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ABSTRACT

Condition monitoring (CM) of gear transmission has attracted extensive research in recent
years. In particular, the detection and diagnosis of its faults in their early stages to minimise
cost by maximising time available for planned maintenance and giving greater opportunity
for avoiding a system breakdown. However, the diagnostic results obtained from monitored
signals are often unsatisfactory because mainstream technologies using vibration response
do not sufficiently account for the effect of friction and lubrication. To develop a more
advanced and accurate diagnosis, this research has focused on investigating the
nonlinearities of vibration generation and transmission with the viscoelastic properties of
lubrication, to provide an in-depth understanding of vibration generating mechanisms and
hence develop more effective signal processing methods for early detection and accurate
diagnosis of gear incipient faults.

A comprehensive dynamic model has been developed to study the dynamic responses of a
multistage helical gear transmission system. It includes not only time-varying stiffness but
also tooth friction forces based on an elastohydrodynamic lubrication (EHL) model. In
addition, the progression of a light wear process is modelled by reducing stiffness function
profile, in which the 2" and 3" harmonics of the meshing frequency (and their sidebands)
show significant alteration that support fault diagnostic at early stages. Numerical and
experimental results show that the friction and progressive wear induced vibration
excitations will change slightly the amplitudes of the spectral peaks at both the mesh
frequency and its sideband components at different orders, which provides theoretical
supports for extracting reliable diagnostic signatures.

As such changes in vibrations are extremely small and submerged in noise, it is clear that
effective techniques for enhancing the signal-to-noise ratio, such as time synchronous
averaging (TSA) and modulation signal bispectrum (MSB) are required to reveal such
changes. MSB is preferred as it allows small amplitude sidebands to be accurately
characterised in a nonlinear way without information loss and does not impose any addition
demands regarding angular displacement measurement as does TSA.

With the successful diagnosis of slight wear in helical gears, the research progressed to
validate the capability of MSB based methods to diagnose four common gear faults relating
to gear tribological conditions; lubrication shortfall, changes in lubrication viscosity, water
in oil, and increased bearing clearances. The results show that MSB signatures allows
accurate differentiation between these small changes, confirming the model and signal
processing proposed in this thesis.
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Introduction

Chapter 1

Introduction

This chapter presents a general overview of the reasons for choosing this particular topic
for research. It then provides a brief description of conventional condition monitoring
techniques, in particular gear condition monitoring and fault diagnosis based on vibration
signal analysis. Next, it provides an explanation of why vibration monitoring is used for
detection and diagnosis of gear faults. Finally, the research aims and the research

objectives are given, followed by a description of the thesis structure.
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Introduction

1.1 Background

Online condition monitoring (CM) is a necessary requirement for optimum operation of
most industrial electro-mechanical systems. It can be achieved by monitoring physical
parameters associated with machinery operation. The purpose is early detection and
diagnosis of the presence of faults, their locations and severity levels so that a preventive
maintenance plan can be scheduled and appropriate action can be taken before the fault
produces a disastrous failure. Various CM techniques including vibration monitoring,
thermal monitoring, electric signal monitoring and acoustic emission monitoring have been
investigated and examined to improve the reliability and availability of monitoring
systems. While each technique has its limitations, when it comes to remote monitoring of
the system, it has been found that vibration measurement can provide an immediate

indication of incipient faults [1-8].

The vibration signal is a measure of the periodic mechanical movement of the electro-
mechanical system. This behaviour (vibration signature) reflects the operating condition of
the system, which will change immediately with the introduction of any kind of system
abnormality. As a result, vibration monitoring is the most popular method for permanent
and intermittent CM and it is considered an efficient method for the CM and fault diagnosis
of many industrial applications [9-13]. It has the capability to provide a warning of incipient
faults and is suitable for the application of many powerful signal processing techniques

which can be applied to extract even very weak indications of a fault [13].

The movement of rotary machine equipment such as bearings, gears and shafts are essential
indicators of the condition of a machine. These components often work under harsh and
very severe environments such as high load, high temperature, high moisture, in dusty
areas, etc. [14]. Gears, in particular, are important components in a variety of industrial
applications and play a prominent role in mechanical power transmission, where high speed
ratio and high load transmitting efficiency are required. Gear faults can play a critical role
in the overall failure modes of a transmission system. Therefore, the detection and
diagnosis of gear faults as early as possible can avoid catastrophic failures, saving
maintenance costs and improving system availability. Vibration analysis has been
extensively used as an effective tool for monitoring and diagnosing gear faults, providing

essential information in support of machinery maintenance decisions [15].
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1.2 Condition Monitoring Set-up

CM has attracted extensive research interest, particularly to improve the detection and
diagnosis of machine faults in their early stages to avoid catastrophic breakdowns and
human injuries and minimise maintenance costs. A scheduled maintenance program to
ensure long operating availability, is mainly based on the information collected from CM,

which has great significance in the business environment due to the following reasons [1,
16, 17]:

» To reduce the cost of maintenance.

To predict equipment failure.

To eliminate unscheduled downtime.

To increase the required expectation of product quality.
To enhance operator and component reliability.

To optimize the equipment performance and productivity.

To improve machine reliability and availability.

YV V.V V V V V

To enhance the expectation of safety performance.

Typically, a maintenance program is determined based on the information collected by CM
[18], in which the CM and fault diagnosis process can be achieved through different steps,
as shown in Figure 1-1. This involves the evaluation of system health through the analysis
and interpretation of signals acquired from sensors and transducers. Moreover, advanced
computerised signal processing and data acquisition systems have made monitoring and

diagnostic schemes accessible to all industrial production processes.

Monito_ring Distributed
machine sensors

Data N Signal ——N Feature
acquisition [—V| processing [— V| extraction

Yy

Decision <:: Fault progression
making and trending analysis

Figure 1-1 Schematic configuration of CM and fault diagnosis process.

1.3 The Concept of Gearbox Condition Monitoring

The monitoring of a gearbox’s condition is a vital activity because of its importance in
design of transmission systems. A wide range of industrial machines, from wind turbines,
to helicopters, to marine power trains and motor vehicles commonly employ gearboxes for

power transmission. As these applications are critical for human safety, and reducing

KHALDOON F. BRETHEE, SCHOOL OF COMPUTING AND ENGINEERING, UNIVERSITY OF HUDDERSFIELD, 2017


https://en.wikipedia.org/wiki/Motor_vehicle

Introduction

complex repair procedures and high replacement costs, on-line condition monitoring of

gears has received increasing attention in recent years [19].

However, according to a number of surveys of wind farms cross Europe and America, the
gearbox is the subsystem most likely to be responsible for wind turbine downtime and
maintenance cost [6]. Surveys by Wissenschaftliches Mess-und Evaluierungsprogramm
and Landwirtschaft-skammer have shown that the gearbox also presents the longest
downtime per failure of all the onshore wind turbine components [20]. Figure 1-2 shows a
comparison of downtimes of different sub-assemblies of wind turbines in the EU. As most
rotating machines use gears in their drive systems, the diagnosis of gear faults as early as

possible will improve operational availability and maximize system productivity.

[any
(2}

= WMEP Downtime, approx 15400 Turbine (1993-2006)
®m LWK Downtime, approx 5800 Turbine (1993-2006)

S

N

o

Downtime per faiwreH(d%ys)

o N b~ OO
I

Figure 1-2 Wind turbine sub-assembly downtime per failure from European wind
turbines surveys as published in [19, 21].

1.4 Condition Monitoring Techniques

CM has become important in the field of equipment maintenance and industrial products,
and has attracted more and more attention worldwide. Due to a wide and increasing variety
of systems, components and parts, combined with different forms of production systems, a
growing variety of CM techniques are utilized to detect and diagnose faulty operating
conditions at an early stage. Understanding the nature of each monitoring technique and
the type of measured information will enable better utilization of existing methodology,

which is important in a competitive economic environment.
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Survey results showing the relative proportions of the various monitoring techniques
generally used in CM and non-destructive testing (NDT) [22], are presented in Figure 1-3.
The survey indicated the techniques most widely used are Vibration Analysis, Oil Analysis,
Infra-red Thermography, and Human Senses. The results are similar to those obtained by

the Plant Maintenance Resource Centre in a survey carried out in 2002 [23].

; Magnetic - .
Ultrasonic Pa?ticle Other Vibration
Crack 204, analysis

Ultrasonic petection  INspection 1704
Thickness 7%., 79 / °

Testing
% >

Oil analysis
13%

Dye Penetran Infra-red

Examination .
Acoustic thermograph
9% Motor current Human Emission 12%)]/0 pny
anaLy3|s Senses Analysis
9% 11% 1%

Figure 1-3 Relative usage of common condition monitoring techniques [22].

CM techniques should be used as part of a comprehensive predictive maintenance program
[24]. A high reliability and optimal processing capability should be taken into account
when selecting the most effective CM method. The monitoring method chosen need to [3]:

1. Measure the output quality and quantity values of the system variations.

2. Measure the system’s input/output relationship.

3. Measure and simultaneously compare the output parameters within a set of

standard operating conditions.

There are numerous CM techniques, which are viable for monitoring rotating machinery.
Selection depends on their individual capabilities and limitations in detecting early changes
in characteristic parameters and trends. The following techniques are generally used and

need to be considered when selecting the best sets of signal features [25-29]:
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1.4.1 Lubricant Analysis

The reliability of any mechanical drive depends largely on the protective properties of the
lubrication oil used for its drive train, which can provide advance warning of abnormal
machine conditions. The purpose of lubrication oil CM is to determine whether the oil has
deteriorated to such a degree that it no longer performs its protective function, and to
provide early warning of the possibility of total failure [30]. Lubricant analysis measures
certain of the physical properties of the oils effected by contamination, including water
content, soot/carbon content, the presence of metallic particles and oxidation status. The

main tests generally used in the oil analysis process are [31]:

e Viscosity analysis,

e Oxidation analysis,

e Water content or acid content analysis,
e Particle count analysis,

e Machine wear analysis, and

e Temperature.

However, the online health monitoring of lubrication oil has some limitations e.g. it uses
expensive instrumentation and cannot detect failures outside the gearbox [32]. Moreover,
it does not localize the failure in complicated gearboxes [33]. For these reasons, off-line
monitoring is often used with oil analysis but the time needed to take a sample and carry

out the analysis and accessibility remain problematic.

1.4.2 Acoustic Emission

Acoustic Emission (AE) is becoming an increasingly significant tool in the field of CM of
machinery [34]. Machines normally, generate noise and create vibration due to the contact
of materials in motion. AE detects high-frequency signals in rotating machinery, which are
picked up by means of special AE microphones, and the acoustic and/or noise waveforms
received can be used to detect faults. AE sources include contact, cyclic fatigue, friction,

turbulence, material loss, cavitation, leakage, etc. [35].

However, a high cost of AE, only a few types of faults occur in the high-frequency range
and the attenuation of the signal as well as a practical constraint in applying the AE sensor,
which has to be close to its source, are the main drawbacks with AE technique [36-38]. In

addition, AE required a very high sampling frequency because of high frequency signal
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output from its sensors. Moreover, high data volume and complicated features of AE signal

make the data processing extremely difficult [39].

1.4.3 Motor Current Monitoring

Motor current monitoring is based on measuring and analysing the electric drive motor’s
supply current, for detecting and locating a fault. Its computation is mainly based on
measuring the stator phase currents, using three AC current sensors, which can offer a
useful information on gear tooth surface damage [40]. The motor current can change
corresponding to mechanical load variations. These variations can be detected and

monitored remotely and their analysis used for machine CM.

This technique can be used effectively for mechanical and electrical fault detection in
induction machines, especially for low but it is difficult to detect high frequencies [41, 42].
Moreover, the dominant components of the electrical signals are the supply frequency

components, where some mechanical faults are somewhat hard to obtain.

1.4.4 Thermal Monitoring

Thermal monitoring is a quick observation technique recognized as useful for CM, because
temperature can be a key parameter for monitoring the performance and condition of
machines. The degradation of electrical equipment can cause excessive overheating, which
can lead to the eventual failure of the equipment [43]. Heat is one of the biggest failure
modes in mechanical systems, which can be generated by friction, cooling loss or material
loss. An excessive amount of friction can be caused by wear, misalignment, and over-or

under-lubrication.

Thermal imaging improves the ability to predict equipment failure and plan corrective
action before a costly shutdown or equipment damage. One of the disadvantages of this
technique is that attention must be given to the environment of the working instrument.
Any change in factors such as atmospheric temperature or density of airborne particles can

have to a great effect on the reliability and accuracy of the measurements [44].

1.4.5 Vibration Analysis for Condition Monitoring
Vibration analysis is one of the most widespread methods used in CM [45]. It has become
an important method for fault detection and identification in gearing systems. The concept

of the vibration signature is to examine and analyze changes in machine vibration to detect
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damage occurrence. All machines generate vibrations, including those in good condition.
The vibration is generated by shaft rotation and gear meshing. Machine components
generate characteristic vibration signals that separate them from the other components and
distinguish their health conditions. CM systems based on vibration analysis can monitor all
parts of gearboxes, for example the gears themselves, bearings and shafts [15, 46-49]
.However, sensitivity to the installation location and need to sometimes mount vibration
transducers in inaccessible places, are the main drawbacks of vibration measurement [40,
42]. Despite these drawbacks, vibration characteristics have been widely used to detect and

monitor at least the following causes of faults in rotating machinery [45, 50]:
e Misalignment and/or damage to gear teeth and bearings.
e Unbalance and thermal dissymmetry in rotating machinery.
e Pits and cracks in component parts.
e Misalignment and cracks in shafts.
e Loose parts including excessive wear in bearings.
¢ Resonance of rotating components.

e Deterioration due to a wide range of sources: broken parts, corrosion, erosion, rubbing,

etc.,

The different vibration frequencies in rotation machines are related to the structure
geometry and the speed of the machine. An increase or modification in these vibrations can
be an indication of the presence of failure, or of an upcoming failure. By using vibration
monitoring, the causes of the problems can be found and the remaining useful life of the
components can be estimated. Data acquisition, data processing and failure pattern
recognition are the main stages of vibration-based fault detection processes, the vibration
signal can be collected experimentally (or simulated) for analysis and feature extraction to
assess the machine’s condition [51]. Since vibrations analysis is a powerful diagnostic tool,
there are a number of different techniques that have been developed for general use [52],

see Sec. 1.5 below.

1.5 Why Vibration Signature Analysis Is Used?

Implementing a successful CM system provides useful and reliable information for the

necessary maintenance program and thereby brings significant cost benefits to industry
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[53]. This allows the machinery to operate at full capacity by reducing unnecessary
scheduled maintenance and minimizing unplanned downtime. Vibrations signature
analysis is the most common and popular monitoring technique used to measure and predict
the condition of a rotating machinery and is generally considered as an important predictive

tool in most maintenance programs [7, 8, 45, 50].

The vibration signals contain valuable information about the mechanical condition of the
various parts involved, as well as reflecting the overall course of operation of the system
assembly [24, 54]. The vibration signals are directly related to the periodic movement of
the machine components and are very sensitive to any abnormality in the moving
components, whether a bent rotating shaft or a damaged tooth on a gear. Measurement and
analysis of the vibration response give essential fault diagnosis information relevant to the
conditions of the different components of the machines [55]. Vibration measurement has
the capability of monitoring all the parts of a gearbox, for example gearing, bearings and
shafts and provides a warning of incipient faults. Furthermore, many powerful signal
processing techniques can be applied to extract even very weak fault indications from the
measured vibration signal [13].

Vibration analysis has the ability to provide a quick, economical, and reliable monitoring
technique in an industrial environment. However, vibration monitoring cannot provide all
the information required for a condition based maintenance program. Nevertheless,
vibration analysis can be considered as an effective tool for gear fault diagnosis due to the

following advantages [15]:

1. Vibration signal is non-destructive and sensitive to a wide range of defects.

2. The frequency and amplitude of the vibration spectrum are directly linked to the
source of vibration,

3. Different signal processing techniques can be applied to the vibration signal,

4. Fast and easy measurement can be obtained by accelerometers, which are non-
intrusively mounted on the external surfaces of a machine.

5. The measuring instruments are becoming inexpensive due to the rapid development
of electronics and manufacturing efficiency.

6. Vibration signals provide diagnostic information regarding the precise nature of
malfunctioning machinery with a minimum use of transducers,

7. Very sensitive to system abnormality,
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8. Increased machine availability, reduced breakdown time,

9. Norisk involved in data collection, hence safety improved,

10. Gives improved ability to manage maintenance procedure and make cost savings,
11. Can be used in different places for more conventional measurement methods in the

oil industry.

1.6 Research Motivation

Gearboxes are fundamental and critical mechanical parts for power transmissions in a wide
range industrial machines. Gearbox lubrication has a strong influence on damage formation
and gear failures but despite the fact that many problems are caused by lubrication failure,
little work has been undertaken to examine the possibility of employing vibration analysis

for detecting lubrication status.

Generally, lubricant deterioration leads to greater friction between the meshing contact
surfaces and has a significant effect on the dynamic characteristics of gears, which can be
observed in different ways, including strong nonlinearities in dynamic behaviour, noise and

vibration.

Gear defects such as wear, tooth breakage, spalling and fatigue, produce repetitive impacts
during rotary motion. These failures lead to significant modulation effects induced by the
resonance frequencies of the system; rotation of the shaft and dynamic meshing forces.
Thus, the periodic and modulation characteristics of fault mechanisms need to be extracted
effectively for the implementation of reliable fault detection and diagnosis of the health of

gearbox components.

In addition, vibration analysis based CM of gearbox components has previously been
examined only from a signal processing point of view. Little focus has been applied to the
use of mathematical models to understand the physical interaction of meshing gears and
the effect of tooth faults on the vibrational behaviour of the gear system. For successful
implementation of gearbox health monitoring, a baseline dynamic model of a gearbox
needs to be established, then robust signal processing techniques can be applied for fault

diagnostics.

To develop more advanced and accurate diagnosis, this research has focused on the
investigation of the non-linearities in vibration transmission and viscoelastic properties of

lubrication, so that it enables an in-depth understanding of the vibration mechanism and
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hence the development of effective signal processing methods for early detection and

accurate diagnosis of gear incipient faults. In addition, effective signal processing is

required for de-noising and reliable feature extraction from nonlinear impulsive effects and

modulation characteristics of fault mechanisms. The major concerns of this research work

includes:

1.

Use of an experimental test rig, consisting of driving motor, two gearboxes and

load.

Simulation of different faults in the gearbox components and production of tooth

surface wear in a realistic way.

Construction of a comprehensive dynamic model to study the influence of different
tooth surface faults on gear dynamic response, with the inclusion of time-varying
stiffness and tooth friction based on EHL principles.

Use of an effective method such as TSA (time synchronous averaging) and MSB
(modulation signal bispectrum), to reduce background noise and to increase the
possibility of using vibration signals for monitoring different gearbox lubricant
deteriorations.

Evaluation of the performance of the MSB for monitoring excessive bearing

clearance due to gear wear.

1.7 Research Aims and Objectives

1.7.1 Research Aims

To develop a non-linear dynamic model for gear interaction including frictional
effects to better understand the gear vibration responses under different operating

conditions.

To implement advanced signal modelling and data analysis techniques capable of
enhancing vibration signatures to achieve more accurate detection and reliable

diagnosis of different lubricant deteriorations.

Achieving these aims and experimentally verifying the noise reduction, signal analysis and

feature optimisation, will provide for more efficient fault detection and diagnosis for the

monitoring of multistage gearboxes.
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1.7.2 Research Obijectives

In order to fulfil this research, a number of objectives have been identified as follows:

Objective 1. To review existing condition monitoring techniques and assess the
performance of the most common techniques used for online CM and early fault
detection of gearboxes.

Objective 2. To review the main sources of gear vibration to obtain an in-depth
understanding of the dynamic interactions between transmission components.
Objective 3. To design and construct a mechanical transmission test rig for the evaluation
of industrial gearboxes under different operating conditions, which allow different
faults to be introduced into the gearbox components, enabling subsequent system

behaviour to be characterised.

Objective 4. To develop numerical dynamic model with the help of MATLAB, and
compute the periodic mesh stiffness variation of helical gears as a function of the
contact position of the meshing teeth. Also, to characterise the vibration signature
changes, enabling more reliable diagnostics under different operating conditions.

Objective 5. To calibrate the linear and nonlinear responses of the dynamic model and
evaluate the model for different frictional modes with progressive tooth breakages.

Objective 6. To develop an efficient computation and stable analysis of the dynamic
responses of a tooth surface worn in a two-stage helical gearbox using a run-to failure
experimental test and a comprehensive dynamic model including EHL friction
effects.

Objective 7. To investigate nonlinearities in vibration transmission and viscoelastic
properties of gearbox lubrication, and hence develop effective signal processing
methods for online monitoring and diagnosis of different gearbox oil deterioration
conditions under different gear operating conditions, and any constraints on its usage
that should be considered.

Objective 8. To develop guidelines for future research activity relating to this field.

1.8 Structure of the Thesis

The thesis is divided into nine chapters including the current chapter. A brief synopsis of

each subsequent chapter is as follows:

Chapter 2-This chapter presents an overview of gearbox transmission theory with the
principal sources of vibration and noise induced during the gear meshing process. It also
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explains gear failure modes, the status of gearbox lubrication and the conditions for

lubricant deterioration.

Chapter 3 -This chapter gives an introduction to vibration analysis techniques commonly
used for CM and fault diagnostics of the gear system. It starts with main characteristics
of time and frequency domain analysis followed by an explanation of TSA and the effect
of modulation. After that, higher order spectra analysis methods are introduced due to
their ability to suppress background noise and improve the gear fault detection and

diagnosis.

Chapter 4 —This chapter explains the test facility and fault simulation used in this study. It
describes the gearbox test rig components and control systems that are used to carry out
the investigation with the vibration measurement specifications. Fault simulation and

data collection procedure are discussed at the end of this chapter.

Chapter 5 -This chapter presents a numerical dynamic model of a two-stage helical gearbox
with the inclusion of time-varying friction based on the EHL model. An in-depth
calculation of helical gear mesh stiffness is also developed including the dynamics of
the system under various possible failure conditions. In addition, different tooth
breakage (TB) severities have been simulated to evaluate the model performance under

different tooth stiffness excitation models.

Chapter 6 -This chapter illustrates parameter identification and validation of the numerical
model with the experimental results for the purpose of CM. It examines the gear
dynamic responses from both experimental and numerical studies with increasing tooth
surface wear from its earliest phase. A description of the experimental setup of a run-to-
failure test arrangement is developed. The numerical model is developed to simulate
time-varying mesh stiffness, coupled with an EHL frictional model and tooth wear

characteristics.

Chapter 7 - This chapter defines the diagnostic relationship between vibration signature
and lubrication status of the gearbox. Different lubrication problems such as
contamination with water, starvation and change in oil viscosity have been simulated
under different operating conditions. To establish online health monitoring of the
gearbox oil condition based on vibration signal analysis, effective analysis methods have
been used to normalise the condition indicator and investigate any measurable changes

correlated with the variation of gearbox oil condition for future preventive maintenance.
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Chapter 8 - This chapter evaluates the performance of the MSB method for monitoring
excessive bearing clearance based on vibration analysis in the presence of gear wear.
Three bearings with different standard clearances have been used to investigate the
effect of bearing clearance variations on the characteristics of helical gear vibration

characteristics.

Chapter 9 — This chapter draws conclusions based on the key findings of the research. The
objectives are reviewed and a summary of the author’s contribution to knowledge and
the novel aspects of the research are presented. This chapter also gives suggestions and

recommendations for future work in related research areas.
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Chapter 2

Gearbox Overview

This chapter presents a brief overview of gear transmission theory. The critical sources of
gear vibration and noise are also presented with an in-depth analysis and explanation of
the interactions of sources during the teeth meshing process. In addition, the most common
failure modes in gear transmission systems that relate to the tribological condition are

provided at the end of this chapter.
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2.1 Introduction

Gears are the key components for most power transmission systems for increasing speed
ratios and efficiently transmitting high torques. Gears are used in every industry; e.g.
textiles, automobiles, aerospace, shipping, and agriculture. A wide variety of industrial
machines including wind turbines, marine power trains, gas turbines for power generation
and automotive transmissions all employ gears. These applications often function in very
severe environments; high temperature, high humidity, high loads, dusty areas, etc. [14].
Thus, CM of rotating machinery components has attracted extensive research, in which

detection and diagnosis of faults as early as possible was the object.

Gear faults play a significant role in the overall failure modes of the transmission system.
The common gear faults are mainly related to gear tooth irregularities, i.e., the chipped
tooth, tooth breakage, root cracking, spalling, pitting and surface damage, which are
typically localized faults [40, 56]. Excessive applied load, insufficient lubrication or
installation problems such as misalignment are the main reasons for gear failure. To detect
and correctly diagnose an imminent gear failure, understanding the gear failure mode, and
the collecting and quantitative analysing of data are essential.

Gear fault detection was traditionally carried out by monitoring the vibration signal and
extracting certain statistical parameters. These extracted features were known to be
correlated with particular faults within the gearbox. Such an approach was intended to

minimise maintenance cost, avoid catastrophic failures and improve systems’ availability.

2.2 Transmission Gear Theory

Gears are the key components inside the transmission train commonly used to provide
motion control and vary the torque transmitted between rotating shafts. The power
transmission often includes a gear system which can be used to increase the output torque
or output speed, but not both simultaneously. A gear system invariably produces a change
in torque, creating a mechanical advantage and transmitting a synchronous motion through
the gears. Standard gears consist of a common number of teeth in relationship to their
diameter. The circular pitch (pc) is represented this relationship as [57]:

27r
o, = 272” -2 - 2;”@1 2.1)

P [¢]
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Where Z is the number of teeth, r represents the pitch radius of the gear and the subscripts

p and g symbolize the pinion (driver) and the gear (driven) respectively.

The mechanical advantage of power transmission gears is given by gear ratio (GR), the
input power (Pp) to the output power (Pg), as presented in Eqg. (2.2). This equation assumes
zero frictional losses between the two mating gears. The GR can be expressed in terms of

gear radii, teeth numbers or the rotational speeds of the pinion (wp) and gear (wg) (Eq. 2.2).

P r Z
GR=-2_ls %9 _% (2.2)
Pp rp Zp (Dg

To understand the geometric and kinematic contact throughout the gear meshing cycle, a
schematic drawing of a transverse section of a pair of gears is shown in Figure 2-1. For
uniform gear rotation, the meshing teeth always develop contact points along the action
line CF, passing through the pitch point (P). The tangent to the gear base circles at points
A and B is named the line of action (LOA).

Gear

Pinion _E P

Figure 2-1 Gear meshing process of a transverse section of a pair of gears in contact

At the point P, the line LOA crosses the gear centreline, OpOg, at an angle (90-a) where a

is the pressure angle. The effective length of the line of action (CF) can be calculated as:

LOA= \/rjp — Iy +\/razg — I —(r,+1,)sina (2.3)
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where, rap, 'bp, Fag and rpg are the addendum and base radii of the pinion and gear

respectively.

2.3 Gear Classification

An increasingly wide range of gear designs is being produced due to the expanding
demands of industrial applications. Gears are available in many different sizes, capacities
and speed ratios. Transmitting a synchronous motion and power directly between shafts
are the main purpose of gears but gears can serve in a range of functions. Gears are
classified by the relationship of the relative position of the gearing shaft axes, in which the
axes of connecting shafts may be parallel, intersecting, or neither parallel nor intersecting

[58]. A brief list of the common gear forms is shown in Figure 2-2.

Gear
[ ! ]
. Non-intersecting and
Parallel Shaft Intersecting Shaft Non-parallel Shaft
I I
l R [ | |
Spur Gear Helical Gear Cros_sed Hypoid|| Worm
I Helical
| | Gear Gear Gear
Single Helical | |[Double Helical
Gear Gear
[ I_ I [ I ] ]
Bevel Coniflex Zerol Spiral Miter | [Angular| |Crown
Bevel Bevel Bevel
Gear Gear Gear Gear
Gear Gear Gear

Figure 2-2 Gear classification relating to the shaft axes [59]

2.4 Spur and Helical Gears

For efficient transmission of high power rotary motion between parallel shafts, spur and
helical type gears are used. Spur gears are easier to design and manufacture. However,
helical gears are preferred for higher power applications due to their larger tooth contact
ratio, greater strength, and where low noise and smoother engagement of tooth meshing is
required. Due to the presence of the helix angle, the contact lines of the helical gears run
diagonally across the tooth face [60], which can distribute the transmitted load more evenly

and more quietly.

Figure 2-3 shows spur and helical gear configurations. The helical design shows teeth

angles to the left and right of the rotational axis. This angle creates axial thrust, but means
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helical gears provide a smoother and quieter run, making them the better choice for large
load transmission at high operational speeds, whereas the spur gears are suitable for slower
speed applications [60, 61].

Helix direction

Spur Gear Meshing Helical Gear Meshing
Figure 2-3 lllustration of spur and helical gears

2.5 Principal Sources of Gear Vibration and Noise

Gears are the main transmission components, and with the growing need for greater power
transmission, the gear drive assembly tends to become more complex. Gear vibration and
noise remain a source of intense annoyance, which has been of wide concern for many

years, but it can be used usefully to monitor the condition of the gearbox [9, 11, 35].

To understand and control gear vibration, it is necessary to have knowledge of gear
vibration sources, and let it be remembered, sound/noise is a vibration that typically
propagates as an audible wave in the frequency range roughly 20 Hz to 20 kHz [62]. Of
course, it is always good to reduce noise as that will improve working conditions and even
enhance the capability of the transmission system. Nevertheless, there are also many
sources of excessive vibration in gears, which have a strong influence on instabilities in the

overall dynamics of the gearing applications [9, 12, 63-66]. These sources include:

2.5.1 Mesh Stiffness Variation

The variation of tooth mesh stiffness is a principal source of internal dynamic forces that
cause parametric instabilities and severe excitations in gear systems [67, 68]. The internal
excitations occur between the contact tooth surfaces during their relative motion and act on
both surfaces with the same intensity but in opposite directions. The major variations in
gear stiffness are caused by changes in the number of engaged tooth pairs.
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For identical spur gears, the teeth in contact during the meshing process vary alternately
between a single pair and double pair [69]. Thus, normal spur gears have a contact ratio of
(1 < é&ratio < 2) [70], i.e. the meshing pair number is in the range between 1.0 and 2.0 [71,
72]. Figure 2-4 clarifies the various positions of spur gear meshing events and the time-

variation of gear mesh stiffness from teeth engagement to separation.
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" Double pair Double pair
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< . contact
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>

>

Mesh Angle

Figure 2-4. Mesh stiffness regions of meshing gear pair in one period; where pb is the base pitch,

M refers to the mesh event, a is the contact ratio

The mesh contact cycle starts at a tooth root, point C (the intersect point of the LOA with
the addendum circle diameter of the driven gear), which varies between a single and double
tooth pair along the length of the tooth profile passing through P and terminates at the tooth
tip, point F (the intersect point of the LOA with the addendum circle diameter of the driver
gear). The average number of tooth pairs in contact is represented by the contact ratio €q,
which is defined by Eq. (2.4).

LOA
o @4
Py

where py is the base pitch of the gear tooth curve and can be calculated by Eqg. (2.5).

