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Abstract

Gear systems, which are one of the most widely adopted mechanical parts, receive
lots of research attention. The dynamic modeling of gear systems under determin-
istic excitations has been widely investigated in existing studies. However, due
to the diversity in both manufacturing processes and working environments, gear
systems face stochastic internal and external excitations in reality, which result in
the gear modeling to be complicated. In practical situations, the stochastic internal
and external excitations should be considered when modeling gear systems.
Besides the modeling complexity, stochastic excitations also lead to a large increase
of time complexity when obtaining the statistic features of gear responses by
numerical methods. Therefore, this thesis focuses on two aspects, including the

modeling and the solving of gear dynamic models under stochastic excitations.

The objective of this thesis is to investigate the dynamics of a spur gear pair,
including analyzing the effects on dynamic characteristics from the stochastic
excitations and investigating the solving techniques to stochastic dynamic mod-
els. First, a spur gear dynamic model considering one more internal stochastic
excitation, friction, is proposed. The effects of friction are investigated in gear
dynamic models under stochastic load for the first time. Then, one more external
excitation factor (i.e., driving speed) is taken into account in gear models and its
effects on the dynamic characteristics are also studied. The results of our work
show that some excitations that have not yet been modeled cannot be ignored
when modeling gear systems. After that, considering the large time complexity
of numerical methods for solving gear models under stochastic excitations, an

efficient method is proposed to obtain an approximate analytical solution of a
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spur gear pair model under stochastic load with one additional stochastic internal
factor. Compared to the numerical methods, the proposed method can achieve

similar accuracy responses but with much smaller time complexity.

In summary, this thesis helps us understand the mechanism of a spur gear
pair and gives insights into developing more realistic gear models for gear design
and condition monitoring. Future works will explore other possible internal and
external excitations in gear modeling. The gear models under different working

conditions are also worthy to study.
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Introduction

This chapter is divided into three sections. The background of this thesis is
introduced in Section Section provides a detailed literature review of
the research challenges around gear dynamics considering stochastic internal
and external excitations. Section provides the research objectives and the

organizational structure of this whole thesis.

1.1 Background

Geared systems are widely used in modern power transmission systems. Geared
systems can change the speed, torque, and direction of a power source and create a
mechanical advantage. They play an important role in wind turbines, helicopters,
milling machines, and other equipment. A real gearbox with the casing removed
is shown in Fig. which is an example of geared systems. In this figure, a
group of components are combined to form a gearbox, such as bearing, shaft,
and clutch. A bearing is a component that constrains the relative motion to the
desired motion only, and reduces friction between moving parts. A shaft is used to
hold the other components and transmit power. A clutch engages and disengages
power transmission from different shafts. Since gears are the key components in
a geared system, this study focuses on the gear system. Gear system refers to the
system considering gears only, which means the effects of bearings, shafts, and

other components are ignored.
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shaft

bearing

Fig. 1.1: An example of geared systems

In Section [1.1.1} the fundamentals of gear systems are introduced. Section[I1.1.2]
includes basic concepts of gear dynamics and generation of dynamic responses.
Section and Section discuss different kinds of dynamic characteristics
and how factors affect them, respectively. In Section modelling of deter-
ministic and stochastic excitations is explained. Section and Section [1.1.7]
introduce basic ideas and give examples of numerical and analytical approaches,

respectively.

1.1.1 Fundamentals of Gear systems

This section introduces the fundamental concepts of gear systems, including

classification of gear system and involute profile basic theory.

There are many different classification methods of gear systems. This section
introduces three classification methods of gear systems based on positions of axis,
transmission train, and tooth type, respectively. Gear systems can be broadly
classified by looking at the positions of axis such as parallel shafts, intersecting
shafts, and non-intersecting shafts. Fig. (a) gives an example of parallel shaft
gear systems and Fig. [1.2|(b) shows an example of intersecting shaft gear systems.
A case of non-intersecting shaft gear systems is described in Fig. [1.2|(c).
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(a) (b) (c)

Fig. 1.2: Three types of gear systems: (a) parallel, (b) intersecting, (c) non-
intersecting

(a) (b)

J

(C] [ (d) Internal Gear

Fig. 1.3: Four types of gear systems: (a) simple gear systems, (b) compound gear
systems, (c) reverted gear systems, and (d) planetary gear systems

Parallel shaft gear systems are most commonly used and can be classified into
four categories based on the transmission train: simple gear systems, compound
gear systems, reverted gear systems, and planetary gear systems . Fig. gives
examples for each type of parallel shaft gear systems. This classification method
focuses on the relationship between gears and shafts, and the number of shafts is

not restrained. For example, a simple gear system has only one gear mounted on
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each shaft while the number of shafts in the system can be more than two. For
a compound gear system, there is more than one gear mounted on a shaft. For a
reverted gear system, the axis of the driving gear shaft and the driven gear shaft
are coaxial. If one gear rotates on its own axis and also revolves around the axis
of another gear, this gear system is termed as a planetary gear system. A basic
planetary gear system contains one sun gear, one internal gear (ring gear), one
carrier, and several planet gears that mesh with the sun gear and the ring gear

simultaneously.

The first three categories shown in Fig. [1.3|are collectively called fixed-axis gear
systems since all gears only rotate on their own axis and all their axis are fixed. This
thesis focuses on the fixed-axis gear system because it still has room to improve the
understanding in the dynamics of the fixed-axis gear system. The development of
tixed-axis gear dynamics will also give us a better understanding of planetary gear
systems in the future.

(a) (b)

Fig. 1.4: Gear tooth comparison a) spur gear b) helical gear

According to the tooth type, there are mainly spur gears and helical gears. Fig.
shows the difference between the spur gear and the helical gear. Spur gears
consist of a cylinder or disk with teeth projecting radially. The edges of each spur
gear’s tooth are straight and aligned parallel to the axis of rotation. The edges of
helical gear’s teeth are not parallel to the axis of rotation, but are set at an angle.
Spur gears are used in low-speed applications while helical gears are used in high-
speed applications or large power transmission systems [9].
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Fig. 1.5: An involute curve

Base circle

Pitch circle

Pitch circle

Fig. 1.6: An involute gear pair meshing

The involute gear profile is the most commonly used system for gearing today
(e.g. spur involute gear and helical involute gear), such as clocks [10]. In an
involute gear, the profiles of the teeth are involutes of a circle. Fig. shows a
string with one end fixed on a tack of a circular rod while the other end has a ball.

The involute of a circle is the spiraling curve traced by the end of an imaginary
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taut string unwinding itself from that stationary circle (called the base circle). In a
word, the path of the ball is called involute curve.

Spur gears and parallel-axis helical gears are involute gears. The contact point
of the two involutes, as shown in Fig. changes along the common tangent of
the two base circles as rotation occurs. The common tangent is called the line of
contact or the line of action. A pair of gears can only mesh correctly if the pressure
angles are the same. Fig. 1.6{shows a pair of involute gear teeth meshing together.
Base circles, tip circles, and pitch circles are shown in this figure. In addition, C;
and (), are the center of two gears, I; and I, are tangent points on the line of action;
« (pressure angle) is the complementary angle of C;C, and line of action, point O
is the current pitch point (or contact point), and P is also a pitch point in the line

of connecting centers.

Pinion

Fig. 1.7: An example of a spur gear pair

Fig. gives an example of a spur gear pair which contains two spur gears
marked as “pinion” and “gear”. “Pinion” (also called driving gear) usually means
the smaller gear in a gear system while “gear” (also called driven gear) is the bigger
one (see Fig. [I.7). Please note that the word “gear” has the specific meaning when
it is mentioned with “pinion”. In other cases ( e.g. “gear system” ), the word “gear”

holds a broader meaning.
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1.1.2 Gear response generation

This section focuses on the basics of gear dynamics. The generation of gear

responses will be introduced.

Spur gears are the most widely used type of gears in engineering applications.

The dynamics of a spur gear pair has been explored. The gear dynamic modelling

includes six aspects [[11]:

1

2.

5.

6.

Study the real motion of the gear system under given external forces.

Analyze the interaction forces between the gears.

. Study the energy balance and load sharing during the operation of the gear

system.

. Investigate mechanical vibration.

Study the theory and mechanisms of motion.

Other comprehensive analysis.

Gear dynamic modelling provides several benefits in engineering correspond-

ing to the above listed six aspects [11]]:

[

5.

6

Predict and analyze the behaviour of the gear system.

Find out the weakness of the gear system.

. Reasonably arrange the load in the gear system.

Obtain the influences of different factors that cause vibration, noise and

tailure.
Help improve the control system.

A better design of gear systems which helps extend its life.

Thus, it is necessary to study the dynamics of a gear system. This thesis

is limited to the dynamic model of a pair of fixed-axis spur gears as shown in

Fig. Many studies have been conducted on dynamic modelling of spur gear

transmission systems. Dynamic modelling utilizes physical laws to simulate gear

system responses, e.g. equilibrium, Conservation of Energy, and Newton's laws
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Modes: [46088
Elements: 103831
Type: Von mises strass
Unit: MPa

222012, 41137 P
26.42 Max
2444
o 22.13
1024

Fig. 1.8: An example of gear systems by FEM

of motion [12]. Equilibrium refers to the net force on each component of a gear
system being zero. The law of Conservation of Energy states that the total energy
of an isolated gear system remains constant, it is said to be conserved over time.
Newton’s laws of motion describe the relationship between a gear, the forces acting
upon it, and its motion in response to those forces. Dynamic response or response
refers to the motion (including displacement, velocity, and acceleration) of a gear

excited by forces or torques.

Lumped parameter modelling (LPM) and finite element modelling (FEM) are
two commonly used techniques to model gear systems [13]. FEM discretizes
a physical model into disjoint components of simple geometry (called finite
elements). It obtains its system response by the summation of the responses of
all elements [14]. Fig. gives an example of gear systems’ dynamic analysis
using FEM. The gears in this figure are divided into a large number of disjoint
simple geometries which are called finite elements. This figure utilizes colours to
represent the amplitude level of the element stress simulated by FEM. Red element
means the greatest stress while blue refers to the smallest stress. It is noted that the

contact region elements have the greatest stress. There are a number of commercial
FEM softwares, including ABAQUS [15], ANSYS [16], and so on.

A classic dynamic model of a gear pair is shown in Fig. In this figure,
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64 T4
_—
& F c
o
™~
- Tz
T T

)92

Fig. 1.9: Model of a gear system [5]

T; (Nm), 0; (rad), and 7; (m) are the torque applied to gear i, rotation angle of
gear i, and base radius of gear i, where subscript ¢ (i = 1,2) refers to the driving
and driven gears. In involute gears, the tooth profile is generated by the involute
of the base circle. Note that k& (N/m), ¢(Nm/s),and b(m) are time-varying mesh
stiffness (TVMS), damping coefficient, and backlash, to be defined next.

TVMS is the rigidity of the mesh between two gears, which resists deformation
in response to an applied force [17]. TVMS is usually time varying according to
the status of meshing. Fig. shows that TVMS is time-variant with two mesh
statuses: single tooth contact and double tooth contact. Please note that the mesh
stiffness is different from the concept of material stiffness. Material stiffness means
inherent material property to resist deformation, which is usually a constant for a
given material. Damping refers to the gradually decreasing vibration amplitude
characteristics of a gear system, due to external effects (such as fluid resistance,
friction, etc.) and the inherent nature of the system [18]. When two elastic bodies
interact, most of the elastic strain energy is restored. However, a portion of it will
be dissipated in heat due to random molecular vibration. The phenomenon can
be considered as an internal damping effect during the impact. Fig. gives an
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Fig. 1.10: An example of time-varying mesh stiffness (TVMS)

Relative angular displacement
—
M
>
D
D
D

Fig. 1.11: An example of damping effects

example of damping effect on the value of relative angular displacement which is
to be defined in Section Backlash (see Fig. is the amount of clearance
between mated gear teeth. It can be seen when the direction of movement is
reversed and the slack or lost motion is taken up before the reversal of motion
is completed.

Lumped parameter modelling (LPM) considers the components to be solid
with the masses concentrated at a set of points [19]. Ignoring the shape of gears,
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Fig. 1.12: Backlash [6]

LPM focuses on the dynamics of mesh point (see point O in Fig. only. All the
parameters (e.g. mass and damping) of all gears are treated equivalent to the mesh
point, which is actually a mesh line considering the thickness of gear teeth. Taking
rotation into account only, this is torque balance for the mesh point according to
Newton’s second law. Namely, a gear system in rotational equilibrium has no
net external torque. Just as force makes object accelerate linearly, torque makes
gears accelerate rotationally. The basic law is: torque = (moment of inertia) x
(angular acceleration). Ordinary differential equation (ODE) is used to represent
the dynamics of a gear system. We next illustrate a gear dynamic model described
by LPM.

The corresponding mathematical model by LPM (considering rotation only) in
Fig.[1.9)is shown as Eq. [5]. Relative angular displacement is defined in Eq.

M.
J191 = T1 — <l€ . g(X) + C(Tlel — 7’262)) ™

. . : (1.1)
J292 = _T2 -+ <k‘ . g(X) + c(r191 — 7"292)) 9

X = Tlél — 7”292 (12)

where J;, T;, éi, and r; are the moment of inertia, external torque, angular

acceleration, and base circle radius of gear i (i = 1,2), respectively, k is time

varying mesh stiffness, and ¢(.X) is a function of backlash b, which is defined as
following;:

X —b, X>0b
9(X) = 0, —hb< X <bh (1.3)

X + 0, X < —=b
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According to Eq. (1.1) and Eq. (1.2), we can obtain:

X+eX+k-gX)=T (1.4)
where
2 2
_ 1 Ty
= — + £ 1.
. ( s J2> (1.5)
3 r2 r2
k=k|2++-2 1.6
( 0 JQ) (16)
Tir Tore
T=—+—"—"= 1.7

where X, X, and X are relative angular displacement, relative angular velocity,
and relative angular acceleration, respectively, ¢, k, and T are equivalent damping
coefficient, equivalent TVMS, and equivalent torque. In solving process, TVMS
is treated as a series of time-varying certain values. In the rest of thesis, “gear
dynamic model” usually refers to a second order ODE, such as Eq. (1.4).

After solving the dynamic model, we can obtain dynamic responses. “Dynamic
responses” or “responses” refer to X, X, and X in Eq. (1.4). In other words, we can
obtain the solution to the dynamic equation. Here, “model” and “response” are a

pair while “equation” and “solution” are a pair.

Both LPM and FEM can deal with the dynamics of gear systems. Usually,
FEM has an equal or higher accuracy than LPM. However, LPM is faster in
simulation than FEM. LPM has some advantages when dealing with randomness
in the model. In next section, we will explain that it is difficult for us to solve a
dynamic model considering stochastic parameters. Thus, this study focuses on the
dynamic modelling using LPM. Compared with existing studies, more aspects of
nonlinearity of gear parameters will be considered in our study to explore gear
dynamics. Later in our thesis, we will present more advanced studies to improve

gear dynamic model.

1.1.3 Characterization of dynamic response

This section focuses on the dynamic characteristics of gear systems. “Dynamic
characteristics” refer to the properties of system responses when a time-varying
input is applied. It is different from “static characteristics” which refer to the
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results when a constant input is applied.

In the study of dynamic modelling, the dynamic characteristics of gear system
are quite complex and directly affect its performance. The performance usually
means the health condition of a gear system. The evaluation of dynamic character-
istics is an important part of gear dynamic analysis. They reflect the gear system’s
performance and indicate gear faults and failure. A better understanding of the
dynamic characteristics will be a perspective to implement appropriate models
for reliability design. Reliability design is a process that encompasses tools and
procedures to ensure that a gear system meets its reliability requirements within
its lifetime. Reliability design is implemented in the design stage of a product to
proactively improve gear system reliability. An example of gear system reliability
design can be referred to [20]. Obtaining dynamic characteristics of gear systems is
the precondition of conducting a reliability design. Thus, it is necessary to analyze

dynamic characteristics of gear systems.

Dynamic characteristics are analyzed by obtaining dynamic responses first.
The dynamic characteristics discussed in this thesis are mainly statistical prop-
erties, duration, periodicity, chaos, and stability of the responses. Duration refers
to the time system spent in transient state. As an important aspect of this thesis,

the dynamic characteristics studied in this thesis are listed as following:

1. Statistical properties
Due to errors of manufacturing and assembling, gear systems contain
inherent randomness. Meanwhile, environment factors (e.g. temperature)
include randomness. Since the responses of the gear pair under stochastic
load are random variables, it is necessary to give statistical information
of responses. In dealing with random variables, the probabilistic method
is a classical approach for uncertainty representation based on the well-

developed probability theory [21].

In statistics, dispersion (also called variability, scatter, or spread) is the
extent to which a distribution is stretched or squeezed [22]. Common
examples of measures of statistical dispersion are the variance, standard
deviation, and interquartile range. Dispersion is contrasted with location

or central tendency, and together they are the most common used statistical
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characteristics of distributions [21]]. The descriptions of responses in the gear
system under stochastic load are analyzed with probability density function
(PDF) [23]. Let f(X) denote the PDF of random variable X. Then, f(X) is
defined in Egq. and (I.9), which could be clearly seen from Fig. In
the applications such as fatigue prediction and reliability, an actual PDF is
needed.

b
Prja < X <] = / f(X)dx. (1.8)
" F(X)dX =1 (1.9)

Probability density  f(X)

This area is equalto
the probability of
a<X<h

Fig. 1.13: Definition of PDF

2. Duration [24]
Duration refers to the time a system spends in the transient state. If the
responses vary beyond a given range (e.g., less than 5% variation), it is
called the transient response and the state of the gear system is named as
the transient state. In contrast, stationary responses mean the responses vary
in a very small range or remain constant. The corresponding state of the gear
system is called the steady state.

3. Periodicity
Periodic behavior is defined as recurring at regular intervals, such as “every
24 hours”. Quasi-periodicity is the property of a system that displays
irregular periodicity. Quasi-periodic behavior is a pattern of recurrence
with a component of unpredictability that does not lead itself to precise

measurement.
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4. Chaos [25]
A dynamic system with chaotic behaviour must have three properties: 1) it
must be sensitive to initial conditions; 2) it must be topologically mixing; 3)
it must have dense periodic orbits. Fig. shows the chaotic behaviour of
three samples of responses.

010 0-10 ;
(a) b 160 (©)
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Fig. 1.14: Example of chaotic behaviour: (a-c) Time history of X; (d-f) phase plane;
(g-i) Poincare’ map [7]

Phase diagram and Poincare map are useful tools showing the periodicity
and chaos of gear systems’ dynamic responses. Here, Fig. (d-f) depict
three examples of phase diagram according to the responses in Fig.
(a-c). The overlapped loops in phase diagram indicating the responses are
periodic. Fig. (g-1) describe three examples of Poincare map according to
responses in Fig. (a-c). According to the graphical features of the visible
points in Poincare maps, the periodic, quasi-periodic, and chaotic oscillations

can be learned.
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5. Solution stability [26]
Solution stability addresses the stability of solutions of differential equations
(and of trajectories of dynamic systems) under small perturbations of initial
conditions. “Trajectories” refer to the time-history of X from X, to
Xi—,. Stability has many different definitions. Lyapunov stability and
asymptotically stability are adopted in this thesis. Their definitions are given
in the next paragraph.

Fig. 1.15: Solution trajectory

Use an orbit diagram as an example (see Fig. [.I5). The response of the
dynamic model starting from z, converges to a certain orbit 2*. We can say
that X;—y = 29 and X, ..o = z*. This equilibrium is said to be Lyapunov
stable, if, for each € > 0, there exists a § > 0 such that, if ||zy — 2*|| < 4, then
for each t > 0 we have ||z; — z*|| < e. The equilibrium of the above system is
said to be asymptotically stable if it is Lyapunov stable and there exists § > 0

such that if ||zg — x¢|| < 6, then lim; ., ||z; — 2*|| = 0.

1.1.4 Factors affecting dynamic response

It is well-known that the characteristics of a gear system are affected by inter-
nal and external excitations [27]. Internal excitations include backlash, TVMS,
transmission error, friction, and so on. Definitions of damping, backlash, and
TVMS are introduced in Section Transmission error is caused by assembling
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or manufacturing and it is the difference between the theoretical and practical
rotation angle of the driven gear. Friction is induced by the teeth sliding at the
mesh point of two gears. It is along the tangent direction of the contact force.
External excitations contain external load, driving speed, and so on. External load
here is limited to torque applied on gears in this study. Driving speed in this thesis
refers to the rotational driving speed of the pinion.

