specific
properties [17]:

e Structurally over-constrained subsystem ST, where there are more constraints than un-
knowns

e Structurally just-constrained subsystem S°, where there are equally number of constraints
than unknowns

e Structurally under-constrained subsystem S—, where there are less constraints than un-
knowns
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The over-constrained subsystem has one unique solution and it also can be used to define
Analytical Redundancy Relations (ARRs) for FDI. The just-constrained subsystem has one
unique solution, and the under-constrained subsystem has no unique solution, i.e. the unknown
variables can’t be uniquely defined [16,17].

The three subsystems play a key role in analysing the systems structural properties such as
observability, controllability, monitorability and reconfigurability [15]. The over- and just-
constrained subsystem is called casual if there exists a complete matching with respect to
variables which does not contain any differential loop.

4.2.1 Redundancy of a Structural Model

Fault diagnosis based on residuals has high performance without the need for additional hard-
ware. Residuals are generated by calculating the difference between parameters estimated by a
mathematical model of the system and measurements from sensors and actuators. A residual
is a generated signal that is zero when a system is healthy and non-zero when faults occurs.

Estimated Measured

state l l state

Residual generator

Residual signals

A

System decision

Fault
levaluation
Figure 4.1: Fault diagnosis system

In order to find a system residual, all unknown variables, X, must be computed using the
known variables, K. The incidence matrix and the bipartite graph defines the interrelation-
ship between constrains and variables, but does not provide information about the unknown
variables. A technique called matching is used to determine unknown variables of the struc-
tural model. Matching of the structural graph gives an orientated bipartite graph, where the
unknown variable can be determined by combining constraints with unknown variables.
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4.3 Application on Electrical Winch

Figure 4.2 is an overview of the electrical winch structure. The system consists of a PMSM
with associated controllers, a one-stage gearbox, two bearings and the drum. In addition, there
are mounted a variety of sensors that are used to give the measurable states and output of the
system. (equation 4.1).

Displacement

Displacement
sensor

Measured

sensor
Voltage Te
L E— Gearbox i p—
o inc
VY
Vd Vo ‘[ ;
''''' : | Encoder
Current
Current =
Controller ' &
Measured Angle Payload
id,ref R Or Measured Position
g ref pm
sensor Zpl
K
Speed
Te.ref w D a
river
Controller

Figure 4.2: Drive system of electrical winch

The electrical winch is assumed to be fitted with a variety of sensors to detect irregularities.
The three phase currents 7,, 7, and 7. are measured by using a current sensor, a simple device
that can be clamped to a cord. In addition, the three phase input voltages v,, v, and v, are
measured using a voltage sensor. Knowing the input voltage at any time allows for excluding
internal faults if it should be obvious that there is a problem with the power supply.

Angular position of both rotor and drum are measured with two optical quadratic encoders that
are used to measure rotation of the motor shaft, #,, and the shaft connected to the drum, 6,.
Use of encoders allows identifying the direction of rotation, number of rotations and rotational
speed. Optical encoders are virtually immune to noise due to the digital signal transmission.

Eddy current sensors are used to measure the relative shaft displacement, x;,, and ¥,,, to
detect misalignment. The sensors work by generating magnetic fields in metal surfaces and
measure eddy currents in the target material.

Last, a pressure sensor is used to measure the payload underwater depth, and to establish the
relative payload position, Z,.
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The modelled electrical winch is used as a reference source for information about the system
being diagnosed in the form of differential equations and measured system output. The relation
of variables is linked by a set of constraints using the system parameters derived in chapter 3.

CZ{01,-",041,d1,---,d167m17---,mlg}

Where constraints C; - C'1; and C13 - C1¢ represents the PMSM. Constraints C'g - Cy3 represents
the internal motor bearing. Constraints Cyy - Cs34 represents the mechanical system, including
the gearbox. Constraints Css to Cy; represents the bearing connected to the drum. All the
applied constraints are written in the following eqautions, included differential constraints,
indexed d,, and measured constraints, indexed m,.
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The system parameters can be categorized as known and unknown . Where

Rs, J, p, Dinn, D¢, np, D,m, Ceg, Tay Ja, dys Twn, Tp are known constant parameters.

And b, F,, Foy, Foy, F(i), friction are unknown parameters that are related to system faults.
The unknown parameters are zero for a healthy system.

Additionally, there are known and unknown system variables.
The set of known variables (listed in 4.1) are available in real time, through sensor readings,
and applied directly in the fault detection algorithm.

Km = {Uama Ubm s Vems iam; Z.bma Z-cm; edmu ermy Zplm> Linnms Yinnmy LTinn2m, yznn2m} (41)

Using the listed constraints and all known parameters and variables allows for calculation of
the unknown variables. The set of unknown variables are listed in 4.2.

Xm == {Ua; Upy Uey Vay Uﬁ, ia; ib7 ica ia; iﬁ; Vs, i57 ’l/ﬁ%a sz%au w}g%/ju 67"7 Temy TLm; éa, Zﬁ
Wry Wi, wma ecagea Qinna 97L7 Tinns Yinn, jinna ?)mn, Imna yznn7 Ea 51
9(17 Wy, edcagey 6inn27 81'2; Linn2, Yinn2, jjinn27 ?Jan, L;I}inn% ﬂmm, -FiQu 52'2
éd; F’un FSD7 FDL7 Tply Uply Apls 6w; 511)7 K’un bun Zpl}

(4.2)

The constraints are graphically presented in figure 4.5 and grouped dependent to which compo-
nent they are valid. Variables are highlighted in the circles, while the constraints are portrayed
as a black rectangle. All constraints are connected to their respective variables using simple
lines that initially, has no direction. All variables have the same status and each constraint can
be used to calculate any unknown variable.
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PMSM

Rotor shaft

Motor BEARING

Mechanical Drive

Drum shaft

BEARING 2

Figure 4.3: Structural graph of the electrical winch
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The structural graph are then matched, and the result can be seen in figure 4.4. The constraints
are divided into two groups; non-matched or matched. A matched constraint has arrows leading
both in and out, while a non-matched constraint has arrows leading only in, therefore non-
matched constraints has zero as output.