€

2zt 27Ny 27,

P, = 7 = 7 7 (2.5)

p 9
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In the case of helical gears, the contact variations between the teeth are smoother because
their contact lines are oblique due to the existence of the helix angle, g [73, 74]. Thus, the
overlap due to the helix angle £ needs to be taken into account by introducing the overlap
ratio e, which is defined as:

_ btan £,
Py

The sum of the contact ratio and the overlap ratio is defined as the total contact ratio &ratio=

& (2.6)

e« *+ €5 Thus, the contact ratios are the key factor that affects the fluctuating value of the

length of the contact-line. The mesh stiffness is fluctuating continuously with this variation
of length and number of contact lines and is closely related to the load variations on these
lines. The mesh stiffness of a helical gear is roughly proportional to the sum of the lengths
of the contact lines of all the tooth pairs in contact [75]. The length and the number of the
contact lines vary across the plane of action of the helical gear tooth face, starting at point

C and travelling obliquely to finish at point F, as shown in Figure 2-5.

Figure 2-5 Contact lines patterns on a helical tooth face

The overall stiffness function (Kmi(t)) is defined as a combination of the total length of
contact lines Li(t), and a constant mesh stiffness density per unit length (ko) along the
contact lines, is given in ISO 6336 standard [76, 77], see Eq. (2.7). The subscript i refers

to the number of contact tooth pairs. This variation in the gear mesh stiffness is one of the

KHALDOON F. BRETHEE, SCHOOL OF COMPUTING AND ENGINEERING, UNIVERSITY OF HUDDERSFIELD, 2017
21



Gearbox Overview

most important parameters determining gear tooth excitation and thus, a primary source of

vibration and noise in gear drives.
Kmi (t) = ko L| (t) (2.7)

2.5.2 Friction

Friction force and resulting nonlinear excitations are another considerable source of
vibration [78]. Friction is considered one of the main sources of energy dissipation and an
important excitation parameter to gear dynamic instabilities. It shows as time-varying
parametric excitations that affects the system performance and leads to large vibrations and
audible noise [79].

Figure 2-6 Effect of friction forces during gear mesh process [80]

Previous studies have been reported that significant torque variations are induced due to
changes in friction forces around the pitch point [81, 82]. As shown in Figure 2-6, the
effects include moments about the gear centre from friction forces perpendicular to the
LOA, Fp1, Fpo, Fg1, Fgo (affecting gear rotation), excitation of off-line-of-action (OLOA)

gear translations and nonlinear dependence of friction on gear sliding velocity [79]. Based
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on Coulomb’s law of friction, the friction force (Fji) in the ith meshing pair is defined by
Eqg. (2.8).

Fji(t) =H Nji (t) (2.8)
Where i refers to the contact tooth pair of the mesh cycles, j denotes the variety of pinion
and gear, N;i(t) is the time-varying contact force of the ith meshing pair along the LOA and
w is the friction coefficient experienced due to the tribological conditions existing between

tooth contact surfaces.

The change in friction conditions can be described by fluctuations in the friction coefficient
during the mesh process, which have great influence on dynamic response of the gear
system and its running status. Many parameters affect the friction coefficient and
researchers have proposed different empirical formulae developed experimentally and

based on the curve fitting to estimate the friction coefficient [83], see Table 2-1.

Table 2-1 Empirical formulas used to calculate friction coefficient

Published Author Empirical Formulae
Misharin (1958) | x=0.325[V.V,v, "%

H 8
Benedict and Kelley ﬂ:0.0127[ 50 }I 10{3.17xlow}

(1960) — AAA
WS 0.25
ISO TC60 u=0.12
RV,v,
-1
O’donoghue and B 0.6(8 + 22) V%V %V%R%
Cameron (1966) H= 35 07s 7r

Drozdov and u= [0.8\/WVS +V.p +13.4_
Gavrikov (1967) |, _047-0.13x10*P —0.4x10%V,

Kelley and _ G log CW |
Lemanski (1967) | “ 1-C,R, | VoV |

u= ef(SR,Ph ,vO,S)Phbz |SR|b3Veb6V§7 Rb8
f (SR, P,,Vo, S) =bl+b4|SR| P, log, (v, ) +bSe %) 4 e

Hai Xu et al. (2005)

In these formulae, vk and v, are the kinematic and dynamic viscosities of lubricant, Vs is the

relative sliding velocity, Vi is the sum of the rolling velocities, R is the combined radius of
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curvature, W is the unit normal load, Pmax is the maximum contact pressure and S is the

surface roughness parameter, i.e.

=1 (VY Vo, Ve RW,PLS, ) (2.9)

1 Priax
These empirical formulae for « are valid within certain ranges of key system parameters.
They are not general and often represent certain lubricants, operating temperatures, speed
and load ranges, and surface roughness conditions of roller specimens that might differ
from those of the actual gear pair of interest [83]. Generally, the theoretical friction

coefficients are derived from EHL and tribological theory.

2.5.3 Lubricant Entrapment

The major functions of gear lubrication are separating contact surfaces, reducing friction
and dissipating heat. However, gear lubricating conditions also have some influence on
gear vibration, especially under low oil temperature or high viscosity [84]. During the gear
mesh process, the lubrication is trapped and squeezed, the engaging teeth entrap oil and
force it out of the gear teeth regions. Squeezing lubricant between gear teeth and
pressurizing it to eject in the axial direction contributes to gear oil splashing, which can be

considered as one of the main sources of gear vibration.

2.5.4 Transmission Error

In most literature, transmission error (TE) is the deviation of the driven gear from “perfect”
conjugate action, and is usually the result of geometric errors and/or mesh stiffness
variation, as such it will be time-dependent and relative to the respective position of the
gear teeth in contact [85]. The geometric errors are mainly due to errors in the manufacture
of the gear teeth and assembly errors within systems that result in profile and tooth spacing
errors. However, TE results not only from manufacturing inaccuracies, such as profile
errors, tooth pitch errors and run-out but also from bad design [49]. Figure 2-7 demonstrates
the effect of TE during the gear mesh process, in which the total TE comprise the tooth
profile variation and accumulated pitch variation [46].
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Figure 2-7 Gear transmission error signal

TE is considered to be one of significant vibration excitation sources in the gear structure
[86], and can be used to measure the smoothness of the drive. For a simple gear set, TE can

be evaluated by:

Zg
TE=(¢ —Z—eg)r (2.10)

where Z, Zy are teeth numbers of the pinion and gear respectively, 6p, 6y are the angles of
rotation of the gears of interest and rq is the radius of the driven gear.

2.5.5 Variation of Contact Load

The dynamic variation of tooth contact force during the engagement cycle is another
primary cause of vibration generation in gear systems. The contact load distribution varies
in amplitude with direction or position of the contact points over the tooth profile, in turn
this can cause dynamic excitation between the meshing gears. In general, the speed-torque
characteristics vary with operational conditions, which produces a slight fluctuation in gear
speed with variation of the transmitted load. The load variation is mainly caused by the

following factors:
e The alternating engagement number of the contact pairs of teeth.
e The variation of the mesh stiffness along the LOA.

e The deviation in the involute tooth profile.

2.5.6 Backlash

Backlash is the clearance between two mating gear teeth, which is required for smooth
operation. A gear pair is bound to have some backlash to prevent mating gears from
grinding contact on both sides, and allows lubrication to enter the contact regions.

However, backlash can result in additional dynamic forces and can cause excessive
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vibration levels due to its double-sided impacts. The effect of vibration due to backlash can
cause tooth separation and loss in contact between the teeth, the nonlinear backlash force
f(x, b) can be expressed as in Eq. (2.11) [87, 88].

X—Db (x>b)
f(x,p)=9 0 (-b<x<h) 2.11
X+b  (x<-h)

As a consequence of contact loss, the linear gear stiffness will have a piecewise
characteristic. The discontinuation represents the backlash, whereby the impact in a gear
system is not observed when the displacement x lies in the region (-b < x < b), see Figure
2-8. This makes for a strong nonlinear effect, causing complex behaviour and intense
vibration [89].

A S (%)

k(1)

\ 4

Figure 2-8 Nonlinear expression of gear backlash [89]

2.5.7 Machining Error

Deviation in the mean running surface of the teeth profile tends to cause vibration in gears
with strong instabilities in the overall dynamics of the geared system. The difference
between the perfect involute surface and the actual one will influence the load sharing
characteristics. Various gear errors will occur due to an incorrect profile on the gear cutting

tool or errors in positioning the tool in relation to the work during the generating operation.

Heat treatment can result in deformation and distortions of the gears. Run-out of the gear
surface results in accumulated pitch variation, which generates non-uniform motion and
transmission error. These manufacturing error significantly influence the gear vibration and

enhance the amplitudes of the tooth meshing harmonics.
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2.5.8 Resonance

To understand and control gear vibration, it is important to have knowledge not only about
the gears but also about the complex behaviour of the assembly. The dynamics of the gear
system basically consist of a wide range of meshing gears, shafts, bearings and gearbox
casing. Because each gear tooth meshes with an impact, structural resonance may be
excited by operating speeds in the gears, shafts and housing [90]. Resonance in the gearbox
should be monitored because it can amplify vibration to a level beyond the intended design
limits and accelerate system failure.

2.6 Failure Modes of Gears

For gear systems or gear trains a high efficiency and low levels of noise and vibration are
the main requirements. Any failure in the gearing components will alter the normal
operating conditions and may lead to total system failure. Gears can fail in service for a
variety reasons including poor design, inappropriate application and manufacturing error.

The physical causes of most gear damage are [91]:

e Overload or shock loading,
e Bending fatigue,

e Contact fatigue,

e Wear and scuffing, and

e Cracking.

Gear damages can be divided into geometrical defects and teeth errors. In which,
geometrical defects include manufacturing defects and installation errors, while teeth errors
are the defects that affect the working surfaces of the gear teeth and occur during its
running. According to 1SO 10825 standard [92], these defects can be classified as shown
in Figure 2-9.

In general, gear faults can be categorized into localized faults and distributed faults. Local
faults are those that affect a small area such as a cracked or chipped tooth or spalling, but
these can rapidly increase in area once initiated, and if not detected early will spread until
they are distributed faults over a large area of the gear surface. Distributed faults may also
be due to wear and fatigue and will spread over a large area and damage the working

surfaces of the gear teeth.
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Figure 2-9 Classification of gear defects [93]

2.7 Gear Lubrication

Lubrication has a strong influence on the damage formation of typical gear failures. Many
researchers have applied a wide range of approaches and much effort to improve the
application of lubrication in the mechanical engineering industry. Gear lubrication

significantly affects the health of the transmission system.

During operation, gears will experience rolling, sliding, vibration and shock-loading, and
the useful life of the gears may be shortened or terminated by pitting, abrasive wear,
fracture, etc. [94]. Lubrication is essential for extending gear life and protecting the

surfaces in contact from the tribological processes which cause failure [95].

Adequate lubrication is necessary for the successful and efficient operation of gear
transmission systems. Therefore, lubricants with extreme pressure (EP) additives are
carefully designed and produced to minimise unwanted reactions between the mating tooth

surfaces [94]. Suitable gear lubricants must have the following essential properties [94,
96]:

e High adhesive quality to maintain the required boundary films and remain on the
gear teeth under heavy loads. This enables the tooth contact surfaces to resist
centrifugal force and the pressures created by the tooth meshing forces.

e A viscosity such that the lubricant is thin enough to flow into the contact mesh
regions to support the tooth mesh load and create the necessary boundary films at

different operating temperatures.
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e Frictional characteristics that will eliminate any stick—slip condition and chatter
when rotation first starts.
e Remain unaffected chemically by heat, resist oxidation and be capable of

dissipating any heat caused by friction or churning as quickly as possible.

2.8 Gearbox Lubrication Status

Gearbox oil lubricant is important in preventing premature wear and friction between gear
teeth surfaces, which reduces gear vibration and increases the lifetime of the gears. The
main function of lubrication is to maintain a lubrication film between two moving metal
surfaces, which improves machine availability and efficiency through minimizing friction,
reducing wear and preventing a temperature rise between the parts in contact. However,

various circumstances influence the performance of the gearbox oil, including:

2.8.1 Lubricant Contamination

Oil lubricant is subject to many contaminants such as water, sulphur, etc. [97]. High water
content can destroy both physical and chemical properties of the lubricant and cause
corrosion and oxidation. Emulsion may be present due to the water content, and emulsion
has a lower load carrying capacity which results in damage failure to the operating surfaces
[98]. There are various ways for water present in the surrounding air as rain or humidity,
may ingress lubrication systems; e.g. through condensation of air in oil or through defective
seals or leaky gaskets or reservoir covers that have been damaged.

Water contamination causes undesirable mechanical effects such as change in viscosity and
lubricant degradation, cavitation in pumps, and chemical reactions with anti-wear additives

and oxidation inhibitors to generate solid precipitates [99].

2.8.2 Lubricant Viscosity

Viscosity is one of the parameters that can accurately reflect oil performance and has been
used as a standard feature to monitor the state of the lubrication oil. The gear oil viscosity
has a significant impact on the gear lubrication function. Viscosity will normally increase
as a result of lubricant oxidation and degradation or contamination with higher grade oil,
which result in a thicker lubricant film that improves anti-wear and damping behaviour.
However, the proper gear lubricant, matching its properties to the particular application, is

important to long-term and efficient operation; if the oil's viscosity is too high, churning
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and shearing losses will increase, meaning more energy is required to turn the gears and

there will be an increase in heat generated [100].

2.8.3 Lubricant Volume

Loss of lubrication or lubrication starvation could lead to critical failure of many gears and
bearing systems. Insufficient lubrication of a gearbox, can increase friction, temperature
and material wear, increase scuffing, pitting and micro-pitting, and will ultimately lead to

a failure of components that are essential to the continued functioning of the system [101],

[102, 103].

The oil immersion depth is the major influenced on drag and churning losses in the gears,
these must be balanced against the detrimental effects of increased gear bulk temperatures

and scuffing failure if the oil level is too low [103, 104].

2.9 Gear Faults Related to Lubrication

The gear tooth surfaces roll over and slide against each other, and it combines rolling and
sliding motion which generate the various common gear failures. The sliding motion and
variation in friction tends to generate additional stress in the region of the contact band,
which result in cracks and plastic flow on tooth contact surfaces subject to heavy loads
[105]. The distribution of the stress resulting from combined rolling and sliding is shown
in Figure 2-10, and it can be seen the maximum influence of shear stress is located very

close to the contact interface [106].

~— : Shear stress

— ~

- / ~ 1
Distance below /I"}xre E\ure 'y Combined rolling
surface T sliding Y. rolling )‘ and sliding

Figure 2-10 Stress distribution between the contacting surfaces under sliding-rolling [106]
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A complex mixture of rolling and sliding are excited during the meshing process of tooth
pairs, which vary along the profile of each tooth, as depicted in Figure 2-11. The gear teeth
initially come into contact at point C, where the tip of the gear engages near the root of the
pinion. There is a combination of rolling and sliding, whereby the directions are the same
in the addendum while the sliding (friction) direction is opposite at the tooth root. The
sliding rate changes continuously during the meshing process and undergoes a reversal in
direction at the pitch line. It is only zero at the pitch point P, at which there is, only
momentarily, a pure rolling effect.

w’ ~—_ Gear v y"

Of—1
Y

Py
72—

Pinion Pini

(a) Starting of contact (b) Contact at pitch point (P) (c) End of contact

T ag _ Sliding / frictional forces direction
“~ AR _Rolling direction

Figure 2-11 Sliding and rolling combination for gear tooth contact [106, 107]

The friction forces between the contact surfaces are produced due to the sliding action.
These forces always act away from the pitch line of the pinion teeth, whereas the effect on
the driven gear teeth is towards the pitch line. Based on the relative velocities of the contact
surfaces, rolling and sliding occur in the same directions or in opposite directions. For
opposite directions of rolling and sliding, the effect is rolling the surface material in one
direction, and pushing (sliding) in another, which results in higher stresses than when both
rolling and sliding have the same direction. Therefore, contact fatigue and pitting are more
likely to be initiated in the dedendum [106, 108].

Hence, sliding is continuously present within the gear mesh process and the presence of a
lubricant is crucial for the survival of any set of gears, especially if heavily loaded. The
continued presence of the lubricant depends mainly on the lubricant service conditions. The

most common gear faults due to lubrication failure are:
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2.9.1 Tooth Surface Wear

Gear wear is the undesired removal of material that continuously alters the surface
geometries of the contacting teeth due mechanical meshing, and results in loss of gear tooth
profile and thickness together with changes in load distributions and contact stresses, which

accelerate the occurrence of other failure modes such as pitting and scoring [109-111].

Tooth surface wear occurs over a relatively long period of time, with the breakage-off of
small particles from both contact surfaces, and may range from excessive wear to
catastrophic breakage. Wear accumulation has a significant effect on gear dynamic
behaviour such as decreasing meshing stiffness, larger transmission error, and an
increasing backlash. Thus, it can influence the functioning of a gear pair and change the
tooth contact patterns [109, 112-114]. As a result, the vibration characteristics in terms of
vibration amplitudes, harmonic content and the degree of nonlinear behaviour will be
changed [112, 114].

The major types of tooth surface wear are:
> Abrasive Wear

Generally abrasive wear is categorized as the cutting or removing of small distorted
fragments from the contact surface due to the presence of foreign material such as fine
abrasive particles in the lubricant [108], and radial scratch marks or grooves will commonly
be present on the contact surface. Abrasive wear progresses very quickly and shows as a
distortion in the tooth profile and more gear backlash, which influence the dynamic

behaviour of the meshing process and greater levels of noise and vibration are expected.
» Adhesive Wear

Adhesive wear arises by gradual removal of adhered fragments during frictional
interactions and transfer of material from the contact surface of one tooth to that of another.
It is characterized by high wear rates and the heat that is generated by unstable friction, in
which the sliding motion may be prevented due to very large coefficients of friction. The
adhesive wear is mainly related to a breakdown in the lubricant's basic function of

providing some degree of separation between the sliding surfaces [115].
» Corrosive Wear

Oxidative wear is often referred as corrosive wear, which occurs when oxygen in the

environment interacts with the contact surfaces. High sliding, high contact pressure and
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asperity interaction activity result in a continuous oxidation layer being formed and

removed from the contact surfaces [116].
» Contact Fatigue Wear

Fatigue wear is mainly caused by cyclic and repetitive loading, which is widely observed
on rolling contact machine elements such as gears and bearings. As a result of material
surface fatigue, contact fatigue wear reflects this process under alternating contact stress
with a peak level. As a result of contact stress fatigue, fragments of pits or cavities in the
contacting surfaces are removed under continued rolling and sliding. Since fatigue is
initiated by shear stresses, several types of fatigue failure occur in rolling/sliding elements
due to variations in rolling and sliding contact along with the variation of metallurgical and

geometrical variables [108].

2.10 Key Findings
> Helical gears are widely used in different industrial applications due to high
transmission power applications requiring low noise operation and smooth meshing

engagement.

» Gears often work under harsh conditions in severe environments in which

monitoring and diagnosing of gear faults as early as possible is essential.

» Understanding the sources of gear vibration and noise can improve the selection of
gears for given working conditions and enhance the capability of the transmission

systems.

> Friction between tooth contact surfaces is an important excitation parameter in gear
dynamic instabilities that can lead to large nonlinearity excitations.

» The lifetime and healthy operation of gear transmission system are significantly

influenced by the lubrication conditions.

» Various gear failures are frequently related to the combination of rolling and sliding

motions during the meshing process.

» Detecting and diagnosing gear wear in its early stage can reduce the risk of

occurrence of failure modes such as pitting, scoring and tooth breakages.
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Chapter 3

Gearbox Fault Detection and Diagnosis Techniques

Based on Vibration Analysis

This chapter presents those signal processing techniques most widely used for fault
detection and condition monitoring of gear systems, based on vibration measurements. The
suitability of relevant vibration analysis techniques is briefly discussed in association with
the process of obtaining effective diagnostic features for detecting and identifying different
gearbox defects. Especially, their mathematical backgrounds and physical explanations
are developed to assist the understanding of the results presented in the following chapters

of this thesis.
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3.1 Introduction

Geared machines generate vibration even when operating in a healthy condition, this is due
to the meshing of the gear stages and shaft rotation. Machine components generate their
own characteristic vibration signals that separate them from the other components and
distinguish their health conditions [14].

Much work has been undertaken with the aim of finding a reliable monitoring strategy for
gear transmission and bearing support systems [9, 35, 117]. Vibration analysis is one of the
most common and effective techniques for online health monitoring of machinery
components to avoid breakdowns and, possibly, even catastrophic failures of a system
[118]. The main advantage of vibration signature analysis is that the vibration signal can
be readily collected experimentally (or predicted theoretically) for analysis and feature
extraction to assess the machine condition [51]. Different techniques and fault
identification procedures can be applied to the vibration signal to extract signatures which
provide useful diagnostic information, enabling all parts of rotating machinery to be
monitored [45, 50].

3.2 Fault Detection Techniques Based on Vibration Signal

To detect and correctly diagnose an imminent failure, suitable methods for detecting,
analysing and assessing any abnormal condition of the rotating machinery are required.
Vibration monitoring is the most popular monitoring technique for detecting gear faults. It
does this by extracting certain statistical parameters which are known to be correlated with
particular faults. However vibration signals are often contaminated by noise and require
suitable signal processing to extract useful information for determining the condition of the
system [8, 119].

Gearbox faults such as wear, tooth breakage, spalling, unbalance shafts and other abnormal
conditions generally produce repetitive impacts, which result in a modulation phenomenon
in the vibration signals. Hence, sidebands will appear near the resonance frequency or gear
mesh frequencies, so that demodulation is an important element in the signal processing
for gearbox condition monitoring and fault diagnosis. The most popular vibration based
diagnosis techniques, because of ease of implementation, include: Waveform analysis, Fast
Fourier Transform (FFT), Spectral analysis, Order Analysis and Time Synchronous
Averaging (TSA) [120].
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In feature extraction of gearboxes, much research and problem solving has been required
due to the complicated nature of machine structures and the many different types of signal
interference that can occur. Feature extraction techniques can locate specific components,
and detect vibration signatures in vibration signals using appropriate analytical techniques
[119].

To do this successfully it is critical to reduce the random noise and enhance the signal-to-
noise ratio (SNR) for more reliable feature extraction. To this end, vibration signal
processing techniques have attracted extensive research, particularly the detection and
diagnosis of machine faults in their early stages, leading to the development of many useful

techniques in condition monitoring and fault diagnosis.

The main techniques applied to vibration signals for gearbox fault diagnosis are:

3.2.1 Time Domain Waveform Analysis

Time domain analysis of the waveform data is a well-known CM technique. Generally, this
technique extracts information based on a statistical measurement of the vibration signal
as a function of time. Conventional techniques include several time features: peak values
(PV), root mean square (RMS), crest factor and kurtosis are the most common statistical
parameters that have been applied to diagnosing bearing and gear faults [121]. In addition,
the use of TSA has made time domain analysis more effective in detecting faults, especially

in gearboxes.

The time-domain signal is a visual representation of the instantaneous acceleration
compounding all individual frequency components. The procedure used to perform the
analysis of the time domain signal is either visual inspection or, more usually, to
analytically interrogate the time-domain using statistical parameters [122]. The time
domain signal can indicate the existence of faults, as when periodic impulses and high
levels of vibration over wide frequency bands are observed, but it can be difficult to
diagnose the source of the faults.

Typical vibration waveforms of different gearbox tests are shown in Figure 3-1. The
waveforms show the anomalous behaviour between the healthy and faulty gearbox due to

the presence of different faults (tooth-breakage and tooth surface wear).
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(a) Gearbox Vibration Signal ( Tooth-Breakage Test)
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Figure 3-1 Raw data of vibration acceleration signals for different gearbox tests.

In Figure 3-1 it is possible to detect changes in the vibration signature due to the presence
of faults; the large amplitude periodic impulses and higher vibration levels resulting from
the gear faults can be identified easily. However, diagnosis of a fault from the observed
symptoms (vibration waveform) can be a difficult task if the variation in the waveform is
small [120]. Statistical parameters are often used to quantify the time signal but the specific
fault condition of the system may not be predicted accurately.

3.2.1.1 Root Mean Square

The root mean square (RMS) value of a vibration signal is a time analysis feature that
measures the power content in the vibration signature [119]. It is the best-known of the
time -domain parameters used to detect faults in rotating machines. This feature is good for
tracking the overall vibration level, and can be very effective in detecting any major out-
of-balance in rotating systems, but it is not sensitive enough to detect incipient faults in

particular, or provide any information on which component is failing [48].

RMS can be calculated by normalizing the second statistical moment of the signal, see Eq.
(3.2):

RMS, =\/%ZN:(X(H)—>_<T (3.1)

n=1
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_ 1 N
X:N;x(n) (3.2)

Where N is the number of samples in the recorded signal, x(n) is the amplitude of the signal

for the ™ sample and X is the mean value of the N amplitudes.

In general, the RMS of a vibration signal is a very good descriptor of the overall system
condition. In addition, the vibration level of the machine can be monitored using change of
RMS, typically the vibration level will increase more rapidly when gear damage happens.

The RMS is also sensitive to operational condition changes [33].

3.2.1.2 The Crest Factor (CF)

This feature is useful for the early stage detection of defects in bearings and gears. It is the
ratio of the peak level of the raw time-domain signal to the RMS value for the same signal,
as explained in Eq. (3.4) [123]. The higher the largest peaks in the signal, the larger the
crest factor. For gear vibration signals, the CF ranges between 2 and 6 for normal condition
[48], so if the value of the CF exceeds the upper limit that should be taken to mean the

presence of a defect.

Crest Factor = Peak level (3.3)

RMS
Peak level = Max |x(t) (3.4)

Where x(t) is the time waveform signal.

For more explanation, Figure 3-2 depicts the CF value, peak and RMS level of a vibration
signal with an impulsive source such as gear tooth breakage. Based on Eg. (3.3), the CF
can be a sensitive and a reliable indicator only in the presence of significant impulsiveness
[124], in which the peak value increases while no significant change in the RMS value of
the vibration signal occurs [33]. However, RMS increases with damage progression and
the corresponding CF value decreases. Thus it is difficult to use CF to diagnose the damage

severity for established faults.
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Vibration Signal with an Impulsive Source
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Figure 3-2 Crest Factor, peak and RMS levels with an impulsive source such as gear tooth

breakage (CF exceeds the limit)

3.2.1.3 Kurtosis

Kurtosis is defined as the fourth moment of the distribution of the signal. It provides a
measure of the impulsive nature of the signal. The use of the fourth power makes Kurtosis
very sensitive to the peakedness or flatness of the signal. The fourth power of the signal
effectively amplifies the contribution of isolated peaks in the signal [124]. Kurtosis
provides a measure of the major peaks in a set of data but it has the same weakness as CF.
In the initial stages of gear breakage this feature will be high and is a sign of a fault, but as
the fault grows in magnitude and extends, the relative amplitude of the peaks decrease. The

equation for kurtosis is:
l \4
NZ:_l(x(n) - xj
2
1 \2
[Nzi“_l(xm)—x) }

3.2.2 Time Synchronous Averaging (TSA)

kurtosis=

(3.5)

TSA is a signal processing technique that eliminates the influence of noise by extracting
periodic waveforms or repetitive signals from noisy data. It can be used to enhance the
SNR by resampling the vibration data synchronously, say, shaft rotation [125]. TSA is an

effective technique in the time domain used widely in vibration monitoring and fault
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diagnosis in order to suppress components which are asynchronous with the ones of interest
[126]. It has been successfully applied in the area of diagnosis of early defect detection in

gears and bearings [127-129].

The TSA is well suited for gearbox analysis, in which it enables the vibration signature of
the gear under analysis to be separated from other gears and noise sources in the gearbox.
It can show the pattern of the tooth meshing vibration over one revolution, including any
modulation effect [12]. The noise components include electrical noise, bearing vibrations
and vibrations related to other shafts or nearby machinery, which can confuse the

periodicity of fault impulses and affect the accuracy of fault diagnosis.
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Accelerometer Signal Averager

Lo by — O-+ iy

°e 5> % '\M\ ﬂ‘\\ir.‘%»m‘\‘w

[a—y

2

Period of shaft C

Tacho

|

i

Tacho Multiplier i
|

M xi —_— . N4
Period of k ~ %I'J'WWWI“'}'II[

shatt A Sional aver: |
el —[Ls W)

Figure 3-3 Synchronous averaging process of a gearbox vibration signal [130].

The TSA is applied based on knowing the rate at which the component part of interest is
rotating. It requires an external time trigger so that each sample of the signal is over the
same period, and must accommodate variations in shaft speed. This can be accomplished
by using a shaft encoder (or tacho multiplier) which ensures the samples taken all begin at
the same point in the rotation cycle and for the same period of time, say one rotation of the
shaft. The time domain of the vibration signal is divided into segments according to the
period of revolution of the rotating shaft, and all the segments are summed, so that random

noise and asynchronous components cancel out. Figure 3-3 depicts how the main TSA
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process is performed on a continuous time signal of a gearbox, using a tacho multiplier to

provide the trigger signal of each rotational period of the given shaft.

Generally, vibration signals from rotating machinery are a combination of periodic signal
with random noise. Assuming a signal x(t) consists of a periodic signal xt(t) and a noise
component n(t). If xr(t) is spaced at intervals T, with a fundamental frequency fo=1/T,, then

the signal can be expressed as [131].

X(t) = X, (t) +n(t) (3.6)
The vibration signal x(t) is divided into segments according to the interval T,, then all the

segments are added together for averaging, which can be expressed as:

%ix(t +iT)) (3.7)

1

y(t) =
Where N is the number of the averaged segments and y(t) is the averaged result.

The number of the averages is an important parameter that affects the accuracy of y(t)
[132]. After performing a sufficient number of averages, only frequencies at exact
multiples of the trigger frequency f, are passed, which can be viewed in the frequency
domain. Analysis of the synchronously averaged signals enables extraction of the features
of interest [128].

However, more computational intensive of measurement and calculation time are required
by increasing the number of averages [133]. The main drawback of TSA is that it needs
additional instrumentation (sensor, encoder/tacho), which is sometimes difficult to install.
In addition, it may suppress some important information, spectral frequency components
that are not in the same integer harmonics with the shaft frequency, these could include

bearing frequencies.

3.2.3 Frequency Domain Analysis

A spectrum or frequency-domain signal is a plot of the amplitude of a signal as a function
of frequency. It can show how the signal's energy is distributed over a range of frequencies.
Spectral analysis is commonly used with vibration analysis for condition monitoring in
geared transmission systems and has proved a valuable tool for detection and diagnosis of

faults in different rotating machinery systems [2].

The advantage of frequency-domain analysis over time-domain analysis is its ability to

easily identify and isolate frequency components of interest, and the repetitive nature of
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the vibration signal is clearly displayed as peaks in the frequency spectrum [90]. The
vibration signal of a machine is generated by both the individual components and by their
assembling and installation. Each component in a working machine generates a specific
identifiable frequency, thus a given frequency spectrum can often be attributed directly to
corresponding machine components [134]. As shown in Figure 3-4, the gearbox
characteristic frequencies such as shaft frequency f;, meshing frequency fm, sideband

frequency fsp and their harmonics can be identified easily.

Gearbox Vibration Spectrum
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Figure 3-4 Vibration spectrum characteristics of industrial gearbox.