We first look into a general ODE defined in Eq. (1.10). An ODE is defined
to be unique and specific according to the initial condition and parameters of the
equation. The parameters which affect the solution of an ODE are the internal
and external excitations. Note that these excitations affect the dynamic responses.
Internal excitations reflect in ¢; (X, X), ¢2(X, X), and ¢3(X, X) while external load
is T. Researchers have been working on a better expressions of each parameter
for decades. This work will continue to search for an improved model to approach

the real systems.
X+qa(X, X)X + X, X)X +¢(X, X) =T (1.10)

Many reported studies have dealt with gear systems under deterministic
internal or external excitations [7] [24]. Deterministic excitation means, at an
arbitrary time point, the value of the excitation is known and unique though they
may be different at different time points. By contrast, stochastic excitation has an
unknown value at each time point. These existing models reveal the mechanism
of gear systems in these aspects and contribute to the understanding of gear
dynamics. The restriction of the gear dynamics problems within the deterministic

domain reduces the difficulties in obtaining dynamic responses of a gear system.

Due to errors of manufacturing, processing, assembling, wear, lubrication,
operating environment, and other factors, the internal and external excitations
may not be deterministic [2]. For example, considering the operating environment,
wind force applied to each wind turbine in a wind farm at a certain time point
is stochastic. Individual modelling of each gear system is not realistic. Thus,
stochastic internal and external excitations have been considered and the gear

models with stochastic internal and external excitations have been investigated.

Let’s establish a dynamic model considering stochastic excitations to describe

the general dynamic characteristics of a spur gear pair. There are three aspects in
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dealing with stochastic excitations [2]:
1. Modelling of the internal and external stochastic excitations.
2. Solutions to dynamic equations with stochastic excitations involved.

3. Analysis of the internal and external stochastic excitations’ effects on dynam-

ic characteristics.

1.1.5 Modelling deterministic and stochastic excitations

To model deterministic excitations, a certain deterministic expression is required
for each factor. For example, damping coefficient can be considered as a constant.
TVMS can be defined as a square wave function with certain period and amplitude
[5]. More generally, deterministic load 7}; can be given as Eq. , where Tj is a
constant (7j can be zero), 7,,(¢) is a function of time, and n is a positive integer. In
addition, 7,,(¢) has a certain value for each time point ¢. Modelling deterministic
excitations depends on a simplified physical model which can present majority
properties of a gear system. Many researchers have worked on deterministic

excitations and a detailed review can be referred to [7].
To=To+Ti(t) + ... + Tn(t) (1.11)

On the other hand, stochastic excitation has another form. Taking stochastic

load T, as an example, a general expression of T can be shown as:
Ty =Ty +rnd(t) (1.12)

where rnd(t) is the random part in the load.

To describe the randomness in gear systems, statistic model, interval model,
and fuzzy model have been used [2]. If internal or external excitations contain
randomness and its probability distribution can be estimated using data, a statistic
model can be applied. For example, Fig. shows the seasonal wind speed
distribution in region La Ventosa in Mexico. Alonzo et al. [§] used the statistical
model to study the entire seasonal distribution of the wind speed. If only the
ranges of internal or external excitations are available, interval model can be
utilized. For example, Ref. [28] studied a wind turbine gear system where the
stiffness and damping are all uncertain but bounded. In addition, fuzzy model

can describe the randomness in internal or external excitations when limited
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information is available [29].
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Fig. 1.16: Seasonal wind speed distribution

Based on the amount and the type of available information, we can choose
a proper model and the corresponding analysis method. Among these models,
the statistical model is the most commonly used method and it has advantages in
simulation and mathematical description than the other two methods. Our work
focuses on using statistic models to describe the randomness in both internal and
external excitations. In next paragraphs, we introduce some fundamentals to the
statistical approach.

Among the studies investigating randomness of external load in gear systems’
analysis model [31], Gaussian white noise was widely accepted in describing
randomness in external load . The other model, Gaussian diffusion process,
will be applied to model the external load in this study. We will define it next.
Gaussian white noise is suitable for modeling the randomness in lab experiment
condition (with small fluctuations in operating environment). Gaussian diffusion
process is applicable in the occasion considering natural forces (with larger
fluctuating than lab experiment condition), e.g., wind power.
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Fig. 1.17: A plot of Gaussian white noise signal

A sample of Gaussian white noise is depicted in Fig. Gaussian white

noise (t) is defined as:
E(&(t) =0 (1.13)

E[E)E(t+ 7)) = 0?O(7) (1.14)

where ¢ is time, ¢ is a Gaussian white noise with variance ¢2, and © is the Dirac
Delta function (see Fig. [1.18) which is also known as unit impulse symbol.

Representation:
o) =0fort+0 0

O(0) = +o

TO o(t)dt =1

l

Normalization

Fig. 1.18: Dirac Delta function
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Wiener Process - 10 Paths

Wiener process W (t)
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T(s)

Fig. 1.19: An example Wiener process

A Gaussian diffusion process is used to simulate the equivalent external
excitation ®. It is the integration of Gaussian white noise. It is assumed that ¢

can be approximated in the following form [33]:
d®(t) = Adt + odW (t) (1.15)

where ) is the drift scalar, o is the diffusion scalar, and W (t) is a standard
Wiener process. Wiener process is a continuous-time stochastic process and it is
often called Brownian motion. An example of Wiener process is shown in Fig.
which contains 10 different paths. The standard Wiener process W (t) is
characterised by the following properties:

1. W (t) has independent increments: for each ¢ > 0, the future increments W (¢+
T7)—W(t), 7 >0, are independent of the past values W(s), s < t.

2. W(t) has Gaussian increments: W (0) = 0, W(t)—W(0) is normally
distributed with mean 0 and variance t, W (t) ~ N (0,¢) .

3. W(t) has continuous paths: W () is continuous in ¢ with probability 1.
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Comparing Fig. and FiglI.19} the properties of the two types of stochastic
model can be obtained. The main differences between the two types of stochastic
model are shown as: 1) the mean of £(t) equals to zero while the mean of W ()
does not; 2) the variance of Gaussian white noise £(t) is o while the variance of
Gaussian diffusion process ®(t) is o?t.

1.1.6 Runge-Kutta and Monte Carlo (MC) approach

Current methods can solve a gear model’s differential equations under stochastic
load and with other deterministic factors that may include TVMS, backlash,
damping ratio, and so on. Solving a gear model’s differential equations under
stochastic load and with at least one of the internal factors being stochastic is more

difficult than when all factors are deterministic.

Runge-Kutta method is a family of iterative methods to obtain approximate
solutions of an ODE [34]. Accordingly, an initial value problem is specified as

follows,
y=f(ty) (1.16)

y(to) = o (1.17)

where y is an unknown function of time ¢ which needs to be approximated. By
Runge-Kutta method, we can approximate the value of y(¢,) at any time point ¢,,.
The fourth-order Runge-Kutta method, also namely RK4, is the most widely used
member of the Runge-Kutta family. The procedure of RK4 can be summarized as
follows [35].

1
tpot = tn + I (1.19)

where h > 0 is the step-size,n = 0,1,2,---, ky = hf(tn, yn), k2 = hf(t, + }—2‘, Yn + %),
ks = hf(t, + 2%y, +22),and ks = hf(t, + h,yn + k3). Accordingly, y,1 is the RK4
approximation of y(t,+1). Note that the total accumulated error of RK4 is on the
order of O(h*). Similarly, the accumulated error of the mth-order Runge-Kutta
method is on the order of O(h™) [35].

Applying MC method combined with Runge-Kutta method [34] can also obtain
the numerical solution to such model but with high calculation cost. Runge-Kutta
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Fig. 1.20: Flowchart of the Runge-Kutta and MC approach

method is a numerical approximation approach for an ODE. Conducting Runge-
Kutta method can obtain one sample of results for each time. The flowchart of
Runge-Kutta and MC approach is given in Fig. Alarge number of samples are
needed for MC to obtain reasonable statistical properties of gear system responses
at each time point. The corresponding study on numerical solution will be shown
in Chapter 2]and Chapter

1.1.7 Path integration (PI) method

Analytical solution has advantages in calculation efficiency compared with nu-
merical solution. Analytical solution or closed form expression is a mathematical
expression that can be evaluated in a finite number of mathematical operations. It
may contain constants, variables, certain well-known operations (e.g., +, —), and
functions (e.g., nth root, exponent, logarithm), but usually not the limit operator.
Some researchers have explored the analytical solution to a gear dynamic model
under stochastic load with all internal excitations being deterministic. However,
there is no reported work giving analytical solution to a gear model under
stochastic load and with at least one of the internal factors being stochastic. A

general analytical solution is needed for such model to be solved fast.

PI method is a method providing analytical solution to an ODE with the
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zero-order term being stochastic and the first and the second order terms being
deterministic. PI method’s key idea is assuming that the transition process follows
the Gaussian distribution. Then, the PDF of the response can be calculated by
doing integration in a finite phase plane space [36]. The corresponding study on
PI method will be shown in Chapter 4

In summary, we have given the background information of the thesis in this
section. We first introduced the basic concepts of gear systems, gear dynamics, and
generation of dynamic responses. Then, the effects of different kinds of dynamic
characteristics and the modelling of deterministic and stochastic excitations were
explained. The basic ideas of numerical and analytical approaches were given at
the end of this section. In Section [1.2} the related literature is surveyed.

1.2 Literature review

In this thesis, we focus on a single degree of freedom (SDOF) gear model shown in
Eq. considering different internal and external excitations. There is no doubt
that the dynamic model is closer to reality by considering more stochastic internal
and external excitations. However, it was pointed out that gear transmissions
are complicated and it is hard to model all details of a transmission [12]. Our
work is to explore those internal and external excitations which have not been
considered in the gear dynamic modelling and their effects on gear dynamic
characteristics. Meanwhile, considering more excitations in a gear dynamic model
increases the complexity (or nonlinearity) in solving the dynamic equation in
Eq. (L.10). Providing a better strategy of solving gear dynamic equations is another
important aspect in this thesis.

This section reviews existing works on modelling stochastic internal and
external excitations in a gear pair, analyzing each internal or external excitation’s
effects on gear dynamic characteristics, and obtaining analytical solution to a gear
dynamic model. Section recalls the reported gear model under stochastic
load and Section reviews internal excitations in a gear pair. The studies
related to another external excitation, driving speed, are reviewed in Section[1.2.3}
Section reviews the developments of solving techniques for gear models
under stochastic load.
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1.2.1 Deterministic and stochastic load considered in a gear pair

Dynamic modelling is the foundation of studying the gear dynamics. Recalling
Eq. (L.1I0), T is considered as load in a gear dynamic model. A general expression
of deterministic load is shown in Eq. (1.11). For a stochastic load, it is considered as
a summation of deterministic load and a random part (see Eq. (I.12)). This section
reviews existing works on deterministic and stochastic load considered in a gear

pair.

Gear dynamics under deterministic load has been explored for decades. Wang
et al. [7] reviewed the reported models and approaches used in gear dynamics.
Khabou et al. [24] investigated the dynamic behavior of a spur gear system under
deterministic load and concluded that adequate external load should be chosen to

reduce vibration.

However, the assumption of deterministic external load faces its shortcomings
in many practical occasions, e.g., uneven road, ocean flows, and wind power. For
example, the wind power is unpredictable and its effects on the wind turbine gear
system are unknown. The assumption of deterministic load in wind turbine gear

system is not suitable for the case with fluctuating wind.

A few studies investigated randomness of external load in gear system analysis.
Utagawa and Harada [30] investigated the influence of randomness of dynamic
loads for high speed gears. Tobe et al. [31] investigated stochastic load, which
was treated as Gaussian white noise. Their results were validated by comparing
with the experimental results reported in [37]. Ref. [37] reported studies in
gear stochastic dynamics and examined the randomness of external load via
lab experiments. Wang et al. [38] studied a wind turbine generator working in

stochastic wind with varying directions and loads.

Gaussian white noise (refer to Eq. and Eq. (1.14)) is suitable for the
circumstances with small environment influence. However, the suitable applica-
tion environment of Gaussian white noise is limited. Considering the complexity
of working condition, other stochastic load models are required for different
environments. Compared with Gaussian white noise, Gaussian diffusion process
(refer to Eq. (1.15)) has fluctuating mean values, which is more appropriate in large
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varying noise of load situations to study the transient characteristics caused by the

randomness of load.

Existing works modelled Gaussian white noise as the random part in external
load. Nevertheless, they did not utilize Gaussian diffusion process to model the
randomness in load. The assumption of Gaussian diffusion process may be better
on the occasions, for example, wind turbines suffering from time varying load and
frequent start-up [21]. It is necessary to point out that we are not saying Gaussian
diffusion process is suitable for all circumstances. For instance, Gaussian white
noise may be a realistic representation of real gear systems with small varying
noise of load. It is still worth to consider stochastic load as Gaussian diffusion

process in gear modeling for some cases (i.e., a large varying noise of load).

Both Gaussian white noise and Gaussian diffusion process will be utilized in
this thesis to model the stochastic excitations including external load and driving
speed. Gaussian white noise is adopted to model external load and driving speed
in Section [2.4] and Section respectively. In Section Eq. is adopted
to model external load. For stochastic external excitation, it is the first time to
model external load using Gaussian diffusion process and model driving speed
using Gaussian white noise. Corresponding work can be referred to Chapter 2land
Chapter

1.2.2 Internal excitations considered in a gear pair

Researchers have considered that many internal excitations affect gear dynamics.
Theodossiades and Natsiavas [39] introduced the gear systems with periodic
stiffness and backlash under the action of external excitation, caused by torsional
moments and gear transmission errors. They considered the transmission errors
as static errors, which means that the error is time invariant. The meshing
stiffness was expressed in a Fourier series form and backlash was adopted as
Eq. . Wang et al. [7] reviewed internal excitations, including backlash, tooth
mesh stiffness, transmission error, friction, etc., used in gear dynamics under
deterministic load. Many different types of mathematical models for internal
excitations have been proposed. Generally, the models of internal excitations can
be classified into four main groups. The following paragraph gives an introduction

to the category of internal excitations.
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The first group consists of linear time-invariant (LTI) models, and an extensive
review was given by Ozguven and Houser [13]. In the second group, linear time-
varying (LTV) mesh stiffness is included [40] [41]. Accordingly, a geared system
is excited parametrically by static transmission induced by kinematical errors
and tooth deflections. The third group takes nonlinear gear backlash and time-
invariant average mesh stiffness (NTI) [42] [43] into account. It should be noted
that backlash is bounded due to design or manufacturing error. In the last group,
both gear backlash and mesh stiffness variation are considered simultaneously as
nonlinear time-varying (NTV). This group of models is mainly used in the study

of multi-parameters nonlinear vibration.

Compared to the many studies on the gear deterministic internal excitations
under deterministic load, the investigations on the gear deterministic internal
excitations under stochastic load are limited. Yang [44] investigated a gear
dynamic model under Gaussian white noise and assumed constant mesh stiffness
and constant damping coefficient. Recently, Wen and Yang [5] developed a gear
pair’s dynamic model considering constant damping coefficient, time-varying
mesh stiffness, and backlash. They considered time-varying mesh stiffness as a
square wave function and backlash as in Eq. (L.3).

Many internal factors for a gear system have random variations and greatly
affect the system’s dynamic characteristics. Lu et al. [45] studied the influence
of stochastic perturbations of damping ratio and backlash on dynamic behavior
of gear systems. Stochastic perturbations in [45] referred to a combination of a
constant and a Gaussian white noise. Handschuh [46] and Inalpolat et at. [47]
investigated the impact of random spacing errors on transmission error and root
stresses of a spur gear pair. This transmission error function assumes an infinite
number of harmonics with normally distributed indexing errors. However, some
internal factors (e.g., friction), which affects gear systems significantly under
stochastic load, have not been studied.

Friction has been identified as a cause of vibration, noise, and failure of a gear
system under deterministic load [48]. Many researchers have reported the effects
of friction on gear dynamics under deterministic excitation. A detailed review of
friction prediction in gear teeth was conducted by Martin [49], which stated that
the values of coefficients of friction could be predicted reasonably according to
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various lubrication theories. Yang et al. [50] proposed a model of a spur gear pair
considering friction, Hertzian damping, and bending under deterministic load.
lida et al. [51] investigated vibrational characteristics of a gear system affected by
friction under deterministic load. Krupka et al. [52] studied the effects of surface
lubrication film on vibrational characteristics of a gear system. He et al. [53]
reported several sliding friction models in spur gear dynamics to analyze friction
forces. Guilbault et al. [54] studied the effects of nonlinear damping in cylindrical
gear dynamic modeling, which integrated the friction contribution. Ericson [55]
applied FEM to study the stiffness of a gear pair under various deterministic loads.

However, friction has not been considered in a gear pair’s dynamic model
under stochastic load. Friction’s effects on gear dynamic model under stochastic
load have not been investigated. Though the coupling of friction and stochastic
load adds difficulty to the solving process, the dynamic characteristics (such
as periodicity, stability, and dispersion) are useful indicators in analyzing gear
systems” health condition. For two factors which have independent effects labeled
as 1, their effects on the system satisfy 1 + 1 = 2. In classical mechanics, coupling
is a connection between two nonlinear factors which leads to a result as 1 + 1 # 2.

Friction is considered in Chapter 2| to study its effects on gear dynamic
characteristics with stochastic load. The stochastic load is assumed to be Gaussian
white noise or Gaussian diffusion process. The two kinds of load profiles have
their own applicable situations. Two load profiles together with the consideration
of friction will be studied and compared in Chapter

1.2.3 Stochastic driving speed in gear model

Except load, the fluctuation of driving speed is another external excitation. The
causes of the fluctuation of driving speed could be engine [56] or natural force
(e.g., wind [57]) as shown in Fig. Driving speed fluctuation is found as a
common source of noises in some engines, such as, four stroke four cylinder inline
diesel engine [24]. For a combustion engine, many forces arise due to gas pressure,
bore, stroke of engine, and inertia of moving parts during the power stroke. The

engine does generate driving speed fluctuations and torque fluctuation.

A few studies investigated the influence of driving speed caused by engine

in gear systems. Qiu et al. [58] considered the influence of input velocity on
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Fig. 1.21: Drivers of a gear system (a) engine (b) wind

the time-varying mesh stiffness and introduced a velocity modulated stiffness
model. Liu et al. investigated the driving speed in a spur gear system under
deterministic load. They concluded that the driving speed was a non-negligible

source of instability in gear systems.

Most previous work usually modelled the driving speed to be deterministic.
However, deterministic assumption of driving speed may not be proper at some
conditions. Some researchers modelled the randomness of the driving speed.
Tutak and Jamrozik studied the flow field turbulence in the combustion
chamber and modelled the crankshaft velocity (performed a conversion between
reciprocating motion and rotational motion) randomness of internal combustion
engine. Pruvost et al. proposed an improved filter to separate the noise (e.g.,
random part of rotation speed signal) and validated their designed filter in the
diesel combustion engine experiment. Randall summarized kinds of methods
to deal with the random speed fluctuation in combustion engine. Except the
deterministic fluctuation in the driving speed, the randomness raises our attention
and the coupled effects of stochastic driving speed and stochastic load are worth
to be investigated.

However, the gear model under stochastic load considering both friction and
driving speed has not been evaluated. The effects of driving speed, friction, and
load on the dynamic characteristics have not been studied. Neither deterministic
nor stochastic driving speed has been considered for modeling a gear system with
stochastic load. In Chapter 3| the driving speed is taken into consideration for a
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pair of spur gears under stochastic load. Two cases of driving speed (deterministic
and stochastic) are studied and their effects on the dynamic characteristics are
compared. The influences of driving speed on dynamic characteristics of gear

systems are investigated, which can be referred to Chapter

1.2.4 Approaches for solving gear dynamic model

Given a gear pair model, how to solve the model is another significant research
topic. For an ODE like Eq. (L), it is usually solved by analytical or numerical
methods. Runge-Kutta method [5] [44] [62] is a numerical method and is
commonly used for solving ODEs without stochastic terms. The toolbox in Matlab

for this approach is known as “ode”.

Solving a gear dynamic model with stochastic excitations (internal or external
or both of them) is more complicated than that under deterministic excitations. The
gear model becomes a stochastic differential equation (SDE). There are different
approaches to solve gear dynamic models with stochastic excitations involved.
Computation efficiency and accuracy are two major reasons for choosing a proper
approach. Taking the results by MC method as a standard, computation efficiency
refers to the time saved compared to MC method and the accuracy refers to the

relative errors compared to MC method.

As introduced in Section statistic model, interval model, and fuzzy
model have been used to describe the randomness in gear systems [2]. Based
on available data, the internal or external excitations’ probability distribution can
be estimated and a statistic model can be applied. Thanks to the well developed
probabilistic theory, statistical method is the most commonly used method and it
has advantages in simulation and mathematical description than interval method
and fuzzy method. Our work focuses on using statistic method to model the

randomness in both internal and external excitations.