Figure 4.4: Oriented bipartite graph
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The bipartite graph can also be expressed in the form of an incidence matrix (chapter five
in [16]). The matrix rows represent the constraints while the columns represent variables in
two categories; known and unknown. For a given constraint the matched variables are identified
by a circle, while the non-matched variables are identified by a line.

Differential constraints can only be matched in one way. A known variable can always be dif-
ferentiated but cannot be integrated due to the lack of initial conditions. Therefore, differential
constraints are marked with an x, which forbids integral matching in the incidence matrix.

The incidence matrix show that this system has seventy constraints, ||, and fifty-nine unknown
variables, | X,,|. This gives a maximum of eleven residuals, resulting in a structurally over-
constrained subsystem.

IC] = | Xn| = 70 — 59 = 11
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Figure 4.5: Structural graph of the electrical winch
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The parity relations of the system is listed below, where backtracking to known variables gives
a suggestion for relations that can be used as residual generators.

Cr(melic), Cs(malia)), Co(Cs(malia)), ms(ip)))

Cg (Cl (ml(Vam,)ﬁ m2(Vom), m3(ch))a

Cs(ma(iam)), di(Cs(ma(iam))), Cis(ms(6:)), ds(ms(6,)))

Co (Cz (m2(Vom), m3(Vem)),  Ce(Cs(ma(iam)), ms(iam)),

d2(C6(Cs(ma(iam))s ms(iam)), C1a(mg(6r)), ds(ms((h)))

Ci1 (Clo (C6(Cs(ma(iam)), ms(ibm)), Cs(ma(iam)), C1a(ms(6r)), C15(ms(6r)))
C28 (C29(dg(m7(84), m7(04), d3(msg(6r)), ms(6r)),
C24(C25(C32(C31(m7(84))), C31(m7(84)), C27(d11(C3a(m11(ZpL))),
dg(m7(84))), C26(C3a(m11(ZpL)), m7(64)))), dio(dg(m7(84))))
d4(C16(ds(ms(6:)))))

Ci2(ds(ms(8,)),  do(m7(64)))

C20(C17(ms(0rm)),  ds(ds(mo(Xinn)),  ds(mo(Xinn)).
C23(C22(C19(C18(ms(0rm)))s m10(Yinn), mo(Xinn)),
C19(Crs(ms(9rm)))) )

021(C17(ms(9rm))7 dg (d7(m10(Yinn))), d7(m10(Yinn)),
Ca23(C22(C19(C18(C17(mg(0rm)))), m10(Yinn), mo(Xinn)),
C19(C1s(ms(6rm)))))

Cso (d1o(d9(m7(9d))),
Ca29 (dg(m7(04)), (m7(04)), d3(ms(67)), ms(6r)),
C24(C25(C32(C31(m7(04))), C31(m7(04)), C27(d11(C34(m11(ZpL))),

dg(m7(04))), C26(C3a(m11(ZpL)), m7(04))), d10<d9(m7(9d)))))

Css (d12(034(m11(ZPL)))7
Ca5(C32(C31(m7(84))), C31(m7(0g)), C27(d11(C34(m11(ZpL))),

dg(m7(04))), C26(C3a(m11(ZpL)), m7(9d))))

038(035(m7(9dm)), di4(d13(m12(Xinn2))), d13(mi12(Xinn2)),
C41(Ca0(C37(C36(m7(04m))), m12(Xinn2), m13(Yinn2)),

C37(C36(m7(64m)))) )
039(035(m7(9dm)), di6(d15(m13(Yinn2))), dis(m13(Yinn2))

C41(C40(C37(C36(m7(04m))), m12(Xinn2), m13(Yinn2)),

C37(C36(m7(0am )))))
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The analytical form of the parity relations are obtained from the symbolic expressions, which
gives the following equations. Residuals are indexed with the same number as the corresponding

constraint.
T7 Zam“i’zbm“i’z('m:o
3 Ls diam %m ‘/cm Rs : Z’am . . da’r _
sl T Wemm5m ) 5 Vrsin(lrm) g =0

) +\/§R9 (%m +

rg: Ly

. iam
d((iom + -5V3) RELE fam
dt 2 2 2

1

2d%0,, 1/p, . am
e Tt = 5 (5 2
r . dadm _ l derm _ 0
e Ty T at

d?z; dx:
oo : T Idlgzn,m —F, -cos(@ m)) + D% + ...

ZCeq((xmn mcos(’;D (Orm) + 22 - k) + ...

My

D, ( 77”) + Ql ’ ))> i COb(?%: (97'm) + % : k’) =0

(yznn m bln(

d*Yinn,m . AYinn,m
To1 1 Mg di2 7Fu 'Sln(orm)‘i’DT +msg + ...

ECeq<(xmn’m cos(?f—b‘:(erm) + %be . k)) 4o

(Yinm,m S (552 (Orm) + 2 - k))) sin( 5§42 (0,m)) + 22 - k) = 0

wjw

d?0 4m
dt?

darm da'r‘m
r30 1 Juh

dt dt

. d*(Zpt,m —Tplinit)
T3z Mpl— @ T Mplg —

) + Ug cos(Opm ) ——

— Twh (Ok (07'mrp Hdmrwh) + 0. 1Ck( Tp — %Twh)) + Hnf dedm —

AT inn2,m dXinn2,m
r3g 1 Mgz — Fy - c08(0am) + D=2 4

EC@Q ((‘rimﬁ,m COS( inn (de) + Ql . k)) 4o

3
(yznn2 m Sln( glﬁn (gdm) + 2m k))) COS( ?LB: (adm) + % N k) =0

Ny

d?y; . dy;
T39 1 Mg yg;g?,m _ Fu . Sln(edm) + D ylnnZ.m + msg 4o

ECeq((a:“mz m cos(Line 2 (Qam) + 21 . k:)) T+

ny
3

(Yinn2,m sin(gg:’ (Oam) + %Tbr ~ k))) sin(Linn 2 (Oam) + r.

b
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A dependency matrix (DM) is made to represent dependencies between residual and constraints.