The main idea of spectrum analysis is to look at the whole spectrum, identify frequency
components of interest and extract features from the signal for the purpose of effective and
accurate fault detection [135]. Frequency domain methods include the Fast Fourier
Transform (FFT), Hilbert Transform and Power Cepstrum, etc. The difference in power
spectral density due to the presence of a gear and/or bearing fault is used by these methods
to detect and identify the damaged elements [18].

The most widely used conventional method for spectrum analysis is the FFT, which is
implemented as the Discrete Fourier Transform (DFT) with considerable savings in

computational time. The Fourier transform is defined by the following equation:

T/2
1

X(f) = FixO}== j x(t)e 127" dt (3.8)

T/
Where x(t) is the time domain signal with a periodicity of T, and X(f) is the FFT of the main
signal and f is the induced frequency.

Frequency domain features are generally more consistent in the detection of abnormal
change and diagnosis of gearbox condition [136]. It offers the possibility of displaying the

repetitive nature of the vibration signals and isolating them as frequency components
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related to specific machine parts or faults [18]. Different techniques based on Fourier

spectrum analysis are explained in more detail in [13, 137].

However, although the spectral analysis method is very well recognised and widely used
for CM of machines, it is somewhat unsuitable for the extraction of information from a
non-stationary signal [138]. In general, faults occurring on machinery components generate
non-stationary signals, and these non-stationary components contain vital information
related to the machines’ faults [138]. Hence, it is critical for fault diagnosis to process these

non-stationary signals.

3.2.3.1 Mesh Frequency Characteristics

Examination of the amplitude of the vibration frequency spectra often provides useful
information about the source of failure. In gear systems, the meshing frequency is the
dominant excitation feature of the vibration signals [2, 7, 120, 139-141] . The changes in
the spectral amplitudes of the meshing frequency components usually indicate the potential
condition of the gear system. Each gear set generates a unique profile of frequency
components which should be monitored consistently [142]. The gear-mesh frequency (fm)
and its harmonics can be calculated by multiplying the gear teeth number (Z) by the

rotational speed () or rotation frequency (fr) of the same gear.

Z o Z o
foo =i P PYy—j 99 3.9
=) =i () (39

or:

foi :i><Zp fo :i><Zg fiy (3.10)
Where i is an integer number referring to the ordinal harmonic of the corresponding mesh
frequency. Zp, Zg are the number of teeth on pinion and gear respectively. op , @g are
rotational speeds in (rpm) of the pinion and gear respectively, and frp , frg are shaft rotation
frequencies in (Hz) of the pinion and gear respectively.

With gears, special attention must be given to any changes that occur in the peaks produced
at the meshing frequencies. Randall has claimed that the first three gear meshing harmonics
and their sidebands provide sufficient information for both the successful identification of
the presence of a gear fault and its condition [143]. Therefore, by observing the changes in
these features, the progression of gear faults can be monitored and a good indicator of gear

failure sources provided.
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3.2.3.2 Shaft Frequency

Vibration of shafts and their associated couplings occur at machine rotational frequencies.
These vibrations are dominant and, therefore, their amplitudes are assumed to be a function
of angular speed. Generally, different faults, such as unbalance, misalignment and shaft
bending can, most easily, be detected by monitoring the amplitude and phase of rotational
speed components [144, 145].

For a gearbox operating at constant speed, the variation in the rotational frequency is due
to the fluctuations in transmitted load/torque between the gear shafts. However, this
variation is assumed to be negligible in relation to the dynamic response of the mean
rotational frequency. The shaft frequencies of each of the pinion (frp) and gear (frg) can be

calculated in terms of the rotational speeds (op and wg) as:

(Q) (Q)
f=2e f -0 3.11

3.2.3.3 Sideband Characteristics

In the frequency spectrum, sidebands appear due to the repetitive impacts of faults.
Gearbox defects usually result in modulation phenomenon in the vibration signals, which
appear as families of sidebands around the gear mesh frequency components. The
modulations effect in the gearbox’s vibrations are caused by eccentricities, varying gear-

tooth spacing, pitch errors, varying load, etc. [146].

Local gear faults, such as cracked or broken gear teeth can also excite a number of
sidebands around the mesh frequency harmonics, with spacing equal to the rotation speed
of the faulty gear. Analysis of sideband components can give a clear indication as to the
nature of gear faults and provide useful information on the detection and diagnostic

capabilities of gear defects.

Any differences in the gear vibration responses may cause changes in the sidebands across
the fundamental and harmonics of the gear mesh frequency. Each gear set generates a series
of modulations/sidebands around the harmonics of the fundamental gear mesh frequency,

where the sideband frequencies can be written as [143]:

, i=123.., j=123.. (3.12)

Where: j is an integer number of the sideband frequency component.
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3.2.3.4 Modulation Effects

The components of the gear mesh frequency are the dominant features of the gear
transmission spectrum. However, the signal is subjected to modulation when a non
uniformity is induced into the gear mesh period, which result in sidebands around the
harmonics of the gear mesh frequency. Demodulation is necessary to extract the main
signal and the modulating or carrier signal, and both of them provide valuable information
for CM of the system. Demodulation is extraction of the data signal by removing the carrier

signal from the modulated signal.

Time ¢
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Figure 3-5 (a) Modulating signal; (b) amplitude-modulated (AM) signal; (c) frequency modulated
(FM) signal [4].

Amplitude modulation (AM) and frequency modulation (FM) are the most common forms

(b)

(c)

of signal modulation [4]. A transient signal shown in Figure 3-5(a) is used as modulating
signal. For AM, the amplitude of a periodic carrier signal is varied according to the

amplitude of the modulating signal, whereas the frequency of the carrier signal is kept
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constant, as shown in Figure 3-5(b). AM can be useful in the applications of fault detection

and diagnosis in rotating machinery [4].

The carrier signal amplitude remains constant in FM, whilst the carrier signal frequency is
varied proportionally based on the amplitude of the modulating signal, as illustrated in

Figure 3-5(c). FM is less susceptible to noise than AM.

3.2.3.4.1 Amplitude Modulation

The principle use of AM is particularly important in the practice of using mechanical
vibration for fault detection and diagnosis of rotating machinery [4]. Randall states that the
amplitude of a gearbox casing vibration, induced by the meshing of the gears, is modulated
by the variability of torque load [143]. Because vibration amplitude is sensitive to tooth
loading it is expected that the vibration amplitude will be modulated accordingly. This
amplitude modulation causes sidebands to occur in the vibration spectrum, and several

types of machine problems can be detected by monitoring the evolution of these sidebands
[4, 147-149].

In the case of gearboxes, a number of gear faults can enhance the amplitude modulation
due to the individual impacts generated by defect impulses [13, 18, 124, 150]. The
eccentricity of a gear gives a continuous modulation by a frequency corresponding to the
instantaneous rotational frequencies of the gearbox components. Local defects such as a
cracked or spalled tooth will also cause irregular tooth meshing and result in modulation
of the mesh frequency at the shaft rotational speed, with consequent sidebands around the

harmonics of the gear mesh frequency.

AM can be achieved by multiplying the modulating signal x(t) by a high frequency carrier
signal xc(t), resulting in a signal xa(t) that is described by [4]:

X, (t) = x(t) . (t) (3.13)
The carrier is a high-frequency signal that could be any periodic signal, sinusoidal, square
or triangular. A vibration signal with a carrier frequency fc, and an amplitude A, can be

expressed as:

X.(t) = A cos(2r f_t) (3.14)
The Fourier spectrum of the product signal is simply the Fourier spectrum of the original

signal shifted through the frequency of the sinusoidal signal. In which, the Fourier spectrum

KHALDOON F. BRETHEE, SCHOOL OF COMPUTING AND ENGINEERING, UNIVERSITY OF HUDDERSFIELD, 2017
46



Gearbox Fault Detection and Diagnosis Techniques Based on Vibration Analysis

Xa(f) of the amplitude-modulated signal xa(t), can be obtained from the definition of Fourier

integral as:

X (f)=A j “ X(t) cos(2n ft) exp(—2m j f t) dt (3.15)
Since,

cos(2n f.t) = %[exp(an f.t)+exp(—2nj f.t)] (3.16)

the modulated waveform is given by:

X, (f)= % [ x(tyexpl-2rj(f - )] dt +% [ xexpl-2rj(f + f)tldt  (3.17)

By assuming a linear process and extracting the common factors, the mathematical

statement of the modulation theorem yields [4]:

Xa(f):%[X(f—fc)+X(f+fc)] (3.18)

The carrier frequency could be the gear mesh frequency, multiples of the bearing ball pass
frequency, resonant frequency of a machine component/structure, or the resonant
frequency of an accelerometer, whereas the sidebands are either the shaft rotational speed
or one of its multiples [151].

3.2.3.4.2 Frequency Modulation

The gearbox vibration signal may contain amplitude and phase modulations that are
periodic, with the rotation frequency of the gear. Variations in the rotational speed of the
gears and/or variations in the tooth spacing will produce FM of the tooth-meshing
frequency [130]. In fact, the fluctuations in the contact force between the meshing teeth not
only give rise to AM, but also result in variations of angular velocity that give a FM at the
gear meshing frequency. These modulations make vibration signatures for the diagnosis of

gear faults much more complex in both time and frequency domains.

Under ideal operating conditions, the vibration from a pair of two perfect gears can be
considered as a sinusoid with predominant frequency peaks at the gear meshing harmonics

[152]. Including phase angles, the time-domain average of the gear meshing vibration x(t),

at time t, can be expressed as:
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M
x(t)=> X,cos@zmf t+g) , m=123.. (3.19)

m=1
Where, Xm is the vibration amplitude of a mesh frequency harmonic, m is the harmonic
order of the gear mesh frequency fm, and ¢m is the phase angle of the harmonic.

When a discrete gear fault (such as a tooth crack) occurs in a gearbox, this equation is
modified by the introduction of periodic amplitude or phase modulations into the vibration

signal. With these amplitude and frequency modulations present, the modulated signal

xa(t), can be written as [153]:

X, (t) = i X, (L+a,(t)cos@zmf t+¢, +b, (1)) (3.20)

m=1
Where: am(t) and bm(t) are the amplitude and phase modulation functions respectively,

which produce sidebands around the mesh harmonics in the frequency domain.

3.2.4 Higher Order Spectra (HOS)

Inconsistencies in the analysis of the spectrum could be a result of noise inclusion. To
obtain more consistent and accurate results, new signal processing methods have been
developed with the aim of enhancing the SNR to enable more efficient diagnosis. HOS of
discrete-time signals is a useful method for signal-processing and is used widely in data
analysis [154-157]. HOS has the ability to reconstruct and preserve both magnitude and

phase information.

In general, HOS (also known as polyspectra [158]) functions may contain different
information about the signals, which can be classified as shown in Figure 3-6. The HOS
are defined in terms of cumulants, as a set of n real random variables with their cumulant
order. The n™ order spectrum C(fy, f2, ... , fo-1) of the x(t) is defined as the Fourier transform

of its n' order cumulant sequence Cn(z1, 72, ..., 7n1) [158].
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The generalised concept of HOS was introduced by Tukey and Brillinger in the early 1960s

[160], and this method has attracted a large number of researchers in many areas. The HOS

consist of higher-order moment spectra, which are very useful in the analysis of transient

and periodic signals, and cumulant spectra for random processes, which is important in the

analysis of stochastic signals. The general motivations behind the use of HOS in digital

signal processing are [159, 161]:

1. To suppress the Gaussian noise of unknown power spectra.

2. To reconstruct and identify the phase coupling in the signals as well as the

magnitude response of signals.

3. To detect and characterize nonlinear properties in the data.

4. To extract information due to deviation from Gaussianity and system nonlinearity.

3.2.4.1 Power Spectrum (PS)

The power spectrum is a real positive quantity which gives a measure of the harmonic

power as a function of frequency. It can be defined based on its order spectrum, n=2. The

DFT of the vibration signal x(t), is defined as:

X(f)= 3 x(t)e ="

Which can be rewritten in the format of its magnitude X(f) and phase ¢(f):

(3.21)
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X(f)=|X(f)|exp[jo(f)] (3.22)
The power spectrum of the signal x(t) is defined as the square of the magnitude of the

Fourier transform of the signal

X - o0 . 2
X (f)= Z C,(z,) a-iorfa _ UwCZ (r,) g-izrtn (3.23)

T3 =—®0

Which can be written as the first-order cumulant:

PS(f) = E[X().X"()] (3.24)
Where | X ( f)|is the magnitude of the Fourier transform of the cumulant signal Cz(t), X"(f)

is the complex conjugate of X(f) and E[ ] is the cumulant statistical expectation operator.
It shows that a statistical averaging is necessary for the spectrum estimation process.
However, no phase information can be measured by the power spectrum and certain types
of phase coupling that could be associated with system nonlinearities cannot be correctly
identified.

3.2.4.2 Bispectrum Analysis

Bispectrum is a higher order spectrum of the third order statistic, that can be used to
suppress the effect of noise processes and search for evidence of nonlinear interactions in
signals. It has the ability to recover the observed signal by estimating the magnitude and
the phase information of the original signal [162]. It can also extract further phase
information by detecting phase relationships between the frequency components. The

bispectrum of a signal x(t), is formally defined as:

X(f, 6= Y Cg,z,)e 2hngizrtn (3.25)

T1=—OO T =—00

Where, Ca(t1, 72)=E[Xt, X¢+ 11, X+ 2] 1S the third order cumulant sequence of the signal x(t).

3.2.4.2.1 Conventional Bispectrum (CB)

The third order estimation spectrum or the conventional bispectrum B(f;, f2) can be
expressed mathematically using the Fourier transform of a discrete time domain signal,
which represents the contribution to the mean product of three Fourier components, in

which one frequency is equal to the sum of the other two frequencies:

B(f,, f,) = E[X(fl)x(fz)X*(fl + )] (3.26)
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Where fy, f and f1+f, are three individual frequency components.

The main properties of this third-order measurement are explained in [163], in which
B(f1,f2) is a complex quantity (containing both magnitude and phase), see Eq. (3.27); is
biperiodical, see Eq.(3.28); symmetrical, see Eq. (3.29); and is capable of detecting and
quantifying phase coupling. To show these properties, Eq. (3.26) is rewritten as [158, 163]:

B(f,, f,) = E[B(,, f,)| expljoq (f,, f,)] (3.27)
B(f,, f,) =E[B(f, +2mr, f, +2n)] (3.28)
Which can be expanded as:

B(f,, f,) =E[B(f,, f,)]=E[B"(~f,~f)]= E[B"(- f,,—f,)]= E[B(~f, - f,, f,)]
= E[B(fl’_ fl - fz)] = E[B(_ fl - fz’ fl)] = E[B(fz!_ fl - fz)]

For each independent component of f1, f> and f1+f2, statistically independent random phases

(3.29)

will be characterized and distributed over (-z, 7). Upon statistical averaging denoted by the
expectation operator E[] in Eq. (3.29), the bispectrum will tend towards zero due to the
random phase mixing effect. In this way random noise can be suppressed significantly
[147].

To make the bispectrum independent of the energy content at the bifrequencies, another
parameter called bicoherence is used which is a normalized form of the bispectrum. The
bicoherence is used extensively for the detection and quantification of quadratic phase
coupling in the bispectrum estimation detection of quadratic phase coupling. a squared

bicoherence is chosen because it is bounded between 0 and 1, and is defined as [164, 165]:

B(f,, f,)
E[X(f,)X(F,)[ TEIX (f, + f,)[ ]

b?(f,, f,) = (3.30)

The bicoherence normalises the estimated bispectrum in order to reduce the influence of
the signal’s power spectrum, which results in a clear illustration of the true nature of the
signal. Thus a frequency pair where phase coupling has occurred, 100% degree of nonlinear
interactions among frequency combinations, f1, f2 and f1+f2, will be shown by a bicoherence
index b(f1, f,) close to unity, while an absence of phase coupling will produce a near-zero
value of b?(f1, f2) [158]. Zero values of the bicoherence index suggests that the components
are produced independently from the system. Therefore, based on the amplitude of the
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bicoherence index, quadratic nonlinear interactions can be detected and the degree of

interaction between the coupling components can be also measured [166].

3.2.4.2.2 Modulation Signal Bispectrum

The bispectrum presented in Eqg. (3.26) can only include the presence of nonlinear
interactions between frequency combinations, f1, f> and f1+f2. It omits the possibility of the
occurrence of quadratic phase coupling at fi-f2, which may be important due to the
nonlinearity between fy, f.. Because of this, the conventional bispectrum it is not adequate
to describe modulation signals such as those representing gearbox vibration, see Eq. (3.27).
To improve the performance of CB in characterising the gearbox vibration signals, a
modulation signal bispectrum (MSB) has been developed as a new AM detector in [166]
[147, 167]:

BMS (f11 fz) = E[X(fz + fl)x(fz - fl)X*(fz)X*(fz)] (3.31)
Where its magnitude and phase are as follows [165]:

[Bus (., £,)]= E[X (f, + £)[X (f, = )X (f,)]X (F,)] (3.32)

ovs (fi, ) =0(f, + ) +o(f, — ) —o(f,) —o(f,) (3.33)

If there is coupling between f; and f», their phases are related by

o(f, + 1) =o(f,) +o(f)
o(f, = f) =o(f,) - o(f)
By substituting Eq. (3.34) into Eq. (3.33), it can be seen that the total phase of the MSB

(3.34)

will be zero and the MSB amplitude will be the product of the four magnitudes. Therefore,
a bispectral peak will appear at (fy, f2), which are interacting, and which will also produce
sideband components at (f1 - f2) and (f1 + f2). On the other hand, if there is no phase coupling
between any of the components, the AM detector will not exhibit a peak at (fy, f) and the
expectation operator will then cause the value of Bus(f1, f2) to approach zero. This estimator
will also correctly produce only one bispectral peak that appears at bifrequency Bwms(f1, f2)
per occurrence of AM. This is a more accurate way of representing the sideband

characteristics of the modulation signals [166].

Similar to the conventional bicoherence, a normalised form of MSB or modulation signal
bicoherence is used to measure the degree of coupling between the three components as
[147, 167]:
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[Bus (. )
ENX (F)X (F)X (R)X ()] TEIX (f, + f)X (, — £)[ ] (3.35)

Moreover, the MSB signal degrades to the power spectrum in case of f1=0, and Eq. (3.31)

bMSZ(fl’ fz) =

can be written as:

BMS (0’ fz) = E[X(fz)X*(fz)x(fz)X*(fz)] (3.36)
Which is close to Eq. (3.24) in term of:
PS(f) =4 BMS (0, fz) = E[X(fz)X*(fz) (3-37)

3.3 Key Findings
> Different vibration based diagnosis techniques can be applied to extract useful

information for online health monitoring of the system conditions.

» Time domain analysis is the simplest form of signal processing for measuring and
recording the incoming raw signal. It extracts valuable information based on a

statistical measurement of the raw signal as a function of time.

» TSA is an effective technique that is widely used in vibration monitoring and fault
diagnosis by extracting repetitive signals from noisy data. However, it requires an
external time sampled trigger signal provided by an additional instrumentation

sensor, and it may suppress some important information in its order spectra.

» Machinery faults typically generate non-stationary components in the signal, which

contain information vital for fault diagnosis.

» Although spectral analysis is the most widely used method for CM of machines, it

is critical to process the non-stationary signals for fault diagnosis.

» Most gear defects cause irregular tooth meshing, which results in modulation of the
mesh frequency by shaft rotational speed, resonant frequencies of the system and

dynamic meshing forces.

» MSB analysis allows random noise and aperiodic components in the vibration
signals to be suppressed effectively, whereby the nonlinear modulation components

can be decomposed and revealed more clearly.
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Chapter 4
Experimental Test Rig

This chapter describes the test facilities used in this study. It details the main mechanical
equipment and the measuring instrumentation employed for the experimental investigation
of a multistage gearbox transmission system. The data acquisition system used to record
the experimental data is also explained in this chapter. Finally, the chapter describes how
the gear mechanical faults and the different lubrication status were simulated, in which the
experimental procedures and steps used to appreciatively obtain the vibration signals from
the testing gearbox, for healthy and faulty gear conditions are explained.
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4.1 Introduction

To assess the effectiveness of using vibration signals for online condition monitoring of
helical gearboxes (gear fault detection and diagnosis), experimental work was carried out
on a laboratory rig transmission system. Depending on the measurement system used, a
test bench provides multiple ways of monitoring the health of an industrial two-stage
helical gearbox. This gearbox was developed to the highest standard of accuracy and
reliability in a variety of industrial applications, which is superior in transmission higher

load-carrying capacity.

Sufficient experimental studies are essential for developing and evaluating an effective
technique to be used extensively. The test rig was designed based on a real industrial
mechanical transmission system. It was designed to perform repeatable, deterministic test
runs under controlled conditions. The aim of the experiments was to introduce fault
condition into a two-stage helical gearbox in order to detect and correlate the abnormal

condition indices with real fault data.

4.2 Test Rig Construction

For this research, a purpose-built experimental test bench was utilised to perform extensive
experimental monitoring of different gear failure modes. The test rig comprises back-to-
back gearboxes, in which the first gearbox (GB1) acts as a speed reducer while the second,
slave, gearbox (GB2) acts as a speed increaser. An induction motor and load generator are
connected in series with both gearboxes via flexible couplings, see Figure 4-1. This
arrangement allows different load conditions to be imposed on the test gearboxes. The test
rig assembly is powered by an AC motor (15 kW, 1460 rpm) while the DC generator was
used to apply different load conditions on the system.

An electronic Optima Control System was used to provide full control of operating
conditions (varying speeds and loads) via a touch screen monitor interface. It was used for
setting up the required working conditions in terms of run-time, speed, load and the number
of operating sets. The control panel is connected to the test rig as shown in the schematic
diagram of the test rig setup, Figure 4-2. A data acquisition and measurement system was
connected to measure electric (current and voltage), rotational speed and vibration signals
through suitable sensors in order to manipulate and save the required data to a PC via a
USB cable.
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Figure 4-1 Test rig construction

4.3 Test Rig Facilities

The experimental test rig was designed to conduct various test-runs under controlled

conditions where simulated faults could be introduced when required. Figure 4-2 shows a

schematic diagram of the gearbox test rig configuration.

Terminal box 2-Stage helical gearbox 2-Stage helical Flexible
(slave) gearbox (main) coupling in
GB2 GBL 3-off
DC- 77 7 7 77
Generator % ‘ ‘ %
N AN '
Supporting . . Current
beam Vibration 11,12,13
— accelerometers
1 [T Touch screen
Apply load interface Data transfer
on the DC- for analysis
Generator | r“"_4_= ¢
q =12 E Data Acquisition
Resistor bank % = [ Data Acquisition |
controller \/
. Run AC-Motor with different speeds

Figure 4-2 A schematic diagram of the test rig setup

Encoder
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The test parameters were selected to assess detection and monitoring procedures for

simulated typical gear faults under various operating conditions, to determine the health
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status of the gearbox. This requires developing appropriate data analysis methods to extract

useful information for early fault detection and diagnosis.

4.4 Mechanical/Electrical Components

The test rig was intended to monitor the health of a two-stage helical gearbox using
traditional techniques: vibration, temperature, speed and electrical (motor voltage and
current) signals. The rotating components of the test rig were mounted on a double U-beam,
which was attached to a concrete base. The beam was designed to allow the assembled
components to be removed and reassembled easily. The test rig components were
connected via flexible couplings at three junctions; the connection of the AC motor to the
input shaft of the test gearbox, where the two gearboxes were inter-connected, and where
the DC generator was connected to the output shaft of the slave gearbox, see Figure 4-2. A
summary of the main test rig components is given in Sec. 4.4.1 to 4.4.5.

4.4.1 Two-Stage Helical Gearbox

A two-stage helical gearbox manufactured by Radicon Transmission UK Limited was used
for the experimental work of this study. Using such a commercial gearbox allows the
extracted signals to be more realistic and more reliable for verification and implementation.
A schematic diagram of the structure of the gearbox is shown in Figure 4-3. The component
model shows the type of gears in each stage inside the gearbox which are meshed with a
reduction ratio depend on their teeth number. The rotational frequency of each shaft inside

the gearbox and the gear mesh frequencies are also shown, which can be determined by:

-4
rl 60
f,,= frl*i L (4.1)

Z,

fo_f xhxk
r3 rl
z z

2 4 )
where: @1 refers to the input shaft speed in rpm (speed of AC motor), fr1, fr2 and fr3 refer to
the rotational frequency of the input, intermediate and output shafts respectively.
fml = frl Zl (42)
fno =122,
where, fm1 and fmo refer to the mesh frequency of each stage. The overall reduction ratio of

the gearbox is 3.678, as explained in Table 4-1.
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Figure 4-3 A photograph and schematic structure of two-stage helical gearbox

Table 4-1. Design parameters of the two stage helical gearbox

Output Shaft

Description _ _First Stage _S_econd Stage
Pinion | Gear Pinion Gear

Number of teeth Z1=58 | Z,=47 Z3=13 Z4=59
Ref. circle diameter (mm) | 81.369 | 65.937 26.684 121.1
Shaft diameter (mm) 280 | 240 | (o :r5§gaft) 395
Rotation speed (Hz) fr1 fr2 fr2 frs
Meshing frequency fm1 fm2
Reduction ratio 0.8103 4.5385

: ; f Z Z
Overall reduction ratio - (—ZJ(—“j =3.678
fr3 Zl ZS
Manufacturer Radicon
IT TYPE M07223.6BRC-1-----
Input power (kW) 13.1

Output torque (Nm)

306 Nm @1450rpm

Overhung load (kN)

3.50

Oil type

EP 320 (mineral oil)

Oil volume (L)

2.6

For the purposes of lubrication, MILLGEAR 320 EP was used with specifications detailed

in Table 4-2. Use of the proper industrial gear lubricant is important for long-term and
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efficient operation. According to AGMA 9005-E02, the choice of the appropriate lubricant
depends on matching its properties to the particular application. The higher the speed of
the gear drive, the lighter the viscosity needs to be. The selection of lubricant viscosity
must be based on the lowest and highest operating and/or ambient temperatures
experienced [168].

Table 4-2 Physical properties of Millgear 320 EP industrial lubricating oil [169]

Industrial Gear Oil MILLGEAR 320 EP
Specific Gravity @ 15°C (kg/l) 0.901
Kinematic Viscosity @ 100°C (cSt) 23.5
Kinematic Viscosity @ 40°C (cSt) 320
Viscosity Index (AGMA 9005-E02) 92

An empirical equation for determining the required viscosity was detailed by Davis (2005)
[170]:

500
()40 = W (43)
Where v40 is the lubricant kinematic viscosity at 40 °C (in cSt) and V is the operating pitch

line velocity (in m/s), which is given by:

V= 2—’5 or =0.05240d (/) (4.4)

Where d is the operating pitch diameter of the pinion (in metres) and o is the pinion speed
(in rpm). According to Eq. (4.3), the required kinematic viscosity for gearbox application
should be v40=322 cSt, and the recommended grade for this value is ISO VG 320 as
established by BS 4231:1992 and 1SO 3448:1992 [171]. which is provided by Millgear 320
EP lubricating oil.

4.4.2 AC Driving Motor

A three-phase electric motor manufactured by Brook Crompton type T-DA160LA as
shown in Figure 4-4, was coupled to the input shaft of GB1 via a flexible coupling. It was
used to drive the test rig with power 15 kW (20 hp) at a maximum speed of 1460rpm, within
voltage range of 380-415V and electric supply frequency 50 Hz. It provided full load torque
98.1 Nm with a rotor inertia of J=0.129 kg.m? and shaft diameter 42 mm. The motor is

fully controlled by a programmable logic controller (PLC) via a touch screen user interface
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to set up the requested test profile. In addition, an electric measuring unit was used to
analysis the power supply (see Figure 4-2) and to measure the required current and voltage

signals of each phase driving the motor.

Figure 4-4 AC Induction motor (Brook Crompton) [172]

4.4.3 DC Generator

A Brook Hansen DC generator was attached to the test rig as a torsional loader, which
provides different loads to the system. The magnitude of the load is expressed in percentage
of the maximum power of the DC generator (15 kW at a full speed of 2100 rpm, armature
voltage 460 V and field current of 37.5 A). The DC generator can be designed to provide
different torque load conditions, such as sinusoidal load or variable step load, through the
PLC controller.

4.4.4 Flexible Coupling

A flexible coupling, type HRC150H manufactured by Fenner, was used at each of the three
connecting points to link the mechanical components of the test rig, see Figure 4-2. These
provide flexible connections that accommodate any slight misalignment between the
shafts, and transmit power without slip or disconnection. The coupling is a three jaw type,
manufactured from a hard rubber with a size of 150mm and a transmission power up to 100
kW at 1600 rpm. An elastic type of flexible spider rubber coupling was implanted between
the two jaws of the coupling. These flexible rubber spiders allow only the torque to be
transmitted between the shafts. Figure 4-5 shows the flexible coupling system, which

consists of two half couplings and an intermediate flexible component.
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Figure 4-5 Hard rubber coupling

4.4.5 Speed and Load Controller

The test rig is controlled by a PLC SIEMENS, SIMATIC S67-200, see Sec. 6.2.2, which
was developed by Optima Control Solutions Ltd. The PLC is easy to use and has the ability
to deliver the required torque and speed accurately. It is equipped with a touch screen to
enter the test profile and to monitor the key variables during the run-up of the system (see
Figure 4-6). Different parameters can be controlled by the system via the touch screen
interface, such as: time duration of the operation, driving speed of the AC motor (% of full
speed, 1460 rpm) and the applied load of the DC generator (% of full load, 15 kW).

Figure 4-6 Control panel of the test rig
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Figure 4-7 Block diagram of the experimental test rig control system

The control system controls the speed of the AC motor via the variable speed drive, and
simultaneously applies the required torque load on the DC generator via the variable load
drive, as illustrated in Figure 4-7. The PLC controller transmits the required supply
parameters as entered by the operator via the LCD touch screen, to run the test rig under

the required operating condition.

4.5 Measurement Instrumentations

For this series of experiments, the measurement system was set to measure three
acceleration signals, two thermocouple signals, one encoder signal and one power supply
measuring signals for the online condition monitoring of the gearbox under different fault
and operational conditions. The acquired data signals were recorded and transferred to a
computer for analysis. The system has the potential to be used simultaneously to measure
the three-phase electric signals. The measuring devices used during the operational test
runs are presented in Sec. 4.5.1- 4.5.4.

4.5.1 Vibration measurements

The piezo-electric accelerometer is the most common transducer used for vibration
measurement, to convert the mechanical motion into a measurable electrical voltage signal.

It is a low cost and low maintenance device that is ideal for use with either portable data
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collectors/analysers or as part of online machine protection systems [173]. It can be used
effectively for measuring dynamic changes in mechanical variables including shock and

vibration over a wide frequency range, up to 20 kHz [174].

45.1.1 Piezo-Electric Accelerometer

Piezo-electric accelerometers offer a wide frequency range with different sensitivities,
masses, sizes and shapes [175]. Typically, the vibration signal is measured by
accelerometers placed at suitable points on the system. Based on the magnitude and
frequency of the vibration signal to be measured on the test rig, and the operating
temperature, three piezo-electric accelerometers were chosen with different voltage
sensitivities of (10.22, 5.012 and 4.980 mV/ms?2). These transducers are suitable for
vibration measurements within a range between 1 Hz to 10 kHz and do not require any
additional signal conditioning apart from their standard charge amplifiers.

