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ABSTRACT

In the past few decades, the electro-mechanical power-trains (EMPTs) are being
used to replace the conventional power-trains in a few transportations, such as
“More Electric Aircraft” and “Hybrid Electric Vehicle”, to improve the energy
efficiency and reduce greenhouse emissions. In the EMPTs, the electrical
components such as electric machines, power electronics, controllers, and
batteries are introduced. To accommodate these new components, the new

power-train configurations are also involved.

Due to the new components and new configurations, the application of the
EMPTs gets a few challenges, including: (1) the nonlinear dynamics in the
power-trains have not been sufficiently investigated, resulting in a limitation of
the design optimization formulations that can reduce the vibration and noise
levels in the power-trains; (2) the electro-mechanical interactions in an EMPT
are not fully understood, especially the reflection of the vibration signature onto
the stator current of electric machines. Therefore, the stator current has so far
not been effectively utilized to analyze the dynamics and monitor the health of
the EMPTs; and (3) modeling of the EMPTs is challenging and time consuming
due to a large variation in the modeling strategies with respect to an EMPT’s
configuration and the intended research application. In other words, there is a
lack of a modeling strategy that could be applicable to various types of the

EMPTs and be implemented with relative ease.



To deal with the before mentioned challenges of the EMPTs, this doctoral
research presents a study of the nonlinear dynamics involving gear rattle and
electro-mechanical interactions in the power-trains, whose dynamic models
were built based on a systematic co-simulation strategy developed for the
EMPTs in the study. The key contributions of this doctoral research are as

follows,

1. A systematic co-simulation modeling strategy, which utilizes the extensive
model libraries of block diagrams (such as MATLAB/SIMULINK), multi-body
system (such as SIMPACK), bond graph (such as 20-SIM), and finite element
analysis (such as ANSYS and ANSOFT), is proposed to model the EMPTs of
various configurations for different research applications. Compared with the
existing modeling methods, the proposed co-simulation strategy is applicable to
various types of EMPTs and at the same time allows for accurate models to be

described with relative ease.

2. The nonlinear dynamics of the power-train having a gearbox during the
occurrence of gear rattle was studied by developing a new analytical
formulation. The formulation evaluated the level of vibrations and noise emitted
during gear rattle by a gearbox with given parameters and therefore can serve as
a guideline for gearbox design to reduce the rattle noise concern. This design
guideline can help in reducing the time and capital in redesigning and
remanufacturing a gearbox, which often result in selection of gearboxes for

automotive transmissions due to the excessive vibration and gear rattle.

II



3. The electro-mechanical interactions were investigated by evaluating the
transfer function from the gearbox vibration to the stator current of the electric
machines. Using this investigation’s result, a novel condition health monitoring
method based on the resonance residual technique is proposed for the EMPTs
through the measured stator current. Compared with the existing condition
health monitoring methods, this new method is shown to be more sensitive to

the incipient faults in the EMPTs.

Keywords: Electro-mechanical power-train; Co-simulation; Nonlinear dynamics
analysis; Electro-mechanical interaction; Gear rattle; Condition health

monitoring; Resonance residual method
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Motivation

The electro-mechanical power-trains (EMPTs), also referred to as hybrid
power-trains, are now utilized to replace the conventional power-trains in many
transportation applications such as more electric aircrafts, hybrid electric

vehicles and hybrid electric ships [1-3], as shown in Figure 1.1 and Figure 1.2.

3 Primary % Pr:m/{y'\

L »5 I controls

R -
Secondary gy
controls

Yy Engine - i i . y
! t ' P- i
SYSIEms . ) Reduced engine bleed
: Environment :‘\\‘b\,\.
P N

control _-. Local hydraulic source

Figure 1.2 Hybrid electric vehicle (Toyota, Prius II) [2]



Chapter 1 Introduction

In the conventional power-trains, there are purely mechanical components.
However, the EMPTs include additional electrical components such as electric
machines, power electronics, controllers, and batteries [1, 4]. These electrical
components can decouple the power generation stage from the power
consuming stage in the power-trains, enabling the engine to always run at an
optimized speed with high energy efficiency [5-7]. As a result, high fuel
efficiency can be achieved in EMPTs during the whole operating period,

reducing the air pollutant emissions.