The eleven residuals represent each of the rows and all columns are labelled with the constraints.

Cells marked by "1" indicates which constraint contributes to information regarding the resid-

uals.

Some conditions have the same

signature which means it can be a group fault, while a unique combination means that a fault

diagnosis, each column gives information about faulty situations, which can be distinguished
is structurally isolable.

The dependency matrix is used to determine the signature of a faulty condition. To perform

from each other by evaluating the different combinations.

Co C3 Cy Cs5 Cg C; Cg C9g Cio Ci1 Ci2 Ciz3 Cis Ci5 Cis Ci7 Cis

C

0

0

0

0

0

0

0

0

0

0

0

1

1

1

0

0

0

0

Css
0

0

C34

0

Cs3

0

C32

0

Cs1

Cso
0

Ca9
0

Co1 Caz (23 Coy Cz5 (6 Car  Cog
0 0 0 0 0 0 0 0 0

Cao

0

Cho

C37 C3g C39 Cyg0 Cqy1 m1 me2 m3 mg ms Mg My Mg Mg Mio MIi1

C36

0

0

miz di d2 d3 dyg ds dg dy ds do dio di1 diz diz dia dis  dig

mi2

7

T8

9
T11
T12
720
21
730
733
38
739
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Any constraint is mapped onto the residuals, so all faults are detectable. Once the fault is de-
tected successfully in the system, the next challenge is fault isolation. Fault isolation involves
determining location of the error in a faulty component. To detect the fault a single residual
signal is sufficient but fault isolation requires a set of residuals. The right-hand side column
indicates which faults from table 2.4 corresponds a given combination.

(0,0,0,0,0,0,0,0,0,0,0)

Everything OK.

(1,0,0,0,0,0,0,0,0,0,0) C=v,me Current fault or sensor fault (i. ) .
(1,0,1,1,0,0,0,0,0,0,0) Cs,ms5 Current fault or sensor fault(ip).
(1,1,1,1,0,0,0,0,0,0,0)  C5,m4 Current fault or sensor fault (i) f3
(0,1,0,0,0,0,0,0,0,0,0) C4,Cs,d1 and mq Group fault (Ls, Rs, Current, Voltage).  f1, f3 and fa
(0,1,1,0,0,0,0,0,0,0,0) m2,m3 Sensor fault (Voltage sensor)

(0,1,1,1,1,0,0,1,0,0,0) ds Sensor fault (Rotor encoder). fa
(0,1,0,1,0,0,0,0,0,0,0) Cis Flux fault(z/)f%, 0r) fa
(0,1,1,1,1,1,1,1,0,0,0) ms Encoder fault. fa
(0,0,1,0,0,0,0,0,0,0,0) C2,C9 and do Group fault (Ls, Rs, Current, Voltage).  f1, f3 and fa
(0,0,1,1,0,0,0,0,0,0,0) C1ia Fault(w%,er) fa
(0,0,0,1,0,0,0,0,0,0,0) Cho,C11,C16,Cos,d4 Group Fault.

(0,0,0,1,0,0,0,1,0,0,0) Ca4,C29,d10 Group Fault(Fsp, Fpyr).

(0,0,0,1,0,0,0,1,1,0,0) Cas,C26,C27,C31,C32,C34,m11,d11 Group Fault.

(0,0,0,1,1,0,0,1,1,1,1)  my Drum encoder Fault. f10
(0,0,0,1,1,0,0,1,1,0,0) do Drum Encoder Fault. fio
(0,0,0,0,1,0,0,0,0,0,0) C1i2 Fault. fa and fio
(0,0,0,0,0,1,0,0,0,0,0)  Ca,d5,ds Bearing fault. fr
(0,0,0,0,0,1,1,0,0,0,0) Ch7,C1s,Ch9,C22,Caz, mg, mio Group fault. f5, f6 and fr
(0,0,0,0,0,0,1,0,0,0,0)  Ca1,dr,ds Bearing fault.

(0,0,0,0,0,0,0,1,0,0,0) Cso Gearbox fault.

(0,0,0,0,0,0,0,0,1,0,0) Css,di2 Payload fault. f11 and fi2
(0,0,0,0,0,0,0,0,0,1,0) Cs3s,d13,d14 Bearing 2 fault.

(0,0,0,0,0,0,0,0,0,1,1)

(0,0,0,0,0,0,0,0,0,0,1)

Cs5,C36,Cs7,C40, Ca1,m12,m13

C39,d15,d16

Group fault.

Bearing 2 Fault.

f13, f14 and fi5

fis

Cla, Chg, Ci5, Co, Csg, ds, dg, m7 and mg are structurally isolable because of unique signature.
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4.3.1 Implementation in Simulink

The parity relations are implemented in Simulink via subsystems that are calculating the resid-
uals for each time step in the simulation. To illustrate how the residuals are implemented in
Simulink residual seven and eight, referred to as C7, r; and Cy, rg (dependent on what form it
is referred to as), are shown here. All residuals are implemented in the same manner.

Parity relation seven in sym- i_am
bolic and analytical form

|

EDERN®
Cr(molic), Cs(matia),  Co(Colmalia)),ms(@)) =" —

r7 iam+ibm+icmzo

Figure 4.6: Implementation
of r7 in Simulink

Parity relation eight is more complex but implementation is done in the same manner as above.
Cs (C1 (1 (Vi ), 12 (Vi) 13 (Vo))
Ca(malian)):  di(Calmalian))),  Cis(ms(6h)),  d(ms(6,)))

3. L, digy,
T . . -
879 dt

O >

I_a,m

W

@—’ﬂ V_alpha

3]

doti_alpha*Ls

i_alpha*Rs

Theta_r,m

Psi_R

psi_beta*wr

Au
At

Figure 4.7: Implementation of rg in Simulink
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4.3.2 Residuals Evaluation

Induced faults from table 2.4 are linked with the derived residuals, listed in table 4.8, in order
to draw a correct conclusion about isolability for selected fault from the structural analysis [19].
The faults can result in fifteen different binary combinations of residuals (however, not all com-
binations are unique) that can be used to identify a fault.