10=32

ZLS

| [
=
: :I: - _—

lo-3&

LT (13D

Schematic diagram

Circuit diagram
Figure 4-8 IEPE accelerometer model: CA-YD-185TNC

The accelerometer was mounted horizontally on the gearbox housing using a threaded
aluminium stud, as shown in Figure 4-8. This method of attaching the accelerometer
complies with the IEPE (Internal Electronic Piezoelectric) standard. The accelerometer was
connected directly to the data acquisition system and then to the computer via a USB port.

The mounting point was chosen so that the accelerometer was placed very close to the
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impact of the line of action of each stage, whereas the mesh gear vibration of each stage

can be measured by one sensor.

4.5.1.2 Accelerometer Theory

The piezo-electric accelerometer generally consists of two elements; a mass to generate an
inertial force and a piezoelectric crystal to produces an electrical charge that is related to
the force exerted upon it, see Figure 4-9 [176].

Piezoelectric  +°
material Voltage

+e
' Voltage

Mounted to structure —

Figure 4-9 Schematic of an accelerometer mounted on a structure and a photograph of
commercial available version (CA-YD-185TNC)

The accelerometer model is based on the damped mass-spring system as depicted in Figure

4-9. The force is governed by Newton's second law of motion; F = ma. Based on force

balance, the equation of motion of the mass, m, is:

mX+c(X—Yy)+k(x—y)=0 (4.5)
Where x(t) is the displacement of mass and y(t) is the structural motion that is being
measured, which can be assumed to undergo a motion of the form y = Ycoswt. The relative
displacement between mass and base is z(t) = x(t) - y(t), is directly proportional to the

compression of the piezoelectric element. Thus, the equation of the motion yields [176]:

mZ+cZ2+kz=mw?Y coswt (4.6)

The steady state solution to Eq. (4.6) is:

2(t)=—— ZQ)ZZY ; cos[a)t—tan‘1 Zgw”wj (4.7)
V(@ - ") + (26,0)

Where © and Y are frequency and amplitude of the base structure motion, y(t), on is the
natural frequency of the accelerometer and & is its damping ratio. It can be seen that z(t)
has the same frequency and the same input acceleration amplitude as the base, especially

when wn > w. However, there is a phase shift between the two movements of tan™}(2 & wn
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w/(w? - ©?)). The working frequency range of the accelerometer with excellent linearity is

limited to well below its resonant frequency.

4.5.2 Shaft Speed Measurement

An incremental optical encoder manufacturer by Hengstler; Type: RS32-O/100ER was
used to measure the angular speed of the AC motor shaft and its position. It can be used for
different industrial processes and control systems, and is an established electrical

engineering standard.

S AP EEEENN .
b mEr - e ¥ F F
Motor Shaft =
i 4
Encoder
Bracket
Fan cowl

Figure 4-10 Encoder fitted at the end of the AC-motor shaft

The encoder is fitted to the end of the induction motor shaft via a bracket mounted on the
fan cowl (see Figure 4-10). The device is powered by 10V dc-supply, and connected to the
computer via the data acquisition system, without any amplification. The encoder produces
a rectangular pulse shape, and 100 pulses per revolution of the motor shaft, which give a
suitably accurate shaft position. The time samples are synchronized with the trigger pulses

for every complete revolution, which are used to measure the angular shaft speed.

4.5.3 Data Acquisition System (DAQ)

A data acquisition system (DAQ) is a tool designed to interface any test rig to a PC by
acquiring data as electrical signals which can be transformed into a digital format for
processing, analysis and storage by a computer. The DAQ generally has hardware and data
acquisition software, which are used with sensors and field wiring to monitor different

conditioning signals such as acceleration, speed, temperature, sound level, force, etc.

Figure (4-11) shows the high-performance data acquisition system (Sinocera YE6232B)
from Global Sensor Technology with card PD2-MF-16-500/16L PCI used in the laboratory
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for capturing and analyzing the experimental data at a sampling frequency of 96 kHz. It
has 16 analog input channels, which are used to convert the analog signals acquired from
the transducers (e.g., accelerometers) to digital signals and then transfer them to the
computer for analysis. The technical specifications of the DAQ used in this study are shown
in Table 4-3.

RN ARy
L RN A R AR
AT R

Figure 4-11 Global Sensor Technology YE6232B of the DAQ

Table 4-3 Technical Specifications of the DAQ

DAQ system manufacturer
Company: SINOCERA

Global Sensor Technology YE6232B
Piezotronics, INC. Version 1.2

Number of Channels

16 (selectable)

A/D Conversion resolution

24 bit

Sampling rate (maximum)

96kHz per channel, Parallel sampling

Maximum sampling

1.5 MHz

Input range +10V

Gain x1, x10, x100
Filter Anti-aliasing
Internal acquisition card USB 2.0
Software YE7600

YE76000 software was used to record the input data and support the DAQ. This software
can also be used to give the user a clear visible overview on a real time display of all the
channels used, see Figure 4-12. The data collection can be manipulated to ensure the
accuracy and reliability of the signals. The DAQ has the capability to set parameters for
acquiring data for efficient data storage and fast data conversion to a Matlab format for all

16 channels.
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Figure 4-12 Real-time display and data collection in progress

4.5.4 Thermocouple

A Pro K-type 316 stainless steel thermocouple of 3 mm diameter from RS, as shown in
Figure 4-13, was used to measure the oil temperature inside the two gearboxes. Pro K-types
are widely used in research and industry to provide temperature measurements over a wide
range. The temperature detected by the thermocouple is presented as a voltage signal which
is taken as a measure of the temperature. The signal is sent to the temperature processing
unit for filtering and amplification. Then the DAQ reads the signal and records it at 96 kHz

sampling rate.

:/, e

o

Figure 4-13 Thermocouple type K mineral insulated probe

4.6 Fault Simulation

During normal operation, due to long-term running, transmission torque and rotational

motion of the gears, a variety of faults can occur which detrimentally affect gearbox
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performance. Gearboxes have limits for their vibration levels, exceeding this limit will have
a detrimental effect on the whole system. The detection of common gearbox faults using

an effective signal processing technique is the main focus of this study.

The common gear faults are mainly related to gear tooth irregularities, i.e., tooth breakage,
wear and surface damage. Such faults are exacerbated if there are deficiencies in
lubrication. These faults can lead to a potentially catastrophic failure of the transmission
system if undetected. To help develop reliable and accurate detection and diagnosis,
seeding faults in a real system is an effective way to investigate likely consequences in

more realistic situations.

There are two approaches used by researchers for experiment simulation of defects in the
gearbox. Either to intentionally cause a specific defect, and then compare the system
response to the healthy condition, or by a run-to-failure approach monitoring system
response until a defect forms naturally. In this study, both approaches have been employed
to examine the use of gear vibration signature to diagnose various fault conditions. The

simulated faults are as follows:

4.6.1 Tooth Breakage

Tooth breakage (TB) is a common fault that can occur in helical gears due to high contact
ratio, shock or overloading, and which weakens the metal and finally results in failure by
fatigue. To develop successful diagnostic techniques, TBs of different severities were
simulated intentionally in the first stage of the test gearbox (GB1), as shown in Figure 4-
14. The vibration signatures under different TBs were analysed to produce a realistic
feature for detection and diagnosis of this fault. Note: 20% tooth breakage is where 20%

of the length of the tooth was removed. Similarly, for 40% TB.

40% TB

Figure 4-14 Simulated tooth breakage fault
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4.6.2 Wear

Tooth surface wear is a common failure mode that occurs after relatively long periods of
service. It affects reliability and hence the availability of gear drives. To identify an
effective indicator of tooth surface wear, a run-to-failure test was performed by driving the
test rig under sinusoidal and step torque loads with variable rotational speeds. The wear
fault was developed naturally, but the time taken to the occurrence of the fault was
minimised by including shock loading when changing the load. The gearbox vibration
signal was monitored throughout the test scenario. By the end of the test, the tooth surface
deterioration had developed as shown in Figure 4-15, in which the wear was still at an early

stage.

Wear regime in the

A Wear regime in the gear
pinion of the first stage of the first stage

Figure 4-15 Gear wear fault from a run-to-failure test

4.6.3 Gear Lubricant Deterioration

Lubrication is a very important factor influencing the performance of gearboxes; lubricant
failure causes equipment failure. The major duties of lubrication are dissipating the
generated heat and reducing friction and wear between contacting surfaces. Failure in
lubrication due to the presence of dust, contamination with water, or degradation due to
being used for an extended period of time, may lead to catastrophic breakdown of the
gearbox and large maintenance bills. Vibration signal monitoring should be an effective
and reliable method for cost-effective, online health monitoring of gearbox lubricant

condition and gearbox lubricant deterioration.

The different tests completed in this research, are tabulated in Table 4-4.
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Table 4-4 Different tests of gearbox oil lube condition

Operating Condition

Defect Types Test Severity Speed Load

0 (baseline), 2 kppm, 4 kppm, 7 kppm,

Water Contamination 20 kppm, 30 kppm, 60 kppm, 90 kppm

(kppm) and 120 kppm.
100 EP 50% 0%
Different Oil Viscosities | 320 EP (baseline) 750 30%
(cSt, at 40°C,) 650 EP 100% 70%
1000 EP 100%

Baseline, 2.6 litres lubricant
Lubricant loss 600 ml (2 litres lub.)
Lubricant loss 1100 ml (1.5 litres lub.)

Different Oil Volumes
(litre)

4.6.3.1 Water Contaminated Oil

Any significant change detected in the measured oil viscosity could be indicative of severe
degradation or cross-contamination in the oil. Water is one of the most destructive
contaminants in lubricants. Water contamination causes rust and undesirable effects on the
lubricating performance such as change in viscosity, decrease in lubricant film strength and
load-carrying ability [177]. Furthermore, the water can cause a polarity shift in many
lubricant formulations, which allow them to have some affinity with or attraction to water
[178].

A wide range of water contamination, measured by parts per million (ppm), see Figure 4-
16, was added to the oil lubricant of the test gearbox which was then run under various
operating conditions. The gearbox vibration signal was recorded for each condition, in
order to get valuable information regarding its response to changes in radial load, speed
and lubricant viscosity.

Figure 4-16 MILLGEAR 320 EP samples with different water contents
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4.6.3.2 Oil with Different Viscosities

Viscosity is an important factor determining oil quality, a second test investigated whether
change in viscosity only, had any effect on vibration signature and/or power supply
parameters of the gearbox. Results of this test will help to confirm the conclusions reached
from the previous stage of the study when different proportions of water contaminated the
oil and increased oil viscosity. It also would be used for oil quality and lifetime detection
technique that can be utilised for lubricating problems detection and diagnosis. Four
different oil characteristics, see Table 4-5, were used to study the effect of different oil

viscosities on the gearbox vibration signal.

Table 4-5 Characteristics of different Millgear oils [169]

EP Mineral Oil Characteristics 100 EP | 320 EP | 650 EP | 1000 EP
Specific Gravity (at 15°C) 0.885 0.901 0.918 0.927
Kinematic Viscosity (at 100°C, cSt) | 10.95 23.5 49.5 71.0
Kinematic Viscosity (at 40°C, cSt) 100 320 650 1000
Viscosity Index 93 92 126 140

4.6.3.3 Different Oil Levels

Low oil level or starvation of lubrication leads to more frequent metal-to-metal contact.
Reduced oil film thickness can increase bulk temperatures and cause higher surface shear
stress. Insufficient lubrication of a gearbox, can increase friction, temperature and material
wear, and ultimately leads to failure of the component materials that are essential to the
system functions [101]. Micropitting is also caused by poor lubrication and thus online
health monitoring of oil levels should help prevent its occurrence. Here different oil
volumes were tested: namely the recommended level (BL = 2.6 litres), 600ml less than the
recommended volume (LL-600 = 77% of the recommended volume) and 1100ml less (LL-
1100 = 57.7% of the recommended volume), see Table 4-4.

4.7 Experimental Procedure

Figure 4-2 show the positions of the transducers and the assembled mechanical/electrical
components. The operator enters the required test scenario for the rig via the touch screen
interface of the PLC controller. Based on the required operating profile, multiple
combinations of speeds, loads and working duration times can be implemented. The

controller sends the required settings to the AC-motor and the DC-generator to run under
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different speeds and loads and the accelerometers, electric sensors, thermocouples and

encoders measure the required sensor signals.

Different gearbox tests were simulated using the following procedures:

To simulate a common industrial machine conditions, different operating
conditions (loads and speeds) were applied to both the DC and the AC machines,
via the touch screen.

The data acquisition, accelerometers, cables and all sensors were correctly
connected together and checked by YE7600 software on the computer.

The controller setting was programmed for up to 12 cycles, which includes speed
setpoints, load setpoints and time durations for each cycle.

YE7600 software was used to interface the DAQ and to set the required parameters
for the recorded signal, e.g. input range, number of samples to be taken and
sampling frequency.

Each data set was saved for a duration of 30 seconds to allow the slowest gear in
the gearbox to be able to perform an adequate number of revolutions.

The test data was saved at a high sampling frequency of 96 kHz.

To get accurate and repeatable performance data, the operating condition was
repeated five-times for each data set.

A suitable graph was built in YE7600 to monitor and check the signals of the test
rig and then save the required data for further analysis using MATLAB.

A series of tests were conducted to simulate different gear defects under fully

controlled operating conditions.

4.8 Key Findings

» An experimental study using a benchmark test rig system is commonly used to

investigate the validity of using the vibration signal for the online CM of gearboxes.

Piezo-electric accelerometers are the most commonly used transducer for vibration
measurement, due to ease of use, low purchase price and low maintenance cost,

large dynamic range, high quality measurement capability and reliability.

Accelerometers have a wide frequency range and are available with different
sensitivities, masses and shapes, which make them ideal for use with either portable

data collectors/analysers or as part of online machine protection system.
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> A versatile DAQ needs to be used for acquiring data reliably with efficient data
storage and fast data conversion, along with the capability to set up various channel

parameters.

» Fault seeding and a run-to-failure tests are the main two approaches used to simulate
faults in a real situation, and to investigate the capability of gear vibration signatures

to diagnose faults using various fault detection schemes.
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Chapter 5

Dynamic Model of a Helical Gear Transmission System

To develop diagnostic features accurately for vibration based monitoring, this chapter is
provided to study the dynamic model of a two-stage helical gearbox with an effective and
convenient calculation of mesh stiffness variations. The model consists of an 18-DOF
(degree-of-freedom) vibration system to describe the full dynamics of the test system and
take into account the effect of supporting bearings, driving motor and loading system.
Moreover, it couples with transverse and torsional motions resulted from time-varying
friction forces based on EHL, time varying mesh stiffness excitations and different tooth

fault severities.
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5.1 Introduction

Helical gear drive system is one of the most important transmission forms for power
transmission, speed variation and/or working direction when high transmission efficiency
and strong load capacity are required. Dynamic analysis of geared systems is a major
consideration in gear design, and essential for understanding, controlling and eliminating

noise and vibration problems [87, 179-184].

To attain an accurate diagnostic for vibration based monitoring, a significant number of
studies have been carried out on the modelling and simulation of gear dynamics. They have
resulted in a wide variety of dynamic models available to predict the response of gear
vibration in order to improve the current techniques of diagnosis and monitoring [143].
Simulation can be very valuable for getting a better understanding of the complex
interaction between transmission components in a dynamic environment and hence
improving machine diagnostics and prognostics. It helps to develop effective signal
processing methods for characterizing complicated weak fault signatures contaminated by
different noises [18].

5.2 Review of Helical Gear Simulation

A wide number of dynamic models for various gearbox systems have been presented in
[185-188], in which both torsional and translational vibration responses of gears were
studied as a tool for aiding gear fault diagnosis. A variety of models have been developed
for the diagnostics of different faults, such as gear spalling or tooth breakage [56, 186, 189,
190], tooth crack [184, 191-193], shaft misalignment [194, 195], tooth surface pitting and
wear [64, 196-201]. More models have been developed to analyse the time varying mesh
stiffness in a helical gear [202-206] and to study the effect of parametrical design on the
dynamic behaviour of helical gear system [179, 207-209].

Most of the earlier researches focused on spur gears than the helical gears due to the
complexity with its time-varying characteristics and the existence of helix angle that
increases the length of the contact line. Recently, several studies have been reported on the
dynamic models of gear systems, Velex (2012) [74] offered a comprehensive review of
these models. He presented a general equation of motion for single-stage of spur and helical
gears by using three-dimensional lumped models and a thin-slice approach for mesh

elasticity without dealing with multi-mesh gears, friction, bearing-shaft-gear interactions,
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etc. His review concluded that comprehensive study of gear dynamics requires multi-scale,
multi-disciplinary approaches for embracing non-linear vibrations, tribology, fluid

dynamics etc.

He et al. (2007) [77] combined the sliding friction and realistic time-varying stiffness into
analytical model of helical gear meshing. They used 12-dof dynamic model to include the
rotational and translational motions along the line-of-action, off-line-of-action, and axial
directions. Also, they developed different values of friction coefficient in their model
belong with analytical formulations to derive the multidimensional mesh forces and

moments.

Kar and Mohanty (2007) [210, 211] suggested an algorithm for determination of time-
varying frictional force and torque at meshing teeth of helical gears. They investigated the
torsional vibration characteristics of helical gear system using only 2-dof for rotation
formulation. A uniform Load distribution and constant friction coefficient across the
contact line were used with some limitations of the width of the contact zone. They
observed that the fluctuation of frictional force and torque are the principal source of

excitation of noise and vibration in gear models.

Han et al. (2013) [212] presented an improved approach to determine the friction force and
torque in involute helical gears to reveal the differences between uniform and nonuniform
load distributions along the variation of contact lines. Time-varying friction was included
in their model with the assumption of constant friction coefficient. They detailed that the
differences induced by friction are negligible and may result in different dynamic

responses.

Jiang et al. (2014) [76] used a new analytical method to study frictional excitations and
contact stiffness based on the time-varying length of contact line in helical gears. They
determined the excitation characteristics in helical gears with tooth spalling defects. A 6-
dof analytical helical gear pair model was developed by incorporating the time-varying
sliding friction and mesh stiffness based on the changes of friction force and mesh stiffness
which were calculated based on the length of the contact lines. A constant friction

coefficient was used to simulate the frictional excitation of the helical gear system.

Jiang (2015) [213] presented time-varying friction coefficient based on EHL which was an
extension of the model proposed in [76]. He regarded that time-varying sliding friction

force and friction torque are non-negligible excitation sources of vibration and noise in
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gears. Several gear design parameters such as coefficient, helix angle, and face width were
analyzed to illustrate their effects on the time-varying contact line and friction excitations.
The results demonstrated that the refined general formulation is effective for the calculation
of the friction excitations in helical gears under different range of contact ratios, and the
parametric analysis could supply some guidance for choosing gear parameters in the design

of helical gears to reduce the frictional effects.

Wang et al. (2015) [203] introduced a dynamic model for analyzing the influence of tooth
shape deviations and assembly errors on the different meshing parameters of helical gears.
They simulated the helical gear meshing by a series of independent spur gear slices along
the axial direction and used potential energy method to calculate the relative position
relationships with tooth profile errors and the stiffness of the sliced tooth. They
demonstrated that the model is effective for calculating the stiffness of helical gear pairs.
The model was also analysed the effect of some design parameters such as tooth tip reliefs,
lead crown reliefs and misalignments on the gear mesh stiffness, transmission error, tooth

contact stress and tooth root stress.

Zhang et al. (2013) [214] studied the effect of geometric eccentricity on the dynamic
characteristics of the helically geared rotor system using a three-dimensional (flexural-
torsional-axial) model. They used 12-dof to simulate multi-shaft geared rotor system
included bearing flexibility. Eigenvalue solution and the modal summation technique are
used to predict the natural frequencies and forced responses of the system. They concluded
that some modes can be excited by static transmission error in a low rotating speed range

and leads to existence of resonances.

Li et al. (2014) [215] suggested that it is necessary to take into account the coupled lateral-
torsional-axial vibration for nonlinear dynamic model of helical gear rotor- bearing system
They studied the effects of rotational speed, eccentricity and bearing clearance on the
vibration characteristics of the helical gear-rotor-bearing systems by considering nonlinear
analytical model via lumped-parameter method. A 22-dof of second order nonlinear
differential equations was used to simulate the helical gears meshing, support bearing and
the coupled lateral-torsional-axial vibration. They concluded that the vibration amplitudes
have obvious fluctuation and random frequency components become increasingly obvious
with changing rotational speed and eccentricity at gear and bearing positions. However,

there is no obvious effect of the bearing clearance on the vibration response.
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As a consequence, a variety of dynamic models have been developed in the past decades
to identify helical gear incipient faults. However, monitoring of gear surface defects based
on vibration are not particularly well-established, and most of the models either ignore or
assume constant frictional effects, which is likely to be very different from real applications
where the load and hence the frictional forces vary during the meshing process. Therefore,
more accurate models are needed to investigate the effect of tooth surface defects on helical

gear dynamic performance for easier demonstrating and evaluating of CM perspective.

5.3 Analysis of Helical Gear Driving System

The power transmission by helical gears can produce radial, tangential and axial dynamic
forces at the mesh point, which can cause lateral vibration, torsional vibration, and axial
vibration [215, 216]. To examine these dynamic forces, a three-dimensional dynamic
model is established in this study, whereby the helically geared rotor system is modelled
as two rigid cylinders connected by mesh stiffness along the line-of-action (LOA) in the

plane of action with oblique contact lines relating to helix angle S, as shown in Figure 5-1.

O, (1)
Gear
X (OLOA) = Fra
R3
A A
Z (axial) 5
D

w11

Y (LOA)

Figure 5-1 Equivalent dynamic model of a helical gear system

A coordinate system is arranged at the centre of the gears, in which x-axis is associated to
the off-line of action (OLOA) and directed perpendicularly to the plane of action (CDDC

), y-axis is referred to the LOA, which is perpendicular to both the shaft axis and x-axis,
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and z-axis is aligned (axial) along the centre of shaft. As shown in Figure 5-1, a mesh cycle
for five pair contacts start from point C and moves diagonally as the gears roll across the
contact zone till point D for normal helical gears. Friction forces (Fvi, Fri) of each segment
of the contact lines are also shown in the same figure. These forces influence the contact

plane into two directions, depending on the left and right side of the inclined pitch line PP
, see Sec. 5.7.

5.4 Gear Meshing Stiffness

In gear pair systems, coupling between the torsional vibration and lateral vibration is
mainly caused by mesh stiffness, thus it is very important to calculate the mesh stiffness
conveniently and effectively. In the potential energy method [184, 205], the total potential
energy stored in the mesh gear system can be decomposed into multi-components: axial
compressive energy Ua, bending energy Us, shear energy Us, Hertzian energy Un and fillet
foundation energy Us. The elastic deflection of the tooth along the direction of tooth load
is contributed by axial deformation, bending deformation, and shear deformation, which
can be used to calculate axial compressive stiffness ka, bending mesh stiffness k, and shear

mesh stiffness ks respectively.

y d o F
‘[ lile X dx
Z X T a,
x| Fa
Sf/V =
O ,,,,,,, [0 3P
(04} /,
Ufg’
Iy k
LOA

Figure 5-2 Elastic force on a tooth of gear

The gear tooth can be simplified as a cantilever beam on the root circle with a varying cross
section (Ax) and an effective length (d) [217]. Based on the tooth geometry, the contact
point of the load moves along the tooth surface pattern during the variation of the incident

angle. The variations of tooth stiffness is caused by the changing tooth thickness and the
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load position [218]. The applied load (F) is decomposed into two perpendicular
components (Fa and Fy) relating to the pressure angle o, as illustrated in Figure 5-2, where:

F,=Fsina
F, = Fcosa (5.1)

5.4.1 Axial Compressive, Bending, and Shear Energies

The Fa component introduces both axial compressive and bending effects while Fy
component causes bending and shear. According to material mechanics, the potential
energies stored in beam due to axial compressive, bending and shear energies can be
calculated as follows [60, 219]:

2 2
du, == [* g
2dk, Jo 2EdA (5.2)
F2  pd[F,(d=x)—F, h]?
du, = =| =2 a = dx
24k, jo 2EdI, (5.3)
2 2
au. = F? _l2R?
2dk, 90 2GdA, (5.4)

where, Axand Iy are the area and the moment of inertia of a slice segment dL (t) with distance

‘X” measured from the root circle (rs).

(a) Helical tooth model (b) One slice of helical
tooth

X
Ly
p

Figure 5-3 Helical tooth model with one slice segment of tooth width

For the slice segment of helical tooth depicted in Figure 5-3, the area and the moment of

inertia can be determined respectively as:

dA, = (2h ) dL(t) (5.5)
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1 3
di, =~ (2h,)°dL() (5.6)

where h, hy, 1, X, dx and d are illustrated in Figure 5-2. The material properties of the tooth
are represented by: E is the Young modulus, G is the shear modulus and v is the Poisson
ratio. Based on the elastic mechanical of the tooth, the axial, bending, and shear stiffness

can be expressed in the same direction of the acting force F as follows:

% sin’ a
_a ! - dx (5.7)
_j"(xcosozl—hsino:l)2 )
- Edl, (5.8)
1 j’- 2¢0s’ 12c08° ey o
! " GaA, (5.9)

Where, o 1 is the pressure angle. After simplifying the mesh stiffness formulae, the axial
compressive stiffness ka, bending mesh stiffness ko, and shear mesh stiffness ks can be

expressed as:

L_sz (o, —a)cosasin® o, do

dk, J-u 2EdL(t)[sino+ (o, — o) cosal] (5.10)
1 T 3(a, —a)cosa {1+ cosa,[(at, —ocl)sinoc—com]}2 do

dk, 3 2E dL(t)[sin o+ (o, — ) cos ol (5.11)

1 J'(lz 1.2(1+v)(at, — o) COS 0. COS a1, o

dk, - EdL(t)[sin o+ (o, — o) cos o] (5.12)

Where, « is the pressure angle of the arbitrary point at the involute curve. The a1 and a2 are
illustrated in Figure 5-2.

5.4.2 Hertzian Energy

The elastic compression of two isotropic material bodies is also considered to calculate the
Hertzian mesh stiffness kn, which is practically constant along the contact of two meshing

teeth. The Hertzian potential energy and its corresponding stiffness can be expressed as:

F2
du, =
" 2dk, (5.13)
1 zEdL()
dk,  4(1-0?) (5.14)
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5.4.3 Fillet-Foundation Energy

In addition, besides the tooth deformation, the fillet-foundation deflection also influences
the stiffness of gear tooth [220], which is represented by fillet foundation stiffness k:. The
gear foundation elasticity and fillet-foundation deflection can be calculated as follows
[221]:

2 o
du, = F , I (5.15)

2dk, ' dk, F

F cos® u ) u
(04 * f * f * * 2
O, =——L|[—|+M | — |+P (1+Q tan 5.16
"TTEAL() [sf] [st (1+Q"tan’ e) (5.16)
The coefficients L*, M", P"and Q" can be approximated using polynomial functions [221],

X;=Al16;+B /hi+Ch,/0, +Eh,+F (5.17)

where Xi* represents the previous coefficients. The values of A, Bi, Ci, Dj, Ei and F; are

given in [221-224] with an explanation of the parameters &, St, us and hs. The gear fillet

geometry parameters ry, 6, S¢ and ur are defined in Figure 5-2.

2
1 _COSZal «| U « Us * * 2
3" EdL(t){L (SJ +M (sf +P"(1+Q"tan’ ) (5.18)

5.4.4 Total Tooth Stiffness and Potential Energy

The total potential energy dU stored in a slice of single pair meshing teeth can be obtained
by summing axial compressive energy dUa., bending energy dUs, shear energy dUs,
Hertzian energy dUn and fillet foundation energy dU.:

2
" 2dk

2 (5.19)
Fol 1 1 1 1 1 1 1 1 1
— |+ ——+ —+
2 |\ dk, dk, dk, dk, dk,, dk, dk, dk, dk;,

du

=dU,+dU,,+dU,+dU_,+dU, +dU,,+dU_,+dU,_,+dU,,

The subscripts 1 and 2 denote the pinion and gear, respectively. The effective mesh

stiffness of the contact section of meshing teeth can be expressed as:

1
dk=——7 1 1 1 1 1 1 1 (5.20)

+ + +
dk,  dk, dk, dk

+ + + + +
dkfl dkb2 dksZ dkaZ dku

al
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Then, the total effective stiffness of one tooth pair can be obtained by integrating along the

tooth face width b as:

k = j dk (5.21)

0

Due to the complex contact geometry of the helical gears, the time-varying mesh stiffness
should be calculated at each instant of time. The total length of tooth width segment
depends on the length of the contact lines, which can be determined from the kinematic

compatibility between the contact surfaces.

5.5 Time-Varying Contact Lines

An accurate analysis must be performed to indicate the nonlinear characteristics of helical
gear meshing process. The meshing process can be imagined as a series of oblique lines
(the contact lines) passing through a stationary viewing frame (the plane of action), as
explained in Figure 5-4. Several contact lines of mating pairs lay in the zone of contact

with apart spacing equals to the transverse base pitch p.

Figure 5-4 Equivalent dynamic model of a helical gear system

Dynamic measurements have verified that helical gear mesh stiffness is roughly
proportional to the sum of lengths of the all contact lines in the plane of action [75]. To

determine the length of contact lines between mating helical gears, an analytical surface
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formula can be characterized by graphical or analytical methods at each instant of time.
The region of contact is rectangle with two-sides equal to the tooth face width b and the
length of the LOA (Lcp), which can generally be divided into different contact patterns as
shown in Figure 5-5.

(a) First-Stage (b tan #, > LOA), Contact Ratio &1 = 4.559 (b) Second-Stage ( LOA>b tan 4y ),
_ Left _Right_ Contact Ratio &gio2 = 2.81
C side P side D
: ‘ 3P
LCD+b tanﬁ’b
Z*pt N|
LCD
b tanﬂb
Helical left
hand side
(pinion) D
7 A
- ’I
3*
< p;* ,’ Helical right
. P ¥ ¥/ handside
. Leotb tang, Left P Right D (pinion)
< 5*py side side

Figure 5-5 Zones of the contact lines in the plane of action for each stage

During the progression of the mesh, the length of a single tooth pair increases gradually in
region Ry, commencing at the root of one end of the tooth face, and then remaining constant
in region Ry, after that it decreases in region Rz and remains zero for some distance in
region Rs. In general, the number of contact lines present in the contact zone depends upon
the geometric parameters of the engaged gears, in which helical gears are basically divided
into two groups, depending on the tooth face width and the length of LOA as explained in
[76, 210, 211, 225].

For simplification, two groups have been induced to reveal the meshing contact of each
stage, based on the tooth face width and the length of LOA, whereby for btanfy > LOA this
relates to the first stage and LOA > btanpy category relates to the second stage of the
simulated gearbox. The contact and overlap ratios of the first-stage are ¢21=1.669 and
ep1=2.89, respectively. Since, the total contact ratio eraio1=4.559, which clarifies that the
number of mating tooth pairs is fluctuating between four and five during the mesh process.
The second stage is meshing with a transverse contact ratio .2=1.521 and overlap ratio
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ep2=1.289, in which the number of mating tooth pairs is fluctuating frequently between two

and three, based on the total contact ratio &ratioo=2.81.