The new components and new configurations in the power-trains will change
the original dynamics and performance, raising a few concerns: (1) comfort
should be delivered to the users, for example the vibration and noise level
should be reduced as much as possible; (2) safety of the power-train should be
guaranteed and always monitored properly; and (3) the power-train should be

modeled properly to do dynamics investigation.

1.2 Problem Statement

To deal with the concerns on the application of the EMPTs, there still face a few
challenges, i.e., (1) modeling of the EMPTs is time consuming and requires
significant effort due to the variation in the modeling strategy with respect to
the EMPTs’ configuration and the intended investigation applications. There is
a lack of model development methods which allows for overall electro-
mechanical modeling capability and offer a high modeling efficiency in terms
of required effort and accuracy; (2) the nonlinear dynamics in the power-trains

have not been sufficiently investigated, resulting in a lack of the design

2



Chapter 1 Introduction

optimization knowledge, for example, sizing of gearboxes that may reduce the
vibration and noise in the power-trains; and (3) the electro-mechanical
interactions have not been fully investigated, especially the reflection of the
torsional vibration signatures onto the stator current of electric machines. As a
result, the stator current has not been effectively utilized to analyze the

dynamics and carry out health monitoring of the EMPTs.

1.3 Research Objectives

The proposed doctoral research described in this document focuses on
investigating the nonlinear dynamics of the EMPTs and the electro-mechanical
interactions inside EMPTs, which can be used to optimize the system
performance as well as to monitor their health conditions. A systematic co-
simulation strategy will be proposed as well to help people to develop an EMPT
model quickly with easy effort. To achieve these goals, the following specific

tasks have been met:

1. Development of a systematic co-simulation strategy for the EMPTSs, which

allows for modeling overall EMPTSs with high accuracy that can be applied to

different types of configuration

To ease the efforts of modeling the EMPTSs with various configurations and for
different research purposes, a systematic co-simulation strategy is presented
where a graphical user interface to develop block diagram models (such as
MATLAB/ SIMULINK) is used as the platform along with other modeling

techniques integrated to build highly accurate models for the EMPTs. The
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integrated modeling techniques include multi-body system (such as
SIMPACK), bond graph (such as 20-SIM), and finite element analysis (such as
ANSOFT and ANSYS). This modeling strategy has high efficiency in terms of

required effort and achieved accuracy that is applicable to any EMPTs.

2. Exploration of the nonlinear dynamics of the power-trains to optimize their

dynamic performance

The nonlinear dynamics inside the power-trains can cause a few concerns, for
example, excessive vibration and noise. A typical nonlinear phenomenon for the
gearbox-based power-trains is the gear rattle occurrence. Therefore, the
nonlinear dynamics during the gear rattle is explored. To reduce the gear rattle
excited vibration and noise, the important gear parameters’ effect on the gear
rattle noise level is analytically evaluated, which can provide a guideline for the
gearbox design optimization. This evaluation method has been verified by the
simulation result from a dynamic model built in SIMPACK and by the previous

published experimental results.

3. Investigation of the electro-mechanical interactions, based on which to

propose a novel condition health monitoring technique for the EMPTs

The electro-mechanical interactions in the EMPTs enable to reveal the
mechanical dynamics via electrical signature, and vice versa. An important
application of this feature is to monitor the health condition of the power-trains
based on motor current signature analysis (MCSA). Therefore, a transfer

function between the vibration signature and the stator current of the electric
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machine is built to investigate the interaction problem. With the analyzed result,
a novel condition health monitoring (CHM) method is developed for the
gearbox based on the resonance residual technique through MCSA. Compared
with the conventional CHM methods, the proposed method is more sensitive to

the incipient gearbox faults.

4. Design of an EMPT experimental testbed and verify the proposed novel

CHM technique

To verify the developed model for the EMPTs as well as the proposed CHM
method based on the resonance residual technique, a reconfigurable testbed has
been designed and built at Mechatronics Laboratory in Nanyang Technological
University. Four different power-train configurations can be achieved in this
testbed. Several types of sensors are integrated into the testbed to acquire
enough dynamics of the EMPTs, including current, voltage, speed, vibration,
and torque. Finally, the developed model and the proposed CHM method are

verified based on the experimental results under various operating conditions.