PMSM Bearingl Gearbox Bearing2 Winch

. Additive Additive Additive Parametric |Additive
N Parametric Faults Additive Faults Parametric Faults Parametric Faults Parametric Faults
Faults Faults Faults Faults Faults

QY ARs Abriction Aiam A8 Dbout Fu ACk Apwh ABd Dbout2 Fu2 DAw AZp

rs 1

1
1
ro 1 1
1

N

1 1
1 1
1 1
1 1

plrlr|rr]e|-

r3g

Plrle]e

39

Figure 4.8: Residual evaluation

Unique combinations that are structurally isolable, can be fault in the stator resistance, AR;,
and change in wire section, AA,,. While a change in the motor friction, Abgiction, Or stiffness
change in the gearbox , ACY%, give the same combination and are then classified as not isolable.
The bearings have a unique fault situation, but it is not possible to distinguish which part of
the bearing that are damaged.

4.4 Fault Generation

This section details the difference between additive and parametric faults. In short, sensor
faults are classified as additive while component faults are parametric.

4.4.1 Additive Faults

Faulty sensor measurement is a failure mode applied to the electrical winch. Sensor faults can
occur in diverse ways; bias, drift, loss of accuracy, sensor freezing or calibration error [37]. For
this application, implementation of bias is considered sufficient to represent faulty sensors. Bias
is represented by adding or subtracting a constant value to the sensor signal, using equation
4.4.
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Where z;(t) denotes the measured signal and b; denotes the constant value.

The modelled sensor measurements are added a percentage of zero mean Gaussian white noise
to mirror a real situation. The noise is calculated based on a note ( [38]) published by Mogens
Blanke, one of the co-writers of "Diagnosis and Fault-Tolerant Control" [16]. The sensor noises
are given by the auto correlation function:

VB
s+

H(s) = Oy (4.4)

Where (3 is a positive real constant and o, is the variance. The noise is implemented in Simulink
by using a random signal generator as input and H(s) as the transfer function. Figure 4.9 shows
how noise is added to the current sensor measurement, i,, in Simulink. Numerical values for o
and [ are tuned iteratively.

fﬂ“ Ty sigmai_a sqrt.(betaz_a) . ,
s + betai_a

Noise i_am

Figure 4.9: Implementation of noise in Simulink

4.4.2 Parametric faults

Fault in components are modelled as a sudden change in a parameter value, by using a Simulink
function called pulse. The step is added to a parameters value (the parameters that are sub-
jected to faults are listed in table 2.4) in order to simulate a fault. Figure 4.10 shows a specific
example of how a step is added to the motor stator resistance. Figure 4.11 shows the internal
block settings, like that the step is activated at t = 2 seconds and increases the stator resis-
tance with 50%. R, is a static motor parameter, while FaultR, is toggled between one and
zero, depending on if the pulse should appear or not.

Block Parameters: Fault X

Subsystem (mask)

| R S Parameters

rise time

2 [E

set time

30 [E

pulse

step
|0.5*R_s*FaultR_s E

Fault

Cancel Help Apply

Figure 4.10: Adding a step to the stator
resistance value Figure 4.11: Settings of the step block in
Simulink
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7.5

6.5 -

55

Figure 4.12: Graphic representation of the step at t = 2 seconds.

Bearing faults are implemented in a separate way. Figure 4.13 shows how a dent in the outer
raceway will affect ball movement. When a ball passes the dent, it will penetrate the outer
race with a depth given by 4y, [39]. The geometric relationships in figure 4.13 are derived in
equations 4.6 - 4.8.

K B / .\ Ld
RN A/ g 0=— 4.5
— - o’ Id e (4.5)
3 Ld - Rout ' (adio - adfo) (46)
\ 0
2\ o =rp(1 — cos(§)) (4.7)
V8%
X
Figure 4.13: Motion of ball around the
outer race defect
0 - Angle of the arc extended along the defect length [rad]
L; - Length of defect, [mm]
Dy - Depth of defect [mm]
rq - Radius of defect [rad|
agio - The initial angle of defect [rad]
agfo - The finite angle of defect [rad]

The elastic deformation between the raceways and the rolling elements increase when the ball
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passes through defect, as it adds up to the already existing deformation, 9.
(Sj == 5 + Dbj,out . (Sh (48)

Where Db; ., is equal one when the j-th ball passes the defect and zero for all other cases.

Implementation of the defect are shown in figure 4.14, with the defect modelled stationary in
the first quadrant of the bearing (as in figure 4.13). Angles of the passing balls centre are
decomposed to sines and cosines then compared with the angles of the defect (avu, and agg,).
A pulse is emitted when the balls are in the defect region.

Db3_out

Db4_out

Figure 4.14: Pulse generation at outer race defect contact

The model is structured in a way that three conditions must be met to emit a pulse.
e The sine angle of a given balls centre must be greater than zero

e The cosine angle of the given balls centre must lay in the interval between start and end
of the defect angle (4.13)

e Defect, Db,,; , has to be activated in the associated MATLAB-script
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4.5 Cumulative Sum

The CUmulative SUM algorithm (CUSUM) is implemented to process the output values from
noisy residuals and to help detect minor faults. CUSUM bases on identifying if there is a change
in a residual mean value, which is likely to happen when a fault occurs. CUSUM is given by
equation 4.10 and is derived in [16].

glk) = gk — 1) + L0 (o) — 10) (49)

Implementation of CUSUM in Simulink (figure 4.15) requires several test runs in order to obtain
the necessary parameters, pg, 1, variance o and threshold value h. The parameters are tuned
iteratively by evaluating the mean of every residual for both healthy and faulty simulations.
Threshold values for maximum amplitudes of the residuals are also needed. Then, a threshold
value for the calculated CUSUM must be found by tuning the value of h, and make sure that
sensor noise do not give false alarms.