The total number of the engaged tooth pairs is the upwards rounding of the number of
contact pairs n=ceil(eratio). The length of the contact lines of each stage can be calculated

based on graphical and analytical algorithm as:

DL (t)csc 4, 0< DL (t) < Lep
Lep CSC 43, Lep < DL(t) < btan 4,
L, () = (5.22)
(Lo, +btan g, — DL (t))csc B, btan B < DL(t) < Lo +btan g,
0 L, +btan 4 <DL (t)<n*P
DL, (t)csc S, 0< DL, (t) < btan g,
L ()= btan S, csc 3, btan 4, < DL (t) <btan g,
2=V (L, +btan B, — DL ()csc 4, btan g, <DL (t) <Ly +btang, 2
0 L., +btan 4 <DL (t)<n*P
Where
DL, (t) = mod(r,, x&;,nx p,) (5.24)
““mod”’ is the modulus function defined as [226],
mod(x,y)=x-y floor(x/y) , y=#0 (5.25)
0,,=0,+(-D P, (5.26)
p=2mr,/z, (5.27)
IDangle = ZTE/ Zp (528)
Lo, =LOA= \/razp — I + \/raz —te —(r, +1,)sing, (5.29)

Where, 6, is the rotational angle of the pinion, Z, is the pinion teeth number, Pangie and pt
denote the pitch duration angle and the circular transverse base pitch of the meshing gears
respectively. The contact pairs is denoted by i=1, 2, ..., n, whereas n represents the
maximum number of contact teeth. Also, rap and rpp are the addendum radius and base
radius of the pinion, ragand ryg are the addendum and base radius of the gear, rp and rq are
the pitch circle radius of the pinion and gear respectively, whereas f» and a: are the base

helical angle and transverse pressure angle respectively.

As previously mentioned, the length of each contact line increases gradually from the root

of one end of the tooth face and then remains constant before decreasing to zero, and
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because of this then the total of the contact lines is the summation of the instantaneous

contact lines in the mesh cycle. The total length of the entire contact lines is calculated by:

Ly (1) = Z L; (t) (5.30)

Figure 5-6 shows the variation of the contact lines and the total length with the duration
angle for each stage. It shows that the contact lines exhibit a periodic variation with the
angular displacement of the pinion gear. Such variations will induce time-varying frictional
excitations in meantime they cause the time variations in gear mesh stiffness and damping
variations [211].

(a) Variation of Contact Line of the First-Stage Meshing
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Figure 5-6 Length variations of the contact lines

5.6 Time Varying Mesh Stiffness

Dynamic measurements have verified that the mesh stiffness of a helical gear is roughly
proportional to the sum of the lengths of the contact lines of all the tooth pairs in contact
[75]. The contact line for a helical gear pair can be determined from the kinematic
compatibility between the numerically generated surfaces of the teeth in contact, as
expressed by Kar and Mohanty ([210, 211] and subsequently modified by Jiang [76, 225].

The number of contact lines present in the contact zone depends upon the basic parameters
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of the gears, such as the normal module, the helix angle, the face width and the transmission
ratio.

The summation of the lengths of the contact lines can be used as an alternative method to
identify the varying mesh stiffness of helical gears [76, 210, 211, 225, 227], which is

otherwise difficult to obtain due to the complexity of the contact geometry. The overall

stiffness function is defined as a combination of the total length of the contact lines and a
constant mesh stiffness density per unit length along the contact lines, as expressed in the
ISO Standard Number 6336 [76, 77].

Kai (1) =k, Li(t) (5.31)
Where k; is the mesh stiffness density per unit length, as defined in Eq. (5.21). The variation

of the time-varying mesh stiffness during the meshing of each stage are shown in Figure 5-
7 (a) and Figure 5-8 (a).
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Figure 5-7 Time-varying mesh stiffness variations and contact force variations during the

meshing of the first stage

As a result of stiffness and damping between the meshing gears, a fluctuating contact force
will be provided to transmit the torque in terms of the given mesh position, as illustrated in

Figure 5-7 (b) and Figure 5-8 (b). The contact force was determined by:
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N i (t) = Kmi (t) (rbpep - rbgeg + yp - yg)+ Cmi (t) (rbpép - rbgég + Yp - yg) (532)

The damping coefficient Cmi(t), of the meshing gears can be calculated by [76, 77]:

Cmi (t) = 2&\/ Km i (t) Ie (533)

— Iplg
e 2 2
N o (5.34)
where i =1,...,n and ¢ is the damping ratio of the gear contact surfaces, I is the equivalent

moment of inertia of the meshing gears and Iy, lg are the inertia around the rotational axes

of the pinion and the gear respectively.
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Figure 5-8 Time-varying mesh stiffness variations and contact force variations during the

meshing of the first stage

5.7 Frictional Excitations

Friction force fluctuates considerably along the meshing line and as such it is a considerable
source of helical gear system excitation [80, 228]. Its effect includes moments about the
gear centre perpendicular to the line of action (affecting gear rotations), excitation gear
translations in OLOA, nonlinearity excitation dependence on sliding velocity of the gears,
and energy dissipation. This may reduce the system stability and generate undesired

vibration and noise.
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To investigate the influence of gear lubricant parameters on its dynamic response, a
theoretical friction coefficient can be derived from EHL and tribological theory [38]. It was
considered as the dominant mode of lubrication accumulated with the gears meshing
surfaces [38]. The friction representation formula used in this study was derived by Xu and
Kahraman [83] based on experimental study, and it was found to accurately model the
instantaneous coefficient of friction along the path of contact during gears mesh process.
This can be used in a numerical simulation as a means to study the EHL process. The
friction coefficient («) can be written as:

4= ef(SR,Ph,uD,S)Pth |SR|b3Ve'°6v§7 Rb8 (5 35)

where:

f (SR, P,,1,,S) =bl+b4|SR| P, log,, (1,) +b5e 1 ) 1 ges (5.36)
In Xu’s expressions, Vk and Vo are the kinematic and dynamic viscosities respectively of the
lubricant (EP320) that was used in the experimental test. Pn is the maximum Hertzian

pressure, which determines based on an equivalent cylindrical contact as:

o _ WE
"\ 2nR (5.37)

Where, W’ is the applied normal load per unit width for each contact point along the contact

lines. E is the effective modulus of elasticity and R is the combined radius of curvature as:

e _ 2EE,

E,+E, (5.38)
Ro_RR,

R +R, (5.39)

Where E3, E> are Young's modulus of elasticity of gears and Ry, Rz are the radii of curvature
of the contacting surfaces of the pinion and gear. S is the root mean-square surface
roughness amplitude (set such that S=0.07um), which is the mean value used in [83]. The
constant parameters (b1l ... b9) are also used with the values proposed in the same
reference, which are based on the lubricant type to be as follows [83]: bi =-8.92, 1.03, 1.04,
—0.35, 2.81, -0.10, 0.75, -0.39 and 0.62 fori = 1 to 9.

The model includes the key parameters influencing friction at the contacting gear surfaces

under various loads and entraining speed of pure rolling and sliding/rolling conditions. The
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kinematic analysis of the rolling/sliding relative motion are based on the surface contact
speed of the meshing teeth ui and uz respectively, where the sliding velocity Vs and rolling
velocity Vr are defined by:

V,=u,-u,

V. =u, +u, (5.40)

The entrainment velocity Ve and the slide-to-roll ratio SR are determined by:

v o Ut
¢ 2
SR = 2(u, —u,) (5.41)
u, +u,

Figure 5-9 demonstrates the variation of friction coefficient based on EHL model along the
tooth profile of each contact pair during the mesh process. It fluctuates periodically with
roll angle and it is zero at its pitch point and no contact regions. The friction force along
the portion of contact line is reversed along the portion of contact line surpass the pitch
point P, as a result of reversal sliding velocity.

EHL-Friction Coefficient Variation of Each Tooth Pair Mesh

i i P P P 1 -pairl
0.1 =% 2 0 : .
Y, noJro M -pair2
AL E o ARG ﬂ .
..¥<p>4‘4.h;(..-{'§'i“—-""}‘ \‘. . 7 _pa|r3 N
h 0.05 “ " 1 \ I \ A -paird )
. i ‘||‘ I M -pair5 \
i ] I : \
i 1] 1 .
1 \ '
’ I L] 1
- j‘;f — ‘ . J'

0.325 0.4333 0.5417
Pitch Duration Angle (rad)

0 ] &
0 0.1083 0.2167

Figure 5-9 EHL friction coefficient of the first stage

The friction force has been assumed to be uniformly distributed along the contact lines,
which splits into two components with opposite directions as shown by the arrows Fi, Fri,
see Figure 5-1. Hence, the friction force of the i" segment of the contact line at the meshing

instance is given by:

N; (1)
I—sum (t)

Where wi(t) is the time varying friction coefficient based on the EHL model of each contact

Fri(t) = ui(t) (Li(t)—Lyi(t) (5.42)

line and Ni(t) is the normal resultant force of the stiffness and damping forces within the

meshing contact. Lyi(t) and Lji(t) are the contact lines of the right and left side, respectively.

KHALDOON F. BRETHEE, SCHOOL OF COMPUTING AND ENGINEERING, UNIVERSITY OF HUDDERSFIELD, 2017
90



Dynamic Model of a Helical Gear Transmission System

For a single tooth mesh, these lines can be determined as [76, 225]:

0 0< DL (t) < Lgp
(DL;(t) — Lep) esc B, Lep <DL (1) < Lo
L. (t) =1 (Lep —Lep) CSC A, Lep < DLi(t) < Lep +btan 4, (5.43)
(L, +btan g, —DL(t))csc B, Lep +btan 4 < DL(t) < L, +btan g,
0 L., +btan 4 < DL (t) <nP,
DL, (t)csc g, 0< DL (t) < Lep
<DL
L“(t): LCP CSCﬂb LCP |(t)<btanﬂb (544)
(Lp +btan g, — DL (t))csc B, Dbtan B, <DL (t) < L, +btan g,
0 L., +btan 4 < DL;(t) <nP,
where
Lop = [Ty — Ty — Ty taN &, (5.45)
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Figure 5-10 Frictional force variation of the first stage mesh

The total friction force of all meshing tooth pairs can be calculated by:

F =2 F, () (5.46)

The resultant friction force is calculated by the summation of all forces of the contact teeth,
which fluctuates during the meshing process, as shown in Figure 5-10.
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Moreover, the frictional torque of each contact line is determined from the moment formed

by the friction force and the radius of curvature of each segment (X:i(t) and Xii(t)) as:

N. (t
T, (0= ﬂi(t)L'—((t))( LAXX 0L ()% X (D) (5.47)
Where, Xri(t) and Xii(t) are the right and left arms of each friction force segment, which are
obtained by taking the midpoint distance of each piece of the contact line length (Lyi(t) and
Lii(t)) as explained in [76, 225].

-

0 0< DL (t) < Lgp
Ly + (DL (1) = Lep) /2 Lep < DLy (1) < Leg
Xori(®)=qLa +(Lep)/ 2 Lep < DLi(t) < Lep +btan 4
L +(Lpp + DL (t)— L, —btan 5,) /2 L, +btan B < DL(t) < L, +btan &
0 L., +btan 4, < DL (t) < nP,
(5.48)
0 0< DL (t) < Lgp
Log — (DL, (1)~ Lep) /2 Lep <DL, (1) < Ly
Xgri() =1L —(Lpp) /2 Lo <DL (t) < L, +btan g,
Lo —(Lpp + DL (1) — L, —btan 5,)/2 L. +btan 4 <DL (t) < L, +btan 5,
0 L., +btan g, <DL, (t) <nP,
(5.49)
L, +DL(t)/2 0< DL (t) < L
X, (t) = Ly +(Lep)/2 L., < DL (t) <btan g, (5.50)
Ly + (L +DL(t)—btan 4,)/2 Dbtan 4 < DL (t) < L, +btan 5
0 L +btan B, < DL (t) < nP,
LDB+LCD_DLi(t)/2 OSDLi(t)<LCP
X (1) = Log+Lep—Lep /2 L. < DL (t) < btan g,
o Log + Loy — (Lep +btan g, —DL,(t)) /2 Dbtan 4 < DL (t) < L., +btan j,
0 L., +btan B, < DL, (t) < nP,
(5.51)
Where:
Ly =1 taN e, (5.52)
Lpg =1,y taN @, (5.53)

Lac = (N + g) tan o —, /r‘,fg -t (5.54)
Los = (f, + ) tan o, — /razp -1 (5.55)
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The contact points and the radius of curvature are changing over the time that forcing
frictional torques acting on pinion and gear to be time varying during the mesh process.

The total frictional torque of all engaged tooth pairs (n) can be calculated by

T0=YT, 0 (556)

The frictional torque fluctuates periodically at every pitch duration angle of the contact
lines as shown in Figure 5-11. A possible consequence of negative frictional torque due to
opposite direction of the gear rotation, in which it has considerable effects and should not

be ignored in the dynamic analysis of the gear mesh process.
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Figure 5-11 Frictional torque variation of the first stage mesh

5.8 Modelling and Simulation of a Two-Stage Helical Gearbox

An improved understanding of vibration signal is required to achieve high reliability for
early detection of incipient gear failure. Gear faults under different operating conditions
can be simulated easily by producing a numerical model in order to simplify the
development of diagnostic and prognostic techniques in real systems. An 18-DOF
nonlinear model is proposed to simulate the dynamics of a two-stage helical gearbox

system that explained in Sec. 4.4.1.
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Each gear is represented by rigid blocks with 4-dof (three translations and one rotation).
The first and second stages of the gearbox are denoted by subscripts 1 and 2, and the pinion
and gear are denoted by subscripts p and g, respectively. As explained in the geometric
specification, see Table 5-1, the chosen gear train system is a speed decreaser, typical of
that used in many industrial applications. The model includes six inertias, one each for the
load motor, drive motor, two pinions and two gears, the latter four are denoted for the two

stages of the gearbox using subscripts p1, g1, p2 and g2.

Table 5-1 Geometric property of the meshing gears

Description _ First Stage _ Second Stage
Pinion Gear Pinion Gear
Number of teeth Z,=58 Z,=47 Z3=13 Z4=59
Ref. circle diameter (mm) | 81.369 65.937 26.684 121.1
Pitch radius (mm) rp1=37.6 | rg1=30.5 rp2=12.5 r2=56.7
Mass (kg) mp1=0.9 | Mmy:=0.58 | mp=0.4 Mg2=3.62
Direction LH RH RH LH
. 25
Shaft diameter (mm) 28 24 (gear shaft) 39.5
Rotation speed (Hz) fr1 fr2 fr2 frs
Meshing frequency fm1 fm2
Reduction ratio 1.234 0.2203
Overall reduction ratio 0.2719 (as speed reducer)
Working face width b1=25 mm b,=36 mm
Module M:=1.25mm M>=2.0mm
Helix angle (°) 27 13
Pressure angle (°) a=20 a=20
Contact ratio €a1=1.669 €a=1.521
Overlap ratio €p1=2.89 €r2=1.289

To represent an accurate gear transmission system, the model takes into account the effects
of the speed-torque characteristics of both the driving and loading motor systems. The
torsional compliances (stiffness and damping) of the shafts and the transverse compliances
of supporting bearings are included in the model. The resilient elements of the supports are
described by stiffness and damping coefficients as Kp.ij and Cy.jj, the four bearings (i =1, 2,
3, 4) that in the j= x, y and z directions (i.e. LOA, OLOA and axial or shaft direction). The
shafts between the system components are represented by torsional stiffness and torsional
damping components ki, kz, ks, c1, 2 and cs. Furthermore, the model takes into account the

influence of the driving torque and load torque Tm and Ty, respectively.
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Supporting
Bearing Effects in
(X, Y and 2), 4 Off

Figure 5-12 Two-stage gearbox system model

The equations of motion were represented in the state space form and then solved using the

MATLAB ODE solver. The governing equations of motion for the model, depicted in

Figure 5-12, were derived with the following assumptions:

The pinion and gear are modelled as rigid disks with radius equal to the base circle
radius and flexibility at the gear teeth;

Input torque and load torque are applied to the system;

Shaft mass and inertia are lumped with the gears;

The effects of static transmission error are much smaller than the dynamic
transmission error so it can be neglected.

An EHL model is used to simulate the time variation of the friction coefficient p;
The helical gear teeth are assumed to be perfectly involute, manufacturing and
assembly errors are ignored,;

Backlash is not considered in the model as gears are undertaking static loads.

According to Newton’s laws of motion, the governing equations have been derived for the

rotation of the motor rotor, the rotations of the pinions and gears of the two transmission
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stages, the rotation of the load rotor, and the translations for all rotors in the Y-direction
(LOA), the Z-direction (axial) and the X-direction (OLOA), as presented in Equations from
Eq. (5.57) to Eq. (5.74):

G40 (00=0,) 4k (0,-0,) =M, (557)

I plépl —C (em - épl) - kl (gm - epl) + I’-bpcml (t) (rbplgpl - rbglggl + ypl - ygl)

(5.58)
+ r-bleml (t)(rbplepl - r-bglegl + ypl - ygl) +Tfp1 = O
Iglégl +C, (égl - 9p2 ) + kz (egl - sz ) - rbglle (t)(rbplépl - rbglégl + ypl - ygl) (5 59)
- r.bglel (t)(rbplgpl - rbglegl + ypl - ygl)_ngl (t) =0
I p29p2 (‘9 - 9 ) k (egl _9p2)+ rbpzcmz(t)(rbpzépz - rb92992 + ypz - Ygz)
(5.60)
+ T2 Kz (t)(rbp20p2 —Thg202 + Yoo — Y2 ) +Tp, = 0
Igzégz +C3(9 out)_*_k ( out) rngCmZ(t)(rbpzépZ _rbgzégz +Yp2 _ygz) (5 61)
- IFngKmZ (t)(rbp20p2 - rbgzggz + ypz - Ygz)_ngz (t) =0
ILéou’[ _Cz(égz _éout)_kl(egz _eout) Z_TL (5.62)
mpl ypl + le (t) cos ﬁbl (rbplépl bgl gl + ypl ygl) + Kml (t) Cos ﬁbl(rbplepl bglegl
(5.63)
+ Yo = Ya1) +Copa Vo1 + Ky Y =0
mglygl - le (t) cos ﬂbl (rbplépl bgl gl + ypl Ygl) ml (t) Cos ﬂbl(rbplepl bglegl
(5.64)
+ Yo = Ya1) + Cppa Y1 + Kpy2 Vs =0
mpzypz + Cm2 (t) Cos ﬂbZ (rbp29p2 - rb92992 + sz - yg2 ) + sz(t) Cos ﬁbz (rbp29p2
(5.65)
- I’bgzegZ + ypz - ygz) +be3yp2 + KbyBypZ = O
mgzygz - sz (t) Cos ﬂbz (rbp29p2 - rbgzégz + ypz - ygz ) - sz (t) cos ﬂbz (rbp20p2
(5.66)
- I’bgzegZ + ypz - ygz) +be4Yg2 + Kby4ygz =0
mplzpl + le (t)SIn lel[zpl - Zpl +tan ﬂbl(rbplépl - rbglégl + Ypl - ygl)] + Kml (t) (5 67)

sin ﬁbl[zpl —2Z4 +tan ,Bbl(rbpl@pl bgle + Yo — ygl)] + Cbzlz + szlz =0
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my,Z,, —Cy (t)sin lel[Zpl —2, +tan ﬁbl(rbplépl - rbglégl + Yo — ygl)] K, ().

(5.68)
sin ﬂbl[zpl -z, +tan ﬁbl(rbplepl — o101+ Y1 — ygl)] +Cpp22g + KyppZgy =0
mpzzpz + sz(t)Sin ﬂbz[zpz - Z‘p2 + tan ﬂbz(rbpzépz - rbgzégz + ypz - Ygz)] + Km2 (t) (5 69)
sin ﬂbZ[ZpZ —Z4, +1an ﬂbz(rbpzepz - rbg29g2 + Yoo~ ygz)]+cb232p2 + sz3zp2 =0
ngZgZ _sz(t)Sin ﬂbZ[ZpZ N Zp2 +1an ﬂbZ(rbngpZ - rbgzégz + ypZ - ng)] - sz (t) (5.70)
sin ﬂbZ[ZpZ —Z4,+1an ﬂbZ(rbngpZ - rbg2992 + Yoo~ ng)]+Cb242g2 +KpyaZgo = 0
mplxpl + Cbxlxpl + Kbxlxpl - Ffl =0 (5.71)
mglx'gl + CbXZXgl + KbeXgl + Ffl = 0 (572)
mpZXpZ +Cbx3xp2 + Kbx3xp2 - Ff2 =0 (5.73)
ngX.QZ +Cbx4xg2 + Kbx4ng + Ff2 =0 (5.74)
M, =M, +10(w,, - 6,) (5.75)

As these coupled equations are nonlinear, a numerical solution was derived to study the
vibration responses of the gear system under different conditions. A Runge-Kutta
algorithm, with a fixed time step, was used to integrate the governing differential equations
to produce the time domain responses of the system, in line with the time varying mesh
stiffness and the EHL frictional excitations. Eq. (5.75) was used in the model to adjust the
motor input torque to maintain its speed as constant as possible. Especially, additional static
torque is needed in order to balance the torque due to friction effects. This torque adaptation

is to simulate the speed-torque characteristics for a common induction motor.

5.9 Simulation Procedure

A numerical simulation study was performed to obtain the solution of the nonlinear
equations. However, to ensure the correctness of parameters used and model structures,
linear solutions was obtained whereas an average meshing stiffness value is used in the
model without friction influences, which allows the adjustment of the model parameters so
that major resonances agree with the real system as close as possible. Subsequently, the
non-linear effects of EHL friction and mesh stiffness variation have been applied to the

model and numerical integration method is used to solve the model within appropriate set
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of initial conditions. More details of the simulation procedure used in this study are

summarized in a flowchart shown in Fig. 5-12.

—
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Figure 5-13 Simulation procedure used in this study
5.10 Model Calibration

5.10.1 Liner Solution

In order to obtain an estimation of the eigen frequencies of the full model, a simplified
linear version of this model is developed to monitor and identify vibration frequencies
associated with the meshing gears. A simplified linear version of this model is developed
by using the average mesh stiffness value in Eqgs. (5.57)-(5.74). It allows modal parameters
including resonance frequencies and damping ratios to be found conveniently with the
gearbox modal analysis, explained in Appendix A and Appendix B. The mode shapes and
natural frequencies were adjusted using the standard eigen method. By considering linear

factors of the system, the vibration differential equations were expressed by:

[M]{d}+[Cl{a}+[K]{aj = f(t) (5.76)
{V}=[Al{a} (5.77)
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Where, [M] is mass matrix, [C] is damping matrix, [K] is stiffness matrix and q is vibration

response vector consisting of displacements and velocity of the system.

Using standard method for linear system analysis, the frequency response can be obtained
conveniently under different parameters settings. Figure 5-14 shows the system responses
with refined parameters. It can be seen that the 1% mode is at 84.6Hz which is 3-times away
from the shaft frequency at about 25Hz. The eighth, ninth and tenth modes are close to the
2"4 harmonic of 2xfyn =2xfr Z=2*1435.5Hz.

Velocity Response to Meshing Excitation
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Figure 5-14 Velocity responses of gear system excited with impulsive inputs at the pinion and

gear

To maintain the solution stability in the case of solving the nonlinear equations, these
modes are applied with high damping ratios so that the frequency responses around these
frequency ranges are relatively flat. Also, note that there is no response in X-directions as
there is no friction effect included in the linear mode. Moreover, the frequency responses
are similar to that of measurements from the gearbox installed in the laboratory, see
Appendix A. It shows that the key parameters such as tooth stiffness values and damping
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ratios are used appropriately and the numerical solutions can be proceeded to obtain the

nonlinear responses.

5.10.2 Nonlinear Solution

The time domain behaviour of the nonlinear system is obtained by integrating the set of
governing differential equations numerically using an ode15s Runge—Kutta algorithm with
a fixed time step size. This solver is suitable for solving differential algebraic stiff problems
with a mass matrix, whereas high fluctuations and large noises are in the solution with
ode45. Moreover, ode45 is not be able to find an accurate solution of a stiff differential

equations, or may need excessive computation times for taking very small time steps.
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Figure 5-15 Acceleration response of the 1% stage motions

The odel5s is a better choice and can be applied to integrate the problem with appropriate
set of initial conditions. The operating conditions of the system observed convergent

responses corresponding to the constant speed of interest.

KHALDOON F. BRETHEE, SCHOOL OF COMPUTING AND ENGINEERING, UNIVERSITY OF HUDDERSFIELD, 2017
100



Dynamic Model of a Helical Gear Transmission System

Figures 5-15 and Figures 5-16 present acceleration responses of the raw data for each
motion in the first and second stage, respectively. In the time domain, all the responses
including pinion and gear in the rotation (Op1, Og1, Op2, Og2), translation in the LOA (ypu,
Yo, Yp2, Yg2), translation in the axial (shaft) direction (zp1, Zg1, Zp2, Zg2) and OLOA (Xp1, Xg1,
Xp2, Xg2) directions exhibit periodic profiles follows the time-varying mesh stiffness and

time-varying frictional effects.
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Figure 5-16 Acceleration response of the 2" stage motions

5.11 Model Evaluation

As tooth breakage (TB) is a common gear failure mode, understanding the dynamic
characteristics of its effect is considerably helpful for the detection and diagnosis schemes.
TB can be loss of total or part of the tooth and mainly occurs in gears due to impact or
static overloads. Identifying breakage in helical gears is a big diagnostic challenge due to
high contact ratio, in which accurate dynamic model of helical gear system is essential to

obtain reliable dynamic characteristics for detecting a small damage severity.
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This section explores the performance of using vibration analysis for monitoring and
diagnosing of TB in a two-stage helical gearbox using experimental test and numerical
model. In which, vibration analysis is applied for diagnostics of different missing parties
of tooth width. Different degrees of TB severities (20% TB and 40% TB, see Sec. 4.6.1)
have been simulated to obtain reliable features for fault diagnosis in an early stage of its

development.

5.11.1 Mode Shapes of TB

Due to the high contact ratio of the helical gears, partial breakage is more likely to happen
during the high transmission loads [227]. Three mode of TB have been simulated within
the first stage, as depicted in Figure 5-17, in which a variety of gear faults can be simulated
in the numerical model by altering the time-varying mesh stiffness to reflect the reduction
caused by the defect.

(a) Triangular shapes tooth breakage (b) Rectangular shapes tooth breakage (c) Slice tooth breakage
(case 1) (case 2) (case 3)

[} .

A\J

LY
¥~ Breakage area
.
.

(d) Plane of action influenced by (e) Plane of action influenced by (f) Plane of action influenced by
breakage of case 1 breakage of case 2 breakage of case 3

\

Breakage area Breakage area

Figure 5-17 Schematic of tooth breakage modes in helical gears

The mesh stiffness pattern is reduced based on the gear failure modes, whereas the stiffness
variations of the different TB-modes are illustrated in Figure5-18 to Figure 5-20. It can be
seen that the distinctive pattern of the fault reduces the contact stiffness based on its shape

and severity.
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Figure 5-18 Single pair and total stiffness variations with different triangular tooth breakages

Figure 5-19 Single pair and total stiffness variations with different rectangular tooth breakages
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Figure 5-20 Single pair and total stiffness variations with different slice tooth breakages

5.11.2 Friction Models

The numerical model was developed with the inclusion of different time varying frictional

models such as friction-free, Coulomb friction and EHL models, as depicts in Figure 5-21.

Different friction coefficient formulae
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Figure 5-21 Different models of friction coefficient

KHALDOON F. BRETHEE, SCHOOL OF COMPUTING AND ENGINEERING, UNIVERSITY OF HUDDERSFIELD, 2017
104



Dynamic Model of a Helical Gear Transmission System

For the purpose of explanation, the coefficient of friction is represented as an idealized
mathematical entity. The constant friction coefficient is defined as the mean value of EHL.
The gear vibration signatures due to different TB severities have been obtained to evaluate
the model performance under different frictional excitations. This could increase the
capability of conventional modelling of helical gear systems for providing accurate

diagnostic determinations.

5.11.3 Time and Frequency Responses

Time and frequency domain analyses are commonly used to highlight the impulsive
vibration of tooth breakage [56]. Figure 5-22 and Figure 5-23 show the vibration response
after applying TSA to the experimental raw data and the translational raw data of the
dynamic model, respectively. The influence of TB gives higher amplitudes in both
experimental and numerical model signals during the rotation of the gear. Useful
information can be extracted from the analysis of time domain and frequency domain, to

provide an accurate diagnostics of TB.
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20

13 13
————— 40%-TB
Healthy

To\oth Breakage Wreakaga ----- 40%-TB

514 -

—— Healthy

Amplitude (m/s?)
Amplitude (m/s?)

|
b

-10

| | e | ! I |
-10 >

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0 0.02 0.04 006 0.08 0.1 0.12 014 0.16 0.18 0.2
Time (sec.) Time (s)
(b) TSA Raw Data under 100% Load and 1475.1 rpm Acc. Raw Data in LOA-direction under 100% Load and 100% Speed

20 F F F F F F ; F
| | | | | | | |

10

0

107

Amplitude (m/s2)
Amplitude (m/s?)

ok L S L
0 0.02 004 006 008 01 012 014 016 018 0.2

Time (sec.) Time (s)
Figure 5-22 Experimental raw data (TSA) for healthy Figure 5-23 Numerical raw data for healthy and
and 40%TB under full speed and different loads 40%TB under full speed and different loads

Significant local pulses in the time domain can be identified from the experimental and
model responses, which can give an early indication to diagnose the impulsive vibration
due to TB. However, spectrum analysis is the most efficient method used for the
diagnostics. A general behaviour of the gearbox vibration spectra are represented in Figure

5-24 with a comparison between the model and experimental responses.
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(a) Vibration Spectrum under Load 30% and Speed 100%
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Figure 5-24 Theoretical and experimental vibration spectrum under full speed and different loads

The gear meshing frequencies and their components (up to 3™ harmonics) are also shown.
The exhibition of the meshing frequency components shows a good correlation trend
especially at low frequency range, in which the amplitudes at the meshing frequencies and
their harmonics show a good agreement in the response behaviour. However, the difference
at high frequency is possibly arisen due to the resonance effect, in which all modes must

be included to develop an accurate simulation model.

Figure 5-25 shows the acceleration transverse response in the LOA-direction from the
model, which is considered as the major vibration response. The effect of TB shows the
richness of frequency components; of which many can be correlated with the mesh
components in the form of sidebands even though there are several distinctive local spectral

clusters due to system resonances.
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Acceleration Spectra of p, in LOA-Direction
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Figure 5-25 Vibration spectra of the model with different tooth breakages

5.11.4 Vibration Amplitude at Mesh Frequency Components

To diagnose gear condition, the examination of frequency spectrum characteristics is
necessitated to analysis the vibration signature. The change in spectral amplitudes is usually
based on to indicate the gear condition. The spectral peaks up to the three harmonics of the
1%t and 2" meshing frequency for the experimental and model signals are depicted in Figure
5-26 and Figure 5-27. It can be seen that the 1% harmonic (1xfm1) shows a quite decrease
in the amplitudes, which could be due to lack of tooth’s stiffness that is proportional to its

damage, while the other harmonics are generally increased with the TB severity.
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Figure 5-26 Experimental spectral peaks at the Figure 5-27 Numerical spectral peaks at the

meshing frequencies meshing frequencies
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In addition, the EHL friction model shows the most consist behaviour with the
experimental results. Therefore, friction should be considered effectively in the dynamic
model when the spectral at meshing components are used for detection and diagnostics gear
surface faults.