In Section statistical methods related to solving an SDE will be re-
viewed. The solution types of an SDE can be divided into analytical solution and
numerical solution. Since the analytical solution has computation advantage, we
will focus on analytical solution of gear dynamic models. Analytical solution for a

gear model with one additional stochastic internal excitation will be introduced in

Section[1.2.4.2
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1.2.4.1 Summary of solving approaches

Statistical methods are usually used to obtain the responses of a gear system under
stochastic load. Statistical methods include statistical linearization method [63],
stochastic averaging approach [64], MC method [65], Path integration method (or
cell mapping) [66] [67], statistical Newmark method [68], and so on. In order to get
the responses of a gear model by statistical methods, researchers usually focus on
getting the statistical characteristics of the responses, such as, mean, variance, and
PDF [69]. PI method and stochastic averaging method give analytical solutions
while statistical linearization method, MC method, statistical Newmark method
are numerical methods. Wei et al. [2] reviewed the main ideas and statistical
characteristics of each statistical method as shown in Table[1.1] In the table, number
“1” means the worst performance while number “5” refers to the best performance

in accuracy and efficiency.

Table 1.1: Typical statistical methods and their performance [2]

Name Accuracy | Efficiency
Statistical linearization method | 1 4
Stochastic averaging method | 3 2
Statistical Newmark method | 2 3
Runge-Kutta & MC 5 1
Path integration method 4 5

Statistical linearization method [63] approximates the original nonlinear system
to a similar linear system with the minimum error, which provides the variance of
responses. It has the lowest accuracy and second fastest calculation speed among
the mentioned five methods.

Stochastic averaging method [64] transforms the time varying parameters to
time invariant parameters with averaging method and derives an approximate

analytical solution, which gives PDF to a small damping nonlinear system.

Statistical Newmark method [68] utilizes the recursive equation of each discrete
time point to derive mean and variance of responses. Both of the stochastic aver-

aging method and statistical Newmark method have the medium performance in



Chapter 1. Introduction 32

both accuracy and efficiency.

Runge-Kutta method obtains single numerical solution of a gear dynamic
model for each time. Then, MC method uses numerical simulation to generate
a number of response samples and then provides a high accuracy PDFE. Let MC
method denote the Runge-Kutta and MC method. MC method has the highest

accuracy and slowest calculation speed.

PI method assumes transition PDF within a short time interval as Gaussian
distribution and gives the analytical expression of the response PDE. PI method
[66] [67] has the fastest calculation speed and its accuracy is relatively high if the
load follows Gaussian distribution. If the time step length or the space discretion
does not satisfy some relationship determined by drift factor and diffusion factor,

PI method has a low accuracy.

It is known that analytical solutions have advantages in calculation efficiency
compared with numerical solutions. In the following section, we will focus on how
to obtain the analytical solution of a gear system considering stochastic internal
and external excitations as reported by other researchers. In addition, the problems
that have not been addressed or solved will be illustrated briefly.

1.2.4.2 Analytical approach for single stochastic internal factors

Researchers have explored the analytical solution to a gear dynamic model under
stochastic load. Sato [70] studied the analytical solution of a gear system under
random load with consideration of transmission error and TVMS. Naess et al. [67]]
derived the analytical solution to a gear system considering constant stiffness,
constant damping coefficient, and backlash under the excitation of Gaussian white
noise. Wen et al. [5] obtained the analytical solution of the gear system considering
constant damping coefficient, TVMS, and backlash under the combination of

deterministic load and stochastic load including Gaussian white noise.

Current methods have provided analytical solutions to a gear model under
stochastic load and with other factors being deterministic that may include TVMS,
backlash, damping ratio, and so on. However, they have not given analytical
solutions to a gear model under stochastic load and with at least one of the internal

factors being stochastic [71]. Thus, it is necessary to develop a method to derive
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the analytical solution to such a model.

Among the approaches reviewed in Section PI method gives an analyti-
cal solution to the gear dynamic model. The analytical solution is in the analytical
form of PDF. In the applications such as fatigue prediction and reliability analysis,
and accurate PDF is needed [36]. PI method is a practical approach for capturing
the PDF evolution in time. PI method is accurate when Gaussian white noise or

Poisson white noise is used as noise terms [72].

Sun and Hsu [73] proposed PI method by assuming that the transition PDF
within a short time was a Gaussian diffusion process. Koyliiolu et al. [72] applied
PI method to study a single degree of freedom oscillators subject to Gaussian and
Poisson random excitations. By assuming that the conditional PDF is Gaussian,
the PDF of the response can be obtained by integration in a finite phase plane

space [36].

When at least one of the internal factors is stochastic, PI method cannot deal
with the dynamic model under stochastic load directly [74]. On the other hand,
modifying PI method to solve such a model will lose some accuracy. A method
based on PI method and supervised learning will be proposed. Thus, obtaining
such analytical solution with consideration of both accuracy and efficiency is to be
addressed in Chapter[d] The results can be used to provide approximate analytical
solution of the model in topic 1 (Chapter [2) with one of the internal excitations,
friction, to be stochastic. Note that the proposed method in topic 3 (Chapter [) is
not limited to the model in topic 1 (Chapter [2). It can be used to solve the gear
model with any one stochastic internal excitation under stochastic load. However,
the proposed method in topic 3 (Chapter 4) cannot solve the model in topic 2
(Chapter [3) with two external stochastic excitations. Future research is needed
to develop efficient approaches to solve multiple external stochastic excitations

involved problem.

1.3 Objective and outline

Based on the reviews summarized in Section three main issues have been
identified that will be addressed in this thesis. The overall objectives are to

investigate the dynamics of a spur gear pair considering different stochastic
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internal and external excitations via LPM and provide corresponding solutions
either numerically or analytically. Fig. summarizes the internal and external

excitations with the challenges when considering them.

Our basic assumptions in this thesis are listed as follows:
e Both of the gears are involute spur gears.

e The transmission error, influence from the shaft, and bearing effects are not

considered or they are assumed perfect or constant.

e The whole system is simplified as a single degree of freedom (SDOF) lumped

mass model.
e The gear tooth is treated as a cantilever beam.

e The gear mesh interface is modeled as a spring-damper system.

- Driving speed

Backlash
i . TUMS
; Int-ern_al ; Damping
| excitation
i ~+Transmission error
Gear ! i Friction
dynamics ! |
External |  Externalload
' excitation

: S : : | Modeling
Deterministic Stochastic | | Challenges :
Solving

Fig. 1.22: Excitations and the challenges involved

According to the state of the art in dealing with gear systems’ stochastic
excitations, the three proposed research topics are:
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e Build an improved dynamic model considering both friction and stochastic
load

e Develop an improved dynamic model considering driving speed and s-
tochastic load

e Provide a method for solving the gear model with one stochastic internal
excitation and stochastic load

The structure of the thesis and the relationship among the three topics are given
in Fig. Topic 1 proposes an improved gear model under stochastic load and
takes one more internal excitation, friction, into consideration. Then, developing
from topic 1, one more external excitation (driving speed) has been considered in
topic 2. There are three stochastic excitation (friction, load, and driving speed) in
topic 2 while other excitations are deterministic. Topic 3 provides an approximate
analytical solution to the model with one of the internal factors treated to be
stochastic under stochastic load, e.g., the model in topic 1. This stochastic internal
factor could be TVMS, backlash, damping ratio, or friction, etc. But only one of
them can be stochastic.

Stochastic

External Internal
excitation excitation

External | Modeling & Analysis> Topic 1
Load

External Friction

Load+ driving Modeling & Analy% Topic 2
speed

External One ; . .
Load arbitrary Analytical solution Topic 3

Fig. 1.23: Structure of the thesis
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In topic 1, a gear stochastic dynamic model for a spur gear pair considering
TVMS, gear mesh damping, backlash, friction, and stochastic load is established.
The dynamic responses of this model are investigated using numerical simulation
and compared with previous work. Two cases with different load profiles are
studied and compared. For case 1, load is modeled as Gaussian white noise with a
certain friction coefficient ( 1 = 0.04). For case 2, load is modeled as Gaussian diffu-
sion process with five friction coefficient values (1 = {0.01, 0.02, 0.03,0.04,0.05}).

In topic 2, a gear stochastic dynamic model for a spur gear pair considering
TVMS, gear mesh damping, backlash, friction, stochastic driving speed, and
stochastic load is established. Driving speed is the first time to be taken into
consideration under stochastic external excitations. Two profiles of driving speed
(deterministic and stochastic) are studied and compared. The dynamic responses
of this model are investigated using numerical simulation and compared with

previous works.

Topic 3 proposes an approximate analytical solution to a spur gear dynamic
model with stochastic load and one stochastic internal factor. The analytical
solution is derived using P method and then updated using a supervised learning
algorithm. A case study taking friction as an example of the single stochastic
internal element is used to validate our proposed method. The dynamic responses
of this model are investigated using our proposed method and then compared
with MC results.

The remaining parts of this thesis are structured as follows. Chapter 2, Chapter
and Chapter {4f give details of the three research topics, respectively. The
summary and future work are presented in Chapter

This thesis is written using the paper based template which meets the format-
ting requirements of University of Alberta.



Effects of Friction and Stochastic Load
on Transient Characteristics

The dynamic modeling of gear systems under deterministic excitations has been
widely investigated in existing studies. However, the existence of randomness
in external load of geared systems is widely known. Stochastic load induces
more vibration and noise than deterministic load. To better demonstrate gear
systems, a nonlinear dynamic model is developed considering time-varying mesh
stiffness (TVMS), backlash, sliding friction, and stochastic external load in this
chapte Friction is the first time introduced in a spur gear pair nonlinear dynamic
model under stochastic load. Monte Carlo (MC) simulation is applied to analyze
the transient characteristics focusing on the effects caused by stochastic load and
friction. The results show that stochastic load makes the system have a longer
duration in the transient state and lower transient stability compared with the
results under deterministic load. Friction causes higher dispersion of the gear
pair’s relative angular displacement in the transient state while lower dispersion in
the steady state compared with the case without considering friction. In addition,

the system’s transient stability and the response’s dispersion vary with the increase

The following two papers based on the work of this chapter have been published.
Y. Fang, X. Liang, and M. J. Zuo, “Effect of sliding friction on transient characteristics of a gear
transmission under random loading,” in Proceedings of 2017 IEEE International Conference on Systems,
Man, and Cybernetics (SMC). IEEE, Banff, Canada, Oct. 5-8, 2017, pp. 2551-2555.
Y. Fang, X. Liang, and M. J. Zuo, “Effects of friction and stochastic load on transient characteristics
of a spur gear pair,” Nonlinear Dynamics, vol. 93, no. 2, pp. 599-609, Jul. 2018.
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of friction coefficient. The friction coefficients that cause the lowest transient
stability and highest dispersion of relative angular displacement are identified.

2.1 Introduction

Gear systems are widely used in modern power transmission systems. Many
studies have been performed on dynamic modelling of spur gear transmission
systems [12]. The dynamic characteristics of a gear system are affected by internal
and external excitations [27]. Internal excitations include backlash [75], TVMS [76],
transmission error [77] [78], and so on. Many studies focused on the investigation
of internal excitations while only a few did investigation on external excitations

(e.g., varying load [79]).

Gear dynamics under deterministic load has been explored for decades. The
models and approaches used in gear dynamics are reviewed by Wang et al. [7].
Khabou et al. [24] investigated the dynamic behavior of a single stage spur gear
system under deterministic load and concluded that adequate external load should
be chosen to reduce vibration. Shao and Chen [27] proposed an analytical model
of a spur gear pair with tooth root crack under deterministic load. These existing
models reveal the mechanism of gear systems and contribute to the understanding
of gear dynamics. However, they restricted the gear dynamics problems in the
deterministic domain, and thus, it reduces the difficulties in obtaining dynamic

responses of a gear system.

A few studies investigated randomness of external load in gear system analysis.
Utagawa and Harada [30] investigated the influence of randomness on dynamic
loads for high speed gears. Tobe et al. [31] investigated stochastic load, which
was treated as Gaussian white noise. Their results were validated by comparing
with the experiment results reported in [37]. Ref. [37] was one of the earliest
reported studies in gear stochastic dynamics and the randomness of external load
was examined via lab experiments. Wang et al. [38] studied a wind turbine
generator suffering from stochastic wind with varying directions and loads. The
extensions of the models from deterministic domain to stochastic domain lead to

more realistic representation of real gear systems.

Patil et al. [21]] analyzed the effects of wind stochastic energy variation on gear
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system’s steady and transient states. Drago [22] studied the influence of stochastic
start-up load to the potential failure of gears. Gear vibrations and noises are mainly
induced by load variation at gear transient state [24]. It is necessary to consider the

stochastic external load in gear system modelling especially at transient state.

Researchers have made some improvements in modelling gear dynamics under
stochastic load. Wang and Zhang [32] considered the speed-dependent stochastic
errors in the modelled one-dimensional spur gear pair. Theodossiades and
Natsiavas [39] introduced the gear systems with periodic stiffness and backlash
and they considered the transmission errors as static errors. Yang [44] investigated
a gear multi-mesh dynamic model under Gaussian white noise while with constant
mesh stiffness and damping coefficient. Recently, Wen and Yang [5] developed
a gear pair’s dynamic model considering constant damping coefficient, backlash

and TVMS. It was solved by numerical and analytical methods.

Friction has been identified as a cause of vibration, noise and failure of gear
systems [48]. Many researchers have reported the effects of friction on gear
dynamics under deterministic excitation. Martin [49] conducted a detailed review
of friction prediction in gear teeth and concluded that the values of coefficients of
friction could be predicted reasonably according to various lubrication theories.
Yang et al. [50] proposed a model of a spur gear pair considering friction, Hertzian
damping and bending under deterministic load. He et al. [80] investigated
vibrational characteristics of a gear system affected by friction under deterministic
load. Krupka et al. [52] studied the effects of surface lubrication film on vibrational
characteristics under transient conditions. He et al. [53] reported several sliding
friction models in spur gear dynamics to analyze friction forces. Guilbault et
al. [81] studied the modeling and monitoring of tooth fillet crack growth under

a spur gear set, which integrated the friction contribution.

Friction has not been considered for modelling a gear system with stochastic
load. In this chapter, friction is taken into consideration for a pair of spur gears
under stochastic load. Transient characteristics of this gear system are studied. The
influences of stochastic load and surface sliding friction on gear system stability are
investigated.

The remaining parts of this chapter are organized as follows. In Section
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the proposed stochastic dynamic model for a spur gear pair is described. Section
validates the proposed model by comparing it to reported work. Section
illustrates the effects of friction coefficient and stochastic load (modelled as
Gaussian white noise) on gear transient characteristics. Section [2.5/investigates the
effects on gear transient characteristics by friction and stochastic load (modelled as
Gaussian diffusion process). Section 2.6|draws the conclusion.

2.2 Nonlinear stochastic gear dynamic model consid-
ering friction

In this section, a single degree of freedom (SDOF) nonlinear dynamic model of a
spur gear pair is developed based on the model reported in [50]. TVMS, backlash,
sliding friction and stochastic load are considered in our model. The model of the
geared system is shown in Fig. Only rotation of the gear is considered in this
model. Fig. 2.1 gives the TVMS used in this study, which is simpler comparing
to the TVMS model shown in Fig. In order to investigate the influence of
friction in this chapter, we keep everything else the same as [5]. Thus, we adopt
the same TVMS profile with that of [5]. The whole derivation process for Eq.
and Eq. is based on [50] and no new contributions are claimed in this part.
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Fig. 2.1: Time varying mesh stiffness [5]

The equations of the motion for the system given in Fig. can be expressed
as
316, = T1—(F + G)Ry — Fy X, 2.1)

Joby = Ty + (F + G) Ry + Fy(l, — X)) (2.2)
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where J;, T;, 0;, and Ry, are the moment of inertia, external torque, angular
acceleration, and the radius of the base circle of gear i (i = 1, 2), respectively, F' is
the total elastic force between the contact teeth shown in Fig. G is the damping
force, Fy is the sliding friction, X; denotes the distance between the tangent point
C on the action line and the force contact point B;, and [, is the length of the action
line from point of C; for gear 1 to the corresponsing point C, for gear 2. Since the
contact point and the direction of the normal force would change, the direction
of the friction force also changes. Note that the direction of the friction force is
perpendicular to the normal force and opposite to the tooth sliding direction. For
more details, please refer to [50].

Base circle

24

Line of action

Fig. 2.2: Elastic force on the tooth of gear 1

Multiply Eq. by Ry /Ji and Eq. by Ryz/Js, and then subtract the
second from the first one. We can get the expression shown in Eq. (2.3).

. . TR TR
Rblel—Rb292=( 1 2 b2)—(F+G)(

R_1%1+R_1?2 Xlel + (lp — Xl)RbQ
Ji J2

—F
7)) f[ i Js

(2.3)

Letd = Ry101—Ry202. The gear pair’s equation is reduced to an SDOF nonlinear

system with TVMS (i.e., Eq. (2.18)), backlash (i.e., Eq. (2.17)), and friction (i.e., Eq.
2.5)). Thus, we have

50— <K5 n a55> P (Ka v a55> (@1 + 01g2) (2.4)

where
Fr=u(F+G) (2.5)
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lp = (Rbl + Rbg) sin a (2.6)
X1 = (ap+ 61 + 6p1) Rnn (2.7)
T
(91)1 = 2—21 +tana — « (28)
F = Kg(9) (2.9)
G = add (2.10)
T'Ryy  ToRw
¢ = — 2.11
R?l Rgz Rz%l Rble2
= —= 4 —= 0 _— - = 2.12
q1 CYO<J1 + A + Op1 7 7 ( )
R%l Rblez
= 2 2.13
q2 s 2 ( )
Ry R
= 2= 4 = 2.14
qs 7 + T ( )

In Egs. 2.14) 6, is half of the tooth angle (see Fig. [2.2), ay denotes the
pressure angle, K is the effective mesh stiffness, § gives the relative angular
displacement of the gear pair, o is the damping coefficient, ® represents the

equivalent external excitation, y is the friction coefficient, and ¢;, ¢», and ¢; denote

polynomials as shown in Egs. respectively.

Rewriting Eq. (2.4), a second order ordinary differential equation (ODE) is
obtained as

0+ Q(61)g(8)ad + Q(6,) K (6,)g(0)=2 (2.15)

The expressions of ) (61), g(§), and K (6) are given as following.

Q(6h) = g3 + p(qr + b1g2) (2.16)
§—b, §>b
g9(d) = 0, —b<d6<b (2.17)

0+ b, o< —b

for (2.18)

where Q(0,) is a function of 6, g (0) denotes the function of backlash (shown in

{k1 (n—1)6p <0 < (n—1)bp + b

Fig. 2.3), ¢, and ¢,, represent gear rotation angles during a mesh circle and the
single tooth pair mesh duration in a mesh circle, respectively. We assume that the
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gear system is in a closed box with adequate lubrication oil. Also, the lubrication
condition affects the friction coefficient p. Though there is this influencing effect,
in this thesis, it has been actually assumed that the lubrication condition is perfect

and no lubrication effects on ;. are considered in this thesis.
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Fig. 2.3: Function of backlash [5]
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The classic way to model the external load is using Gaussian white noise. In
Section[2.3] the excitation ® is modeled as a combination of a constant deterministic

part @, , a deterministic periodical part ¢;, and a random part £(¢) .
O(t) = Dy + Dy cos(wt) + &(t) (2.19)

A Gaussian diffusion process is used to simulate the equivalent external
excitation ®. It is the integration of Gaussian white noise. It is assumed that ®
can be approximated by an Ito stochastic differential equation (SDE) [82], which is
given as the following form [33]:

dD(t) = dt + odW (¢) (2.20)

where ) is the drift scalar, o is the diffusion scalar, and W () is a standard Wiener
process. In Section[2.5, Eq. (2.20) is adopted to model external load.

Recently, a stochastic dynamic model was investigated in [5]. They considered
the excitation as a combination of constant deterministic part fy, a deterministic
periodically changing part f;cos(2,,t), and Gaussian white noise £(¢). Their

nonlinear system equation is given as follows:

04 ad 4+ K(01)g(8)=fo + f1 cos(Qut) + &(t) (2.21)
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In the above equation, fj, fi, and (2, are constant. Comparing Eq. (2.15) with
Eq. (2.21), the damping coefficient in [44] is a constant o, while the Q(#:)g(d)« in
our model is dependent on ¢. Expand Q(6;)g(d)c and all relevant parameters are

shown:
Q(01)g(0)a = [gs + p(qr + 0142)] 9(0)x (2.22)

where ¢1, g2, g3, g(0) and « are deterministic. Due to stochastic external load, ¢, is a
stochastic variable. Since g(0) is nonlinear and Q(#,) is stochastic, there is no doubt
that our proposed model in Eq. reflects more nonlinearity than the existing
model and is more difficult to solve.

2.3 Validation of the proposed model

The validation is done by comparing with the result reported in [75], which
proposed a model of a spur gear pair under deterministic load considering TVMS
and backlash. TVMS was modeled the same way as shown in Fig.

The gear pair parameters used in [75] will be also used in our proposed model

(see Table2.).

Table 2.1: Gear pair parameters

Density p="T8x10"Kg/mm3
Young’s modulus E; = Ey = 2.068 x 10°N/mm?
Poisson ratio vy = v = 0.03

Radius of gears ry = 20mm, ro = 80mm
Pressure angle ap = 20°

Number of teeth 7, = 20, Z, = 80

Thickness of gear L = 10mm

Backlash b= 0.0bmm

If we assume that the friction coefficient equals to 0.04, Eq. (2.15) is the same
as the model in [50]. Angular displacements of the two gears during free vibration
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Fig. 2.4: Angular displacement comparison

are solved here. Ref. [50]'s results and our results are given in Fig. Compared
to [50], our results (angular displacements) are almost the same in both magnitude
and tendency.