Figure 4.15: Implementation of CUSUM in Simulink

20



5 Results

This chapter contains different simulation results from implementation of noise to specific faults
and how they are detected. Every result section includes a short introduction and which parts
of the model used to achieve the results.

5.1 Noise

This section shows how introduction of sensor noise affects the plotted residuals over a thirty
second simulation. Figure 5.1 shows the residuals that are generated in simulations without
any faults. The left figures are unbiased, while the right figures are biased. Bias parameters
were empirically tuned to resemble actual sensor bias. It should be noted that the X-axis is
the same at all figures, but the Y-axis resolution may vary.

A b N S o 2N e s
T T T T T T

0 5 10 15 20 25 30

(a) R7 without noise

(c¢) R7 with noise

0 5 10 15 20 25 30

I I I I I
0 5 10 15 20 25 30

(b) R8 without noise (d) RS with noise
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T

(g) R12 without noise

(h) R20 without noise

(i) R21 without noise

(j) R9 with noise

T v al

(1) R12 with noise

(m) R20 with noise

T

(n) R21 with noise
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0 5 10 15 20 25 30 0 5 10 15 20 25 30

(p) R33 without noise (t) R33 with noise

T T T T

(q) R38 without noise (u) R38 with nois

T T T T T T T T

(r) R39 without noise (v) R39 with noise

Figure 5.1: An overview of how the generated residuals (left-hand side) are affected by the
random generated noise (right-hand side).
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5.2 Threshold Values in Cumulative Sum

The CUSUM plots are supposed to give zero as output during absence of faults. However,
addition of bias affected some of the CUSUM calculation and led to false detections. These
were solved by introducing threshold values to the relevant CUSUM function, conditioning the
peaks to be greater than a certain value [40] , illustrated by a red line, in order to pass through
a fault warning.

G8, Threshold
T

G7, Threshold
T

T T T
T T T T
0.1 )
08l G7 ] Threshold
Threshold
06 |- 8l 0.08 4
04|
02} 4 0.06 -
0
0.04 -
02
04 0.02
06 -
08| . 0
E | | | |
0 5 10 15 20 25 30 0 5 10 15 20 25 30
G9, Threshold y G11, Threshold
T T T
1 | | G9 08 G11 ]
Threshold Threshold
06
08
04
06 - q 02
0
04
02
0.2~ m -04
06
0
-08
0 5 10 15 20 2 30 1 : : : : :
0 5 10 15 20 25 30
4 G12, Threshold ( )
| G20, Threshold
08l G12 i T
Threshold 02 G20
06 - 4 g Threshold
04
0.15
02
0
0.1
02
04
0.05
06
08
-1 L
0 5 10 15 20 25 30 !
0 5 10 15 20 25 30
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G21, Threshold
T

G21 G30, Threshold
Threshold T T T

G30
Threshold

0 5 10 15 20 25 30

(g) G21
G33, Threshold (J) G30
‘ ‘ ‘
G38, Threshold
o0 hveshot \ \ e
G38
0.5 - 005 Threshold
0.4 0.04 -
0.3 - 0.03
021 1 0.02
o ‘ I ] ] 0.01 -
L | L e
1 1 0
0 5 10 15 20 25 30 -
0 5 10 15 20 25 30
(h) G33 (k) G38
G39, Threshold
10F T 3
G39
Threshold
N
o
o
2
0
0 5 10 15 20 25 30
(i) G39

Figure 5.2: Illustration of the threshold values (red line) that must be exceeded in order to
give an error signal.

5.3 Fault in Motor Resistance

This section, and the following four, will show the process of identifying five different faults.
One from each of the major components; PMSM, gearbox, winch, bearing and current sensor
- respectively. The faults are applied as steps, mimicking a sudden change in value. All the
residual plots will have two blue lines indicating the maximum and minimum amplitude values
for a flawless simulation.

Figure 5.3 shows how the internal stator resistance, R,, is increased from 5.2 to 15.6¢) at
time = 15 seconds.
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Figure 5.3: The step representing a fault i R,

Figure 5.4 shows how the change in resistance affects the residual and CUSUM plots.
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Figure 5.4: Residual plots (left-hand side) and CUSUM plots (right-hand side) with a fault
occurring at teme = 15 seconds. The blue lines in the residual plots indicates the maximum
and minimum amplitude values for a flawless simulation.

A series of indicators are programmed to give a red light if the calculated CUSUM exceeds
their respective threshold value during simulation. This allows for identification of the faulty
region, by comparison of the pattern to known faults, listed in table 4.8.

Figure 5.5: Indicators that corresponds to a fault in resistance according to table 4.8
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5.4 Fault in Gear Friction

The next test is an increase in the internal friction of the gearbox. Figure 5.6 shows how the
internal gear friction, p,,, goes from zero to 0.5Nm at time = 12 seconds.
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Figure 5.6: The step representing an increase of the gear friction

Figure 5.7 shows how the residual and CUSUM plots is affected by the fault. Residuals are
presented on the left-hand side while the right-hand side has CUSUM plots.
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Figure 5.7: Residual plots (left-hand side) and CUSUM plots (right-hand side) with a fault
occurring at time = 12 seconds. The blue lines in the residual plots indicates the maximum
and minimum amplitude values for a flawless simulation.