5.11.5 Vibration Amplitude at Sideband Frequency Components

While a local defect such as TB and cracks etc. occurred, the gear vibration responses
exhibit with additional impulsive components, which results in more amplitude and phase
modulations to the gear meshing components. The presence of sidebands around the gear
mesh frequency and its harmonics are mainly caused by a local stiffness reduction [189],
in which TB is one of the damages that reduce the tooth contact stiffness and rise richness

of sideband frequency components.

The spectral peaks of the lower and upper sideband frequencies (fss=fm + fr) of the meshing
frequency components are shown in Figure 5-28 to Figure 5-31. It can be seen that all
sideband peaks of the experiment and the model are generally increased with the TB
severity. However, the most influential increase can be identified with the EHL friction
model. Therefore, based on the sideband changes, the TB can be diagnosed and based on
the difference of change rate, and lubrication conditions could be evaluated. Thereby, to
increase the capability of conventional modelling of helical gear systems, effective friction

model should be implemented for providing accurate diagnostic determinations.
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Figure 5-28 Experimental spectral peaks at the Figure 5-29 Numerical spectral peaks at the

sideband of the 1% meshing frequency sideband of the 1% meshing frequency
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5.12 Key Findings

» Numerical models can be valuable for getting an in-depth understanding of the
complex interaction between the transmission components, whereby effective
methods can be developed to process the vibration signals for implementing
accurate and reliable diagnostics.

» Few models have been presented for fault detection and diagnosis in helical gear
systems, likely due to the increased complexity of time-varying contact lines during

the meshing process.

» Numerous models have indicated that friction appears as a non-negligible excitation
source, which can generate significant time-varying excitations and enhance the
amplitudes of the lower and higher harmonics of the translational responses, which

in turn can enhance conventional diagnostic features.

» Most of the developed models either ignore or assume constant frictional effects,
which is likely to be very different from real applications where the load and hence

the frictional forces vary during the meshing process.

> Helical gears produce radial, tangential and axial dynamic forces at the mesh point,
so that lateral vibration, torsional vibration, and axial vibration are needed to be

included in the numerical model.
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» An accumulated integral potential energy method can be implemented with the
changing processes of the effective contact line length, for the convenient and

effective calculation of helical gear mesh stiffness.

» The mesh stiffness of helical gears is roughly proportional to the sum of the lengths
of the contact lines, which can be determined based on the kinematic compatibility

between the numerically generated surfaces in the plain of action.

» EHL was considered as the dominant mode of lubrication accumulated between the
gear meshing surfaces, so that time-varying friction along the path of contact can
be derived from EHL and tribological theory for relatively stable indicating of gear

lubrication conditions.

» Linear solution is important to allow the modal parameters including resonance
frequencies and damping ratios to be found conveniently, in which major
resonances should be agree with the real system as close as possible to develop a

stable analysis of simulating model for the purpose of vibration based monitoring.

» ODE15s Runge—Kutta algorithm is a suitable solver for solving stiff differential
algebraic problems with a mass matrix and strong state dependence, whereas its

solution takes a small amount of time and low fluctuations and noises are excited.

» Gear mesh stiffness pattern are generally changed to reflect the failure mode of

tooth surface defects.

> Vibration at 2" and 3" harmonics are the most influence with the severity of TB,
in the meantime vibration at associated sidebands are also increased significantly,

which can be effective features for detecting different TB severities.

» EHL model shows the most consist behaviour with the experimental results and can
significantly enhance the diagnostic features.

» Friction contributions should be considered effectively in the gear dynamic model
to increase the capability of the conventional models in developing accurate

diagnostic features for detecting tooth surface defects.
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Chapter 6
Modelling and Experimental Validation of Gear Wear

This chapter is provided to examine the gear dynamic responses from both experimental
and numerical studies when increasing extents of wear on tooth contact surfaces. A
representative vibration datasets obtained from a run-to-failure gear test are used to
validate the numerical models reflecting the dynamic effect of light tooth wear. Then, an
explanation of the loading process to allow the gear wear fault to progress naturally is
constructed properly. Finally, a correlation behaviour is acquired for the identification
and validation of the model with the experimental results, and demonstrates that the

surface vibrations are sufficiently sensitive to monitor the light progression of wear.
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6.1 Introduction

Gears are important mechanical components for power transmissions in a wide range of
industrial applications. Gear wear is one of the most common failure modes that affects the
service lifetime of the gears. It is an inevitable phenomenon and this can lead to a
progressive removal material from contacting tooth surfaces. Thus, monitoring the
progression of gear wear is important for the timely predictive maintenances. The diagnosis
of wears as early as possible can avoid catastrophic failures and improve system availability
[15, 229, 230]. To date, few studies have focused on the diagnostics of tooth surface wear
with the inclusion of frictional effects and most of the presented helical gear models have

not been validated with the experimental work.

To increase the capability of conventional modelling of helical gear systems for providing
accurate diagnostic determinations, this study examines gear dynamic responses from both
experimental and numerical studies with the developing of wear degree between tooth
contact surfaces. An efficient and stable analysis computation of the dynamic response of
a two-stage helical gearbox influenced by tooth surface wear using an EHL frictional
model, and validated by experimental test. The numerical model is developed to simulate
time-varying mesh stiffness, coupled with EHL characteristics, as a basis for increasing the
accuracy of gear diagnostics by examining the changes in the dynamic forces and the

corresponding vibration responses under different degrees of tooth surface wear [231].

6.2 Review

Numerical models can be very valuable for gaining in-depth understanding of the complex
interaction between transmission components, whereby effective methods to process
vibration signals for implementing accurate and reliable diagnostics can be developed.
However, few models have been presented to study helical gear systems, likely due to the

increased complexity of time-varying contact lines during the meshing process.

Numerous dynamic models of gear systems were incorporated with a generalized wear
formulation to predict the interactions between the dynamic behaviour and tooth surface
wear [197]. A family of dynamic models of spur and helical gear systems incorporated with
a wear formulation based on Archard’s wear model [64, 232-238] due to its simplicity,

however it requires an experimental wear coefficient which is difficult to be determined as
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it depends on many aspects such as material properties, lubricants, surface quality,

operating conditions [64].

In dynamic respect, the wear effect is mainly characterized by loss of tooth profile that
represented by modulated mesh excitations [201, 239, 240], to investigate the effects of

surface wear on system's dynamic characteristics. They indicated that tooth surface wear
and gear dynamics are highly interacted, whereas tooth wear may cause unfavourable
changes in the tooth surface topography and have a significant adverse effect on gear life
and performance. However, limited number of contributions have been reported to include
the combined influence of wear evolutions and vibrations for helical gears with respective
to accuracy and easiness of implementation for condition monitoring and diagnostics for
the early stages of wear. In addition, monitoring of gear wear based on vibration is not
particularly well-established [241] and most of the models either ignore or assume constant
frictional effects, which is likely to be very different from real applications where the load

and hence the frictional forces vary during the meshing process.

Various models have been produced to evaluate the effect of sliding friction on spur and
helical gear dynamic responses [242], based on the finite element method [243] and
numerical modelling [77], using different values of the coefficient of friction. These have
indicated that friction appears as a non-negligible excitation source, which can generate
significant time-varying excitations and enhance the amplitudes of the lower and higher
harmonics of the translational responses, which in turn can enhance conventional
diagnostic features [244]. To date, few studies have focused on the diagnostics of tooth
surface wear with the inclusion of frictional effects and most of the presented helical gear
models have not been validated with the experimental work. Therefore, to increase the
accuracy of helical gear diagnostics, it is necessary to develop and validate an accurate

dynamic model of the gear transmission system under various possible failure conditions.

6.3 Modelling Tooth Wear in Helical Gears

Gear wear results in deviation from gear tooth profile and thickness as well as altering load
distributions and contact stresses, which can accelerate the occurrence of other failure
modes such as pitting and scoring [109, 110]. Stiffness reduction is commonly used in
dynamic gear mesh models to represent tooth surface defects [196, 245, 246]. Tooth surface
wear can cause sliding and the normal load amplitudes to vary with the position of the
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contact on the tooth surfaces, in turn this can cause difficulties with the computation of

load distributions for the gears [247].

Wear tends to accumulate gradually under dynamic loading and may cause progressive
change in the contact regions due to the tooth profile alterations [248]. As a result, the
shape of the tooth is varying continuously due to the progressive effect of wear, which
influences the vibration behaviour and gear meshing parameters such as backlash, centre

distance, tooth thickness, pressure angle etc. [249].

o
\r‘lg_wg)f
r=0 P
g 8

iy Tip Tooth Wear

~)
Q
S

w
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Figure 6-1 Gear meshing process of a single cross-sectional plane of helical gears with tooth wear

Figure 6-1 shows a single cross-sectional plane of a helical gear mesh with involute teeth
whereby the contact points passing through the LOA moves from point C to point D. A
uniform tooth surface wear is also shown, which gives an approximate explanation to the
effect of wear on tooth pattern geometry. An increase in wear severity on tooth surface will
enlarge the gear centre distance and the pressure angle, while the length of the LOA will
be decreased [113]. This implies that gear stiffness is also varying and acts as a parametric
excitation in a gear dynamic system. As a consequence of wear, higher dynamic forces

along with higher frictional effects will be induced during the meshing process.
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6.4 Time-Varying Contact Length for Modelling Wear

The power transmission of helical gears produces radial, tangential and axial dynamic
forces on the mesh points, which excite vibrations in these directions [215, 216]. To
examine these dynamic forces, a coordinate system is arranged as shown in Figure 6-2 (a),
in which the x-axis is aligned with the OLOA and directed perpendicularly to the plane of
action (CDDC ), the y-axis is aligned to the line-of-action LOA, which is perpendicular to
both the shaft axis and x-axis, and finally the z-axis is aligned (axial) along the centreline
of the shafts.

(a) Helical gear system model (b) First Stage ( LOA>b tang;)
influenced by wear Plane of action with we%l; b
| t
?g Lcp+b tang,
3 2*P,
; FRZ FR3 < I—CD
A __btang, .
Z (axial)
D
Y (LOA D
(oA _ 2/ Right side 5
—————————————— . P " _>_
Wear ¥ A Left side ﬂr-b -

c P D
¢ Left Right
side  side

Figure 6-2 Equivalent plane of action of a helical gear system influenced by uniform wear

For healthy gears, the mesh cycle of three contacting pairs starts from point C and moves
diagonally as the gears roll across the contact zone until point D . However, uniform tooth
wear will shift the starting point C and shorten the plane of action in proportion to the wear
severity 8. This will affect the gear meshing stiffness, the contact surface friction and hence

the gear vibration. The equivalent frictional forces of each segment of the contact lines are
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also shown in Figure 6-2 (a). These forces influence the contact plane in two directions, on

either side of the inclined pitch line ( PP).

Moreover, the length of Lcp will be reduced by wear severity by an amount J, which
shortens the left side length (as defined in Figure 6-2(a)) of the plane of action by an amount
Rw, which is equal to the removal of material due to wear. The percentage of tooth wear

was simulated as a ratio of the wear width ¢ to the length of the LOA (Lcp):

r=—0 (6.1)

CD
The contact line is a function of gear geometric parameters and also depends on tooth face
width and the length of LOA, as explained in [76, 210, 211, 225]. For the case of

btanfb>Lcp (first stage), the time-varying contact length of each pair of meshing teeth can

be calculated by taking into account the effect of tooth wear ¢ through a reduction of

contact line in different mesh phases.

-

0 0<DL(t)<o
(DL (t)—9)csc g, o<DL(t)<btan 4, +J
L, (t)=qbtan g, csc 4, btan 4, +0 < DL (1) < L, (6.2)
(Lo +btan g, — DL (t))csc B, Lo <DL (t) < Loy +btan g,
0 L, +btan 4 <DL(t)<n*P,

where the variables are defined in Sec. 5.5.

6.5 Effect of Wear on Time Varying Mesh Stiffness

To investigate the effects of surface wear on system's dynamic characteristics, the wear
effect is modelled by the loss of tooth profile as that of [201, 239, 240], which is much

easier to be implemented. Moreover, the material loss on the tooth surface is more
uniformly in the early or mild wear phases. The uniform tooth wear adopted for the helical
gears is considered to be more realistic for early operations as the gear operating conditions
are under a relatively wide range in which the stress distribution spread more widely across
tooth surfaces and hence uniform material removes, provided that gear meshes under
adequate lubrication, high quality surface finishing and high quality of surface contact
[199, 232, 234, 236].

In addition, tooth wear also reduces slightly the thickness of the tooth and increases the

roughness of the surfaces, which can all induce a reduction in stiffness. Based on the
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fluctuations of the contact line, the gear mesh stiffness is changed accordingly. The
summation of the lengths of the contact lines can be used as an alternative method to
identify the varying mesh stiffness of helical gears [76, 210, 211, 225, 227], which is
otherwise difficult to obtain due to the complexity of the contact geometry.

The gear mesh stiffness is influenced by worn tooth surfaces, as reflected in the reduction
in tooth stiffness. Due to this decrease, the gear mesh stiffness is itself decreased and it is
also shifted angularly. The extent of subsequent tooth deflection depends upon the extent
of tooth wear as shown in Figure 6-3(a). As a consequence of mesh stiffness changes, a
higher contact force will be produced for the same torque delivered at any given mesh
position as shown in Figure 6-3(b).
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Figure 6-3 Time-varying mesh stiffness variations with different wear severities

6.6 Frictional Excitation

As the EHL friction model was considered to be the dominant mode of lubrication
associated with the gear meshing surfaces, a theoretical friction coefficient representation
has been used in this study based on the derived formula in [83]. Figure 6-4(a) demonstrates
the variation of friction coefficient based on an EHL model along the tooth profile of each
contacting pair during the meshing process. It can be seen to fluctuate periodically with the

roll angle and it is zero at its pitch point and in the no-contact region Rs. Tooth surface
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wear causes increases in tooth surface roughness and hence an increase in friction between

meshing teeth. For this reason, the EHL friction coefficient increases with increasing wear
as illustrated in Figure 6-4 (b).

(a) EHL-Friction Coef. of Each Pair (b) EHL-Friction Coef. with Wear
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Pairl . Healthy
i
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Figure 6-4 EHL friction coefficient of the first stage with wear

6.7 Validation Tests

To validate the model, a number of vibration datasets were obtained from a run-to-failure
gear test. The test was based on a representative two-stage helical gearbox test system as
depicted in Figure 6-5. The system consists of two industrial gearboxes installed back-to-
back in series. The first gearbox (GB1) is driven by an AC drive motor, and acts as a speed
reducer, whilst the second gearbox (GB2) is a speed increaser connected to a DC loading

motor, in which the gear ratios of the two gearboxes are 5.094 and 3.678 respectively.

Wear
progressed
naturally

Terminal Box

2-Stage Helical

Flexible Coupling
Gearboxes

in 3 off
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GB2
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DC-Generator
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Figure 6-5 A schematic diagram of the test rig system (fm1 and fm2 are the mesh frequencies of

each stage in GB1; fm3 and fm4 are the mesh frequencies of each stage in the test gearbox GB2)
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A closed loop control system was used for setting up the required operating conditions of
the test rig via a touch screen interface, which enabled the control of overall test duration,
speed, load and number of operating cycles within a load setting. The test rig was driven
by 15 kW AC motor at 1460 rpm while a DC motor/generator used to apply different loads.

Power Flow Direction

>
AC-Motor GB1 GB2 DC-Generator
Gr1:49 Z:1=59'\ Zin=29 -, _cg I
7 D
‘ fml j;m }/
N 7
47

\Zo=55__ 251 Z=13 7=
Worn Gears

Figure 6-6 Schematic diagram of the two gearboxes

Figure 6-6 illustrates a geometric representation of the two gearboxes transmission system,
whereas the fundamental frequencies of the gearbox transmission system are slightly
different from that explained in Sec. 4.4.1. The simultaneous shaft rotational frequencies

via the two gearboxes can be determined as follows:

_ Motor Speed 1060 rpm

) ~17.67Hz
60 60
f =|Ln fr1:(4—9jx17.6:15.12Hz
Zr 55
f,=| Ll Ls frlz(ﬁj(gjxl7.67:3.47Hz (6.3)
ZrZ Zr4 55 59

fo=t | Za 2347422 Z15.75H
z 13

i2

fo=f, (%} =15.75x % =12.75Hz

i4

Moreover, the meshing frequencies of each stage are:
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f =f,7, =17.67x49=865.68Hz
f,=f,Z.,=157x13=204.61Hz
f = f,Z, =347x59=204.61Hz
f,=f,Z,=1575x47 = 739.75Hz

(6.4)

The main challenge of the test is to identify fatigue signatures at an early stage, in which
run to failure test scenario was performed on this specially designed test rig under natural
progression of damage condition. To simulate variable load operating scenarios
experienced by wind turbine and helicopter gearboxes [250, 251], different operating loads
and speeds were applied to the system, whereby the test rig operated for more than 800
hours under two different loading regimes: sinusoidal variable load which fluctuates at a
frequency of 0.077 Hz, from 0 up to 12.5 kW with 1038 rpm speed (70% of rated speed)
followed by an increasing 25% stepped load at 70% and 50% rated speed, the total test time

being 60 minutes, as illustrated in Figure 6-7.

Applied Load in Each Interval (60 minutes)
14

U U L
Step Load

SinusoidalL Load & SpeeolL 70%
¥ N 100% K N 100%
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44
JUYVVyd
0 10 20

Time (minutes)

Figure 6-7 Sinusoidal and stepped load regimes of the experiment test

During the test, the online monitoring system was recorded the change in the first three
mesh harmonics and associated sidebands for each stage, obtained from the amplitude
spectrum of the time synchronous averaged (TSA) vibration signals. The test was
terminated when vibration sideband features exhibited a significant increase (higher than

twice their baselines), showing an existence of a considerable fault in the test gearboxes.
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After the test was terminated, significant surface scuffing due to wear effects that
progressed naturally in the first stage of the second gearbox, as illustrated in Figure 4-15.
It can be seen that both the pinion and gear tooth surfaces worn by almost the same size
severity, showing the gears are considerably faulty. The worn regimes are in the late stage
of tooth surface wear, whereas the photos have been taken at the end of the test that show

the surface wear is not uniform anymore.

As the worn regimes (shown in Figure 4-15) indicate the late stage of tooth surface wear,
the uniform tooth wear adopted for the helical gears is considered to be more realistic for
early operations as the test operating conditions change in a wide range, see Figure 6-7. In
general, surface wear and mild wear are more realistic for very early stages of wear that
commonly happen due to metallurgical defects in gear material, improper heat treatment,
improper surface finish and manufacturing error. To diagnose the tooth surface wear in its
early stages, a uniform wear model was simulated in the dynamic model, whereas the small
amount of wear and uniform material removes can be demonstrated and assessed

effectively for the condition monitoring scheme.

6.8 Model Validation and Discussion

Different degrees of wear (from 0% to 10% of the tooth thickness, see Figure 6-2) were
simulated in the model in steps of 2% to obtain features for wear fault diagnosis at an early
stage in its development. The dynamic responses of the model were obtained in terms of
the displacement, velocity and acceleration of the gear system under healthy and faulty
conditions. Seven data sets (each of duration 1hour) were selected from across the final
five hundred operating hours, as illustrated in Figure 6-8.

Repeating test load profile

Data sets analysed
|

7 Data 1 Data 2 Data 3 Data4  Data5 Data6 Data7
Data not analysed as no change 1 Data sets logged for last 514
seen in the vibration signature hours exhibiting visible changes

837 hours of operation, each set of data acquired every hour |
gl

A

Figure 6-8 A schematic diagram of the experimental scenario illustrates the selected tests
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6.9 Signals in the Time and Frequency Domains

The tooth surface wear was found to affect the dynamic signals of the gearbox, resulting in
higher vibration and noise. Time-domain analysis can be used as an effective indicator of
the impulsive vibration of gear faults [56], but the spectrum is also commonly used for
monitoring machine vibration characteristics. So, the numerical solutions were converted
into accelerations by differentiating the velocity responses, which themselves had been

derived from time data using the FFT.

In addition, to implement an effective means of detecting wear, TSA was applied to the
experimental test data, which can suppress the influences of noise that asynchronous to
those features of interest [126]. Figure 6-9(a) shows the time domain vibration responses
after applying TSA to the experimental raw data, whereas Figure 6-9(b) demonstrates the
translational responses in the LOA direction acquired from the model when influenced by
different wear severities. It can be seen that, depending on the extent of wear, higher
impulsive vibration responses and higher amplitudes feature in both the experimental and

model predicted signals of the gear meshing process.

(a) TSA Signal of Measured Acceleration
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Figure 6-9 Experimental and numerical raw data of the gearbox under different wear severities
However, limited excitations can be identified in the numerical data with increasing the

wear degree because the model was developed to focus on the effect of the tooth surface

wear at its early stage. It does not take into account other potential excitations such as
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backlash, eccentricity, unbalance, run-out errors that can become severer as with the

progression of wear and induce more vibrations. Those effect of gear imperfection with

gear determinations still remains opening although many studies have been carried out.

Spectrum analysis is commonly used for monitoring and interpreting the information

contained in machine vibration characteristics, and the general behaviour of the vibration

spectrum is illustrated in Figure 6-10. for the experimental and numerical data. To enhance

the vibration signal features, TSA was used to extract a deterministic signal for vibration

components related to the rotational frequency of the target gear, and to reduce non-

synchronous components and noise. The gear meshing frequencies and their components

(up to 3™ harmonics) are shown. It can be seen that the meshing frequencies and their

harmonics exhibit the similar trends between the experimental and model-predicted data,

underlining that, the model response is simulated effectively.
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Figure 6-10 Experimental and numerical vibration spectra with FRF signal of the test gearbox

(components at 70% speed)
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The amplitudes at the meshing harmonics are not predicted as closely as would have been
liked, possibly because of signal attenuation and noise in the experimental data and
resonance effects in the vibration transmission paths. Especially, the transmission path
alters more to the amplitudes at the high frequency range. As shown Figure 6-10(c), the
frequency response function (FRF), see Appendix A, exhibit higher magnitudes around
2,200Hz due to housing resonances. This makes the spectral peaks at and around 3% fn,
particularly higher, as shown in Figure 6-10(a). The FRF was measured using impact
hammer testing to conclude the modes and natural frequencies of the gearbox components,
in which all modes must be included to develop an accurate simulation model. In addition,
it would have been possible to include the gear housing flexibility, backlash and all
potential excitation errors in the numerical model for more enhancing the correlation with

the experimental results.

6.9.1 Vibration at Meshing Frequencies
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Fig.6-11. Spectral amplitudes of the first stage meshing components of the test gearbox under
25% load
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To diagnose gear condition, the spectral peaks up to the third tooth mesh harmonics of the
1% and 2" stage meshing frequencies for the experimental results and the combined
translational responses of the numerical model are represented in Figure 6-11 and Figure
6-12. It can be seen that the 2" and 3" harmonics of the mesh component (fmi=fr1xZp1)
associated with the first stage show a clear and consistent increase in spectral amplitude
with developing of wear severity, under different operating load conditions, and for both
the experimental and EHL model results. The selected experimental data sets show that the
amplitudes at the 2" and 3" harmonics of the meshing frequency increase by more than
50%.
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Figure 6-12 Spectral amplitudes at the first stage meshing components of the test gearbox under
100% load

The 2" harmonic peaks show that under 100% load, the vibration level at 70% speed is
lower than that at 50% speed, see Figure 6-12 (c), this can be possibly because of the
nonlinearity effect of the contact process. In which the high load can change the hertz
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contact deformation and the contact stiffness that implemented between the meshing teeth,

and also due to the resonance that result induced within a particular frequency range.

Similarly, the predicted spectral peaks of the 2" and 3" harmonic components from the
EHL model also clearly increase, but not generally by as much as 50% at 10% wear, which
suggests that more tooth surface wear was happened between the gears. This could be due
to the reversed friction force at the pitch point and/or to the fluctuating nature of the

meshing process between two and three contact pairs.
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Figure 6-13 Spectral amplitudes of the second stage (healthy) meshing components of the test

gearbox under 25% load

Evidently, these features can be considered as an effective indicator to diagnose wear
severity between meshing gears. Hence, to identify tooth surface faults, the higher
harmonics of the meshing frequency should be examined. By means of contrast, the
amplitude of the vibration for the second stage meshing frequency components are
illustrated in Figure 6-13 and Figure 6-14, for these un-worn gears there is no evident trend

in either the experimental or model-predicted results.
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Figure 6-14 Spectral amplitudes of the second stage (healthy) meshing components of the test
gearbox under 100% load

6.9.2 Vibration at Sideband Frequency

The difference in the vibration responses between healthy and faulty gears also causes
changes in the sideband presence around the fundamental and harmonics of the gearbox
meshing frequencies. The dynamic response computed with the analytical stiffness shows
that the presence of sidebands arises from the amplitude modulation caused by the fall in
stiffness [189].

The spectral amplitudes of the lower and upper sidebands (fs» + fr) around the first three
harmonics of the first stage meshing frequency are shown in Figure 6-15 and Figure 6-16.
It can be seen that the sideband peaks generally increase with wear for both experiment and
model responses, with the most significant increase demonstrated by the higher sideband
components. This is likely due to the non-linearity of the wear and friction between the
tooth contact surfaces. The maximum difference increase between the selected experiment

tests at the sideband components is about 100% for all harmonics.
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Figure 6-15 Experimental spectral amplitudes of the sidebands of the first stage meshing

frequency components

The spectral peaks for 10% tooth wear from the predictive model increase by
approximately 50%, which also give a clear indication to the presence of wear. Sideband
features can hence also provide useful information on the diagnostics of gear surface faults.
However, same nonlinearity effect can be illustrated in Figure 6-15(c), which is consistent
with the behaviour of the 2"! harmonic peaks, Figure 6-12(c). This could be due to the large

inducing effect of resonance around this frequency range.

KHALDOON F. BRETHEE, SCHOOL OF COMPUTING AND ENGINEERING, UNIVERSITY OF HUDDERSFIELD, 2017
128



Modelling and Experimental Validation of Gear Wear

-3

(b) Upper Sideband 1Xfm1

__x10° (a) Lower Sideband 1Xim1 X110
N, 67 i i F F i N, 87 F F F _--—%
£ E | s
= 4 __AF-A‘g'A = 6 _A —*— Model:50%Speed
o -A—”'A-- T 3 @ -="
S A--71 ; ; I} S AF‘ -=Ac- Model: 70%Speed
- A S S S S - S

0 2 4 6 8 10 0 2 4 6 8 10

Wear(%) Wear(%)

(c) Lower Sideband 2Xfm1 (d) Upper Sideband 2Xfim1
qu\ 0.02¢ : : : ; (\’(l; 0.02¢ F : F ;
£ A E | L A---A
5 0.015 2 ---A’/ < 0.015 PP =y o
E B ‘agd g LA
=] o.olﬁ‘/h —+—+ £ o0
5 | ! ! L § 4 i i |

0.005 0.005 :
0 2 4 6 8 10 0 2 4 6 8 10
Wear(%) Wear(%)
(e) Lower Sideband 3Xfm1 (f) Upper Sideband 3Xfm1
& 0.04 ¢ F F F F & 0.06 ¢ F F F
» \ \ ‘ » ‘ ‘ -
e ‘&——‘A---A-—_—-& 1= 1 _—&———A
= 0.03 s = 0.04g —— A-—-A-
o I--—% o
2 0.02 | — 2 0.02 !
a . 3 6_ . L
g e e 1
< 0.01* - : ; : = < 0" ; - : -
0 2 4 6 8 10 0 2 4 6 8 10
Wear(%) Wear(%)

Figure 6-16 Predicted spectral amplitudes of the sidebands of the first stage meshing frequency

components

6.9.3 Response to Wear with Different Gear Parameters

For further validation of the numerical model, different gear geometries were examined to

explore the effect of tooth surface wear on meshing frequency components.

(c)Peaks at 3xfm1
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Figure 6-17 Spectral amplitudes of the first stage mesh frequency components with different tooth
face widths (b)
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Different tooth face widths and helix angles were simulated in the model with consideration
of the effect that these changes have on the gear geometry parameters which affect the
calculation of contact line length. Figure 6-17 shows the effect of wear on the meshing gear

components for different tooth face widths.

From Figure 6-17, it can be seen that the 2" and 3™ harmonics increase by more than 50%
with 10% wear severity for a range of different tooth widths. A lower vibration level can
be observed with decreasing tooth width, as a result of reduced frictional effects. The same
trend behaviour with wear degree for low and high helix angles is identified at the 1% and
2" harmonics of the mesh frequency as illustrated in Figure 6-18. However, the 3™

harmonic exhibits quadratic behaviour potentially because of reducing gear vibration with

increasing helix angle.
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Figure 6-18 Spectral amplitudes of the first stage mesh frequency components with different base

helix angles (5)

6.10 Key Findings
» Due to the complexity in gear wearing process, limited number of contributions
have been reported to include the combined influence of wear evolutions and
vibration modelling for helical gears with respect to accuracy and ease of

implementation for CM and diagnostics for the early stages of wear.

» Tooth wear can be modelled by reduced mesh stiffness and increased fictional

effects, because wear reduces the thickness of the tooth and increases the roughness

of the contact surfaces.

» Anincrease in wear severity enlarges the centre distance between the meshing gears

while the contact mesh stiffness decreases and retards angularly, in which higher
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dynamic forces along with higher frictional effects will be induced during the

meshing process.

» A run-to-failure test is more comprehensive and more realistic approach for
simulating defects in gears

» Validation by dataset from a run-to-failure test with a natural progress of wear, can
be more reliable wand data as compared with manually induced wear by lowering

the grade of lubrication oils.

» Sinusoidal variable loads and different stepped loads are more convenient to match
the load variations in different industrial applications such as wind turbines,
automotive transmissions, centrifugal pumps, etc.

» A uniform tooth wear adopted for the helical gears can be considered to be more
realistic for early operations as the test operating conditions change in a wide range.

» TSA analysis has the inherent capability to extract a deterministic signal for
vibration components related to the rotational frequency of the target gear as well
as reduce noise and enhance signal.

> Spectral peaks at the 2" and 3" harmonics of the meshing frequency (and
associated sideband frequencies) are influenced more significantly by increasing
wear degree, which can be used as effective wear indicators for the detection and
diagnosis of tooth surface deterioration.

> Including the effect of gear potential excitations such as backlash, eccentricity,
unbalance and run-out errors become more severe with the progression of wear to
induce more vibrations, in which those effect of gear imperfection with gear

determinations still remains opening and a challenging task.
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Chapter 7
Condition Monitoring of Gearbox Lubrication Based on

Vibration Analysis

This chapter is provided to develop an online CM technique of gearbox lubrication based
on vibration signal analysis. Three different oil conditions: oil volume, water
contamination and oil viscosity have been simulated within the two-stage helical gearbox,
in which vibration signal was recorded via an accelerometer mounting on the gearbox
housing. To get realistic results, different operating conditions were applied and each
condition was repeated several times. Moreover, TSA and MSB analysis methods have been
used to characterise any measurable changes that correlates the variation of gearbox with

oil conditions and thereby is based for online and real time lubrication monitoring.
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7.1 Introduction

The reliability, life time and availability of the most rotating machines such as gearbox
depend largely on the lubrication condition. In modern industries, lubrication oil plays a
critical role in condition maintenance of the rotating machineries. Recently, CM and
prognostics of lubrication have become a significant topic among academia and industry
[252, 253]. The purpose of most research is to provide early warning of machine failure

and also extend the operating duration of lubricant life.