1.4 Key Contributions

Three key contributions have been made in this project, which are as follows:

1. A systematic co-simulation strategy, which utilizes the extensive model
libraries available for block diagram development in MATLAB/SIMULINK,
multi-body dynamics SIMPACK, bond graph development 20-SIM, and finite
element analysis ANSYS and ANSOFT has been proposed to model the EMPTs

of various configurations for different research applications. Compared with the
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existing modeling methods, the proposed co-simulation strategy is applicable to
different EMPTs configurations and at the same time provides high modeling

accuracy.

2. The nonlinear dynamics of a gear-based power-train during the gear rattle
occurrence was investigated by developing a new analytical formulation. This
analytical formulation is based on simplifying the gearbox model to a single
DOF model, solving its motion equations, and deriving the RMS of the
unloaded gear acceleration, which is proportional to the gear rattle noise level.
With this technique, the effect of the important gear parameters on the gear
rattle vibration and noise level can be evaluated and a design guideline is
provided to reduce the rattle noise in a gearbox. Compared with the
conventional evaluation methods, the new method needs less time and less
capital cost will be spent in manufacturing and installing the gearbox as well. A
journal manuscript based on this work will soon be submitted to International
Journal of Automotive Technology. A conference paper focusing on effect of
different frictional factors on the gear rattle has been published in ISCIE/ASME

2014 International Symposium on Flexible Automation (ISFA 2014).

3. The electro-mechanical interactions were investigated through analytical
evaluation of transfer function between the gearbox torsional vibration and the
stator current of the electric machines. With this investigation, a novel condition
health monitoring method based on the resonance residual technique is
proposed for the EMPTs through the measured stator current. Compared with

the existing condition health monitoring methods, this new method is more
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sensitive to incipient faults in an EMPT. A preliminary investigation of electro-
mechanical interactions through simulations were reported in 2012 ASME
Dynamic Systems and Control Conference (DSCC 2012). The analytical basis
of resonance residual technique for stator current analysis was presented in the
2014 IEEE/ASME International Conference on Advanced Intelligent
Mechatronics (AIM 2014). Based on the simulation and experimental
investigation, the novel resonance residual technique was developed and

accepted for publication in IEEE Transactions on Industrial Electronics.

1.5 Organization of the Report

In this chapter, the motivation, problem statement, research objectives and key
original contribution of the proposed research to develop models for the EMPTs,
to explore their nonlinear dynamics, as well as to investigate the electro-

mechanical interaction are described.

Chapter two provides the literature review in the area of the modeling,
dynamics analysis, and CHM of the power-trains. The characteristics of the
mechanical and electrical components as well as the overall configurations of
the power transmissions are explored. Then, three typical modeling strategies
for EMPTs are reviewed and compared. Finally, the typical faults of the EMPTs

as well as the corresponding fault detection approaches are reviewed.

Chapter three proposes a systematic co-simulation strategy to model the EMPTs
with various configurations and for varied investigation applications. A general

description of this modeling strategy is provided to give the readers an overall
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broad scope of investigation. Several different co-simulation case studies are

presented to illustrate the implementation of this strategy clearly.

Chapter four develops an analytical evaluation method for the gear tooth rattle
impact to investigate the contribution of the gear parameters on the impact.
First, a dynamic model is developed for a typical transmission to describe the
gear rattle dynamics. Then based on the built model, an analytical solution to
obtain RMS of gear acceleration during the rattle impact is derived. Since, this
RMS acceleration value is proportional to the rattling noise, the proposed
analytical evaluation method is capable of investigating the gear parameters’
effect on the rattle noise level, including backlash, meshing stiffness, inertia and
meshing damping factor of the gearbox. To verify the proposed analytical
evaluation method, a MBS dynamic model is developed for a typical
transmission in SIMPACK. Comparing the analytical and dynamic simulation
analysis, it can be found that the proposed analytical method can effectively
predict the influence of gear parameters on the rattle noise. Moreover the
predicted result is also in agreement with previously conducted experimental
results from other researchers. Thus, the proposed evaluation method provides a
simple guideline that can be used to optimize the gearbox parameters to reduce
the gear rattle noise level. A journal manuscript based on this work is currently
under review for publication in International Journal of Automotive
Technology. A conference paper focusing on effect of different frictional
factors on the gear rattle has been published in ISCIE/ASME 2014 International