Comparison with table 4.8 reveals that the indicators light combination is not unique. Meaning
that the friction increase is unable to be isolated, as the same light combination will appear if
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there is a fault in the gearbox stiffness.
Figure 5.8: Indicators that corresponds to faults in both gearbox friction pu,, and gearbox
stiffness C}, according to table 4.8

5.5 Fault in Wire Cross Section

The third test is a decrease of the wire cross section A,,, which can happen due to normal wear
and tear, that will affect the wire stiffness. Figure 5.9 shows implementing a 10% reduction of
wire cross section , A, at time = 23 seconds.
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Figure 5.9: The step representing a reduction in the wire cross section

Figure 5.10 shows how the residual and CUSUM plots is affected by the fault. Residuals are
presented on the left-hand side while the right-hand side has CUSUM plots.
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Figure 5.10: Residual plots (left-hand side) and CUSUM plots (right-hand side) with a fault
occurring at teme = 23 seconds. The blue lines in the residual plots indicates the maximum
and minimum amplitude values for a flawless simulation.

Comparison of the light combination with table 4.8 shows that the fault is unique, and can be
isolated to a fault in the wire.
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o7 cs co cn crz c20 c21 c30 =5 = can

Figure 5.11: Indicators that corresponds to a fault in the wire according to table 4.8

5.6 Fault in Outer Race Bearing

The fourth test is a deformation/dent in the outer race of a bearing. Figure 5.12 shows the
step activating the fault, Db, at teme = 9 seconds.

Figure 5.12: The step representing a damage in the outer race of the bearing.

Deformation in the outer race is simulated by a series of shocks that are occurring every time a
ball passes over the deformation. Figure 5.13 illustrates these shocks which has a time period
between them that varies with the rotational speed of the shaft supported by the bearing.

Figure 5.13: Each column in the plot represents a ball inside the bearing passing over the
deformation in outer race
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Figure 5.14: Residual plots (left-hand side) and CUSUM plots (right-hand side) with a fault
occurring at ttme = 9 seconds. The blue lines in the residual plots indicates the maximum
and minimum amplitude values for a flawless simulation.

Comparing the light combination with table 4.8 shows that the pattern, once more, is not
unique. The combination is a group fault but is limited to bearing one.

cr cs co cn crz c20 c21 c30 = = c3

Figure 5.15: Indicators that corresponds to a fault in bearing one according to table 4.8
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5.7 Fault in Current Sensor

Last of the tests is a faulty current sensor. Figure 5.16a shows the step activating the fault at
time = 15 seconds. The value is very small and is not visible in the sensor readings, illustrated
in figure 5.16b.

<107
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(a) The step representing a misreading from the

current Sensor. (b) Tlustration of the unaffected current plot, igm,

Figure 5.16: An illustration of how the misreading error, occurring at time = 15 seconds,
affects the sensor readings.

Figure 5.17 shows the small change in residual seven that is detected by CUSUM seven.
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Figure 5.17: Residual plot (left-hand side) and CUSUM plot (rigth-hand side) with a fault
occurring at teme = 15 seconds

In this case, only one of the fault indicators are activated. Table 4.8 reveals that the constraint
CT7 is only affected by a fault in the current sensor. It is possible to isolate the fault even though
only one indicator is activated.

Figure 5.18: Indicators that corresponds to a fault in bearing one according to table 4.8
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Several fault detection methods were considered during pre-studies of the subject. A common
factor in the literature was that fault diagnosis were performed on isolated components, meaning
that development of a method for more complex systems was needed. After evaluation of
different methods, it was decided to base the diagnosis on structural analysis. This method
requires a good mathematical model of the system to be monitored, introducing a profile of
modelling and simulation to the thesis.

Parts of the mathematical model, primarily the PMSM dq-model, was handed out by our
supervisor in the initial stages of the project. However, several adjustments were made during
the process leading to completion. The project evolved to focus on model-based fault-detection
prioritizing the opportunity to increase knowledge about developing mathematical models. The
simulation model was made in Simulink, using visual programming and text-based function
blocks, consisting of dynamic equations that are calculated for each time step in the simulation.
The thesis did not have a dedicated winch available, but most of motor parameters were based
on a PMSM motor installed at an electrical winch set-up located in the university’s technical
premises.

Some challenges were encountered, like the disadvantage of making a model without having a
real system to extract test data from. Modelling of the mechanical system was done in line with
subjects taught about this topic at the university utilizing both analytical skills and empirical
assumptions. The steel wire in the system was modelled as a spring-damper, with a stiffness
and mass dependent on the length of unrolled wire. In addition, a dynamic model of the drum
radius and inertia could have been implemented but was ignored due to the payloads short
range of motion during the simulations.

The mechanical models of bearings and the gearbox are mainly based on published articles and
previous master theses. Several methods were analysed, where the best features were combined
to achieve models that are simple, yet complex enough to inflict local faults. The gearbox
was modelled as two stiff disks where the tooth contact was represented by a spring-damper
in parallel. Initially, backlash was implemented along with varying teeth stiffness dependent
on the rotational direction. Later, these features were neglected due to difficulties identifying
correct parameter values.

Bearing dynamics were reduced to a two degree of freedom system. However, a five degree
of freedom model was considered but it was desirable to keep the system simple. Bearings
are modelled as mass-spring-damper systems, where stiffness between balls and bearing races
were determined based on the Hertzian contact theory. Dynamic equations used to simulate a
deformation in the outer race were implemented in the bearing model, emitting a pulse every
time a ball passes the defect.

Residuals are generated by calculating the difference between estimated and measured values.
The estimator bases on the concepts of state-observers, estimating the system dynamics based
on calculations executed in parallel with the simulation model. Ideally, the difference between
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estimated and measured values should be zero. However, the simulation model complexity
increased during the project and introduction of random generated sensor bias made it difficult
to achieve zero deviation in the generated residuals. Introduction of sensor bias, seen in section
5.1 , made it difficult to detect minor faults, leading to implementation of the cumulative sum
technique.