Although this validation is conducted under deterministic load, it still supports
the correctness of our model to some degree. And the model can be extended
to stochastic external excitation to explore the characteristics in stochastic gear
dynamics.
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2.4 Dynamic characteristics analysis while load is mod-
elled as Gaussian white noise

To analyze the dynamic characteristics of the proposed model while load is
modeled as Gaussian white noise, this section gives the numerical simulation
results. The main objective of this section is to investigate the friction and

stochastic load effects on system’s transient characteristics.

Numerical solutions to the equations of the motion are obtained with Matlab
using “odel5s”. All the stochastic load in this section are using a certain Gaussian
white noise model as given in Table The stochastic load is modeled in Eq.
and a sample of the load is shown in Fig.

Table 2.2: The scenario of the load in Eq. (2.19)

o, 2 x 10*

D, 5x 103

Type of £(t = t1) Normal distribution
Mean of £(t = t;) 0

Standard deviation of {(t = t;) 5 x 10?

Section will study the stochastic load effects on transient characteristics,
such as vibration. Section will study the friction coefficient effects on transient

characteristic, namely, dispersion.

2.4.1 Load effects on dynamic characteristics

This section shows the effects of stochastic and deterministic load on a gear
system’s dynamic characteristics, respectively. According to [49], the friction
coefficient in a gear system varies from 0.02 to 0.08. In this section, we fix
the friction coefficient at 0.04 to illustrate the load effects on gear dynamic

characteristics.

Fig.[2.6land Fig. 2.7 present the relative angular displacement ¢ and the contact
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Fig. 2.5: A sample of the load
force of the gear pair under stochastic and deterministic load.

As time goes, when the relative angular displacement becomes stable, the
system is considered to be in the steady state. Fig. [2.6|shows that the system used
about 0.6 seconds (s) to reach the steady state under the stochastic load. Under the
deterministic load, the system only costed 0.3 s to reach the steady state. Therefore,
the system with stochastic load uses much longer time to reach steady state than
that with deterministic load.

Fig.[2.7|shows the contact force fluctuation under deterministic and stochastic
load. In the transient state (¢ < 0.3 s), the contact force has similar fluctuation
level under the two load conditions. However, in the steady state (¢ > 0.6 s), the
fluctuation level under stochastic load is higher than that under deterministic load.

In the steady state, system’s vibration under stochastic load is higher than that
under deterministic load. The possible reason for this phenomenon is that the
higher variation of magnitude in load (caused by the stochastic term in the external

load) leads to a longer adjustment time for a gear system to approach to the steady
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Fig. 2.6: Relative angular displacement under two types of load

state. Hence, we should pay more attention to the health monitoring of gearboxes
when the external load is stochastic.

2.4.2 Friction effects on dynamic characteristics

This section evaluates the influence of friction on the dynamic characteristics of the
gear system under stochastic load. Two cases ( x = 0 and p = 0.04) are illustrated
and compared, where y is friction coefficient.

From Fig. we can see that the system without friction took about 0.2 s to
reach the steady state while the system with friction used about 0.6 s to reach the
steady state. Therefore, the transient state will be longer if the system has friction.
In addition, the system with friction has a larger fluctuation of relative angular
displacement in the transient state (¢ < 0.2s ). The friction affects the time duration

of the transient state and also the strength of the vibration in transient state.

Probabilistic distributions have been used to characterize stochastic responses
[83] [84]. We adopt the MC method to obtain a number of responses. In the
following part of this chapter, the PDFs of the relative angular displacement of
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Fig. 2.7: The contact force under two types of load

the system are given in Fig. and Fig. The PDFs of the relative angular
velocity of the system are given in Fig. and Fig.

Fig. 2.9 depicts the PDF of the relative angular displacement at 0.1s (transient
state). The values of system response here mean the magnitude of the relative
displacement between two meshing gear tooth surfaces. Due to the randomness in
load, the relative displacement obtained under generated stochastic load profiles is
also stochastic. The average value of the response is equal to —0.0296 with ;=0
while it is —0.0293 with p = 0.04. The average values are very close to each
other under these two friction conditions. The standard deviation of the response
is 0.0322 with p = 0 while itis 0.0414 with g = 0.04. The standard deviation for
the case with friction is much higher than that for the case without friction.

Fig. describes the PDF of the relative angular displacement at 0.7s (steady
state). The average value of the relative angular displacement is 0.0450 with p =0
while it is 0.0412 with p = 0.04. These two average values are quite close to
each other, indicating that the influence of friction is not that big in this case. The
standard deviation of the response is 0.0265 with p = 0 while it is 0.0194 with
p = 0.04. The standard derivation of the responses without friction in the steady
state is higher than the case with friction. The dispersion of the response is higher
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in the system without friction. This phenomenon may be caused by the coupling

of load randomness.

When we examine the difference in the average values of relative angular
displacement at 0.7s (a steady state case in Fig. and at 0.1s (a transient
state case in Fig. [2.9), the difference of the average values between the friction case
and the friction-less case becomes a little bigger at 0.7s than that at 0.1s.

Similarly, Fig. depicts the PDF of the relative angular velocity at 0.1s
(transient state). The values of system responses here mean the magnitude of
the relative velocity between two meshing gear tooth surfaces. There is no doubt
that the relative velocity obtained under generated stochastic load profiles is also
stochastic. The average value of the response is equal to —0.196 with 1 = 0 while
itis —0.283 with p = 0.04. The average values are very close to each other under
these two friction conditions. The standard deviation of the response is 0.322 with
i = 0 while it is 0.814 with x = 0.04. The standard deviation for the case with

friction is much higher than that for the case without friction.
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Fig. 2.11: PDF of the relative angular velocity at t=0.1s

Fig. describes the PDF of the relative angular displacement at 0.7 s (steady
state). The average value of the relative angular displacement is 0.231 with p = 0
while it is 0.376 with ¢ = 0.04. These two average values are quite close to each
other, indicating that the influence of friction is not that big in this case. The
standard deviation of the response is 0.185 with © = 0 while it is 0.294 with
i = 0.04. The standard derivation of the responses without friction in the steady
state is higher than the case with friction. The dispersion of the response is higher
in the system without friction. This phenomenon may be caused by the coupling

of load randomness.

When we examine the difference in the average values of responses at 0.7s (a
steady state case in Fig. and at 0.1s (a transient state case in Fig. 2.11), the
difference of the average values between the friction case and the friction-less case
becomes a little bigger at 0.7s than that at 0.1s. From Fig. the standard
deviation of the relative velocity becomes closer for the two cases than that of the

relative displacement at 0.7s.

In a conclusion, friction causes more dispersion to the transient state than
that to the steady state. The friction effects on dispersion reflected in relative

displacement is bigger than that in relative velocity.
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Fig. 2.12: PDF of the relative angular velocity at t=0.7s

2.5 Dynamic characteristics analysis while load is mod-
elled as Gaussian diffusion process

To analyze the dynamic characteristics of the proposed model while load is
modeled as Gaussian diffusion process, this section gives the numerical simulation
results. The main objective of this section is to investigate the friction and

stochastic load effects on system’s transient characteristics.

Numerical solutions to the equations of the motion are also obtained by Matlab.
All the simulations in this section are under a constant load or a certain Gaussian
diffusion process modeled as given in Eq. (2.20). This load scenario is shown as
Table which is used for all stochastic loads simulated in this section. The gear
pair’s parameters are given in Table

Recall [49], the friction coefficient in a gear system may vary from 0.01 to 0.08.
In this section, we fix the friction coefficient at 0.04 to illustrate the load effects on

gear dynamic characteristics.

Section will study the stochastic load effects on transient characteristics,
such as periodicity, chaos and stability. Section will study the friction
coefficient effects on transient characteristics, namely, stability and dispersion.



Chapter 2. Effects of Friction and Stochastic Load on Transient Characteristics 54

Table 2.3: The scenario of Gaussian diffusion process

A 0

o 5% 103

Type of © (¢t = 0) Normal distribution
Mean of @ (t = 0) 2 x 10*

Standard deviation of ® (t =0) 5 x 10?

2.5.1 Load effects on dynamic characteristics

This section shows the effects of stochastic and deterministic loads on a gear
system’s dynamic characteristics. In this section, we fix the friction coefficient at

0.04 to illustrate the load effects on gear dynamic characteristics.

Fig. shows three loading processes: S, is a constant loading process. S,

and S; are two realizations of the Gaussian diffusion process.
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Fig. 2.13: External load processes
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The external load is assumed to be a summation of a deterministic load
component and Gaussian white noise [31], [37], [5]. Compared with Gaussian
white noise, Gaussian diffusion process has fluctuating mean values, which may
be appropriate in some cases to study the transient characteristics caused by
the randomness of load. The assumption of Gaussian diffusion process may be
suitable on some occasions, for example, wind turbine suffering from time varying
load [22].

The friction coefficient usually varies with load and speed in real applications.
Under stochastic load, it is not easy to precisely analyze the friction mechanism
as many factors are involved (e.g., lubrication, surface roughness, load, sliding
velocity, and temperature) [80], [85]. According to the research results from [80]
[85], the friction coefficient has a small variation when the load and relative

velocity vary in a small range.

Ref. [53] compared the influence of five different friction coefficient models on
gear dynamic responses under constant load. One model used constant friction
coefficient while others adopted time varying friction coefficients. According to
their results, gearbox systems behave similarly in many aspects even though the
friction models are different. They concluded that the simplified assumption of
constant friction coefficient is still adoptable to some extent compared to those

time-varying friction coefficient models.

The purpose of this chapter is not to analyze the friction mechanism but to
investigate the transient characteristics affected by friction under stochastic load.
Even though a constant friction model is used in this study, the proposed model
can still generate reasonable results especially when the variation of load and
relative velocity is small. If the variations of load and velocity are large, further

research is needed.

2.5.1.1 Duration in transient states

Numerical solutions to the equations of the motion are obtained by Matlab. Fig.
presents the relative angular displacement ¢ of the gear pair under stochastic

and deterministic loads.

As time goes, when the relative angular displacement keeps stable, the system
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Fig. 2.14: Relative angular displacement under three load processes

is considered to be in the steady state. Fig. shows that the system used about
0.35 s to reach the steady state under the deterministic load ( S; ). Under the

stochastic load ( S; and S5 ), the system has not reached the steady state before
0.4s.

Therefore, the system with stochastic load uses much longer time to reach
steady state than that with deterministic load.

2.5.1.2 Periodicity and chaos

In this section, the dynamic characteristics including periodicity and chaos are
studied.

The chaotic oscillation cannot be intuitively observed in S, or S5 compared to
that in S;. There are two possible reasons:

(@) The chaos of responses under this scenario of Gaussian diffusion process is
not strong enough to appear in this scale.
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Fig. 2.15: Phase diagrams of relative angular displacement and relative angular
velocity in the time interval [0.35, 0.4]s under three loading scenarios, S, S3, and
Ss

(b) The coupling of the friction and the randomness weakens the chaotic oscilla-

tion.

The chaotic oscillation of the system could be addressed using the secondary
Poincaré map [86] in future work beyond this PhD thesis. The periodic and
quasiperiodic dynamical oscillations can exist simultaneously [86], [87]. Most
periodic behaviors are not perfect periodic and neither quasiperiodic nor chaotic
as well [86]. From Fig. the phase diagram of S; shows overlapped loops while
the phase diagrams of S, and S5 give independent loops.

Thus, the gear system under deterministic load holds the properties of periodic
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and quasiperiodic oscillations simultaneously. Under stochastic load, gear system
shows quasiperiodic oscillation. This phenomenon needs further investigation

with more samples and varying conditions.

2.5.1.3 Transient asymptotic stability

To investigate the performance of a gear system in the transient state, one of
the most important aspects is the transient stability [21]. According to [21], the
responses of a gear system will converge to a certain orbit. In our case, the
convergency of responses under stochastic load can be visualized in Fig. 2.14while
the convergence orbit is not clear to identify.

However, we can utilize the convergence orbit obtained under deterministic
load in [50] for reference, which § has a small perturbation near 0.05 (value
of backlash) and ¢ has a small perturbation near zero. The gear system is
approaching to a stable state with the relative motion decreasing and transmission
ratio approaching to a constant. This phenomenon is asymptotically stable [88].

We apply an indicator to quantify such transient asymptotic stability. Choose a
certain time interval and define center distance as Eq. (2.23). The center distance
indicates the range of vibration response in a certain time interval. The transient

state is more stable with a lower center distance.

d = \/ {[max(6) — 0.05] — [min(8) — 0.05]} - { [max(5) - o] - [min(5) - o] }

— \/[max(5) — min(d)] - |max(d) — min((S)}

(2.23)
1
When t € [0.35,0.4] and ¢ = 0.04, we found d = 0.34mm/s2 for S;, d =
1 1
0.44mm/s2 for Sy, and d = 0.59mm/s2 for S;. Even if Sy and S5 follow the same

scenario, they show quite some differences in center distance from each other.

Since the responses (§ and 9) of the gear pair under Gaussian diffusion process
are random variables, it is necessary to give statistical information of transient
stability under stochastic load. In dealing with random variables, the probabilistic
method is a classical approach for uncertainty modelling based on the well-
developed probability theory [83] [89].
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To obtain statistical results, we adopt direct MC method instead of path
integration method [66]], [67], [73]], [74] or the stochastic perturbation method [90],
[91]. Although MC method takes more calculation time, we can achieve the desired
accuracy by increasing simulation time. In this simulation, each realization follows
the same scenario in Table

When t € [0.35,0.4] and p = 0.04, we simulated 100 realizations and obtained
corresponding center distances. There are 93 center distances greater than that
obtained under deterministic load. We conclude that the center distance under
stochastic load had 93% possibility greater than that under deterministic load.
Therefore, it can be concluded that there is lower transient stability under the

stochastic load.

2.5.2 Friction effects on dynamic characteristics

This section evaluates the effects of different friction coefficient values on the
dynamic characteristics of the gear system under a certain stochastic load with
the same scenario in Table Six cases of the friction coefficient values (1 =
{0, 0.01, 0.02, 0.03,0.04,0.05}) are used and responses are compared with one
another. The effects of friction coefficient on the transient stability will be studied
in Section Section will investigate the friction coefficients” influence
on the dispersion of responses.

2.5.2.1 Transient asymptotic stability

This section shows the effects of different friction coefficient values on the transient
stability. Firstly, the center distances under three loadings (51, Ss, S3) are shown in
Fig. Then, the statistical analysis of the center distance under stochastic load

is shown in Fig.

Fig. shows the comparison of center distances as a function of friction
coefficient for the three loading scenarios. From Fig. the trend of the center
distance of S, shares similarity with that of S;. However, the trend of S; is
different from S; and S5. Even S; and S5 follow the same scenario, they show great
differences from each other in amplitude. It should be noticed that the change of
center distance with the increasing of friction coefficient is not monotonous. A

small friction coefficient does not guarantee a better transient stability from the
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Fig. 2.16: Comparison of center distances as a function of friction coefficient for the
three loading scenarios

Fig. is a boxplot that denotes the statistical properties of center distances
under each friction coefficient value. The dot in a circle is the median, the block
with solid line is the interquartile range, and the dash line is the range of the
minimum and maximum. From Fig. the range of center distance with the
friction coefficient being 0 is smaller than most of the cases with positive friction

coefficient.

Thus, friction causes more instability in transient state. But there is no obvious
trend between the center distance and friction coefficients. In those cases with
positive friction coefficient values, the minimum range of center distance is found
at 1 = 0.02, and the maximum range of center distance is found at ¢ = 0.01 or
w=0.03.

In a word, gear system has worst transient stability with ;4 = {0.01,0.03} and
best transient stability with ;1 = {0,0.02}. According to this result, we should find
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Fig. 2.17: Boxplot of the center distance as a function of friction coefficient for
loading scenario S

out and avoid the friction coefficient which will worsen transient stability in the
gear design phase. At the same time, the friction coefficient should be adjusted to

a suitable value in gear system to increase transient stability.

2.5.2.2 Dispersion of responses

The descriptions of responses in the gear system under stochastic load are
analyzed with PDFs [84]. Fig. describes the PDF evolution during the time
range [0.3, 0.4]s with ¢ = 0.04. With increase of time, the joint PDFs between
the relative angular displacement and the relative angular velocity become more
concentrated. It indicates that the system approaches a stable state. Hence, in this
simulation, ¢ = 0.4s is the most stable state for a gear system under stochastic load.
If a rule of this evolution can be found, the PDF prediction can be done with an
initial PDFE.

Since t = 0.4s is considered as the most stable state, the following discussion
is limited to that time point. Fig. and Fig. show the instantaneous
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Table 2.4: Responses under deterministic load

w0 0.01 0.02 0.03 0.04 0.05

o 0.0515 0.0431 0.0511 0.0515 0.0508 0.0453

o -2167 -1059 7.079 6.854 -9.459 -28.38

(a) (b)
1 1
0.06 0.06
. 0.04
4 -50
§ (mm) 0.0z 5 (mm) 0 (mm/s) 5 (mm)
(c) (d)
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Fig. 2.18: PDF evolution plot depicting its changing within 0.1s at different time
points: (a) at 0.3s, (b) at 0.33s, (c) at 0.36s, and (d) at 0.4s

PDFs of relative displacement and relative velocity respectively at ¢ = 0.4s. The
corresponding solutions of the deterministic case at the same time point are shown
in Table Due to the calculation difficulty, deterministic responses are easier
to obtain than stochastic responses. If the responses under stochastic load fall in
the center region of the responses under deterministic load, we can predict the
stochastic responses corresponding to the deterministic responses. Compare Fig.
2.19 and Table the results of relative angular displacement in Fig.
falls in the center regions around the results of deterministic load. But the mean
of relative angular velocity did not fall in the center regions around the result of
deterministic load.
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Fig. 2.19: PDFs of the relative angular displacement with different friction
coefficient values at t=0.4s

For a practical gear pair, the PDFs of relative displacement and relative velocity
are definitely different from the perfect gear case (without fault). According
to the dispersion property investigated in the previous paragraph, the relative
displacement is more appropriate to be an indicator of fault diagnoses for further
study. Thus, these PDFs of relative angular displacement obtained by our study
for perfect gear system may be used as references in gear health monitoring.

On the other hand, according to Fig. and Fig. the differences in the
PDFs of different coefficients are obvious. It also proves that the friction cannot
be ignored in dealing with gear stochastic dynamics. However, the relationship
between friction, stochastic load, and time is not given. This will be further
explored in our future work.

The probabilities of gear system responses (relative angular displacement and
relative angular velocity) in a safety interval are given in Table Safety interval
means the gear system responses have a high possibility occur in a chosen interval.
If the responses exceed the safety interval, there is a higher possibility that the gear
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Fig. 2.20: PDFs of the relative angular velocity with different friction coefficient
values at t=0.4s

Table 2.5: The probabilities of a safety interval under each friction coefficient value

(70)

1 0 001 0.02 0.03 0.04 0.05

§€[0.04,0.055] 91 89 85 76 87 85

5e[-16,16] 80 79 90 90 89 87

system has failure [92]. We can select a proper safety interval based on accuracy
demand. In Table 2.5 the safety intervals are chosen based on the rule that there
are at least 75% data fall in the safety intervals. According to our model, we
choose § € [0.04,0.055] and § € [—16,16] for analysis. When § € [0.04,0.055],
it is noticed that the probability of ¢ is the lowest under the friction coefficient
1 = 0.03. When § € [~16,16], the probability of ¢ is the lowest with z = 0.01. The
lower interval probability indicates higher data dispersion. The higher dispersion
of the values always reflects higher uncertainty in the data [84]. It is concluded
that gear responses have a higher proportion exceeding a certain safety interval
and have a higher potential failure probability with ;. = 0.01 or 0.03.
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2.6 Conclusion

In this study, a gear stochastic dynamic model for a spur gear pair considering
TVMS, gear mesh damping, backlash, friction, and stochastic load is established.
The dynamic responses of this model are investigated using numerical simulation
and compared with previous work. Two cases with different load profiles are
studied and compared. For case 1, the random part of load is modeled as Gaussian
white noise with a certain friction coefficient ( © = 0.04). For case 2, the random
part of load is modeled as Gaussian diffusion process with five friction coefficient
values (1 = {0.01, 0.02, 0.03,0.04, 0.05}).

e Case 1: The random part of load is modeled as Gaussian white noise:

The analysis results demonstrate that (a) under the same friction coefficient
(x = 0.04), stochastic load generates longer duration in the transient state and
higher fluctuation in the steady state compared with those under deterministic
load; (b) under stochastic load, the case with friction produces larger difference in
the average value of the system’s relative angular displacement at the steady state
compared with that of the case without friction; (c) the case with friction generates
higher dispersion of relative angular displacement in the transient state and lower

dispersion in the steady state compared with those of the case without friction.
e Case 2: The random part of load is modeled as Gaussian diffusion process:

The analysis results demonstrate that (a) the established SDOF gear dynamic
model is more realistic than reported models which did not consider friction,
(b) under the same friction coefficient value (x = 0.04), the stochastic load
generates longer duration and more quasi-periodicity in the transient state than
those of the deterministic load. Stochastic load causes lower transient stability
than deterministic load, (c) under stochastic load, the gear system has the worst
transient stability with ;1 = 0.01 or 0.03 and best transient stability with ;1 = 0 or
0.02. Friction generates high dispersion of the relative angular displacement with
1 = 0.01 or 0.03 in the transient state.