Symposium on Flexible Automation (ISFA 2014).
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Chapter five first introduces the configurations and the components of a
configurable EMPT experimental testbed. A dynamic model for a typical EMPT
is built to explore the dynamic response under both the healthy and faulty
gearbox conditions. Then, the transfer functions between the PMSM stator
current response and planetary gearbox vibration are investigated, based on
which a CHM method relied on the resonance residual technique is developed.
Finally, the proposed CHM method is shown to be more sensitive and effective
compared to the existing conventional methods through both simulation and
experiments. A preliminary investigation of electro-mechanical interactions
through simulations were reported in 2012 ASME Dynamic Systems and
Control Conference (DSCC 2012) DSCC. The analytical basis of resonance
residual technique for stator current analysis was presented in the 2014
IEEE/ASME International Conference on Advanced Intelligent Mechatronics
(AIM 2014). Based on the simulation and experimental investigation, the novel
resonance residual technique was written as a journal paper which has been

accepted for publication in IEEE Transactions on Industrial Electronics.

Finally, chapter six provides the concluding remarks and future work of the

research.
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A typical power-train comprises of the power generation, power transmission,
and power consumption. According to the configuration, power-trains can be
divided into conventional or electro-mechanical power-trains (EMPTs).
Compared to the conventional power-trains, the EMPTs can offer significant
benefits in terms of higher energy efficiency and easier control performance.
However, the dynamic features of the electrical components are different from
the mechanical components making it challenging to build a reliable accurate
dynamic response model for the analysis of EMPT. A high fidelity model for
the EMPT can assist in nonlinear dynamics analysis and exploration of electro-
mechanical interactions. Therefore, the overall configurations and the individual
components of the power transmissions are reviewed in Section 2.1. Three
typical modeling strategies for the EMPTs are reviewed in Section 2.2. Finally,
the typical fault types in the EMPTs and the existing condition health

monitoring (CHM) approaches are reviewed in Section 2.3.

2.1 Power Transmission Systems

In this section, the configurations of the conventional power-trains and the
EMPTs are presented and compared. The features of the typical mechanical and

electrical components in the power-trains are reviewed as well.
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2.1.1 Conventional power-trains

The conventional power-trains have been around for a while and used in several
applications, where the mechanical power from the prime mover is transmitted
to the load through an assembly of mechanical components. The typical
mechanical components include internal combustion engine (ICE), transmission

shaft, gearbox and bearing.

2.1.1.1 Overall configuration

The conventional power-train in a typical vehicle is used as an example to
illustrate its configuration, where it is made up of the ICE, clutch, transmission,
propeller shaft, final drive and wheels [5] (Figure 2.1). The ICE provides
mechanical power to drive the overall power-train. Speed reduction and torque
increase are implemented inside the transmission through different types of
gears and gear-sets. However, the conventional power-trains can provide a low
energy efficiency due to the facts [6] such as: 1) The ICE has an optimal speed
where the highest efficiency can be achieved. However, the practical vehicle
driving condition is time-varying, 2) To meet certain driving conditions such as
acceleration and climbing, an ICE with a much larger size has to be used in the
vehicle, which can reduce the power-trains’ efficiency and vehicle’s dynamics,
3) Due to frictional losses, significant energy is wasted as heat when the vehicle

is under braking.

2.1.1.2 Internal combustion engine

The ICE converts the chemical energy into mechanical energy. According to the

ICE configuration, it can be divided into the reciprocating engine, rotary engine,

11
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and continuous engine [8, 9]. The reciprocating engine consists of two-stroke
engine, four-stroke engine, six-stroke engine, and so forth. The continuous

combustion engine comprises of the gas turbine.