Comparing the test results where faults are introduced during simulation, presented in sections
5.3 - 5.7, shows that some faults were easier to detect than others. A total of fifteen faults were
implemented, but only five are presented in the report. The variety of fault conditions required
several simulations runs alternating the faults and iteratively tuning of threshold values in order
to allow the detection algorithms to register all errors independently.

Simulation results of the faulty current sensor, seen in section 5.7, verifies that implementation
of CUSUM was helpful. For this case, the induced fault is very small and not visible on the
sensor readings. However, the fault can be seen in the residual plot as a minor change of
the mean value and significant peaks in the CUSUM plot (figure 5.17). Discovering this fault
required fine tuning of threshold values and resulted in a delicate system sensitive to false
alarms.

Some of the challenges by using only structural analysis method on a complex system, are
that some components lack dynamic interrelationship with the system. Induced faults in the
bearings were registered at component level, but the developed structural analysis failed to
isolate what the faults are related to. The challenges could be solved by running different
algorithms based on diverse methods, like vibration and structural analysis, and combine the
data through sensor fusion.

Simplifications in the developed simulations model may contribute to complicate fault isolation,
as more detailed component models would be better at mirroring realistic behaviour. For
instance, the detection method registers if there is a fault in the gearbox but has difficulties
identifying what kind of fault. Future of electrical winch technology may involve more use
of permanent magnet motors, able to actuate the drum without need for a gearbox. It can
also be argued that the simulation model could be made without the gearbox, reducing system
complexity, which could result in increased accuracy regarding isolation of faults.
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7 Conclusion

The results achieved in this thesis corresponds well with the objectives given in the problem
description. Failure mode and effect analysis has been carried out for an electrical winch
and the associated components. A simulation model of the system was made with regard to
induce faults in individual components. Several fault detection and identification techniques
were reviewed before the structural analysis theory and implementation are explained in detail.
Fault detection and identification were achieved in the simulation model.

Tests performed on the Simulink model show that the fault diagnosis algorithm was able to
detect fictive faults. Final threshold values were able to identify the region of each individual
fault with accuracy down to the specific component, where five fault scenarios (faults in Ry,
Hawh, Aws Dbyt and i, ) are shown in the result section.

The proposed diagnostic method could be tested using faults generated by Finite Element
Analysis. It is also desirable to perform further diagnostics on a real winch set-up and this
is recommended for further work. Parameters used in the Simulink model can be changed
with respect to match extracted parameters from a real winch set-up. This thesis has revolved
around an electrical winch, but fault diagnosis and predictive maintenance is a wide subject
that is applicable to a variety of systems.
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A

A.1 MATLAB Script

Appendix

Contents

= Electrical parameters of PMSM motor
= Calculated parameters:

= Transformation matrices:

= Current Controller

= Speed controller

= Mechanical

= Gearbox

n Bearing parameters

= Noisy measurement

= Defect

clear all;
close all;

Electrical parameters of PMSM motor

p = 4;
n _p=2;
R & = 2.9

I _rated = 2.07;
T_rated=K t * I_rated;
n _rated=2100;
u_rated=400;

rated voltage = u rated/sqrt(3);

J = 0.0011;

£=50;

w=2*pi*f;

R s = 5.2;

L d = 63e-3;

L g = 133e-3;
Ls=(Ld+ L_q)/2;

Calculated parameters:

$Number of Poles

$Pole Pairs

%$Constant torque [Nm/A]

%$Current rated [A]

$Torque rated [Nm]

% [rpm]

$[V] Datasheet states 400-460V

5[V]

$Motor inertialkg.m”2]

s [Hz]

% [rad/s]
[

Ohm]

o
ja=i=s]

[
[
[
[

30

H

Psi R= 3*T_rated/sqrt(2)/p/I_rated; %Flux density

Ampmax = 400*sqgrt (2)/sqrt(3)*3/2;

Transformation matrices:

$Maximum current

T 32 = [1 -1/2 -1/2; 0 sqrt(3)/2 -sqrt(3)/2 1;
T 23 = [2/3 0; -1/3 1/sqrt(3); -1/3 -1/sqrt(3)];

Current Controller

t r = le-3;
w_BW = log(9)/t_r;
E_hat = li*w*Psi_R;

%Rise time[s]

$Bandwidth \Kloc‘i‘_y



L s hat = L s;
R s hat = R s;
R a = w_BW*L s hat - R s hat;

ki = w_BW*(R_s_hat+R a);

kp = w_BW*L s hat;

Speed controller

w_sc= w_BW/10;

Kp_sc = J*(w_sc);

Ki sc = 0.1*Kp_sc/(w_sc);

Ka sc = 3./Kp_sc;
Mechanical

E w = 210e9;

D w = 5e-3;

A w = (pi/4) * D w"2;

LO0=1;

m pl = 20;

g = 9.81;

r d= (101.6e-3)/2;

J d = 8328e-6;

x pl init = 5;

Delta 0 = m pl*g*L 0/E w/A w;
Gearbox

z1 = 19;

22 = 127;

n = 722/21;

m = 2;

Dp p = m*Z1;

rp = (Dp_p/2)*le-3;

Dp w = m * Z2;

r wh = (Dp w/2)*1le-3;

C k = 20000;

mu = 0;

$Mass and inertia
lambda = 10;

b = lambda * m;
rho_steel = 7.85e-6;
Mass p =
Mass w =

Ip = 10*Mass _p * rp"2;
J wh = 10*Mass w * rp"2;

Bearing parameters

D = 0.0158;
D b = 8.40;
mb= 10e-3;
r b=D b/2;

(pi * (Dp_p"2)/4 * b)*rho_
(pi * (Dp_w"2)/4 * b)*rho_

$Integral Gain
$Proportional Gain

3w _sc 10 times less than w Bw
$Proportional Gain

%Integral Gain

$Anti-windup Gain

3E-modulus for steel

$Wire Diameter [mm]

$Wire Area[mm"2]

¢Inital Wire Length[m]

tMass of Payload[Kg]
$Gravity[Kgm/s"2]

$Drum Radius [mm]

%Drum Inertia

$Initial position of payload [m]

$Initial wire elongation [m]

$Teeth pinion [-]
[-]

(-1

$Teeth gear
$Gear ratio 1
smodule [mm]

$Pitch Diameter pinion [mm]

%Pitch Diameter gear [mm]

$Stiffness of gears

$Friction coeff.