Overall, this analysis gives us better understanding on the effects of stochastic
load and friction on the gear dynamic characteristics. The proposed gear dynamic
model and numerical results can be used as a reliable tool to investigate the gear

random dynamics. Future work will design corresponding experiments to validate



Chapter 2. Effects of Friction and Stochastic Load on Transient Characteristics 66

our numerical findings. Moreover, our gear model can be further extended by
incorporating varying friction coefficients and analyzing the effects of different

friction models on gearbox dynamics under stochastic load in our future work.

In summary, this chapter addressed the problem of investigating a more
realistic gear dynamic model, and thus, a model considering one more internal
factor (i.e., friction) was proposed. The effects of the stochastic load and friction
on the gear dynamic characteristics were studied. This model will be used later in
Chapter 3| and Chapter 4, In Section one more external factor is considered
based on this model. In addition, Section takes this model to validate the

proposed approximate analytical method.



Effects of Driving Speed Variation on
Gear Dynamic Characteristics under
Stochastic Load

Although a more practical gear model with consideration of a stochastic internal
factor is proposed and analyzed in Chapter |2, only a kind of external excitation
(i.e., stochastic load) is considered in that model. In reality, there are some
other stochastic external excitations remaining to be explored. In this chapter,
one more external excitation (i.e., driving speed) is considered based on the
model in Chapter 2l As we known, engine drive gear systems are widely used
in vehicles, coal mining machines, and other mechanical equipment. Engine
is known as a source of external excitations to a gear system. Due to the
manufacturing error, energy loss, possible change of the engine status, and
variation of operating environment, the driving speed and external load are not
deterministic in the future. Thus, this chapter][|aims to investigate the effects of the

driving speed variation (including deterministic or stochastic driving speed) on

'The work of this chapter has been accepted or submitted for peer review as follows:
Y. Fang, M. J. Zuo, and Y. Li, “Investigation of gear dynamic characteristics under stochastic
external excitations,” in Proceeding of 2019 International Conference on Advances in Materials,
Mechanical and Manufacturing (AMMM), Beijing, China, Mar. 22-24, 2019. Accepted on Jan. 3,
2019.
Y. Fang, X. Liang, and M. ]. Zuo, “Effects of driving speed variation on gear dynamic characteristics
under stochastic loading,” Mechanism and Machine Theory. Submitted on Oct. 8, 2018.
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gear dynamic characteristics under stochastic load for the first time. Monte Carlo

(MC) simulation is applied to analyze the characteristics. The results show that the
random element in the driving speed affects the gear response a lot which should
not be ignored. Under the stochastic load, a small ratio of randomness in driving
speed greatly increases the dispersion in responses. In addition, the dispersion in
responses is more sensitive to the uncertainty of the driving speed than that of the
load.

3.1 Introduction

Gear systems play an important role in modern power transmission systems [12].
Many researchers have studied the dynamic modelling of spur gear transmission
systems. Excitations are widely discussed in gear dynamic modelling and they
affect the dynamics of gear systems. There are two categories of excitations,
internal excitations and external excitations. Internal excitations include time-
varying mesh stiffness (TVMS) [17] [93]], backlash [94], transmission error [77]],
and so on. Many studies have studied the effects of internal excitations on gear
dynamics while less attention has been paid to the effects of external excitations

on gear dynamics.

In reality, the gear system can be driven by engine [56] or nature force (e.g.,
wind [57]). In this work, we restrict to the engine drive gear systems. Accordingly,
the external excitations contain the external load [79] [95] and driving speed of
the pinion [1]. Note that the driving speed is provided by the engine. Under
deterministic domain, external excitations have been investigated in some existing
works. Wang et al. [7] reviewed the mathematical models and the solving
approaches for the nonlinear dynamics of gear systems under deterministic load.
An analytical model of a spur gear pair with tooth root crack was proposed in [27]
under deterministic load. Qiu et al. [58]] considered the influence of deterministic
input rotating speed on stiffness and introduced a velocity modulated stiffness
model. Liu et al. [26] investigated the effects of speed on gear dynamics and
concluded that the variation of the pinion’s speed was a non-negligible source of
instability in a gear system. The transient dynamic behavior of the gear system,
which is affected by the variation of the external excitations, was investigated
in [24]. Pruvost et al. [60] proposed an improved filter to separate the noise from

engine signals and validated it using diesel combustion engine experiments. In
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addition, they investigated the variation of rotation speed and load, and their
effects on engine transfer functions between the cylinder and the listening spot.

It is widely known that randomness of the external excitations exists in the
gear systems driven by nature force (i.e., wind turbine) [96]. Similarly, due
to manufacturing error, energy loss, possible change of the engine status, and
variation of operating environmental, the external excitations in engine drive
gear systems may also not be deterministic [2] [60]. Several works focused on
the studies of randomness in the engine. Tutak and Jamrozik [59] studied the
flow field turbulence in the combustion chamber and modelled the crankshaft
velocity (the crankshaft performs a conversion between reciprocating motion and
rotational motion) randomness of an internal combustion engine. Randall [61]
summarized the methods to deal with random speed fluctuations in combustion
engines. To obtain more realistic representation of gear systems, the stochastic
properties should be considered in the anticipated load profile and anticipated
speed profile.

In recent works about modeling gear systems, attention of researchers has
transferred from the deterministic domain to the stochastic domain. In [30], the
stochastic property of dynamic loads for high speed gears was observed. Tobe
et al. [31] modeled the randomness in the load as Gaussian white noise and
validated their model through experiment results reported in [37]. Chaari et al. [97]
investigated the dynamic behavior of a spur gear system under cyclic and random
load, respectively. Wen et al. [94] investigated the random dynamic response of
a gear pair. The dynamic model in Ref. [94] considered constant mesh stiffness,
constant damping coefficient, and stochastic external load by adding Gaussian
white noise. Later, they developed a model considering backlash, TVMS, and
constant damping coefficient [5]. Fang et al. [23]] considered one more excitation,
friction, than the model proposed in [5]. Ref. [23] investigated the effects of friction
on the dynamic characteristics of a spur gear pair under stochastic load.

Although researchers have made some improvements in modelling gear dy-
namics under stochastic load, there are still short of investigations about the effects

of driving speed on gear dynamics with stochastic load.

In this chapter, we modeled the driving speed (deterministic or stochastic)
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and investigated its effects on gear dynamics under stochastic load. The major
contributions of this work are summarized as follows.

1. The existing works only considers the effects of the driving speed variation
on gear dynamic characteristic under deterministic load. In reality, however,
the stochastic load exists widely in gear systems [30]. The extension of
the models from deterministic domain to stochastic domain leads to more
realistic representation of real gear systems. In addition, investigating the
effects of the driving speed variation on gear dynamic characteristics under

stochastic load is a significant part of the gear random dynamics study.

2. The driving speed is generally modelled as deterministic in existing works.
However, the randomness in the driving speed is found by many researches,
e.g., [99] [61]. Therefore, the effects of stochastic driving speed variation
on gear dynamic characteristics under stochastic load is investigated in this

work. A mathematic model is developed.

3. By the Monto Carlo method, we analyzed the dynamic characteristics focus-
ing on the effects caused by the driving speed (deterministic or stochastic)
under stochastic load. Some insightful conclusions are summarized by the

simulation results.

The remaining parts of this chapter is organized as follows. In Section 3.2] the
proposed stochastic dynamic model for a spur gear pair is described. Section
illustrates the effects of the driving speed on gear dynamic characteristics. Section
draws the conclusion.

3.2 Nonlinear stochastic gear dynamic model

In this section, a single degree of freedom (SDOF) nonlinear dynamic model of a
spur gear pair is developed based on the model reported in [23]. Backlash, TVMS,
sliding friction, and stochastic load are considered in [23]. Keeping everything
the same as in [23], a time-varying modulated driving speed is considered in our
model and described in Section The external load and driving speed of the
pinion are modelled in Section[3.2.2]
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3.2.1 Proposed model considering driving speed

In this section, the proposed model is based on Ref. [23] while considering a time-
varying modulated driving speed. Note that only an initial speed is given in the
model of Ref. [23]]. The model reported in [23] is given in Eq. and while
it transforms to Eq. with the consideration of our modelled driving speed.

Fig. 3.1: Dynamic model of a gear pair

The equations of the motion for the system given in Fig. can be expressed
as [1]
1,0, = T,—(F + G)R, — u(F + G)X, (3.1)

L0, =Ty + (F+G)Ry + n(F + G) (I — X)) (3.2)

where 1,, T,, 0,, and R, are the moment of inertia, external torque, angular
acceleration, and base circle of pinion (similarly subscript g is used to denote the
gear), respectively; F' is the total elastic force between the contact teeth shown in
Fig. G is the damping force, y is the friction coefficient, X; denotes the tangent
distance in the action line, | = (R, + R,) sin oy means the length of the action line,
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and « denotes the pressure angle. For more details, please refer to Ref. [23] and
Ref. [50].

Subtract Eq. from Eq. and then divide both sides by I, . The following
expression can be obtained.

b, = [Ipép+Tg—T,, +(F+G)(Ry— Ry+ (R, + Ry)sinag)| /I,  (3.3)

Let § = R,0, — R,0, , where 0 gives the relative angular displacement of the

gear pair. Then Eq. transfers to Eq. (3.4).

i, = [Ipép+T + (K6 + a5)L} /1, (3.4)
where
F = Kg(6) (3.5)
G=ch (3.6)
L=Ry—R,+ pu(Ry+ Rp)sin (3.7)

T=T,-T, (3.8)

In Eqs. (3.5)-(3.8), K is the effective mesh stiffness, g (§) denotes the function
of backlash, L is the equivalent length of the force arm, and c is the damping
coefficient, and T is the equivalent torque (i.e., the external load in this study)
that reflects the combined fluctuation of T, and T,,.

The expressions of ¢(§), and K (6) (see Fig. are given below
0—b, 0>b
g0)=9 0,  —b<d<b (3.9)
o+, §<—b

K(0) =

where b denotes the backlash, ¢,, and ¢,, represent a mesh period of gear teeth and

the double pairs of teeth mesh duration in a mesh period, respectively.

Rewriting Eq. (3.4), a second-order ODE is finally obtained as

Gy = {10, T + [Kg(0, R, — 0,Ry) + c(BpFy — 0, Ro)IL} /1. (3.11)
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Observe Eq. (3.11), the inputs (excitations) in this ODE are T, 6,,, 6,, and 6§, while
the outputs are 6, §,, and d, (or called the responses of gear dynamic model).

The comparison between the model in Ref. [23] and the proposed model is
shown in Table From Table (3.1, both models have the equivalent load T(¢) and
the initial condition of the gear 6,(t = 0), 6,(t = 0) as input. The main difference in
inputs between the two models is the motion of pinion (8,(t), 6,(t), 6,(t)). In the
proposed model, the motion of the pinion is fully specified while only the initial

condition of the pinion motion is given in model of Ref. [23].

Correspondingly, the outputs (or solution) to the model (or equation) in Ref.
[23] include the motions of both pinion and gear (6,, 9p .04, 99). Only the motion
of gear (f,, §,) needs to be solved in the proposed model. The proposed model is
a kind of velocity modulated model.

Table 3.1: The comparison between two models

Model in Ref. [23] The proposed model

Equation Eq. 1i and Eq. Eq. (3.11

Input T(t),0,(t = 0), B,(t =0) T(t),0,(t = 0), ,(t = 0)

Op(t = 0), O,(t = 0) B,(t), G,(1), 6,(t)

Output 6, 6, ,6,, 6, 0,, 0,

In the next section, the modelling of excitations in Eq. (3.11) including T(¢),
0,(t), 6,(t), and 6,(t), will be investigated. The models of 6,(t), 6,(t), and 6, (t) have
not been studied in Ref. [23].

3.2.2 External load and driving speed formulation

In this section, the purpose is to make Eq. (3.11)) solvable by numerical method,
i.e., Runge-Kutta method.

To solve Eq. , the key point is to obtain 6,(t) and 6,(t) under any given
0,(t). Two cases of 6,(t) , deterministic and stochastic models, will be studied in
Section and Section respectively. The adopted deterministic model
of 6,(t) is reported in Ref. [24]. The stochastic model of 6,,(t) is based on the model
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in Ref. [1] with additional consideration of the randomness studied in Ref. [61].

It should be noted that the effects of both deterministic and stochastic driving
speed on gear dynamics under stochastic load are still short of investigation. In
addition, the derivation of 6,(t) and 6,(t) according to stochastic §,,(t) is considered

in gear dynamic modelling for the first time.

3.2.2.1 Deterministic model of §,, 6,, 6, as reported in Ref. [1]

For a combustion engine, due to many factors such as gas pressure, bore, stroke of
engine, and inertia of moving parts during the power stroke, the engine generates
stochastic velocity ép(t) and torque T [1]] [24]. In this study, the energy loss in the
connection of engine and pinion is ignored. The excitation speed of pinion 6,,(t)
from an internal combustion engine, fluctuates significantly between low (around
the compression stage) and high (around the ignition stage) values [26]. Therefore,
the model of the total driving speed in pinion can be assumed to be a summation

of a constant angular velocity term and a small variation [26].

Therefore, a general expression of 6, can be formulated as reported in Ref. [1]:
Op(t) = Xo + Y XnSin(pnt + 1) (3.12)

where t is the time in second (s), xo is a constant which represents the mean of
the driving speed, n denotes the harmonic of the driving speed, and p,,, x,, and v,

are the corresponding angular frequency, amplitude and initial phase, respectively.

If the conditions of 6, and 6, at t = t, are known, the absolute angular
displacement 6, and acceleration 6, can be analytically determined by integration

and differentiation to velocity 6, , respectively.
Assuming a time interval At = t — ¢, the angular displacement ¢, and the
angular acceleration 6, of the pinion at arbitrary time ¢ can be expressed as follows

sin(ppt) — sin(p,to)
Pn

Op(t) = 0,(to) + oA+ ) xn (3.13)

0,(t) = — Z XnPr SIn(p,t) (3.14)



Chapter 3. Effects of Driving Speed Variation on Gear Dynamic Characteristics under
Stochastic Load 75

3.2.2.2 Stochastic model of 6,, 6,, 6,

The objective of this section is to derive the model of 6, and 6, based on stochastic

§,. Considering randomness, Eqs. (3.17), (3.22), and (3.23) reveal reality on some

occasions and make an improvement compare to the existing work.

The expression of the rotational motion in the pinion (4,, 6,, 6,) within
deterministic domain are given in Eqgs. (3.12)-(3.14). Due to errors of manufactur-
ing, processing, assembling, wear, lubrication, operating environment, and other
factors, the combustion engine’s rotational speed and external load may not be
deterministic [2]. Accordingly, the random part in the anticipated external load
and anticipated driving speed needs to be considered. According to the studies
in [61] and [5], it is assumed the randomness in the driving speed and load are

Gaussian white noise &;(t), (i = 1,2).
E(&(t) =0 (3.15)
El&()&(t + 1) = ri©O(7) (3.16)

where ¢;(t) is a Gaussian white noise with variance r;, subscript i = 1 represents

driving speed, ¢ = 2 refers to the load, and © is the Dirac Delta function.

Thus, Eq. (3.12) can be rewritten as:

0p(t) = X0+ > Xnsin(pnt +1n) + &i(t) (3.17)

n

The physical meaning of this driving speed profile can be explained as [56]:
1. The pistons move up and down periodically in their cylinders,

2. The periodic behavior can be expressed as a combination of a series of

sinusoidal functions (i.e., Fourier series),

3. Considering kinds of factors (e.g., manufactory errors), the randomness is

expressed as Gaussian white noise [5] [61].

Similarly, the profile of the driving torque is also periodic. We consider the case
that T, is periodic or constant. For example, centrifugal pump or wheels is the load
in output of a gear system. Accordingly, the external load T can also be expressed

via Fourier series combined with Gaussian white noise as following;:

T(t) = fo+ Y ficos(vt + ;) + &(1) (3.18)
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where f; is a constant, j denotes the harmonic of the torque, v;, f;, and 3; are
the corresponding angular frequency, amplitude, and initial phase, respectively.
Note that the adopted speed profile and load profile in this study are also widely
adopted in lots of existing works. For example, the similar speed profile (i.e., Eq.
(.17)) is also adopted in [1], [2], and [24], and the similar load profile (i.e., Eq.
(3.18)) is also adopted in [94], [60], and [96].

Recall Ref. [1]], the external load T is modelled as:

T(t) = fo+ »_ fcos(vit+ f;) (3.19)

As we known, Gaussian diffusion process ®(¢) is the integration of Gaussian
noise. ®(t) can be approximated as follow by It6 [98] SDE [99].

dO(t) = \dt + odW (1) (3.20)

where )\ is the drift scalar, o is the diffusion scalar, and W (t) is a standard Wiener
process. In addition, dV(¢) can be approximated as dW (¢) ~ v/At [82] [100]. For a
Gaussian white noise & (¢), A = 0 and ¢ = /r;. The approximate integration of Eq.
can be obtained as follows:

sin(p,t) — sin(p,to)

n

Op(t) = 0,(to) + oA+ ) Xn + /At (3.21)
On the other hand, 6, can be defined in Eq. (3.22). Here, the slope of two points
has been used to approximate the derivate. Although there is accuracy loss, this

assumption has calculation benefit in numerical simulation.

1) = = 3" xupnsin(pt) + S8 0) (3.22)

For dynamic modelling of the gear system under stochastic load, the proposed

model (Eq. (3.11) combining with Eqgs. (3.17), (3.21), and (3.22)) considers

randomness in the pinion rotational motion for the first time.

To avoid confusing, Table shows the comparison of the models between
existing works and the proposed model. In these three models, TVMS, backlash,
damping, and friction are all taken into account. Although both of Ref. [23] and
Ref. [1] modelled the sliding friction, the friction model in Ref. [23] reflects reality
more than that in Ref. [1]. Thus, the proposed model adopts the friction model
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in Ref. [23]. The existing works [1] [24] [26] only considered deterministic driving
speed under deterministic load. However, the proposed model considers both

deterministic and stochastic 6, under stochastic load.

Table 3.2: Comparison of the model between existing works and our work

External load T Driving speed 6,
Ref. [23] Stochastic Eq. (3.18) with j =1 None (i.e., free vibration)
Ref. [1] Deterministic Eq. (3.19 Deterministic Eq. (3.12
Proposed model Stochastic Eq. (3.18 Deterministic Eq. (3.12

Stochastic Eq. (3.17]

The challenge in this proposed model deals with one or two more stochastic
factors in the gear dynamic modelling which adds complexity in solving the model

and in the results analysis.

3.3 Results and discussion

To analyze the dynamic characteristics of the proposed model, this section gives
the numerical simulation results. The main objective of this section is to investigate
the driving speed effects on system’s dynamic characteristics under stochastic
load. The reported work is duplicated in Section to validate the proposed
model. The investigations of the proposed model are shown from Section to
Section[3.3.4

In Section the dynamic responses under deterministic driving speed and
deterministic load are obtained. Section [3.3.2] gives the dynamic characteristics
under deterministic driving speed and stochastic load. Section studies the
dynamic characteristics under stochastic driving speed and stochastic load. The
results of Section and Section are compared with each other. Section
investigates the coupled effects and sensitivity.
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3.3.1 Validation of the proposed model

The driving speed has been studied in Ref. [1], which studied a model of a spur
gear pair under deterministic load considering TVMS, backlash, friction, and
deterministic driving speed. This model has been validated with a finite element
model. It was concluded that this model captured the salient behaviour of the
actual system.

To conduct validation, it is necessary to keep parameters in the proposed model
and the model in Ref. [1] the same. However, there are two differences in the two

models:
1. the friction model in Ref. [1] is simplified as sign function;

2. external load in Ref. [1]] is deterministic while it is stochastic in the proposed

model. If Eq. (3.17) is replaced by Eq. (3.19), namely, removing the random
term in load, the proposed model is reduced to the model in Ref. [1].

The gear pair parameters in Table [3.3[are adopted for validation and they will
be used in the following sections’ simulations. The friction coefficient usually
varies with load [80] [53] but the variation in the friction coefficient can be ignored
with small variations in load [85]. In this study, the friction coefficient is fixed at

0.04 to illustrate the driving speed effect on gear dynamic characteristics.