The efficiency, life time and availability of gearboxes and rotary systems are subjected to
the quality of lubricating services, hence in many cases, lubricant failure is due to oil
degradation by external contamination with water, dust particles, etc. [254]. For instance,
water is one of the most significant destructive contaminations to lubricants, which causes
a degradation on its characteristics and excessive water contaminant leads to insufficient
lubrication and subsequently to abrasive wear and corrosion [255]. Therefore, monitoring
external contamination of lubrication is an important issue in a proactive maintenance

program.

Vibration analysis is an effective technique that widely used for monitoring and diagnosis
of various industrial applications. Despite the fact that many problems are caused by
lubrication failure, very few works examine the possibility of employing vibration analysis
for detecting lubrication statues [256-259]. This study develop online CM of gearbox
lubrication based on vibration signal analysis using an effective denoising method, as an
approach to characterise any measurable changes that correlates the variation of gearbox

with oil conditions

7.2 Gearbox Oil Tests

As gearbox is important and widely used in industry, failure in its lubrication may lead to
a catastrophic and huge cost. Therefore, it is important to monitor the condition of
lubrication to ascertain any degradation can be progressed within the oil. Different

conditions of gearbox lubrication have been done in this research as follows:

7.2.1 Monitoring of Gearbox Lubricant Starvation

Different gear failure modes are strongly correlated with lubricant status, for example low
oil level or starved lubrication leads to significant gear damages. Insufficient lubrication

can increase friction, temperature and material wear, which ultimately leads to material
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failure [101]. The limitation of oil dip lubrication availability in the contact of gears and
bearings with respect to their scuffing failure performance and flank load carrying capacity
was investigated by Hohn B.-R. et al. (2011) in [102, 103]. They indicated that lack of
cooling oil leads to high gear bulk temperatures and therefore increases risk of gear failures

such as scuffing, pitting, micropitting and low-speed wear.

Gear vibration characteristics are the key indicators in the diagnosis of machine faults,
which was used to detect lubrication level of gearboxes with some limitations, as in Refs.
[101, 256], [257] and [260]. Smith, J. [260] confirmed that, loss of lubricant could produce

severe metal-to-metal contact, which should generate high levels of stress pulses and would

be detected immediately by accelerometer(s) on the rotor to give an early indication of

problems.

The references indicated that there is a strong relationship between gearbox lubricant
volume and its vibration signatures, however, a few works emphasis this relationship for
the purpose of condition monitoring and diagnosis. To fill this gap, this study will examine
the vibration characteristics to normalise the condition indicator and investigate any
measurable changes correlated with the variation of gearbox oil capacity for future

preventive maintenance [261].

7.2.1.1 Test Procedure

A schematic structure of the tested gearbox (two stage helical gear box manufactured by
David Brown Radicon Limited) is shown in Figure7.1. The recommended oil lubrication
of the gearbox is mineral oil of 320 EP with volume capacity of 2.6 Litres. The simulated
quantities (BL 2.6 L, 600ml less and 1100ml less) and the gearbox components are also
depicted in the figure, in which the meshing teeth of the first stage is splashed while the

second stage is fully submerged in the oil.
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Figure 7-1 A schematic description of two-stage helical gearbox with different oil levels

7.2.1.2 Oil Starvation Methodology

The main change of decreasing gearbox oil level, is decreasing in the required power to
circulate the oil belong with decreasing in potential power losses, which are dominated by
the oil drag losses and the churning losses of the gears [103]. Furthermore, power losses
such as squeezing, splashing and ventilation losses can be reduced by lowering the oil
volume [102]. Recently, different works have been done in terms of oil churning losses and
sliding friction losses. As a result of these studies, the drag torque acting on a gear Cch and
the oil churning losses Pch can be estimated as follows [181, 262-265]:
Cy = lpa)zRf,SmCm
2

(7.1)
P

ch — Cchw
Where p is the lubricant density, w is the rotational speed, R is the gear pitch radius, Sm is

the gear submerged surface area and Cr, is non-dimensional torque parameter.

Several analytical expressions of Cn were deduced from dimensional analysis, which
depend on the flow regime, immersion depth and submerged volume of lubricant. Equation
(7.1) shows a vast correlation between lubrication capacity (wetted surface area of the gear)
and the churning losses. In which, less drag torque and less churning losses are required

with the decreasing of gear submerged surface Sm.
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In contrary to the beneficial effect of reducing immersion depth, higher contact friction and
lower load carrying capacity are expected along with damaging effect of reduced cooling
of the gear mesh must to be considered. As a result, more vibration and noise due to
increase the risk of gear failures such as scuffing, pitting, micropitting and low-speed wear
[102]. The lubrication starvation has significant effects on the friction coefficient and the
frictional power losses due to decrease in the inlet oil film thickness [266]. The reversed

friction moment T, and the sliding friction losses Ps can be calculated by:

o
Where, pr is the meshing friction arm and F is the sliding friction force between meshing
teeth. The friction torque opposes the transmission torque in which low oil service result in
more friction and more nonlinear vibrations. The change in vibration signature due to oil

shortfall could be used in the detection and diagnostic of gearbox lubrication conditions.

7.2.1.3 Measurement Validation

To show direct perceive of various lubrication volumes, TSA of the gearbox vibration

signals are used to diagnose its oil volume.

(a) TSA spectrum of GB1 under 30% Load and 1474.68 rpm
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(b) TSA spectrum of GB1 under 100% Load and 1474.28 rpm
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Figure 7-2 TSA vibration spectrum of the tested gearbox (GB1)
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The general behaviour of the vibration spectrum with different oil volumes under various
operating conditions are represented in Figure 7-2. Gear mesh frequency components (up
to 3" harmonics) are also shown, which is verified that the TSA vibration signal is

synchronised with the second shaft (fr2).

7.2.1.4 Effect of Oil Starvation on Vibration Level

RMS is the most reliable parameter in CM to measure the power content in the signal [267].
To represent the overall level of vibration signature under different oil volumes, Figure 7-
3 shows the RMS values of the TSA vibration signals of GB1 and GB2 under full speed
and different load conditions, whereas each dataset was repeated five times for gaining

more reliable results.
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Figure 7-3 RMS vibration signals of the two gearboxes

It can be seen that the vibration levels of the GBL1 are generally increased with the reduction
of oil quantity as compared with the normal gearbox (GB2), which shows approximately

unchanged in the vibration level. The vibration changes are consistent with the results that
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presented in [101], which is owing to more friction between the contact surfaces of the
meshing teeth. Moreover, there is also slight increase in the vibration level of the repeated
tests, which is correlated with the increasing of gearbox oil temperature, as explained in
Figure 7-4. The oil temperature is decreased with the decreasing of oil level, due to less
contact between the oil and the submerged gear surfaces. However, the gear bulk

temperature is increased with reducing immersion depth, as explained in [103].

Oil temperature of GB1 under full speed and different loads
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Figure 7-4 GBL1 oil temperature of the test scenario

For more explanation, Figure 7-5 shows the average RMS results of the last three tests
under different operating conditions, which are approximately at more consistent
temperature. The average results show an increase in the RMS under different load

conditions with oil shortfalls, especially at full speed (1474.1 rpm).

(a) GB1 RMS under 740.06 rpm (b) GB1 RMS under 1107.7 rpm (c) GB1 RMS under 1474.1 rpm
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Figure 7-5 Average of the RMS vibration signals under different loads and speeds
In which, after extended running, removing oil supply from a gearbox leads to breakdown
the oil film between the meshing teeth, so that the vibration levels provide reliable

information in the technical diagnostics [260]. However, RMS is often not sensitive enough

in detecting faults in particular.
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7.2.1.5 Effect of Oil Starvation on Power Supply

To examine the data quality and test reliability, signals including data from the electric
signals (current and voltage) of the driving motor are processed to demonstrate its
consumption power. The decreased lubricity affects the oil churning and the friction
between the contact surfaces during the mesh process. As a consequence, the submerge
depth will be affected, which may affect the operational attitude.

Figure 7-6 presents the averaging of the consumption power of the driving motor under
various operating conditions for different gearbox lubrication volumes. The results show
consistent decrease with the lubrication capacity, especially under low and high speed.
However, the change in power is less than 0.4%.

(a) Power under 30%Load & 740.07rpm  (b) Power under 30%Load & 1107.6rpm (c) Power under 30%Load & 1474.1rpm
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Figure 7-6 Power supply under different speeds and loads

7.2.1.6 Vibration Response at Mesh Frequency

The change in spectral amplitudes is usually based on a measure of the vibration variations
[268]. Decreasing of oil service level has significant influence on the gearbox consumption
power as a result of reducing oil churning losses and increasing frictional contact between
the meshing teeth, which affect the gear dynamic responses. For further understanding of
vibration change and hence to obtain a more detailed and accurate diagnosis of oil capacity
variations, the change of spectral amplitudes at meshing frequency components are
investigated, which usually indicate the gearbox conditions.
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(a) 1xfm1 under 740 rpm (b) 1xfm1 under 1.11e+03 rpm (c) 1xfm1 under 1.47e+03 rpm
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Figure 7-7 Spectral peaks of the first meshing frequency components under different operating

conditions

Figure 7-7 shows the average amplitudes of vibration response at the first three harmonics
of the first meshing frequency (fm1). It can be seen that the second harmonic (2xfm1) shows
a very clear increase in the amplitude with oil shortages by more than 8% for the most
operating conditions (Figure 7-7(d-f)), which give a good indication to diagnose lubricant
starvations. This could be due to the double change in the reversal friction force at the pitch
point or/and due to the dual fluctuations of sliding velocity during the gear meshing cycle.
In which, an approximate of friction model that extensively used in the study of friction-
induced vibration can be indicated by [78, 81, 269]:

Ff = /u(\/s) N Sgn(vs) (73)
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w(V,)sgn(v,) ={ #o V0 (7.4)

-u V<0
Where Vs is the relative sliding velocity between the contact teeth, p(v) is the velocity-

dependent coefficient of friction, and N is the normal force pressing the two sliding surfaces

together.
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Figure 7-8 Spectral peaks of the second meshing frequency components under different operating
conditions

In the same way, Figure 7-8 shows the average spectral amplitudes of the second meshing
frequency (fm2) components, which is the low speed stage with high transmission load. The
results show inconsistent behaviour with the change of lubricant capacity. This possibly
because of the gearbox geometry, that taking-off oil makes the oil level lower than the
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contact region of the first stage, whereas the second stage is still fully submerged within

the oil.

The average amplitudes of vibration up to the tenth high order harmonics of the two
meshing frequencies are shown in Figure 7-9. The average vibration at the first mesh
frequency, which is the high speed stage with low load shows higher amplitude changes
relating to the oil level variations. It is enhanced by more than 8% with the change of oil
capacity, especially at low and high speeds, which can be also considered as an effective
feature to perform the instant diagnosis of gearbox lubrication levels. However, the
vibration at the second mesh frequency shows unclear behaviour, this is possibly because

its meshing teeth are still fully submerged in oil.

(a) Average fm1 under 740.06 rpm (b) Average fm1 under 1107.7 rpm (c) Average fm1 under 1474.1 rpm
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Figure 7-9 Average vibrations at mesh frequency components

7.2.1.7 Vibration Response at Sideband Frequency

The analysis of sideband around meshing frequency is also often based for the detection
and diagnosis of gear surface statues, as it relates more to gear asymmetric faults such as
broken tooth and investable manufacturing errors. Any differences on the gear dynamics
may cause changes in the sidebands across the fundamental and harmonics of the mesh

frequency. As the second harmonic of the first mesh frequency (2xfml) is the most
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influential component, the average spectral peaks of the last three tests at the lower and

upper sidebands (fsb= fmix fr2) around this harmonic are shown in Figure 7-10.

(a) Lower sideband 2xfm1 under 740.06 rpm  (b) Lower sideband 2xfm1 under 1107.7 rpm (c) Lower sideband 2xfm1 under 1474.1 rpm
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Figure 7-10 Spectral peaks of the lower and upper sideband components around the 2x f,: under
different operating conditions

It can be seen that the sideband amplitudes are generally increased with the reduction of
oil capacity, especially at low and high speed. For more explanation, the average amplitude
of the lower and upper sideband components (up to 3-components) are shown in Figure 7-
11. The results show that there is a significant increase in the average amplitude of the
sidebands especially under high transmission load, which are enhanced by more than 6%.
As aresult, these features can be also considered as effective indictors to poor lubrications.
In conjunction with the change patterns of meshing components and TSA kurtosis, it is

possible to make difference between tooth breakages and oil shortfall.
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(a) Average Sideband under 740 rpm  (b) Awverage Sideband under 1loipm (c) Average Sideband under 1474 rpm
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Figure 7-11 Average sideband of 2xfn: components

7.2.2 Monitoring of Water Contamination

CM of lubrication is mainly applied to ensure that lubricant has retained its physical
characteristics, and it has not degraded by external contaminants. Water is one of the most
significant destructive contaminations to lubricants that cause degradation on its
characteristics and leads to undesirable mechanical effects such as change in viscosity and
chemical reactions with anti-wear additives and oxidation inhibitors to generate solid
precipitates [99]. Hence, oil degradations influence the dynamic behaviour of the gears and
make significant changes on the vibration levels and load carrying capacity of the
transmission system. Therefore, online CM of gear lube oil is crucial to prevent the

machines failures.

Vibration analysis can be effective for performing the instant diagnosis of water
contamination so as to prevent further damages to gearboxes running with water contents,
as stated by Abusaad et al. [270]. However, vibration signal needs an effective signal
processing method to extract transient signals and suppress random noise. MSB was
developed based on the demodulation characteristics, which has the capability to suppress
the noise background and extract useful features from the mechanical vibration signals
[156, 157].

This study develops online CM of gearbox lubrication based on vibration signal analysis
using an effective denoising method, as an approach to extract effective diagnostic
information based on the utilization of the modulation characteristics [271].
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7.2.2.1 Test Facility

Water undermines the lubricant performance from forming an effective lubrication film
between the contact components. Hence, detection of water contamination has received
significant attention to avoid catastrophic failures and increase the life cycle of equipment
[270]. The typical acceptable water content for transmission oils are in the range of 1 to
2% (10 to 20 kppm) [272, 273]. To ascertain the root causes contributed to the degradation
characteristics, different contaminations below and above this range were simulated, which
allows a variety of different underlying measurements to be examined in a wide range for

defining their corresponding detection performances.

(a) Kinexus pro+ rheometer device (b) Gearbox oil samples

Figure 7-12 Kinexus pro+ rheometer and oil samples with different water contaminations

As oil viscosity is the most important parameter of lubrication; a Kinexus pro+ rheometer,
shown in Figure 7-12(a), was used to measure the oil viscosity and taken as references to
represent the deterioration progress due to water contamination. Different MILLGEAR 320
EP (320 cSt at 40°C) samples were taken from gearbox housing just when the test was
stopped, as shown in Figure 7-12(b). It can be seen that the oil colour was changed due to
water content and there is free water in the sample content of 120 kppm. This confirms that

the water content was added effectively according to the test design.

Figure 7-13 represents the viscosity values of the oil samples at the correlated stable

operating temperature of the gearbox. It can be seen that the viscosity is generally increased
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with the interaction extend of the water droplets. The water can cause a polarity shift in
many lubricant formulations, which allow them to have some affinity with or attraction to
water [178]. The effect of water in oil is changing both physical and chemical properties.
This could be due to polarity shift in lubricant formulations and the presence of rigid
boundary when oil and water meet each other head-on [178, 274], Fernando Bresme (2008)
referred that when oil and water meet each other head-on, they form a strong and rigid
boundary between them [274], and as a result of this boundary converging, the viscosity is
increased with the solubility of dissolved water.

(a) Viscosity of Oil Samples at 40°C (b) Viscosity of Oil Samples at 50°C
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Figure 7-13 Viscosity of lube oil with different water contents at selected temperatures
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Figure 7-14 Viscosity of lube oil under different temperatures

Moreover, temperature has a significant influence on the viscosity, i.e. the higher
temperature corresponds to lower viscosity. Figure 7-14 shows the performance of different

oil lube contaminations with temperature, in which less differences in viscosity with water
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contents can be identified at high temperature. This can be a result of increasing the

solubility of dissolved water with temperature [177].

The average oil temperature of the test scenario is illustrated in Figure 7-15, whereas the
oil temperatures with different water contents were kept in the same range. The slight
different in the oil temperature between the cases due to the fact that the operating
temperature is partially dependent on the factors beyond control, e.g. ambient temperature.
It can be seen that the oil temperature is increased up to around 40-45°C, whereas they
stabilise of all cases follow the same trend during different operating conditions.

Gearbox Oil Temperature of the Test Scenario under 100% Speed and Different Loads
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Figure 7-15 Gearbox oil temperature with different water contaminations

7.2.2.2 Vibration Responses

The general behaviour of the gearbox vibration spectrum with different water contents
under various operating conditions are shown in Figure 7-16. For a reliable operating
condition of machinery, various methods for fault detection and diagnosis have been
developed. Vibration analysis is widely used in condition monitoring and diagnostics,
however it needs effective signal processing methods to extract the transient signals and

suppress the random noise.

Water contaminations can lead to significant mechanical effects and complicated nonlinear
vibration, which resulting in a modulation phenomenon in vibration signals. Therefore, an
effective demodulation methods are required to decompose the nonlinear modulation
components and suppress the noise background. MSB was developed based on the
demodulation characteristics (see Sec. 3.2.4.2.2), which has the capability to decompose
the nonlinear modulation components and suppress the noise background hence, extract

useful features from the mechanical vibration signals [156, 157].

KHALDOON F. BRETHEE, SCHOOL OF COMPUTING AND ENGINEERING, UNIVERSITY OF HUDDERSFIELD, 2017
147



Condition Monitoring of Gearbox Lubrication Based on Vibration Analysis

(a) Vibration Spectrum at 30% Load and 1475rpm
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Figure 7-16 Vibration spectrum of the tested gearbox

7.2.2.3 MSB Characteristics at Mesh Frequency

In order to evaluate the performance of the MSB approach in monitoring the progression
of water contaminations, the recorded vibration data were processed using MSB method,
in which 90 averages were implemented based on the data length and 70% overlap ratio
between successive data frame. In addition, a Henning window was applied to the vibration

data during the calculation of FFT to suppress any leakages in the spectral signal.

As mesh frequency is the most feature associated with the gear dynamics, Figure 7-17
shows the averaged amplitudes of the five repeated runs at the first mesh frequency
components under different operating conditions. It can be seen that the MSB at the fm1
harmonics are almost the same with no clear indication for the water contaminations. This
could be because this stage is functioned to a high speed with low load, and the mesh region

is not fully submerged in the oil lube (see Figure 7-1).
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Figure 7-17 Average amplitudes of the fm1 components under different operating conditions

0.03

0.025

o
e}
[N

0.015

Amplitude (m/s?)

0.01

(a) 1*fm2 under740rpm

X
Ny RS
- N,
K

Amplitude (m/s?)

0 4 7 20 30 60 90 120

Water Content (kppm)

% 10° (d) 2*im2 under740rpm
4

T
TN
El X, o
= - 4
29 e
£ .
< A

Water Content (kppm)
% 10° () 3*m2 under740rpm
15

Amplitude (m/s?)

0 4 7 20 30 60 90 120

* ‘-‘}_-‘“.-4}.,‘

“«.-0

<«
2
£ 1
[}
°
E
5 05
£
<

hd
Amplitude (m/s?)

0O 4 7 20 30 60 90 120
Water Content (kppm)

(b) 1*fm2 under1107rpm

(c) 1*fm2 under1474rpm

=
Y

T & T T

SEL

P9

—— 30% Load ||
«= 4= 70% Load
= === 100% Load

L
0 4 7 20 30 60 90 120

Water Content (kppm)

() 2*fm2 under1474rpm

0.2 0.1
0.15 = * @
L N % £ 008
01 Y18
900099, & =
= 0.
0.05 £
<
0 4 7 20 30 60 90 120
Water Content (kppm)
(e) 2*fm2 under1107rpm
0.03 0.014
<}-.<}..<>.,<>.. g
0.02 Q¢ E 0012
(]
=
2
0.01 = 2 o001
£
L—b : <
| |
0 4 7 20 30 60 90 120
Water Content (kppm)
(h) 3*fm2 under1107rpm
0.01 A S . 0.015
N NN
K4
, E oo01
Q
0.005 - 5
[ 5. 0.005
Iy 3
00000900 <
ob— L |
0 4 7 20 30 60 90 120

Water Content (kppm)

0 4 7 20 30 60 90 120

Water Content (kppm)

(i) 3*fm2 under1474rpm

b

~

-
2 ‘P~1P—‘F

4
sy

L1

0 4 7 20 30 60 90 120

Water Content (kppm)

Figure 7-18 Average amplitudes of the fm2 components under different operating conditions

The MSB response at the harmonics of fm2, which is the fully submerged stage and

influenced by low speed stage with high load transmission, exhibit with more consistent
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behaviours with water contaminations. In which the third harmonic (3*fn2) is significantly
increased with increasing of water contents and can be a good indicator to lubricant
deterioration. However, there is a slight decrease in the amplitude of this harmonic under
high speed and full load, a higher nonlinear effects of gear mesh stiffness and the higher
nonlinear influence of dynamic friction between the contact tooth surfaces. Moreover,
under these conditions, the nonlinear effect of frictional forces belong with the oil splashing
and squeezing lead to more bending in the contact teeth, in which the higher nonlinear
interactions are based on the oil specification condition and the operating condition of the

transmission gears, such as speed, load and temperature.

7.2.2.4 MSB Characteristics at Sideband Components

Based on the gearbox geometry, the mesh frequency harmonics could be modulated with
the components of shaft frequency at nfmz + nfsi. Figure 7-19 depicts the MSB result of the

fm2 components with their modulated sidebands and the coherence of each signal.
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Figure 7-19 MSB results around fm2 components with their sidebands at high speed

Due to fully submerged meshing teeth, the second stage (fm2) is more influenced by the
water contaminations than the first stage, thus the sideband frequencies around fm2
components have been examined. For clearness and further analysis, the bifrequency axis
is labelled with only the first two harmonics (i=1, 2) of the characteristic frequencies: ixfi1,
ixfro, ixfr3. The MSB-magnitude and its corresponding MSBC results are presented in the
region fr < 70 Hz to include the sidebands up to 2f» (61 Hz) and fm < 1240 Hz to include
the carrier frequency up to 3fm2 (1182 Hz).

As the third harmonic (3*fm2) shows the most beneficial trends than the other harmonics,
the sideband frequencies around this component have been examined to extract the
usefulness of these sidebands in diagnosing the water contaminations with the help of MSB
demodulations. Therefore, the amplitudes of all the repeated runs have been averaged to
extract the MSB results with different water contents.

Figure 7-20 presents the average amplitudes at the first two components of the input shaft
(1xfr1, 2xfr1) under different operating conditions. It can be seen that the amplitudes are
generally increased with water content for the most working conditions. The MSB results
at the components of the intermediate shaft (1xfr2, 2xfr2), which is the highest transmission
shaft speed, are shown in Figure 7-21. The amplitudes are also increased with water
content, however for the high speed the trends are fluctuating. This may be because the
effect of sliding friction between the engaged gears is decreased with increasing the running
speed.
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Figure 7-20 Average amplitudes of the input shaft components under different operating

conditions
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Figure 7-21 Average amplitudes of the second shaft components under different operating

conditions

Similarly, the average MSB results at the components of the third shaft (1xfrs, 2xfr3), which
is the lowest transmission shaft speed, are shown in Figure 7-22. It can be seen that the

trend behaviours of the amplitudes are very close to the trends of 3xfm2, which are generally
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increased with water content and high influence of modulation at these components under
different operating conditions. In which this feature can be also considered as effective
indictors to the degradation of gear lubricant. However, under high load and high speed it
is difficult to use these features for stable diagnostics of lubricant contaminations.
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Figure 7-22 Average amplitudes of the third shaft components under different operating

conditions

7.2.3 Monitoring of Oil Viscosity

Since, viscosity is an important performance parameter of lubrication that commonly used
as the mean factor for oil quality. It can generally increase due to lubricant oxidation and
degradation or contamination with water, dust etc. Therefore, this study emphasises
lubricant viscosity to get an effective relationship between lubricant problems and other
aspects. The aims of this test is to investigate whether the viscosity has any effects on both
power supply parameters and vibration signals of the gearboxes; this will help confirming
the pervious stage of this study, whereby different oil contaminations with water show

significant increase in viscosity.

Different pure oils with significant viscosity change, as illustrated in Table (4.1), have been
used to investigate the effect of viscosity on gearbox dynamic behaviour. The viscosity was

measured using a rotary viscometer test method to get the absolute dynamic viscosity of
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each type of oil. The dynamic viscosity was measured at a wide range of temperature, as

shown in Figure 7-23, whereas the viscosity is generally decreased with the temperature.

Viscosity at Different Temperatures
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Figure 7-23 Dynamic viscosity at different temperatures

7.2.3.1 Effect of Oil Viscosity on Vibration Level

RMS can be used to measure the vibration level of each gearbox, as shown in Figure 7-24.
It can be seen that the vibration levels of both gearboxes are generally increased with
increasing oil temperature (repeated runs). The most interesting point is that the RMS
results of the recommended oil (EP320) shows the lowest vibration level for all the datasets

and the vibration levels of the GB2 are almost the same.

Several studies show that oil properties considerably affect the gearbox performance due
to the change of oil film thickness, oil churning and splashing [275]. The proper industrial
gear lubricant is important for long-term and efficient operation. According to AGMA
9005-E02, the choice of the appropriate lubricant depends on matching its properties to the
particular application. In which, the viscosity grade must be selected based on the lowest

and highest operating and/or ambient temperature experienced [168].
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Figure 7-24 RMS vibration signals of the two gearboxes

The viscosity grade selection is based upon the industrial gear drive’s horsepower rating,
reduction ratio, the speed of the gear drive and the type of lubrication method used to
lubricate the gears. An empirical formula for determining the required viscosity have been
detailed by J.R. Davis (2005) [170]:

~ 7000

40 .
V05

(7.5)

Where, va40 is the lubricant kinematic viscosity at 40 °C (105 °F) (in cSt) and V is the
operating pitch line velocity (in ft/min) given by:

V =0.262d.N (7.6)

Where d is the operating pitch diameter of pinion (in inches) and N is the pinion speed
(rev/min). According to the previous equations, the required kinematic-viscosity levels in
gearboxes application could be designed and selected, which gives kinematic viscosity
about v40=322 cst and the ISO the recommended viscosity grade for this value is ISO VG

320 as established by BS 4231:1992 and 1SO 3448:1992 [171].
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7.2.3.2 Effect of Oil Viscosity

The selection of oil viscosity is also based upon the type of lubrication method, the lowest
and highest operating and/or ambient temperature. In which, the higher the speed of the
gear drive, the lighter the viscosities need to be [168]. Lubricating oil has a great role in
reducing friction at the contact surfaces. Hence, studying oil viscosity change can assess

the quality and life time of the lubricant.

Figure 7-25 shows the gearbox oil temperature during five repeated tests under full speed
and different loads, which refers to an increase in oil temperature with increasing oil
viscosity. In which, high viscous lubricant generates more heat from the internal fluid
friction, and may also consume more power to turn the gears. The oil temperature increase
significantly with the change of viscosity. This could be due to higher kinetic friction
energy between the oil and wetted surface area of the gears as well as the thicker gear lubes

have greater internal resistance (intra-fluid friction), which causes them to run hotter [276,

277].

Gearbox 011 Temperature of the Test Scenario under 100% Speed and leferent Loads
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Figure 7-25 Gearbox oil temperature for different oil viscosities
Figure 7-26 shows the effects of different oil viscosity on the consuming power of the

driving motor under different operating conditions. It can be seen that generally thicker

lubricant needs more input power to run at the interest speed.
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Figure 7-26 Power supply under different speeds and loads

7.2.3.3 MSB Characteristics at Mesh Frequency

Figure 7-27 and Figure 7-28 show the MSB results with its bifrequency of fn1 and fm2
components, respectively. For clearness and further analysis, the bifrequency axis is
labelled the characteristic frequencies: 1xfr1=25Hz, 1xf»=30Hz, 1xfr3=6.7Hz. The MSB-
magnitude and its corresponding MSBC results are presented in the region f, < 70 Hz to
include the sidebands up to 2fr> (61 Hz) and fm < 4400 Hz to include the carrier frequency
up to 3fm1 (4275.1 Hz).

MSB 1xfinl MSBC 1xfinl

(1xim1,ixfr3)

Amplitude(m/s)
MSB-Coh

Figure 7-27 The components of fn; at high speed
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Figure 7-28 The components of fn; at high speed

The MSB magnitudes of the mesh frequency components are significant as confirmed by
the sufficiently high amplitudes of MSB coherence at corresponding frequencies. Figure 7-
29 shows the averaged amplitudes of the last three runs at the fmi components under
different operating conditions. The MSB results are almost the same, however there are
some increase in the amplitude of fm1 at 1107rpm (75% of full speed), especially under high
load. As a consequence, the gear vibration characteristics are mainly changed based on the

oil viscosity and the operating conditions.
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Figure 7-29 Average amplitudes of the fn, components
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Similarly, the MSB magnitude at the harmonics of fm2 are illustrated in Figure 7-30. As this
stage is fully submerged in oil, the first harmonic 1x fm2 shows significant change with the
oil viscosity at high speed rotation, and its components could be good indicators to lubricant
viscosity. This change may be because of thicker lubricant increases the oil film thickness
and internal fluid friction [278], whereby the influence is clear within the fully submerged

stage.
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Figure 7-30 Average amplitudes of the fn, components

7.2.3.4 MSB Characteristics of Mesh Components

The magnitude of each mesh component slice can be extracted by a simple search of the
peak value around the corresponding mesh frequencies in the MSB results. To identify the
associated components of gear mesh frequency, Figure 7-31 to Figure 7-33 depict the
averaged slice magnitude of the last three tests at each component around the first mesh
frequency. The most consistent results can be identified at (1xfm1, 1xfr1) under high speed
condition. However, Figure 7-32 shows that the second shaft slices (1xfm1, 1xfr2) are
generally decrease with increasing oil viscosity, due to increase of damping effects between

the meshing gears.
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Figure 7-31 MSB peaks at fr1 of fny slice
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Figure 7-33 MSB peaks at fr3 of fna slice

In the same way, as the first harmonic of the fully submerged stage (1*fm2) shows more
beneficial trends than the other harmonics, the slice peaks have been examined to extract
the usefulness of these sidebands in diagnosing. Figure 7-34 depicts the average magnitude

of the last three runs at the slice (1xfm2, 1xfr1), in which the higher load show more consist
increase patterns under different operating conditions.

Figure 7-35 illustrates the average magnitude at the slice (1xfm2, 1xfr2), whereas the second

shaft (fr2) is the highest shaft speed inside the gearbox and it fully submerged with oil. The
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MSB magnitudes at this slice show some increase with the oil viscosity change but not in
constant trends.