$Width factor
$Width of cogwheel

$Density steel [kg/mm”3]
steel; $Mass of pinion
steel; $Mass of pinion

$Wheel inertia [kgm"2]

$Damping coe[N.s/mm]
$Ball diameter [mm]
$Bearing mass [Kg]

$Bearing radius [mm]



r i= 4.375; %$Radii curvature [mm]

N b=4; SNumber of ball

D out= 47 ; $Outer—-race diameter
r out= D out/2;

D inn= 20; $Inner—-race diameter

r inn=D inn/2;

r i= 4.375; $Radii curvature [mm]
D @ = 33,95 $Cage diameter [mm]
ms=5.0+0.0350; $Mass [Kg] (motor + inner race)

$Inner race Stiffness constant
Sigma f i= (1/r b)+(1/r b)+(1/r_inn)+(1/-r 1i); %Curva. sum

Diff f i= (((1/r b)-(1/r b))+ ((1/r inn)-(1/-r i)))/Sigma f i;%Curva. diff
$From table 6.1 in Harris
d £ £ u=0.93657;

delta t u= 0.6112;

d £ t n=0.95738;
delta t n= 0.5551;

delta i= (Diff f i*delta t u)/d f t u;
delta il= (Diff_f_i*delta_t_n)/d_f_t_n;

delta star= (delta_i+delta_il)/2; $Delta* inner-race

delta inner= 2.79e-4* delta star*(Sigma f i"(1/3));
C inn= (1/delta inner)"1.5; $Constant inner race-ball[N/mm"1.5]

%Outer race Stiffness constant
Sigma f o= (1/r b)+(1/r b)+(1/-r out)+(1l/-r i);
Diff £ o= (((1/r_b)-(1/r_b))+((1/-r_out)-(1/-r i)))/Sigma f o;

d f t uo=0.87366;
delta t u o= 0.7169;

d f t no=0.90999;
delta t n o= 0.6636;

delta o= (Diff f o*delta t u o)/d f t u o;

delta ol= (Diff_f_o*delta_t_n_o)/d_f_t_n_o;
delta o _star= (delta otdelta ol)/2; %$Delta* outer-race

delta outer= 2.79%e-4* delta_ol*(Sigma_f_oA(1/3));
C out= (1/delta outer)”1.5; $Constant outer race-ball[N/mm"1.5]

C_eg= ((C_inn)*(C_out))/(((C_inn)~(2/3)+(C_out)~(2/3)))"1.5; $ [N/mm~1.5]

% Damping coeficient (experimental) :
D = 0.01582; % [Ns/mm]



Noisy measurement

beta = 10; %Real

$Noise in drum encoder
sigmaTheta D= 1*le-7;
betaTheta D = 10;
noiseTheta D = 1;

$Noise in rotor encoder
sigmaTheta r= 1*le-7;
betaTheta r = 10;
noiseTheta r = 1;

$Noise in depth sensor
sigmaZ pl= 1*le-9;
betaz pl = 10;
noisez pl = 1;

$Noise in current sensor (i _a, i b)
sigmai a= 1*le-7;

betai a = 10;

noisei a = 1;

sigmai b= 1*le-7;
betai b = 10;

noisei b = 1;

constant

$Noise in bearing displacement sensor ROTOR

sigmaY in= 1*le-9;
betaY in = 10;
noiseY in = 1;

sigmaX in= 1*le-9;
betaX in = 10;
noiseX in = 1;

$Noise in bearing displacement sensor DRUM

sigma¥Y inn2= 1*le-9;
betaY inn2 = 10;
noiseY inn2 = 1;

sigmaX inn2= 1*le-9;
betaX inn2 = 10;

noiseX inn2 = 1;
Defect
gTurn off all noise - uncomment

noiseTheta D = 0;

Il
o
~.

noiseTheta r
noisez pl = 0;

noisei a 0g
noisei b = 0;
noiseY in = 0;
noiseX in = 0
noiseY inn2 = 0;

o0 00 A0 o0 o° o° o° oo oo

noiseX inn2 = 0;



$Activate of Sensor Fault
Faulti am = 0;
FaultTheta r m = 0;
FaultZ pl = 0;
FaultTheta D = 0;
FaultXin = 0;

FaultYin2 = 0;

$PMSM Motor

FaultR s = 0;

b friction = 3; $Motor friction coeff. [Nms]
Faultb friction = 0;

$Gear

FaultC k = 0;

Wh friction = 0.5; $Wheel-pinion friction coeff. [Nms]
FaultWh friction = 0;

Wire
FaultA w

I
o
~

$Bearing
FaultF u =0;
FaultF u2 =0;

FaultDb out=0; %defect outer race bearing 1
FaultDb out2 = 0; $defect bearing 2

% Outer race defect

L dout= 0.5; $Length of defect [mm]

D dout= 0.5e-2; $Depth of defect [mm]

alpha di out= 45*pi/180; $Initial angle of defect[rad]

alpha df out=((L_dout/r out) + alpha di out); 3Angle of end-defect[rad]
CAS= cos (alpha di out); $Cosine Angle Start

CAF= cos (alpha df out); %$Cosine Angle Finite

Theta d= L_dout/r_b; $Angle of the arc [rad]

delta h= D b/2*(1- cos(Theta d/2)); %Center of ball displacement [mm]

% Disequilibrium force (radial). Cause more waviness.
Fu=100; % [N]
Fu2 =200; 5[N]

% External Forces on the ball bearing in X&Y axes
[N]
[N]

Fex=0;
Fey=0;

o  o©

Published with MATLAB® R2017b
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