Table 3.3: Gear pair parameters

Inertia moment of pinion [, = 2.6 x 107* K¢ - m?

Inertia moment of gear I, =0.0045 Kg - m?

Base circle rp = 0.034 m, 7, = 0.052 m

Pressure angle ap = 20°

Stiffness ki = 1.6 x 103N/m, ks = 0.9 x 105N /m
Friction coefficient w=0.04

Backlash b= 0.05mm

The relative displacements by the proposed model and Ref. [1] (see Fig. are
almost the same. It illustrates that the proposed model and the model in Ref. [1]
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Fig. 3.2: Relative angular displacement comparison between two methods

can be considered as the same in dynamic performance with a small error range.
Note that Liu’s Model in Fig. 3.2l means the model in Ref. [1]]. Although the friction
models are slightly different, the validation still supports the correctness of our

model to some degree.

3.3.2 Dynamic responses under deterministic driving speed and

stochastic load

In this section, a numerical example is studied with two external excitations:

deterministic driving speed and stochastic load. This assumption might be

reasonable for certain occasions, e.g., the engine is in quite good condition and

assembled advanced speed control equipment. Here, the randomness in 6,(t) is

negligible. The dynamic responses are obtained by Matlab after solving single
degree of freedom ODE using the Runge-Kutta method [101].

The stochastic load is set in Eq. (3.23) with r, = 2500:

T(t) = 500 + 50 cos(100t) + &,(t)

(3.23)

In order to study the effects of 6,(t) on dynamic characteristics, a coefficient
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is introduced in the speed equation to adjust its amplitude.

Five cases with \; = {0.5, 0.75, 1, 1.25, 1.5} will be compared and other
parameters will be the same. The driving speed is formulated as:

0,(t) = A1 [800 + 80 cos(100t 4 7/2) + 20 cos(80t 4 7/2)] (3.24)

With initial condition 6,(t = 0) = 0, the examples of 6,(t;) and 6,(t;) can be
obtained correspondingly.

0,(t;) = A1 [0p(ti—1) + 800At 4 0.8 cos(100¢) — 0.8 cos(100t;_1) (3.25)
0.2 cos(80t) — 0.2 cos(80t;_y )] '
6,(t:) = A1 [—8000sin(100t; + 7/2) — 1600 sin(80t; + 7/2)] (3.26)
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The responses described in Fig. are deterministic, which means ¢ has a
unique value at arbitrary time point. We know that the responses of a gear model
become random due to the stochastic load. Fig. and Fig. show two
realizations of , and § with A, = 1, respectively. From Fig. the rotation speed
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0, has significant periodicity. The modulated sinusoidal waves are not smooth and

contain disturbance. But the difference between the two realizations is very small.

In Fig. the relative displacement ¢ shows its quasi sinusoidal property.
However, the disturbances are much greater than that in 6,. The difference in the
amplitude of 6 among the two curves is easy to find which is only caused by the
stochastic load.

Probability method is the most common approach to study the uncertainty.
Other approaches include interval method, fuzzy method and so on [102].
To obtain the responses of a gear model under stochastic load by the probability
methods, researchers usually focus on getting the statistical characteristics of the
responses, such as, mean, variance, and PDF . In some applications,
such as fatigue prediction and reliability, actual PDF is needed [105].

Enough samples are obtained through MC method to obtain a reasonable
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accuracy. According to the statistical analysis on responses of five cases of \
(A1 € {0.5,0.75,1,1.15,1.5}), five instantaneous PDFs under different relative
velocities are shown in Fig. Note that the relative velocity, denoted 5, is the first
derivation of §. The standard deviations of the five cases from \; = 0.5to \; = 1.5
are 1.4458 x 107°, 1.5137 x 1075, 1.2578 x 1077, 1.6283 x 107>, and 1.5987 x 1075,
respectively. It is found that, at t = 0.2 s, the driving speed with \; = 1 leads
to the lowest dispersion in responses among the five cases. Thus, the variation of
amplitude in 6, affects the dispersion of response.

3.3.3 Dynamic responses under stochastic driving speed and s-
tochastic load

In this section, the stochastic 6, is considered while 6, is considered as deterministic

in the previous section. This assumption might be suitable on some occasions, for
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example, the crankshaft of engine has deflection [106] or fouled spark plugs have
excessive carbon deposits [60].

The load is simulated using Eq. (3.23) and the driving speed is simulated using
Eq. (3.17). Thus, 6,(t) is set in the form of Eq. (3.27) with r, = 25:

6,(t) = 800 + 80 cos(100t + 7/2) + 20 cos(80t + 7/2) + & (1) (3.27)

Compare Eq. (3.27) with Eq. (3.24) (A, = 1), the only difference is the random
term &;(¢). Thus, the gear model is now excited by two stochastic excitations (T
and 6,(t)).

Fig. presents the two instantaneous PDFs with two profiles of the driving
speed at 0.2s. Keep everything else the same, the two profiles of the driving speed
are only distinct in the stochastic term. From Fig. the difference of PDFs
is only caused by the stochastic term in the driving speed. It is clearly shown
that the responses excited by stochastic driving speed has more dispersion than
those excited by deterministic driving speed. Although the ratio of the uncertainty
(5/800 = 0.625%) is quite small, the variance of responses under the stochastic

driving speed case is larger than that under the deterministic driving speed case.

The standard derivations of § under two driving speed profiles are shown in
Fig. Fig. 3.7/ further illustrates that the large variance caused by the stochastic
driving speed is not by accident. During the period (0 to 0.4 s), the standard
deviation of § obtained by stochastic driving speed is always greater (about twice
greater) than that obtained by deterministic driving speed.

3.3.4 Load and driving speed coupled effects

In this section, we will focus on the coupled effects of load and driving speed
on dynamic characteristics. The two excitations are coupled and some nonlinear
factors (e.g., friction) are involved in the gear dynamic modelling. The following
paragraphs aim to analyze their coupled effects on the dynamic characteristics

from two aspects: parametric sensitivity and chaotic analysis.

First, the parametric sensitivity of load and driving speed on dynamic charac-

teristics worth the effort to explore. Define two sensitivity parameters 7; and 7, for
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driving speed and load, respectively. The expressions of 7; and 7, are shown as
Eq. (3.28) and Eq. (3.29), respectively. Note that 71 and r, are defined in Eq. (3.16).

VI (3.28)

_ (3.29)

Keep the mean values E(f,) and F(T) invariant and adjust the values of r; and
ro to change the values of 7; and 7,. Table summarizes the standard deviation
of § under different 7, and 7,. According to Table the standard deviation of
0 increases with the increase of 7, and 7. Fig. and Fig. demonstrate the
results of the standard derivation of § with the varying of n; and 1, respectively. It
can be seen that the slope in Fig. [3.8|is greater than that in Fig. It is proven that
the standard derivation of § increases more with the variation in ;. Alternatively,
the average increase rates, denoted «; and ks, are different (see Egs.

for definition).

<4,2>  <1,3>
<il> <4,2>

( ) (3.30)

1
/{1:6

IIMw

1 <2,1> <3,z’>
IEZ ) (3.31)

<1l,1> <2,i>

where x; and k, are the average increase rates of the driving speed and load,
respectively. < i,j > represents the element in ith row and jth column in Table
without counting the header.

Table 3.4: Standard derivation of § under different n; and 7

T
7o 0.5% 0.65% 0.8%

0.5%  1.0655 x 107 2.0038 x 10~> 3.7009 x 10~°
0.65% 1.0715x 107> 2.1316 x 1075 4.3268 x 107°

0.8%  1.1444 x 107> 2.4168 x 1075 4.5109 x 107°
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Under the same 7, the average increasing rate x5 is 1.09. For the same 7, the
average increase rate x; is 1.97. Thus, the standard deviation of § is more sensitive
to the increasing of 7. It is concluded that the same increment ratio in the variance
of the driving speed causes a larger increase in the variance of responses than that
of load. It means that the randomness in the 6,(t) has a more significant effects
on gear systems than that in T. To some degree, the randomness in the 6,(¢) may
cause more vibration and failure. The control of its randomness is more important

in real applications.

Fig. describes the phase diagram (§ — ¢ relationship) with the driving
speed defined in Eq. . It should be noticed that § and 4 are the mean value
of the total samples. Recalling the phase diagram in Ref. [23], the orbit § — ¢ in
the phase portrait is non-smooth and non-periodic with the consideration of the
driving speed as an excitation. This chaotic oscillation can be intuitively observed
in Fig. This phenomenon could be affected by the coupling of the stochastic

driving speed and stochastic load.
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It is known that dispersion and chaos in dynamic responses cause more noise
and failure. Therefore, controlling the randomness in the engine is quite important.
Especially, reducing the same ratio of randomness in the driving speed leads to a
greater decrease in potential failure than that of load. More attention needs to be
paid to the randomness in the driving speed. Furthermore, regular inspection of

the engine is expected to reduce the randomness in the load and driving speed.

3.4 Conclusion

In this study, a gear stochastic dynamic model for a spur gear pair considering
TVMS, gear mesh damping, backlash, friction, and stochastic load is established.
In addition, the driving speed (including deterministic or stochastic) is modeled
in the gear dynamic model. The dynamic responses of this model are investigated

using numerical simulation and compared with previous work.

Some insightful conclusions are demonstrated as follows:

(a) the established model is more realistic by considering the randomness in the

driving speed and load compared with the existing models,

(b) under the same stochastic load, the amplitude of the deterministic driving

speed affects the responses’ rotational motion, vibration, and dispersion,

(c) under the same stochastic load, a small ratio of randomness in the driving

speed will greatly increase the dispersion in responses,

(d) the dispersion in responses is more sensitive to the uncertainty in the driving
speed than that of load.

The proposed gear dynamic model and numerical results can be used as a

useful tool to investigate the gear random dynamics due to the following reasons.

(@) The proposed gear dynamic model considers TVMS, backlash, sliding fric-
tion, driving speed, and stochastic external load. It is more realistic than the
existing works (refer to Table that did not consider the driving speed as
an external stochastic excitation. Thus, the proposed model can be used to

investigate the gear random dynamics and gear diagnosis [107] [108]],
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(b) Our work investigates the effects of stochastic driving speed variation on
gear dynamic characteristics under stochastic load for the first time. Thus,
our work provides a method how to analyze a gear dynamic model with
multiple stochastic elements (e.g., stochastic driving speed and stochastic
load). It can be a reference for other researches about gear dynamic model

with multiple stochastic elements,

(c) In our work, some insightful conclusions are summarized by simulation
results using MC method. These conclusions are important for the gear

random dynamics study.

Future works include design lab experiments to validate our numerical find-
ings. The influence on the gear dynamic characteristics from other types of

engine (e.g., electric engine) will be modeled and investigated.

In summary, on top of the work reported in Chapter 2} this chapter addressed
the additional external factor of driving speed. Under stochastic load, the external
driving speed is modeled as a Fourier series combined with Gaussian white
noise. Therefore, the stochastic feature of the driving speed can be modeled well.
Then, the coupling effects on gear dynamic characteristics from multiple stochastic
excitations were studied. By MC simulation, some insightful conclusions can be
obtained. As an extension of the work of Chapter [2, the proposed model in this
chapter can demonstrate the real gear systems well. This study broadens the way
of thinking in gear stochastic dynamics and provides a reference for engineers to

choose proper engine together with its controller.



Approximate Analytical Solution
considering Stochastic Load and a
Stochastic Internal Factor

For the previous two chapters, the stochastic internal factor (friction) and external
factors (load and driving speed) have been studied in gear dynamic models.
To investigate the dynamic characteristics of gear systems, the proposed gear
dynamic models are solved by numerical method in Chapter 2| and Chapter
However, the calculation cost of the numerical method is large, especially for the
models under stochastic excitations. The cost may not be acceptable in reality.
In addition, the stochastic behavior of the internal factors may depend on gear
velocity and/or displacement, which will cause the dynamic equations to be
difficult to solve. Thus, an efficient solving technique is needed to solve such
stochastic model. In this chapterl, we consider the gear dynamic model under
stochastic load with treating one of the internal factors as stochastic. Then, an

efficient method is proposed in this chapter, and thus, an approximate analytical

'The work of this chapter has been accepted or submitted for peer review as follows:
Y. Fang, M. ]. Zuo, and Y. Li, “Efficient analytical method to obtain the responses of a gear model
with stochastic load and stochastic friction,” in Proceeding of the 6th International Conference on
Mechanical Engineering, Materials Science and Civil Engineering (ICMEMSCE), Xiamen, China, Dec.
21-22,2018. 7 pages (USB).
Y. Fang, X. Liang, and M. J. Zuo, “Approximate analytical solution to a spur gear model with
stochastic excitations,” Journal of Mechanical Science and Technology. Submitted on Oct. 28, 2018.
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solution can be obtained under the considered gear model. In the proposed
method, a transformation of the original dynamic equation is introduced first
so that the reported Path integration (PI) method can be adopted to obtain a
tentative analytical solution. Then, a modification function obtained by supervised
learning method is applied to the tentative analytical solution to obtain the final
approximate analytical solution of the formulated dynamic equation. A case study
based on the model in Chapter 2| is used to validate the proposed method and
demonstrate its efficiency. Compared to Monte Carlo (MC) method, our proposed
method can achieve similar accuracy responses of the gear model but with much

smaller time complexity.

4,1 Introduction

Due to the unique technique advantages, gears are one of the most widely adopted
mechanical parts. The research about dynamics and vibrations of gear systems
is significant important to the development of mechanical theory [27]. Models
adopted in gear dynamics under deterministic domain have been investigated in
decades. However, stochastic load is one of the main sources of gear vibration and
noise in reality [24]. Several researchers considered stochastic load in gear system
dynamic modeling. The speed-dependent stochastic errors in spur gear pair model
was considered in [32]. Theodossiades and Natsiavas [39] introduced a gear model
under stochastic load with transmission error, backlash, and periodic gear mesh
stiffness. Yang et al. [44] investigated a gear dynamic model with Gaussian white
noise under constant mesh stiffness and constant damping coefficient. Wen et
al. [5] studied a gear pair under stochastic load with the consideration of backlash,
TVMS, and constant damping coefficient. Imaouchen et al. [109] proposed a
new way for gear diagnosis when considering the varying of load. In [77], the
characteristics of transmission error and vibration of broken tooth contact were

investigated with the varying of load.

Based on the well-developed probabilistic theory, statistical methods are main-
ly used in obtaining the responses of a gear system under stochastic load (i.e. solv-
ing the corresponding dynamic equations). They include statistical linearization
method [63], stochastic averaging method [64], Runge Kutta-Monte Carlo method,
PImethod also called cell mapping [66], [67], and statistical Newmark method [68]].
For simplicity, we abbreviate Runge Kutta-Monte Carlo method as MC method. To
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obtain the responses of a gear model under stochastic load by statistical methods,
researchers usually focus on getting the statistical characteristics of the responses,
such as, mean, variance, and probability density function (PDF) [110]. Wei et al. [2]
reviewed the main ideas and statistical characteristics of each statistical method as
shown in Table

Table 4.1: Statistical methods and their characteristics [2]]

Name Characteristics

Statistical It provides the variance of responses by approximat-
linearization ing the original nonlinear system to a linear system
method with the minimum error.

Stochastic aver-

It derives an approximate analytical solution (i.e.,

aging method PDF) to small damping nonlinear system by trans-
forming the time varying parameters in a system to
time invariant parameters.

MC method It provides PDF with high accuracy by using nu-

merical simulation to generate a number of response
samples.

Path integration
method

It gives analytical expression of the PDF by assuming
transition PDF within a short time interval as
Gaussian distribution.

Statistical New-
mark method

It derives mean and variance of responses by utilizing
the recursive equation of each discrete time point.

To demonstrate the responses of a gear system, there are two kinds of forms,
namely, analytical expression or numerical solutions (i.e., statistical analysis of
responses samples) [2]. About the methods in Table some methods, such
as stochastic averaging method and PI method, are to obtain the analytical
expression. However, the methods including MC method and Statistical Newmark
method are to obtain the numerical solutions. Obtaining numerical solutions is
costly since a great number of samples are required for reasonable accuracy [91].
By contrast, it would save much time if we could get the approximate analytical
solution [12]. We focus on obtaining the approximate analytical solution in this

work.

Several researchers have explored the analytical solution to a gear dynamic

model under stochastic load. Sato [70] studied the analytical solution of a gear
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system under stochastic load with consideration of transmission error and TVMS.
Naess et al. [67] derived the analytical solution to a gear system considering
constant stiffness, constant damping coefficient, and backlash under the excitation
of white noise. Wen et al. [5] obtained the analytical solution to a gear system con-
sidering constant damping coefficient, TVMS, and backlash under the combination
of deterministic load and white noise. All these models considered the internal
factors of a gear system (e.g., backlash, TVMS, and damping) as deterministic
while the external load is stochastic.

In reality, many internal factors of a gear system have random variations and
they affect the system’s dynamic behavior greatly [111]. Lu et al. [45] studied the
influence of stochastic perturbations of damping ratio and backlash on dynamic
behaviors of gear systems. Handschuh [46] and Inalpolat et at. [47] investigated
the impact of random spacing errors on transmission error and root stresses of a
spur gear pair. Friction, as a main cause of vibration on gear system’s transient
state, was first introduced to a gear pair model under stochastic load in [23] [112].
Therefore, stochastic internal factor should be considered when modeling gear

systems.

Current methods can solve a gear model with deterministic internal factors
(e.g., TVMS, backlash, damping ratio, etc.) under stochastic load. However, a
gear model with one of the internal factors dependent on gear velocity and/or
displacement under stochastic load cannot be solved by these methods [74]. Since
the load is stochastic, the gear velocity and/or displacement is stochastic and so
does this internal factor. The commonly used numerical algorithms, such as the
MC method, require a large amount of calculation time to solve such a gear model.
Thus, it is desirable to develop a method to derive analytical solutions to such a

model if possible.

In this work, we propose a method to derive an approximate analytical solution
for a gear dynamic model under stochastic load with treating one of the internal
factors as stochastic. The major contributions of this work are summarized as
follows.

1. The gear dynamic model under stochastic load with treating one of the
internal factors as stochastic is considered. In addition, the stochastic internal
factor may dependent on gear velocity and/or displacement. Under this
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model, the corresponding dynamic equations are derived.

2. A method is proposed to derive an approximate analytical solution of the
dynamic equations. In the proposed method, a transformation of the original
dynamic equations is introduced first so that PI method can be adopted to
obtain a tentative analytical solution. Then, a modification function which is
obtained by supervised learning method is applied to the tentative analytical
solution to obtain the final approximate analytical solution of the formulated

dynamic equation.

3. A case study is presented to validate the proposed method. The simula-
tion results show that our proposed method can achieve similar accuracy
responses of the gear model compared with MC method. In addition, the
efficiency analysis is conducted. It shows that our proposed method cost

much less time compared with MC method.

The remaining parts of this chapter are organized as follows. The general gear
model considering an internal stochastic factor and stochastic load is introduced in
Section[4.2] Section[4.3|gives the procedure of obtaining the approximate analytical
solution by the proposed method. The proposed approximate analytical solution
is validated by MC simulation and the evaluation of accuracy and efficiency for the
proposed method are investigated in Section4.4] Section [4.5/draws conclusions.

4.2 Problem description

The objectives of this section are to present a gear model and describe the
challenges of solving such a model. An existing gear model which could be
solved by the current PI method is introduced in Section All the internal
factors including TVMS, backlash, and damping coefficient in this model are
deterministic. In Section[4.2.2} we give a more general gear model under stochastic
load with one of the internal factors being stochastic. This kind of model
considering a stochastic internal factor is more realistic than the existing model
in Section 4.2.1]

4.2.1 An existing gear model

A classic gear model for a spur gear pair is reported in [5] and shown in Fig.
Note that only the torsional motion of gears is considered. Its dynamic model is



Chapter 4. Approximate Analytical Solution considering Stochastic Load and a
Stochastic Internal Factor 95

formulated in Eq. @.1).
T+ ct + kg(x) = f(t) 4.1)

where z, @, and # represent the relative angular displacement, the relative
angular velocity, and the relative angular acceleration, respectively, £ denotes the
equivalent TVMS as shown in Fig. c denotes the damping coefficient which
is considered as a constant, and g(x) is the function of backlash (see Fig. [2.3). In
addition, we have

T =01 Ry — 02 R (4.2)

where 0; and R, are the angular displacement and the base circle radius of gear
i € {1,2}, respectively.

The external load f(t) is modeled as a combination of a constant deterministic
part fy, a periodical deterministic part f; cos(yt), and a random part £(¢) [5]. About
the random part, it is generally set to a Gaussian white noise. Therefore, the
expressions of the external load are given as follows.

f(t) = fo+ ficos(pt) +&(t) (4.3)
E(&(t) =0 (4.4)
EE)E(t+ 1) =rO(7) (4.5)

where ¢ is a constant frequency, ¢t denotes time, r is the variance of the random
part £(t), and ©(7) is the Dirac Delta function.