(a) 1*fm2,1*frl at 740rpm (b) 1*fm2,1*frl at 1107rpm (c) 1*fm2,1*frl at 1474rpm
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Figure 7-34 MSB peaks at fr5 of fn2 slice
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Figure 7-35 MSB peaks at fr, of fm slice

Figure 7-36 depicts that the most useful information for diagnosing the change of oil
viscosity is at slice (1xfm2, 1xfr3), whereas the third shaft (fr3) is the lowest shaft speed in
the gearbox. It can be seen that the trend behaviours of this slice magnitudes are generally

increased with increasing oil viscosity, which can be considered as an effective indictor to
the gear lubricant viscosity.
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Figure 7-36 MSB peaks at fs of fm2 slice
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7.3 Key Findings

>

Very few works examine the possibility of employing vibration analysis for

monitoring the health condition of lubrication in machinery.

Lubricant failure causes equipment failure and vice-versa, in which different gear

failure modes are strongly correlated with lubricant condition.

Insufficient lubrication or loss of lubricant could produce severe metal-to-metal
contact, which should generate high levels of stress pulses and would be detected

immediately by accelerometer.

Power losses such as squeezing, splashing and ventilation losses can be reduced by
lowering the oil volume, however higher contact friction, higher gear bulk

temperature and lower load carrying capacity are intensely expected.

After extended running, low oil service result in more friction and more nonlinear
vibrations due to breakdown the oil film, which raise the vibration level and can
produce reliable information in the technical diagnostics.

TSA has the inherent capability for pre-noise reduction, which can be implemented
reliably to detect and diagnose the oil service level based on vibration signal

analysis.

Gearbox vibration signature changes significantly with lubricant starvation, in
which under high transmission load, both meshing frequency and sideband
components can be considered as effective measurements to recognize and perform

the instant diagnosis of gearbox lubrication capacity.

The second harmonic of the mesh frequency and its sideband components provide
good indication to diagnose lubricant starvations due to the double change in the
reversal friction force at the pitch point or/and the dual fluctuation of sliding

velocity during the gear mesh process.

Effective condition monitoring of lubrication can also be implemented to ensure
that lubricant has retained its physical characteristics, and it has not degraded by

external contaminants.
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» Water is one of the most significant destructive contaminations to lubricants, which
causes a degradation on its characteristics and leads to undesirable mechanical

effects.

» Oil viscosity is generally increased with the interaction extend of the water droplets,

whereby the physical characteristics of the oil are changed.

» The higher temperature corresponds to lower viscosity and increased the solubility

of dissolved water in oil.

» Water contaminations can lead to significant mechanical effects and complicated
nonlinear vibrations, which resulting in a modulation phenomenon in vibration
signals, therefore an effective demodulation method such as MSB, is required to
decompose the nonlinear modulation components and suppress the noise

background.

> Based on effective demodulation of the mesh frequency components, the third
harmonic and its sidebands can produce useful information for assisting and

diagnosing water contamination.

» Water contamination and the oil viscosity change have significant effect on the fully
submerged gear mesh stage, while the splashed stage is the most affected by oil

starvation.

» Studying oil viscosity change can utilise for oil quality and life time detection
technique, in which higher viscous lubricant generates more heat from the internal
resistance fluid friction and higher kinetic friction energy between the oil and the

wetted surface area of the gears, which also consumes more power to turn the gears.

» The recommended oil for the general specification of gearbox transmission system
typically displays the lowest vibration level under different operating conditions.

» The gear vibration characteristics are typically changed based on the variation of
oil viscosity and the operating conditions, whereas MSB can extract useful

diagnostic information from the slice peaks of the meshing frequency components.

» MSB results can extract a useful information for diagnosing the oil viscosity change
based on the amplitudes of the first harmonic of the meshing frequency and its

sidebands.
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» The first mesh harmonic of the fully submerged gear mesh stage belong with their
slice components, shows consistent trends with oil viscosity change and can be

considered to be effective indictors to the gear lubricant viscosity.

» Higher nonlinear influences of gear dynamics are resulting from the complex
nonlinear interactions of dynamic forces, friction forces and the nonlinearity of oil
splashing and squeezing, which mainly change based on and the lubrication statues

and the operating conditions.

> Vibration signal needs an effective signal processing method to suppress the noise
background and extract effective diagnostic information for monitoring gearbox

lubrication condition.
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Chapter 8

Diagnosis of Increased Bearing Clearances based on

MSB Analysis

This chapter examines the process of detecting and diagnosing excessive bearing clearance
which is due to inevitable wear as a result of long term gear operation and abnormal
lubricating. The MSB analysis is applied to the vibration signals acquired at three bearings
with different clearance values to suppress noise and enhance the modulation effects at the
first few mesh components to find consistent changes of vibrations with increasing bearing
clearances and thereby to achieve early detecting and diagnosing the gear mesh

conditions.
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8.1 Introduction

As gears and bearings are used in almost every industrial right, and often work under very
severe environments, vibration and noise remain the main source of intense annoyance and
have strong influence of instabilities on the overall dynamic systems. Thus, monitoring
these components has received significant attentions in recent years. Bearing is important
element in rotating machine that support the rotating components such as gear shafts.
Abnormal radial clearance in bearing are inevitable phenomena that occur due to
assemblage and manufacturing errors [279]. Especially gradual wear that is from the
unavoidable light material removals due to fatigue wear and contaminated lubricant, as a

result the dynamics of the gears vary with its lifetime.

Therefore, it is important to have an appreciation for understanding the dynamic effect of
different clearances on the characteristic vibration features, thereby achieving an early and
accurate fault-detection and diagnosis. The objective of this chapter is to study the effect
of bearing wear based on its clearance variations on the characteristics of helical gear
vibration. This will assess the performance of vibration features in diagnosing wear
instabilities, in which there was no experimental result to verify the analytical result of this

research.

8.2 Test Procedure

AC-Motor Test Bearing DC-Generator
/
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Figure 8-1 Schematic diagram of gear wear test
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To benchmark the performance of gear vibration based on the run-to-failure gear wear test
(explained in Sec. 6.7), three bearing with different standard clearances have been used
under the same conditions. The vibration signal was collected using one accelerometer
mounted on the gearbox casing close to the worn gears to reduce the vibration influences
of the other parts and the attenuation of the transition paths. Figure 8-1 depicts the tested

bearing and the parameter scheme of the test rig, which are detailed in Sec. 6.7.

In general, clearance between contact surfaces become gradually larger due to inevitable
wear, in which the contact gapping is expected. Because of the lack of information on the
effect of bearing clearance on the gear dynamic response, different bearing clearances have
been used to verify the effect of clearance on the performance of gear wear. A tested ball
bearing 6207 mounted to the first stage shaft of the GB2 was changed with different
clearance sizes as illustrated in Table 8-1.

Table 8-1 Bearing types

Bearing 6207 Clearance
C2 0.006 mm
C3 (Recommended/Healthy) 0.028 mm
C5 0.051 mm

The test rig was run under different operating conditions, in which each bearing test was
repeated three-times and saved the data in the same sequence. Figure 8-2 shows the

clearance (C) between the inner race, ball and outer race of the bearing.

Figure 8-2 Rolling bearing scheme
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8.3 Effect of Bearing Clearance

Bearing clearance has a significant effect on the thermal, vibration, noise and fatigue life
of the bearing [280]. The internal clearance must be as close to zero as possible during its
operating in order to extend the bearing’s lifetime and improve the machine’s reliability
[281]. However, clearances in the shaft-bearing system may be either designed to provide
better lubrication and eliminate interferences or due to manufacturing errors and/or
inevitable wear [282]. An increase in the clearance size result in severe vibrations of
rotating machinery, and consequently degrade the system performance.

Excessive clearance introduces very strong nonlinearity and could be a source of high
impact forces that result in wear and tear of the contact surfaces. Moreover, clearances
induced transverse and torsional vibration may cause tooth separation, which could
deteriorate the reliability and durability of the geared system [282].

8.4 MSB Implementation

For the motivation of MSB analysis to make a concise representation of the complicated
modulation, it has been applied for detecting and diagnosing the nonlinearity effect of
different bearing clearances. The properties of the bearing clearance vary due to wear of
the contact surfaces over a long period of service time, which introduces strong nonlinearity
effect and has a negative influence on the dynamic behaviour of the gear train system [112,
114]. The MSB representations are able to characterise the complicated modulation in
signals, suppress noises and allow easy analysis to manipulate of characteristic features.

8.4.1 MSB Characteristics at Mesh Frequency

Existing studies have stated that the first three gear meshing harmonics and their sidebands
provide sufficient information for the successful identification of gear faults [143]. In
addition, the amplitude of higher order gear mesh harmonics introduce useful and reliable
information in detecting wear at its early stage [283, 284]. In order to evaluate the
performance of the MSB approach in monitoring excessive bearing clearances and the gear
wear progression, the recorded vibration data were processed using MSB method with
effective averaging data length and 70% overlap ratio between successive data frame.

The MSB analysis was performed on the gearbox vibration signals to extract the
characteristic information of the gear meshing harmonics and their sideband components.

Figure (8-3) shows the MSB amplitudes at the first mesh frequency (fms) components, of
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the GB2. It can be seen that excessive bearing clearance has significant effects on the first
and third harmonics of the gear mesh frequency, especially under higher load conditions.
This could be because excessive clearance result in large impact forces between the rolling
elements, which can cause severe vibration at the fundamental mesh frequency. Moreover,
the second stage meshing components behave almost consistently with the clearance

variations because the tested bearing is used to support the gear shaft of the first stage, as

illustrated in Figure (8-1).
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Figure 8-3 Average amplitudes of the mesh frequency components

As the fm3 harmonics are the most influential feature due to the bearing clearance changes,
the MSB analysis was performed to reveal the modulated components with the rotational
frequencies. Figure 8-4 depicts the MSB result of the fms components with their modulated
sidebands and the related coherence signals. In the graphs, the significant peaks can be
identified at the harmonics of the shaft frequencies, in which the bifrequency axis is
labelled with the first two harmonics (i=1, 2) of the characteristic shaft frequencies: ixfys,
ixfrs, ixfrs. The MSB-magnitude and its corresponding MSBC results are presented in the
region fr < 40 Hz to include the sidebands up to 2xfr4 (31 Hz) and fm< 6100 Hz to include

the carrier frequency up to 3xfn (599.1 Hz).
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Figure 8-4 MSB results of the first 3-harmonics of fm3 at 1037 rpm

8.4.2 MSB Characteristics of Mesh Components

For a concise representation of the complicated modulation spectrum, the sideband
frequencies around the fms components have been examined to monitor the change in
bearing clearance. The peaks of MSB at the bifrequency sidebands have been proposed to
assess the effect of clearance changes on the characteristics of the gear vibration signature.
To identify the associated peaks of the three shaft frequency components with fns, Figure

8-5 to Figure 8.7 depicts the averaged slice magnitude of the three repeated tests.
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As the components of first shaft frequency (1xfrs, 2xfr3) have significant bifrequency peaks,
Figure 8-5 shows the peak magnitudes of various bearing clearances under different
operating loads. It can be seen that the bifrequency peaks of frs components with 1xfm3 and
3xfms show a good indication for the clearance variations, in which the C5-bearing exhibits

as the highest amplitudes under different loaded conditions.
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Figure 8-6 MSB peaks at fra components of fz slice
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In addition, Figure 8-6 depicts the peaks of the magnitude at the bifrequency of frs
components with the first three fms harmonics. Generally, the bifrequency peaks around the
1xfms and 3xfms give a good indication to the bearing clearance and can be considered as an

effective indicator to the excessive clearance.

The excessive bearing clearance has strong nonlinearity effect in the dynamic behaviour of
the gear system. Figure 8-7 shows the bifrequency of the fis components, which have the
most influential peaks with the bearing clearances, especially around the 1xfmz and 3xfms,
whereas the peaks of the recommended bearing (C3) are almost the lowest under high
loads. In general, these bispectral peaks show that MSB analysis of gearbox vibration signal
can reveal the nonlinear interaction between the gear mesh frequency and the modulated
components of the shaft frequencies. These can be used to monitor and diagnose the

inevitable wear that leads to excessive clearances in the ball bearing.
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Figure 8-7 MSB peaks at frs components of fuz slice

8.5 Key Findings
> Because of the lack of information on the effect of bearing clearance on the gear
dynamic response, study the combination of gear wear with excessive bearing
clearances is important to assess the performance of gear dynamics in diagnosing

the wear instabilities in gears.
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» Bearing clearance is varied and become gradually larger based on its life time,
which leads to higher contact gapping and introduces strong nonlinearity effect in
the dynamic behaviour of the system.

> Excessive clearance due to wear can be a source of impact forces, which induce
more transverse and torsional vibration, and consequently degrade the system
performance.

»> The bearing clearance variation influence the dynamic characteristics of the
supported meshing gears and cause strong nonlinearity effects on their dynamic
behaviour.

» The MSB representations are able to characterise the complicated modulation due
to bearing clearance change and allow easy analysis to manipulate of characteristic
features.

> Excessive bearing clearance has significant influences on the 1% and 3" harmonics
of the gear mesh frequency, especially under high load conditions.

> Most of the bifrequency peaks around the 1% and 3" mesh frequency could give a
good indication to the change of bearing clearance and can be considered as an

effective detectors of excessive clearance.
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Chapter 9

Conclusions and Future Work

This chapter summarises the main conclusions of this research. It explains the key
achievements in the light of the original objectives stated in Chapter 1. Next there is a
summary of the author’s contributions to knowledge and the novel aspects of the research.
Finally, future research avenues in online condition monitoring of gear transmission

systems are recommended for further improvement of the schemes developed in this thesis.
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9.1 Objectives and Achievements

The purpose of this study was to investigate dynamic interactions within a gearbox and
develop an improved numerical model to assist the reliable condition monitoring and fault
diagnostics of helical gearboxes. A comprehensive dynamic model was developed with the
inclusion of time-varying stiffness and tooth friction based on the elastohydrodynamic
lubrication model, for validation with the experimental results, in which, successful
diagnostic features of different gear faults can be identified under different operating
conditions. The research has focused on using vibration signal monitoring to detect gearbox

lubricant deterioration using effective signal processing techniques.

All the proposed objectives of this research have been fulfilled, and the key achievements

corresponding to the objectives detailed in Sec. 1.7.2, are as follows:

Objective 1. To review existing condition monitoring techniques and assess the
performance of the most common techniques used for online CM and early fault
detection of gearboxes.

Achievement 1: An extensive concept review was conducted to assess the performance of
the most common techniques used for online CM in terms of early gear fault detection
and diagnosis, these were defined and discussed in Chapter 1. It was found that
vibration analysis is the most reliable method for machine condition monitoring,
detection and diagnosis, and is widely used in different industrial applications. It was
decided to implement vibration signal monitoring in this study as an effective and
reliable method for online health monitoring of gearbox mechanical components and
to detect gearbox lubricant deterioration.

Objective 2. To review the main sources of gear vibration to obtain an in-depth
understanding of the dynamic interactions between transmission components.
Achievement 2: Chapter 2 identifies the sources of gear vibration and noise, which
provided an understanding of how to control the excessive vibration in gears and the
need for intensive monitoring and diagnosis of gear faults in their early stages to
improve working conditions and enhance the capability of the transmission system.

Objective 3. Todesign and construct a mechanical transmission test rig for the evaluation
of a multistage gearbox transmission systems under different operating conditions,
which allow different faults to be introduced into the gearbox components, enabling

subsequent system behaviour to be characterised.
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Achievement 3: Two test rigs have been developed to investigate different gear fault
conditions. Chapter 4 describes in detail two industrial gearboxes installed back-to-
back with piezoelectric accelerometers used to measure vibration signals, via a high-
performance data acquisition system. The test rig could vary load and speed
conditions imposed on the test gearbox. A run-to-failure test rig was designed and
built for a more realistic approach so that the measured signals are closer to practical
conditions, this is described in Chapter 6. It is similar to the previous test rig (back-
to-back gearbox arrangement) with different design and control implications.
Different operating conditions such as sinusoidal variable loads and different stepped
loads were imposed on the system via a control system panel to better match the load
variations likely to be found in different industrial applications, see Sec. 6.7.

Objective 4. To develop an accurate dynamic model using numerical simulation, and
compute the periodic mesh stiffness variation of helical gears as a function of the
contact position of the meshing teeth. Also, to characterise the vibration signature
changes, enabling more reliable diagnostics under different operating conditions.

Achievement 4: A comprehensive dynamic model was developed in Chapter 5, to study
the interaction of helical gear dynamic responses, with the inclusion of time-varying
stiffness and tooth friction based on the EHL model. For the time-varying mesh
stiffness of helical gears, a convenient and effective calculation was implemented,
which included the total potential energy stored in the meshing teeth with the

kinematic compatibility variation of the contact lines in the plane of action.

The model consists of an 18-DOF vibration system which incorporates the effects of
the supporting bearings, driving motor and loading system. Moreover, it couples the
transverse and torsional motions resulting from time-varying friction forces, time
varying mesh stiffness excitations and different tooth surface defects. The model
investigates the effect of different tooth surface defects on kinematic performance of
the helical gears providing a demonstration and evaluation which assists condition

monitoring assessment.

Objective 5. To calibrate the linear and nonlinear responses of the dynamic model and
evaluate the model for different frictional modes with progressive tooth breakages.

Achievement 5: The linear and nonlinear responses of the dynamic model have been
achieved numerically using MATLAB. The linear solution is based on the average

variation of gear mesh stiffness, as described in Sec. 5.10.1. This allowed the modal

KHALDOON F. BRETHEE, SCHOOL OF COMPUTING AND ENGINEERING, UNIVERSITY OF HUDDERSFIELD, 2017
176



Conclusions and Future Work

parameters to be determined such that the major resonances agreed with the real
system, in which the resonance frequencies and damping ratios were found
conveniently using the standard eigenvalue method. Subsequently, the non-linear
effect of time-varying friction and mesh stiffness were introduced into the model and
a numerical integration method based on the ordinary differential equation solver
(ODE15s) was used to solve the model, as described in Sec. 5.10.2.

The accurate dynamic modelling of helical gear system is crucial to acquire reliable
diagnostic features. Different tooth breakage severities were simulated numerically
and experimentally, see Sec. 5.11, so that the model performance could be evaluated
realistically. To increase the ability of conventional modelling of helical gear systems
to provide more accurate diagnostic determinations, the model was developed to
include different time-varying frictional models: friction-free, Coulomb friction and
EHL. The results demonstrated that any analysis of vibration must take into account
friction effects if it is to be an accurate method for the detection and diagnosis of
different tooth defects. The vibration responses of the model were closest to the
experimental test results when the EHL friction model was used, i.e. the influences

of lubrication and surface roughness were included in the numerical model.

Objective 6. To develop an efficient computation and stable analysis of the dynamic
responses of a tooth surface worn in a two-stage helical gearbox using a run-to failure
experimental test and a comprehensive dynamic model including EHL friction
effects.

Achievement 6: The experimental run-to-failure test applied variable sinusoidal and step
increment loads combined with variable speeds, and gear wear was allowed to
progress naturally, as explained in Sec. 6.7. A numerical model was developed to
include the time-varying mesh stiffness and EHL friction model, with the tooth wear
modelled by reduced mesh stiffness and increased frictional excitation, see Sec. 6.3
to Sec. 6.6. The comparison of the experimental and model-predicted results shows
a high degree of correlation in trend behaviour.

The vibration response of both the experimental test and the numerical model showed
that the 2" and 3™ harmonics of the meshing frequency (and associated sideband
frequencies) are influenced more significantly by increasing wear, and hence these
components can be used as effective wear indicators for the detection and diagnosis

of tooth surface deterioration.
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Objective 7. To investigate nonlinearities in vibration transmission and viscoelastic
properties of gearbox lubrication, and hence develop effective signal processing
methods for online monitoring and diagnosis of different gearbox oil deterioration
conditions under different gear operating conditions, and any constraints on its usage
that should be considered.

Achievement 7: Effective signal processing methods based on vibration signal analysis,

have been implemented to suppress background noise and identify stable diagnostic
features from the complicated modulation components of the gearbox frequencies.
Time Synchronous Averaging was used to detect and diagnose the oil service level
because of its capability for noise reduction, as explained in Sec. 7.2.1. However, the
diagnostics of water contamination and oil viscosity needed a more advanced and
more effective method; MSB analysis has the capability to decompose the nonlinear
components and suppress the noise background effectively, as detailed in Sec. 7.2.2
and Sec. 7.2.3.
Both TSA and MSB results show that the gearbox vibration signature changes
significantly with lubricant deterioration, with a consistent increase in the amplitudes
of vibration responses at meshing frequency harmonics and their associated sideband
components. These changes demonstrate that the vibration signal can be considered
a reliable condition indicator of gearbox lubrication. However, the vibration signal
needs effective signal processing to suppress the noise background and to extract
useful diagnostic information for monitoring the gearbox’s lubrication condition.

Objective 8. To develop guidelines for future research activity relating to this field.

Achievement 8: Several suggestions for future research in the CM of helical gearboxes are
presented in Sec. 9.5. A number of useful paths on condition monitoring of gear

system are recommended for future work.

9.2 Conclusions

Based on the investigation described in the former chapters, the main conclusions of this

thesis can be summarised to be:

1. A comprehensive dynamic model of the helical gear system is crucial for
developing reliable diagnostics. It allows a detailed characterisation of vibrations

corresponding to any small changes such as inadequate lubrication and light surface
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wear and thereby provide a reliable basis for signal processing and diagnostic
information retrieval.

2. The gear vibration model must take into account friction effects if it is to be an
accurate method for the detection and diagnosis of tooth surface defects. As shown
in this study, the frictional dynamics contribute significantly to the measured
vibration response, especially the second harmonic of mesh components.

3. It is sufficiently accurate that a light wear prediction model for a helical gear has
been developed by combining a translational-rotational nonlinear dynamic model
with time-varying stiffness and tooth friction based on EHL principles. The tooth
surface wear was represented by modulated mesh excitations and introduced into
the dynamic model to reveal the effects of wear on the dynamic characteristics of a
two-stage helical gearbox.

4. Based on vibration signals analysed by TSA analysis methods, the extracted mesh
frequency components and the associated sidebands can provide useful information
for detecting and diagnosing tooth surface wear. However, MSB analysis is more
efficient in decomposing the complicated nonlinear components and suppressing
the noise background more, though no additional equipment such as angular
references for TSA is required.

5. The results presented in Chapter 7 have demonstrated the capability of vibration
signatures for monitoring gearbox oil conditions. It is concluded that vibration
analysis with advanced signal processing methods can be used to reliably reveal the
subtle changes of the lubricants (with different viscosities, water in oil and oil
starvation) and hence to detect gearbox lubricant deteriorations.

6. Vibration signal analysis with the help of MSB shows the ability to detect oil
deterioration accurately, online and continuously, enabling optimum timely
preventative maintenance. The MSB analysis can provide an accurate
characterisation of the mesh frequency components and the associated shaft
modulating components and consequently produce consistent diagnosis of lubricant
status.

7. The MSB analysis of gearbox vibration signal has good detection capability to
indicate the nonlinear behaviour of excessive bearing clearance due to inevitable

wear, and enhances the modulation effects of the first few mesh components.
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9.3 Novel Feature Summary

This research project presents a set of novel aspects that have not been considered by

previous researchers. The following provides a summary of these novel aspects:

Novelty One: A dynamic model is developed to predict friction and wear influences on
vibration response and thus to characterise diagnostic features. The author of the
thesis found no research describing in any detail the vibration responses of a
multistage helical gearbox transmission system with the inclusion of the friction and
wear, for the identification and validation with the experimental results.

Novelty Two: This study, for the first time, bridges the gap between experimental tooth
wear induced by a run-to failure test with nonlinear dynamic behaviour for a
multistage helical gear system. Studying the gearbox vibration response from
realistic validation data to accurately detect and diagnose gear wear in its early stage,
has not been presented in previous research.

Novelty Three: The model responses at the meshing frequencies and their harmonics are
shown to exhibit differences when friction is considered, enabling the theoretical
investigation of the influences of lubrication and surface roughness. The vibration
responses were closest to the experimental test results when the EHL friction model
was included.

Novelty Four: This was one of the first studies to use vibration monitoring to detect
gearbox lubricant deteriorations, and has shown vibration monitoring can be a cost-
effective and reliable method for online health monitoring of gearbox lubricant
condition.

Novelty Five: The detection and diagnosis of different gearbox oil deterioration conditions
using the vibration signal in conjunction with MSB analysis method is entirely novel.
The MSB results with coherence allow more reliable diagnostic results to be
obtained, see Chapter 7.

Novelty Six: The author believes that, the implementation of MSB to evaluate the effect
of unavoidable light material removals (excessive bearing clearance) on the gear

dynamic behaviour has not been undertaken previously.
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9.4 Contributions to Knowledge

This study has generated a number of new developments in the dynamic modelling of
helical gear systems and the use of effective analysis of vibration signals to diagnose

lubricant deteriorations in gearboxes.
The key contributions of this thesis are outlined below:

» Contribution One: Including friction effects increased the capability of conventional
modelling of helical gear systems to provide a more reliable and accurate diagnostic
tool.

» Contribution Two: The use of frequency, demodulation, and bispectrum analyses of
gearbox vibration signal has proved to be adequate to provide useful information for
condition monitoring of different gear lubricant deteriorations.

» Contribution Three: TSA has the inherent capability for pre-noise reduction, and can
be implemented reliably to detect and diagnose gear lubricant starvation, in which the
second harmonic of mesh frequency or/and its sideband components can be good
indicator for lubricant shortfall.

» Contribution Four: Water contaminations change the physical characteristics of the oil
and lead to complicated nonlinear interactions in gear dynamics, which resulting in
angular modulations of multiple transmission stages. By decomposing the nonlinear
modulation components, MSB results show that the third harmonic and its sidebands
can produce useful information for assisting and diagnosing water contamination.

» Contribution Five: The lowest vibration level revealed from the recommended gearbox
oil, and the first mesh harmonic with its modulated components shows consistent trends
with oil viscosity change and can be considered to be effective indictors to the changes
of gear lubricant viscosity.

» Contribution Six: Higher nonlinear influences in gear dynamics are mainly resulting
from the complex nonlinear interactions of dynamic forces, friction forces and the
nonlinearity of oil splashing and squeezing, which mainly change based on and the
lubrication statues and the operating conditions.

9.5 Recommendations for Future Work

To develop early detection and accurate diagnosis of gearbox serving conditions based on
online vibration measurements, further development study is needed for the detection of
different types of faults with different levels of severity. Future studies should include three
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categories: experimental investigations, signal processing and simulation models. The

author suggests a number of recommendations for future research to enhance the condition

monitoring and diagnostics of gear system components.

>

Recommendation One: More experimental work with a test rig with additional load
sensors to further investigate and evaluate the sensitivity and reliability of the proposed
detection method. Different gear types with different degrees of fault severities need to
be studied experimentally to assess the developed method.

Recommendation Two: Online monitoring of various types of oil degradation needs
to be investigated, and it is recommended to develop an algorithm for the detection of
oil degradation scheme based on vibration signal analysis.

Recommendation Three: To develop more advanced signal processing techniques for
more robust and reliable feature development for monitoring gearbox components.
Recommendation Four: For more realistic simulation, churning and windage effects
in gear lubrication need to be included in the dynamic model. This can help to depict
more accurately frictional effects on the diagnosis of incipient gear faults.
Recommendation Five: Enhance the dynamic model to include different
characteristics such as gear housing, backlash, manufacturing and other excitation
errors, so that the input may include the tooth patterns, and different wear profiles can
be simulated effectively.

Recommendation Five: Develop the dynamic model to simulate the gearbox casting
and the accelerometer components that may affect the transmission path of the gear
meshing vibration signal. This can enhance the numerical model signal to extract more
realistic vibration signal and be closer to the monitoring vibration that measured by
accelerometer.

Recommendation Six: Improve the dynamic model to include the characteristic of
bearing components, so that a more realistic response can be acquired to diagnose the
combined state of gears and bearings simultaneously.

Recommendation Seven: Develop more accurate empirical formula to estimate the
frictional variations on the numerical modelling of different gear types. In which,
different operating conditions need to be included within the tribological theory of

lubricating mechanisms in gearing.
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Appendix A

Appendix A: Gearbox Modal Analysis

Mode shapes and frequencies can be used to understand the generation of vibration in a
gearbox. In general, the vibration and noise are generated between the mating teeth and
propagate through mechanical, air and oil lubricant to the casing of gearbox, as depicted in
Figure (A-1). It is important to calculate the resonant excitation with gear mesh frequency, in
certain that natural modes can lead to the highest vibrational and acoustic levels, which
particularly occurs in a structure when the dynamic forces excite the natural frequencies, or

modes of vibration.

Vibration

Impact <P
Hammer ]\ $°\
Mechanical \\
Accelerometer

Impact signal . .
e casng 0|
Analyser @

v

T

Figure (A-1) Sketch of impact test equipment’s and the vibration transmission path of gearbox

FRF is a fundamental measurement of modal analysis that can be determined by either impact
hammer testing or shaker testing. An impulse-force hammer (PCB-PIEZOTRONICS) was
used to produce trigger force with the help of LMS-analyser and an accelerometer mounted on
the gearbox housing was recorded the output signal within high frequency vibration

measurements.

The FRF is mainly depend on: source-where the dynamic forces are generated, path-how the
dynamic forces are transferred and receiver-how much noise/vibration can be tolerated. Figure

(A-2) depicts the FRF signal of the gearbox housing at different input trigger points. The modal
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parameters of the gearbox housing can be concluded, which can help to develop an accurate

mathematical model of the gearbox complex structure.
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Figure (A-2) FRF and its coherence signals of the gearbox from different trigger points
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Appendix B

Appendix B: FEM Modal Analysis of Gearbox Housing

To determine the natural frequencies and the associated eigen modes of gearbox housing, a
numerical investigation was achieved based on 3D-FEM. An industrial gearbox model has been
verified to measure the natural frequencies and mode shapes. The main part and the full gearbox
housing modal were created in SolidWorks and implement in ANSYS Work bench R15.0 to
calculate the natural frequencies in free condition. The first 44" natural frequencies of the full

gearbox housing model are detailed in Table 1.

Table 2 Gearbox natural frequency

Mode Frequency Mode | Frequency Mode Frequency (Hz)

No. (Hz) No. (Hz) No.
1-6 0 19. 2853.8 32. 3896.7
7. 1244.8 20. 2905.9 33. 3943.6
8. 1480.0 21. 3076.1 34. 3988.8
9. 1767.4 22. 3143.2 35. 4058.7
10. 1928.2 23. 3154.8 36. 4141.3
11. 2064.8 24. 3300.7 37. 4202.4
12. 2077.7 25. 3336.8 38. 4275.2
13. 2391.2 26. 3447.2 39. 4371.3
14, 2418.1 27. 3549.8 40. 4440.6
15. 2438.3 28. 3613.1 41 4474.2
16. 2594.1 29. 3673.7 42 4533.5
17. 27114 30. 3793. 43 4571.7
18. 2827.9 31. 3829.1 44 4598.3

The natural frequencies that are closed to the gearbox working frequencies are very important
for avoiding resonance and reducing vibration and noise in their working life. Figure (B-1) and
Figure (B-2) shows the main natural frequencies and their associated modes of the main part
and the full gearbox housing, which can be show that the working frequency range is suitable

to prevent maximum amplitude.
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Appendix B
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Figure (B-1) FEM of the main part of the gearbox housing
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Figure (B-2) FEM of the full gearbox housing
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