4.2.2 A more general gear model

Except for stochastic load, we consider an internal stochastic factor in our gear
system model. This work focuses on the case that this stochastic internal factor is
dependent on gear velocity and/or displacement. The general model is defined
as:

&4 Gi(z, &, t)t + Go(z, &, t)x = f(1) (4.6)

where Gy(z,1,t) and Go(z,,t) are the coefficients of the velocity term and the
displacement term, respectively, and f(¢) is defined in Eq. (4.3). One thing worthy
to mention is that G (z, #,t) and G;(z, ©, t) depend on = and/or &. The dependency
of the coefficients on the velocity term and/or displacement term makes Eq.
hard to solve. In this study, we will propose an approach to deal with the following
three scenarios:
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1. Stochastic G;(z,#,t) and deterministic G(t), e.g., damping coefficient is
stochastic in Eq. (4.1).

2. Stochastic Go(z,,t) and deterministic G1(t), e.g., gear mesh stiffness or
backlash is stochastic in Eq. (4.1).

3. Stochastic G, (z, #,t) and stochastic G (x, &, t), where G (z, ,t) = CGy(x, T,t)
and C'is deterministic, e.g., the model considers stochastic friction. This case
will be explained as an example in Section [4.4]

There is no doubt that our proposed method can solve models with stochastic
parametric excitations, namely, G; and G are independent of x and #. The
proposed method does not restrict the type of randomness involved in the gear
systems. For example, this stochastic internal factor can follow the Normal
distribution or another distribution.

4.3 The proposed method

For lots of applications (e.g., fatigue prediction, reliability analysis, etc.) an
accurate PDF (i.e., tentative analytical solution) of the dynamic model is needed
[36] [105]. In this work, we focus on the solving methods to obtain the approximate
analytical solution of the stochastic differential equation (SDE) Eq. (#.6). PI
method, which can obtain the analytical solution of the differential equation Eq.
(@.1), is the foundation of our proposed method. Other techniques including
probability density evolution method (PDEM) [113] and Wiener path integral
technique [114] can also be adopted to obtain the analytical solution of Eq.
(4.1). However, these methods would not be considered in this work due to the
following reasons. First, from Eq. , the coefficients G; and G5 depend on
x and 7 in our model, and thus, these methods are not feasible to solve Eq.
directly. Second, compared to the PI method, these methods are more complicated.

The objective of this section is to give the details of the proposed method. The

basic idea of the proposed method contains the following two steps:

1. Obtain tentative analytical solution.

We first introduce a method to transform the SDE Eq. (4.6) into a form that
can be solved by PI method. Then, we derive a tentative analytical solution
using PI method.
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2. Adjust results by adding a modification function.

Due to the previous transformation, errors may be brought into the tentative
analytical solution, and thus, a modification function is applied to adjust
the tentative analytical solution. Supervised learning is used to obtain the

modification function.

Section introduces the processes of deriving the tentative analytical
solution by PI method. The modification function which is used to adjust the
tentative analytical solution is given in Section In Sections 3.3, we summarize

the whole procedure of the proposed method.

4.3.1 Tentative analytical solution

The objective of this section is to derive the tentative analytical solution of the SDE
Eq. by PI method. The main idea of P method is introduced in Section4.3.1.1}
In Section we propose the method to transform Eq. to a form which
can be solve by PI method. Section gives the general tentative analytical
solution obtained by PI method.

4.3.1.1 Main idea of PI method

PI method is a practical method to capture the PDF evolution in time. PI method
can give an analytical solution to the differential equation Eq. (4.I). Several
researchers have explored the PI method. Sun and Hsu [73] assumed that the
transition process within a short time interval was a Gaussian diffusion process.
Naess et al. [66] studied response statistics of nonlinear oscillators excited by white
noise using PI method. Kylolu et al. [72] applied Pl method to study a single degree
of freedom (SDOF) oscillator subject to Gaussian and Poisson random excitations.
Kougioumtzoglou et al. [115] developed an improved PI method to obtain the

failure probability of nonlinear SDOF dynamic systems.

Assuming that the transition process follows the Gaussian distribution, the
PDF of the differential equation’s response can be calculated by doing integration
in a finite phase plane space [36]. The equation of = and & can be expressed as Itd’s

form in a matrix format, which is given as

dX(t) = A[X, t]dt + B[X,t|dW (t) (4.7)
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where X represents the 2-element vector [z, ©| at each time point ¢, A[X, ¢] denotes
the 2-element drift vector at each time point ¢, B[X, ] is the diffusion matrix with
dimension 2 x 2, and W(t) is the 2-element vector of standard Wiener vector

process [5].

Based on the basic idea of PI method, the corresponding PDF (i.e., analytical
solution) of X; = [xy,, 44,] is derived [116]:

p(Xiyts) = [ a(Xe, 13| X1, tio1) X (X1, tio1)dXiy (4.8)

where p(X;, t;) denotes the PDF of X; at time ¢;, i represents the ith discrete time
point, R is the integration region, and ¢(X;,;|X;_1,%;—1) denotes the transit PDF
from X;_; to X;. The expression of ¢(X;, ;| X;_1,t;_1) is given in Eq. (4.9).

1 _—E

q(Xi, 64| X1, t-1) = e201-ri%) (4.9)

(X ) i VT2

where
= el i) | G 410)
Lt O1,t;92,t; 92,1,
(0} )
pi= — (4.11)
01,t;02,,

where p; represents the correlation between xz;, and @, 1+, and o, are the mean
and the standard deviation (st.d) of z;,, respectively, 12, and o5, are the mean and
the standard deviation (st.d) of #,,, respectively, and o1, denotes the covariance

of z;, and ;. In addition, we have

p<X07 tO) =1 exp {_ (5‘5’50_“1»%)2 _ (ito_tho)Q} (4.12)

27ra'1,t00'2’t0 201,,50 202,t0

where p(Xy, to) represents the PDF of X at initial time ¢.

Starting from this point, we omit the subscript ¢; in x;,, &,, 1+, and o;,, for
simplicity. We need to keep in mind that z, &, pi, ps, 01, 02, and o012 have the

implicit information with regard to time.

4.3.1.2 Transformation of the gear dynamic equation

Since the SDE Eq. cannot be solved by PI method directly, a transformation
method is proposed in this section. In PI method, it requires all the coefficients in
the left hand of the differential equation to be deterministic. Thus, the key problem
is to transform the stochastic coefficients of Eq. to be deterministic. The details
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of the transformation are given as follows.

According to the superposition principle, it is assumed that the deterministic
part of load, denoted f(t) = fo + fi cos(¢t), excites the deterministic part of (t)
and (t), while the stochastic part of the load, denoted (), excites the stochastic
part of z(t) and i(t). To solve Eq. (4.6), we first consider:

x(t) = m(t) + fu(t) (4.13)
L(t) = pa(t) + fo(2) (4.14)
Gi(z,@,t) = Mg, (t) + G1(t) (4.15)
Gao(z, &, 1) = Ay (t) + Ga(t) (4.16)

where 4i;(t) and pi2(t) are the deterministic part of z(¢) and i (t), respectively, ji;(¢)
and fiy(t) are the stochastic part of x(t) and #(¢), respectively, A, (t) and Ag, (t) are
the deterministic part of G, (x, ,t) and Gy(z, 4, t), respectively, G, (t) and G(t) are
the stochastic part of G;(z, &,t) and G(x, <, t), respectively.

If we do not consider the stochastic part of the load, we can get Eq. (4.17).
i+ Gy(x, i, )7 + Go(x, &, ) = f(t) (4.17)

Then, we can obtain z(¢) and #(t) (denotes as () and po(t)) by solving Eq.
(4.17), which are deterministic. Therefore, G1(pu1(t), u2(t)) and Ga(ui(t), pua(t))

can be obtained. In this case, \g, () and A, (f) can be obtained as Ag, (t) =
G1(pa(t), p2(t)) and Ag, (1) = Ga(pa (1), pa(t)).

Utilizing Gy (111, po) and Ga(p, p2) to replace Gy(z, ¢, t) and Gy(x, &,t), respec-
tively, an approximated equation of Eq. is given as,

i+ A, (0T + Mg, (H)z = (1) (4.18)

In Eq. , the coefficients are deterministic except for the load, and thus, it
can be solved by the PI method according to the description and the limitations of
the PI method (refer to Section [4.3.1.1). The solution of Eq. is our tentative
analytical solution. We call it tentative analytical solution because we ignored
G (t) and Gs(t) in Eq. . The tentative analytical solution will be further
adjusted to be more accurate later.
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In the next section, the method to derive the tentative analytical solution will
be given. In addition, a case study to obtain the tentative analytical solution will
be given in Section [4.4.1]

4.3.1.3 Derivation of the tentative analytical solution

The objective of this section is to show the procedure of obtaining the tentative

analytical solution by PI method.

In order to obtain p(X;, t;), we need to solve Egs. first. Correspond-
ingly, we need to obtain the expressions for i, ji2, 01, 02, and o12. Since the mean
of the stochastic term of f(t) is zero, the solution of Eq. could be obtained as
p1 and po. Then, the remaining problem is to obtain o4, 09, and 05.

Due to the existence of backlash, the obtained o;, 05, and o2 can be classified
into two categories, namely, with tooth contact or not. If the backlash value (i.e.,
g(z)) equals to zero in Fig. there is no tooth contact. Otherwise, there is a tooth
contact. Therefore, we will talk about the derivation process of o, 03, and o1
according to the two categories. Here, 01, 09, and 042 describe the uncertainties in
the gear dynamic responses. Recalling Eq. (4.17)), we know that these uncertainties
are caused by the random term £(¢) in f(¢).

(1) with tooth contact (G5 # 0)
In this part, the approximate analytical solution is for the case g(z) # 0.

We suppose that f(¢) in Eq. (4.18) is equal to ©(t), where ©(t) is the Dirac Delta
function. Under the excitation of O(t), there is an impulse function h,(t) which

satisfies Eq. (4.19).
Phalt)  dhal)
dt? @ at

For ¢ > 0, we suppose that the initial condition is A4/ (0") = v and h,(0") = 0,

+ g, =0 (4.19)

where v = Rblvél) — RbQU(()Q) is the relative initial velocity and véi),i € {1,2} is the
initial mean velocity of gear i. Note that R;; and R, are defined in Eq. .
The mean of the gear initial relative angular displacement is 0. Then, the general
solution of the homogeneous equation Eq. can be obtained as

hao(t) = %eat sin(Bt) (4.20)
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where \
G1
= — 4.21
a=-% @21)
4ha, — N,
p= BT (4.22)
Then, the autocorrelation function of f(t), denoted ¢/(¢, s), is derived as
¢55(t,5)
= E[f{)f(s)] (4.23)

= 2+ fofi(cos(ps) + cos(pt)) + ficos?(pt) + GoO(t — s)
where Gy = 27r. The auto covariance function of f(t), denoted K (¢, s), is derived
as

Kip(t,s) = ¢pp(t,s) — E[f(OIE[f(s)] = GoO(t — ) (4.24)
The auto covariance function of the relative displacement z, denoted K. (¢1,t2),
is derived as

Kop(th, 1) = ffooo f,oooo Kgp(s1,52)he(ti — s1)hy(ta — s2)dsidsy (4.25)
According to the expression of Kf(t,s) and h,(s), The following equation is
obtained.
Kpa(ti, 1) = gl (el =2~ L cos [B (1 — ta)] + Bsin 8]ty — ta]}
—eo‘(“*t?){—# cos [B (t1 — t2)] + avcos [B (t1 + t2)] + Bsin [B (¢ + t2)]}

Let K,;(t1,t2) denote the auto covariance function of the relative angular

displacement z and the relative angular velocity . Due to K,;(t1,t3) = M%gl’”),

(4.26)

K,;:(t1,t2) can be derived as

Kai(th, t2)
— %f{_ea\h—tﬂg sin [6|t1 _ t2H (427)

—ea(“*t?){—g sin [ (t1 — to)] — cos [B (t1 — t2)] + cos [B (t1 + t2)]}}

Let K;;(t1,t2) denote the auto covariance function of the relative angular
o 82sz(t1,t2)

velocity #. Due to K;;(t1,t2) = R K;;(t1,t2) can be derived as
K;i(t,t2)
= Sor {—eali=t2laBsin [Blty — to]
_ea‘t17t2|/82 CcOS [6|t1 _ t2|] (4.28)

—e(ti2){ (a2 4 %) cos [ (t — t2)]
—afsin B (t +to)] + a?cos[B (1, + t2)]}}
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Let t; = t; = At, and then, we can obtain the corresponding variances:

o2 = G (—/B—2 — 62‘““(—# + accos(26At) + Bsin(28At))) (4.29)

46%(a?+4?) a
2
019 = le[;; A1 — cos(2BAt)] (4.30)
03 = f;)gz {B% — el x [a? + B% + afBsin(2BAt) — a? cos(26At)]} (4.31)

Note that o7 and o3 are the variances of x and #, respectively, and o1, is the

covariance of x and z.
(2) without tooth contact (G5 = 0)

In this part, the approximate analytical solution is for the case g(z) = 0.
Therefore, the differential equation is given as:

&4+ Gio = f(t) (4.32)
By eliminating the stochastic term of f(¢), we can obtain the following equation.

i+ Gii = f(t) (4.33)
Then, )¢, is obtained by solving Eq. .

The following equation is obtained by replacing G with ¢, in Eq. (4.32)
i+ Ay i = f(t) (4.34)

Similar to solving Eq. (4.19), the general solution of the homogeneous equation
Eq. lb denoted h{”)(t), can be derived as

hO(t) = = (1— e®t) (4.35)

a2

where a, = c\; and v is the mean of initial velocity.

Similar to the procedures of the case with tooth contact, we can obtain the

corresponding variances:

Gov? 1 /3 1
2 0 —as At —ag At
At — — | = —2e —e 2 4.
o a3 < az (2 ‘ " 26 ))) (436
GOU —a 1 —2a9A
O10 = 2 {5 — e WA 4 € 2a2 t} (4.37)
Gov?
02 = 0 (1 — g2mAt) (4.38)

2@2
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4.3.2 Updated approximate analytical solution

Due to the transformation in Section the obtained tentative analytical
solution is not the accurate solution of Eq. (4.6). Therefore, the objective of this
section is to derive the modification function and then apply it to the tentative
analytical solution to obtain the approximate solution of Eq. (4.6). A case study to
obtain the modification function will be given in Section

Generally, the exact analytical solution of Eq. is hard to derive. However,
numerical responses (i.e., samples) can be obtained by MC method. Then, we can
also generate samples by the obtained tentative analytical solution. Therefore,
we can find a modification function to demonstrate the rule of errors according
to the samples obtained by MC method and the tentative analytical solution.
A supervised learning algorithm is applied to obtain the modification function.
Finally, we adjust the tentative analytical solution by the modification function
and then obtain the final PDF. The obtained final PDF is called the approximate
analytical solution (i.e., PDF) of the SDE Eq. (4.6).

To obtain the responses of x and #, the procedure of conducting MC method

can be summarized as:

1. Generate Ny (number of samples) load profiles using Eq. (#.3). Note that
the value of N,¢ is obtained based on the following rule. With the increase
of the number of samples, the PDF will become steady. Thus, the number of
samples V)¢ is selected such that the PDF becomes stable.

2. Substitute each load to Eq. and solve it using differential equation solver
(odel5s) in Matlab (Runge-Kutta).

3. Obtain N)c samples of responses corresponding to the Ny, load profiles.

Supervised learning is used to find a mapping between a set of input samples
and the corresponding output and this mapping is then applied to predict the
outputs under other input data [117]. The samples obtained by the tentative
analytical solution would be the input samples (also called PI results) and the
samples obtained by MC method would be the corresponding output (also called
MC results). We define the input samples and the corresponding output as x (t)
and ( (t), respectively. Then, we try to seek a function n(t) : x () — ((t). Note
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that 7(t) is a t-correlation function. To evaluate 7(t), the risk function ¢ is defined
O -10x ), w39

as [118]: t
o / 40

To get a proper n(t), the value of ¢ should be minimized. There are two

basic methods for getting the expression of 7(t), empirical risk minimization [119]
and structural risk minimization [120]. Empirical risk minimization method has
the disadvantage of overfitting when the training data set is not sufficiently
large. For structural risk minimization, the algorithm tries to avoid overfitting
by introducing a regularization penalty. It prefers to find a simpler 7(t) over
a complex one to prevent overfitting [121]. In this work, the structural risk
minimization method is adopted as the number of training data is limited.

Hence, the learning algorithm is to find 7(¢) that minimizes ¢ + xQ (1), where
x could control the bias-variance tradeoff and () () is the regularization penalty
which is used to avoid overfitting. The appropriate x can be obtained by cross
validation. The detailed information about the learning algorithm can be found
in [122].

There are many supervised learning algorithms, including support vector
machines [123]- [125]], linear regression [126], nonlinear regression [127], neural

networks [128] and so on. In this study, we choose nonlinear regression.

Therefore, the procedure of obtaining 7(¢) is summarized as follows [129]

1. Define the average error function

2. Find the type of 7(t) by analyzing the properties between the input samples
and corresponding output

3. Define 7(t) and the regularization penalty Q(n)
4. Choose the bias-variance tradeoff «

5. Minimize ¢ + k(@) (1) using the steepest descent method [130]

According to the obtained modification function 7(t), the modified PI results

can be obtained:
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G2(t) = oa(t)na(t) (4.41)
12(t) = o12(t)m2(t) (4.42)

where 71(t), d2(t), and 712(t) are the modified values of o(t), oo(t), and o12(t),
respectively, and 7,(t), 72(t), and 7,2(t) are the corresponding modification func-
tions. Updating oy(t), 02(t), and o2(¢) in Egs. by &1(t), do(t), and
712(t) respectively, the improved PDF expressions of x and & with a high accuracy
are obtained. Therefore, the improved PDF expressions of x and & is called the
approximate analytical solution to Eq. (4.6). The validation of this modification
will be demonstrated in Section

4.3.3 Summary of procedure

We summary the proposed method in Fig. which contain the following five
steps.

1. Replace the stochastic load in the dynamic equation by deterministic load
and then solve the dynamic equations (see Eq. (4.17))

2. Replace Gi(z, &,t) and Gy(z, 2, t) by Ag, (t) and Ag, (t), respectively
3. Derive 0,(t), 02(t), 012(t) by PI method

4. Use MC results as training data and find out a proper 7(¢) by nonlinear

regression

5. Update tentative analytical solution by 7(t) according to Eqgs. (4.40)-(4.42)

4.4 Validation and evaluation

In this section, a gear model considering damping, TVMS, backlash, and friction is
introduced. In this model, both the load and the friction (i.e., the single stochastic
internal factor) are stochastic. In this section, we use this case (i.e. obtaining the
approximate analytical solution of the introduced model) as an example to explain
our proposed method. This case is the most complex case among the three cases
mentioned in Section [£.2.2] Other cases can also follow the same procedure to
obtain the approximate analytical solution.
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Fig. 4.1: The overview of our proposed method

In order to validate the proposed method, the comparison will be made
between the results from the proposed method and the MC method. This
validation is performed in Section Section evaluates the accuracy and
efficiency of the proposed method.

The parameters of the gear system used in this validation are from [75] and
friction coefficient 1 is set to be a constant 0.04. For the stochastic load in Eq. (4.3),
the parameters are set as fo = 2 x 10%, f; =2 x 10%, p = 100, and r = 2 x 10°.

4.4.1 A gear model used to validate the proposed method

This section contains three parts. First, a gear model used in validation is
introduced and the tentative analytical solution of this model is derived. Then,
gear parameters are substituted to the gear model, and thus, the modification
function is obtained. Finally, the approximate analytical solution is obtained by
updating the tentative analytical solution using the modification function.
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The considered model in this section is formulated as [23]:
Ji6y, =T, — FRy — Fr X, (4.43)

Joby =Ty + F Ry + F; X, (4.44)

where J;, T;, X;, and R,; are the moment of inertia, external torque, arm length of
friction, and base circle of gear ¢ € {1, 2}, respectively, F' represents the total force

between the contact teeth, F is the sliding friction.

Simplify Eq. (443 4.44), and then, a normalized equation is obtained and
shown as
i+ cL(6, p, 1)@ + kL(61, 1, t)g(z) = f(1) (4.45)

where ¢ and k are defined in Eq. (4.1)), 6, is defined in Eq. (4.2), i represents the
friction coefficient, and L(6,, i, t) is a function which is caused by friction. The
expression of L(6;, j1,t) can be obtained as Eq. (4.46)) [23].

L6y, p,t) = x1 + 1 (x261 + x3) (4.46)

where x;(j = 1,2,3) relates to gear design parameters. Note that x;(j = 1,2,3)

and y can be considered as constant.

From Eq. (4.46), we can see that L(6,, i, t) depends on 6. Since 6, is stochastic
because of f(t) given in Eq. (4.3), L(6:, u1, t) is also stochastic.

By considering the deterministic part of the load, Eq. (4.47) is obtained.
i+ cLi + kLg(x) = f(t) (4.47)

Then, = (considered as ;) and & (considered as pi2) can be obtained by solving
Eq. 1) Note that, according to Eq. , él and 92 can be obtained according to
the obtained z.

After that, we get A/ (t) as expressed in Eq. (4.48) by substituting 6, to Eq. (4.46).
AL(t) =x1+p (xQél + X3> (4.48)
Eq. (4.49) is obtained by replacing L(61, i1, t) by AL(t) in Eq. (4.45).

F 4 eAp(t)d + kAL(t)g(z) = £(t) (4.49)
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Based on this transformation, all parameters in Eq. (4.49) become deterministic
except for load, which could be solved by PI method now.

Backlash is adopted the same as Fig. [2.3] where

x — b, xr>0b
g(z) = 0, —b<x<bh (4.50)
x+ 0, xr < —b

For the case that g(z) # 0, the system equation is shown in Eq. (4.49). Under

the excitation of ©(t), there is an impulse function h,(t) which satisfies Eq. (4.51).
P (t) dh,(t)
The general solution to the homogeneous equation Eq. (4.51) is same as Eq.

(4.20), where
e (x)

a=-= (4.52)
VAkAL (@) — (Ar)?
8= : (4.53)
Then, 0, 03, and 0y, under g(x) # 0 can be obtained by Eqs. (4.2914.31).
For the system with g(z) = 0, the differential equation is:
Z+ cL(by, p,t)E = f(t) (4.54)
By eliminating the random term of f(¢) in Eq. (4.54), we have
i+ eL(0y, p,t)i = f(t) (4.55)

Then, we can obtain the results by solving Eq. (4.55). By substituting the
obtained results to Eq. (4.48), we can obtain \;(z). The following equation is

obtained by replacing L(6;, u, ) to Az (z) in Eq. (4.54).
i+ ep(x)d = f(t) (4.56)

The general solution to the homogeneous equation Eq. (4.56) is the same as Eq.
1i where ay = c\ (x) and v represents the mean of initial velocity.
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In the case of g(z) = 0, 01, 02, and o1, can be obtained by Eq. (4.3614.38).

Based on Section a modification to j1, p2, 01, 02, and o135 should be taken.
The modification function 7(t) is based on the results of MC method and the
tentative analytical solution. For different cases, 7(t) may have different forms,
such as polynomial function, exponential function, and so on. Therefore, it is
important to analyze the properties of the responses so that an appropriate form
for 7)(t) can be obtained. The gear parameters given at the beginning of Section
are used for simulation. Fig. gives a sample of responses = under stochastic
load. From this figure, we can see z fluctuates greatly at the beginning, but the
fluctuation amplitude decreases until a stable state. The system is considered as
stable when the amplitude of x has a small variation. In this simulation, the system
is considered as stable under the applied stochastic load after 2.5s based on Fig.
The data under the stable state are used in the following calculation.

I
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Fig. 4.2: An example of responses x
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In Fig. 4.3|(a) and (b), 111 and p» between [0.35, 0.4] s are compared, respectively.
It is concluded that the mean of responses by PI method is almost the same as the

result by MC method. Thus, for the gear parameters used in this work, there is
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Fig. 4.3: Comparison between PI and MC in mean value of (a) z and (b) ¢

no need to adjust the mean values (;; and p2) and only o4, 02, and o4, need to be
adjusted.

In the following, o, is used as an example to obtain its modification function
using nonlinear regression algorithm (the procedure is similar for oy and 0y2). The
data obtained between [0.25, 0.3] s is used as the training data as the system is
considered as stable in this period. The data of o, obtained by PI method and MC
method between [0.25, 0.3] s is given in Fig. It is easy to find that the PI results
and the MC results of 0, have the property of periodicity. Both of them have the
same period and the period is 7" as shown in Fig.

Therefore, 1(t) is also a periodic function and it is defined as

g

where N is a positive integer which represents the number of periods and ¢ (¢) is

t

N

n(t) (457)

),te[(N—l)T,NT]
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Fig. 4.4: The training data

defined as Eq. (4.58).

b(t) = { 7 (1+ s?n(wt)) t €10,7,,)] (4.58)
Yo(1 + sin(wt)) t € [T, T]

where 7, 72, and w are target coefficients, and 7;,, = 0.0015s is obtained according

to Fig. 4.5

Then, the regularization penalty needs to be obtained. The regularization
penalty usually has one of the following forms, Ly, norm which is the number of
non-zero v; (the weights of 7(t)), L1 norm which is the absolute-value norm of ~;,
and L, norm which is the squared Euclidean norm of 7;. In this part, L; norm is

used to define the regularization penalty as did in [120]. It is given as:

mm:%m+@@‘”) (4.59)

By applying the steepest descent method [131], coefficients v, 72, and w of
n(t) are obtained to minimize the error ¢ + () () based on the training data. Up
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Fig. 4.5: The periodicity of o9

to now, the function 7(t) is obtained. Then, the expression of o, obtained by PI
method during [0.35, 0.4] s is adjusted using Eq. (4.41). It means the value of o,

using our proposed method can be obtained.

Similarly, the expression of ¢y and o, are obtained by obtaining the corre-
sponding 7)(t). After getting the values of oy, 05, and oy, solutions in Eqs. (4.814.11)
are updated.

4.4.2 Validation of the solution

The objective of this section is to validate the solution generated by the proposed
method. The gear model described in Section is used for the validation.

To preliminarily evaluate the performance of our updated solution, o5 obtained
by MC method and our proposed method during the period [0.35, 0.4] s are
compared. The result is shown in Fig. Fig. shows that the values of o,
calculated by the proposed method are very close to the values obtained by MC
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Fig. 4.6: The testing data

method.

The instantaneous marginal PDF of = and & at 0.39s are shown in Fig. [4.7]
Despite there’s a slight distinct in st. d by MC method and the proposed method
(shown in Fig. [4.6), the PDFs of the two methods are very close in Fig. £.7. This
agreement validates the approximate analytical solution which is obtained by the
proposed method is accurate.

The joint PDFs of x and i under different methods are shown in Fig. It
illustrates the joint PDFs of = and ¢ at ¢t = 0.76s. It is observed that the joint PDF
from the proposed method agrees well with that from the MC method.

4.4.3 Evaluation of the proposed method

In the previous section, we have qualitatively compared our proposed method
with MC method. This section will quantitatively assess the performance of
the proposed method. Accuracy evaluation will be done in Section and
efficiency evaluation will be conducted in Section[4.4.3.2]
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Fig. 4.8: Joint distribution at 0.76 s: (a) proposed method, (b) MC method

4.4.3.1 Accuracy evaluation

Accuracy evaluation aims to quantify the errors generated by the proposed
method comparing with MC method. Risk function defined in Eq. can be
used to quantify the errors, but it is not easy to obtain. In practical, it is common
to use the following definition to represent the average error between 5, (st. d of ©
by the proposed method) and ¢7¢ (st. d of i obtained by MC method).
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N ~ . /-

L [5205) — 03"90)]

E=— : x 100% (4.60)
M z; a3"°(j)

where M is the number of time points and j represents a time point. Eq. can

be also used to calculate the average error of 11, 112, and ;.

Using responses in [0.35, 0.4] s as an example, the average errors of i, o,
71, and 7, between two methods are 9.2%, 2.25%, 7.19%, and 5.28%, respectively.
These errors are all less than 10%, which is acceptable in some degree.

4.4.3.2 Efficiency evaluation

In this section, the objective is to explain the efficiency gain using the proposed
method.

To solve the formulated problem, we propose an improved PI method. It is
based on MC simulation. But, only a limited number of samples are needed to
be generated by the MC method for our learning procedure, which can greatly
save computation time compared with the traditional MC method. The detailed
analysis about the efficiency is given as follows.

Suppose H is the total computational cost for single simulation under stochastic
load (e.g. generate one sample of x(t) in Fig. 4.2), H, is the time cost by solving
the equation under deterministic load (obtaining /1 and y2), H, is the time cost by
obtaining a learning sample by MC method (H, < H), and N,, denotes the sample
number. Table gives the total computational cost comparison between MC
method and the proposed method. The numbers in Table 4.2 give the time cost for
obtaining approximate analytical solution from [0, 1.6] s by the proposed method
and MC method (one sample by MC method is shown in Fig. [£.2), respectively. In
our simulation, we have H = 671.368s, H; = 11.3s, Hy, = 125.284s, and N,,, = 100.

Table 4.2: The total computational cost comparison

The computational cost
MC method H x N, 67136.8s

Proposed H, + Hy x N, 12539.7s
method
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From Table 4.2} the proposed method saves 81.3% (i.e., (1 — 12539.7/67136.8) x
100%) computational cost. We can see the proposed method greatly increases the
calculation efficiency compared to MC method. In addition, once the modification
function is obtained, it can be applied to the following responses. Therefore, with
the increasing of simulation length of gear system, our proposed method could

save more time in calculation.

4,5 Conclusion

This work proposes an approximate analytical solution to a spur gear dynamic
model with stochastic load and one additional stochastic internal factor. A
tentative analytical solution is derived using PI method and then updated using
a supervised learning algorithm. A case study taking friction as an example of
the additional stochastic element is used to validate our proposed method. The
dynamic responses of this model are investigated using our proposed method
and then compared with MC results. The analysis results demonstrate that (a)
the proposed method can deal with the gear model with stochastic load and a
stochastic internal factor. Especially, the proposed method can handle the internal
factor that is dependent on gear velocity and/or displacement. (b) although the
proposed method loses a bit accuracy comparing with MC method, it greatly
increases the calculation efficiency. Future works may consider the method to
obtain a more accuracy modification function. Therefore, the proposed method

in this chapter can obtain a more accuracy solution.

In summary, to investigate the dynamic characteristics of gear systems, the
time cost is large when obtaining the simulation results in Chapter 2|and Chapter
It is because the large time complexity of numerical methods, which are
adopted to solve gear dynamic models under stochastic excitations. To address
this problem, this chapter proposed an efficient method to obtain approximate
analytical solution to a gear model under stochastic load with one stochastic
internal factor. The model in Chapter 2] was also taken as an example to
demonstrate the efficiency and accuracy of the proposed method. Focusing on the
two main aspects of this thesis (i.e., modeling and solving), this chapter proposed
an efficient method to solve gear dynamic models under stochastic excitations
which made this thesis more complete in the study of gear dynamics.



Summary and Future work

This chapter summarizes the contributions of this thesis and describes some
problems that remain to be addressed.

5.1 Contributions of Thesis

Lumped parameter modeling (LPM) has been widely used in the dynamic model-
ing of gear systems. The understanding of dynamic characteristics of a gear system
considering stochastic internal and external excitations helps the development in
the design and effective tools of condition monitoring of a gear system. This
study aims to simulate and investigate the dynamic characteristics of a gear
system, which are affected by stochastic internal and external excitations. The
contributions of this thesis are summarized in three categories, which are given

in the next three sections.

5.1.1 Effects of friction on gear dynamic characteristics
The main objective of this topic as documented in Chapter 2|is to investigate the

effects of friction and stochastic load on gear systems’ transient characteristics.

In this thesis, a single degree of freedom (SDOF) nonlinear dynamic model of a
spur gear pair is developed based on the model reported in [5]. TVMS, backlash,
sliding friction, and stochastic load are considered in our model. Friction is the first
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time introduced to a gear dynamic model under stochastic load. The validation is
done by comparing with the result reported in [50], which considered the model

of a spur gear pair under deterministic load considering TVMS and backlash.

To analyze the dynamic characteristics of the proposed model, this topic gives
the numerical simulation results. Six cases of the friction coefficient values are
used and responses are compared with one another. The dynamic model of gear
systems is solved by Runge-Kutta method. The statistical characteristics of gear
response are obtained by MC method.

The analysis results demonstrate that (a) the established SDOF gear dynamic
model is more realistic than reported models which did not consider friction,
(b) under the same friction coefficient value, the stochastic load generates longer
duration in the transient state and higher fluctuation in the steady state compared
with those under deterministic load, (c) under stochastic load, the gear system
has different transient stability under different friction coefficients. The case
with friction generates higher dispersion of relative angular displacement in the
transient state and lower dispersion in the steady state compared with those of the

case without friction.

This analysis gives us better understanding on the effects of stochastic load and
friction on the gear dynamic characteristics. The proposed gear dynamic model
and numerical results can be used as a reliable tool to investigate the gear random

dynamics.

In summary, a gear stochastic dynamic model for a spur gear pair is established
in this topic. Friction is introduced in the model under stochastic load for the
first time. Therefore, the proposed model is more realistic than reported models.
The model proposed in this topic is then improved by the work in Chapter
In addition, considering the model in this chapter, an efficient method is
proposed in Chapter 4] to solve this model. This topic, as the pioneer of the whole
thesis, explores the history of the development of gear dynamics and laid a firm
foundation of the following studies.
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5.1.2 Effects of driving speed on gear dynamic characteristics

In this topic, as documented in chapter |3, a stochastic nonlinear gear dynamic
model is presented. Due to manufacturing error, energy loss, possible change
of the engine status, and variation of operating environment, the driving speed
and external load are not deterministic in the future. Thus, under the presented
model, the effects of the driving speed variation (including deterministic or
stochastic driving speed) on gear dynamic characteristics under stochastic load
are investigated for the first time. MC method is applied to analyze the dynamic
characteristics focusing on the effects caused by driving speed coupled with

stochastic load.

Some insightful conclusions are obtained based on the simulation results. It
shows that the random element of the driving speed affects the gear response
a lot which should not be ignored. Under the stochastic load, a small ratio of
randomness in driving speed greatly increases the dispersion in responses. In
addition, the dispersion in responses is more sensitive to the uncertainty of the

driving speed than that of the load.

In summary, an improved gear model based on the model in Chapter [2| is
proposed in this topic. It explores one more external excitation (i.e., driving speed),
which is an improvement in gear dynamic modeling. Therefore, the stochastic
features of real gear systems can be well modelled by our proposed gear model.
Considering the two main aspects of this thesis (i.e., modeling and solving of gear
systems), the works in Chapter 2/ and Chapter 3 make the dynamic modeling of

gear systems more realistic.

5.1.3 Approximate analytical solution to a gear model with treat-
ing one internal factor as stochastic

Researchers have considered stochastic load and deterministic internal factors
such as damping and TVMS in gear system dynamic models. In this topic, as
documented in Chapter 4, we treat one of the internal factors as stochastic which
is more realistic. The stochastic behavior of this internal factor may depend on
gear velocity and/or displacement, which will cause the dynamic equations to be
difficult to solve. The main objective of this topic is to propose a method to obtain

the approximate analytical solution for a gear pair model under stochastic load
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considering one stochastic internal factor.

A transformation of the original dynamic equation is introduced so that the
reported PI method can be used to obtain a tentative analytical solution. Then,
we propose a method to improve the accuracy of the tentative analytical solution
as follows. It is based on MC simulation. However, only a limited number
of samples are needed to be generated by the MC simulation. A supervised
learning algorithm is then used to establish the relationship between the tentative
analytical solution obtained by PI method and the responses obtained by MC
method in order to obtain a modification function. The modification function
is applied to the tentative analytical solution to obtain more accurate solution
of the system dynamic equations considering the load and an internal factor as
stochastic. A case study is presented to validate the proposed approach and
demonstrate its efficiency. Compared to the numerical methods, our proposed
method can achieve similar accuracy responses of the gear model but with much

smaller time complexity.

In summary, different from the works in Chapter 2| and Chapter 3, this
topic focuses on the other aspect of this thesis (i.e., the solving techniques of
gear models). When dealing with the proposed dynamic models in Chapter
and Chapter 3, the simulation takes a lot of time due to the large time
complexity of numerical methods, which are adopted to solve gear models under
stochastic excitations. Thus, this work proposes an efficient method to solve gear
dynamic models with stochastic excitations involved. By the proposed method,
an approximate analytical solution of the considered dynamic gear model can be
derived. This method can be used but not limited to solve the gear dynamic model
in Chapter 2| It can be widely adopted for gear dynamic models under stochastic

load with one additional stochastic internal excitation.

5.2 Directions for Future Work

Although this thesis improves the modeling and solving techniques of gear
models, there are still some problems that need to be further addressed. Based
on the scope of this dissertation, the following three perspectives are suggested for

future consideration.
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These three perspectives are corresponding to the contents in Section [1.2 which
are modeling, solution, and dynamic characteristics, respectively. The following
three sections are listed as potential topics regarding to the three perspectives. The
exploring of the gear stochastic and nonlinear dynamics are not only limited to

these three listed examples.

5.2.1 Modeling and influence analysis of a chaotic load on gear
dynamics

The assumption of external load to be Gaussian white noise maybe not proper in
some machines, e.g. ships, mining machines, wind turbines, etc.. Under these
machines, the load profile is quite complicated and the load varies greatly [132]-
[135]. For wind turbines, their driven chain loads are generated by wind speed.
The relationship between the load and wind speed is positive correlation, but
has no fixed pattern [136]. The generated load cannot be expressed as analytical
expression using probabilistic method. Thus, it is necessary to develop a reliable
non-probabilistic load model to represent the load profiles of wind turbines.

A chaotic load model will be first introduced to a gear dynamic model. A
SDOF nonlinear dynamic model of a spur gear pair is developed based on the
model reported in [49]. TVMS, backlash, sliding friction, and chaotic load are
considered in our model. This model is the same as Chapter 2| except load. The
main objective of this topic is to investigate a chaotic load model and its effects on

system’s dynamic characteristics.

A generator of variable load of wind turbines will be proposed according to
Ref. [136]. The procedures of this topic are stated as:

1. The model for generation of wind speed is designed by the Weierstrass

function.

2. The rotational speed of the main shaft is proposed as a function of the wind
speed value. The function depends on a few parameters that are fitted by

using a genetic algorithm.

3. The model of the torque of the main shaft is introduced. Chaotic load will be
generated by a multi-layer artificial neural network [63] and an open source

wind speed and energy data will be adopted for validation.
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4. The dynamic model of gear systems is solved by Runge-Kutta method. The

chaotic characteristics of gear response are analyzed by Poincaré map.

This way of generating load can be extended other realistic cases by using
different study samples. The proposed chaotic load model and numerical results

can improve the gear condition monitoring and fault diagnosis [137].

5.2.2 Gear dynamic modelling considering variable mass

Several studies have shown the great effects of the stochastic internal excitations on
the dynamic characteristics of gear systems [138]. Guerine et al. [135] considered
mass and moment of inertia as random variables with Gaussian white noise on
a one stage gear system. Abo et al. [139] investigated the variability in gear
design parameters and operational conditions. Therefore, it is necessary to take the
uncertainties of internal excitations into account. Variable moment of the inertia

(or variable mass) will be considered with friction and stochastic load.

Stochastic averaging method, which is an efficient tool for obtaining stationary
responses of ODEs, is used in some literature. When the PDF of the dynamic
system’s responses varies within a certain small range of time, the response is
called stationary response and the system is in steady state. The response before
reaching the steady state is called transient response. Qiao et al. [140] studied
a variable-mass duffing oscillator with mass disturbance, which is modeled as

Gaussian white noise.

Although stochastic averaging method can deal with stochastic variable-mass
systems, the coupling of stochastic mass and friction is still a big problem. Proper
treatment on the friction is the key to solve this problem.

5.2.3 Stability analysis using Lyapunov exponent

There are several versions of stability definitions [141]], among which the asymp-
totic stability with probability one is widely adopted. In recent years, based on
the Oseledec multiplicative ergodic theorem [142], there is a trend to analyze the
asymptotic Lyapunov stability with probability one through evaluating the largest
Lyapunov exponent of the system. Therefore, it is possible for us to study the

effects of stochastic internal and external excitations on the asymptotic stability.
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It has been known that the stability shows a great effects on actual situations,
and the consequence will be disastrous once the stability of a system is destroyed.
Hence, stochastic stability, as one of the most fundamental characteristics of
nonlinear stochastic dynamics, has been extensively studied.

Here, the stability refers to the stability of the solutions, where the solutions
denote the mean and standard deviation of displacement or velocity in my work.
If the solutions under a certain initial condition stay near the equilibrium point
forever, then it is called stable (or Lyapunov stable). If the solutions under a certain
initial condition converge to equilibrium point, then it is called asymptotically
stable. Fig. shows the solutions of a dynamic system under different initial
conditions [143]]. Fig.[5.1(a) approaches to an equilibrium point while Fig. 5.1(b)
does not.

(a) (b)
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0.1
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t t

Fig. 5.1: Sample of solutions with different initial condition a) stable b) unstable

Thus, itis necessary to investigate the stability of a spur gear model considering
variable moment of inertia and friction under stochastic load. Stochastic averaging
method will be applied to a such model and an adjustment will be done. Stochastic

stability will be studied by Lyapunov exponent [143].

With the future extension, we envision that these advanced models can be used
to the gear health diagnosis area. With the better understanding of the mechanism
in gear dynamics, engineers can have better strategies in gear design phase. This
will bring more benefits in the extension of gear systems’ potential useful life.
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