0000

ICE

Transmission

Drive
Shaft

Figure 2.1 Schematic of the conventional power-train of a typical vehicle [5]

Rod

Figure 2.2 Diagram of a four-cylinder four-stroke engine
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Reciprocating engines (e.g. Figure 2.2) have a high power-to-weight ratio with
excellent fuel energy density and they are widely used in the vehicles and
marine vessels. The gas turbines can provide a very large power as well and can
be found in airplanes and huge marine vessels. Among reciprocating engines,
the diesel engine has the highest thermal efficiency due to a high compression

ratio. Some diesel engines can have a thermal efficiency over 50 percent.

Dynamics of an internal combustion engine

In a diesel engine, the generated torque can be controlled through calibration
with fuel index to drive the shaft. A dynamic model for the diesel engine is
introduced in [10], where its dynamic is divided into two parts: energy
conversion and crankshaft dynamics. The dynamics of energy conversion

relates the generated torque and the fuel index by the transfer function

ky,(1+ Ak, )e™™ Y(s) on

I+7,-s

T, (s)=

where T,,, is the generated torque, 7 is the manifold to power time delay, Y is
the fuel index, ky is the gain constant, and 7, is the time constant. Afterwards,
the crankshaft dynamics is obtained from Newton’s second law as

dw,
cs dt - Teng - TL - Tf

(2.2)

where J is inertia of crankshaft, 77 is load torque, and 7} is friction torque. To
achieve the expected output rotational speed, a speed control technique of the
diesel engine is introduced in [11], where the fuel injection index is controlled

by a speed controller using the crankshaft speed feedback and reference speed.

13
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Torsional vibration of the ICE

Due to the firing sequence of the ICE, the pulsating components can be
introduced into the driving torque, which can excite torsional vibration in the
power-trains. This torsional vibration can be boosted by some potential factors
such as 1) downsizing of the engine and flywheel to increase the dynamic
response and fuel efficiency, 2) application of the direct-ignition, 3) removal of
the clutch, and 4) unbalance of the engine mass. For example, in a N-cylinder
four-stroke ICE, its speed fluctuates at three times of the mean speed w,, [12],

where N should be an even.

cs

o, (1) = o, + Awcos (% a)mtj (2.3)

This torsional vibration may excite the gear rattle phenomenon inside the
backlash that is a significant source of resulting noise and primary cause of

passengers discomfort from power-train dynamics.

2.1.1.3 Transmission shaft

The transmission shafts or propeller shafts can transmit torque and rotational
motion among different rotational components. However, large torsional and
shear stress, for example, under resonance conditions can reduce their expected
life span. The dynamics of a flexible shaft consist of lateral and torsional
vibrations. The shaft bending increases with bearing-to-rotor stiffness ratio and
rotor spin speed [13]. In a power-train with proper bearing support, low
misalignment, low rotor eccentricity, and low rotational speed, the shaft

dynamics is mainly dominated by the torsional vibrations. A flexible shaft can

14
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be described by either a lumped parameter or a distributed parameter model. A

brief description about the two modeling approaches is as follows:

Lumped model

If a shaft’s inertia is much smaller than other rotational components such as the
gearboxes and motor rotor, the shaft can be represented by an equivalent
torsional spring damper system, where the torsional stiffness and damping

coefficient can be obtained as [14, 15]

k =nGD*/[32L (2.4)
c=2¢& LUt (2.5)
J, +J,

where G is the shear modulus of shaft, L is the length of shaft, D is the shaft
diameter, J; and J, are the inertia of the two rotors connected to the shaft
terminals, ¢ is the shaft damping ratio shown to be within 0.005 and 0.075 by
experiments [14, 15]. Dynamic response at low frequency can be provided by a
single degree of freedom (DOF) model which is suitable for preliminary study
of power-trains [16]. Better accuracy can be achieved for higher frequencies by
introducing a multi-DOF lumped model, where the shaft can be divided into
multiple elements along the axial direction with each element being described
as a mass-spring-damper system [13]. Generally, five to ten elements are
sufficient as only the first five to ten natural frequencies have dominant

influence on the shaft dynamics.
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Figure 2.3 Classification of the gear drives [17]

Distributed model

Distributed modeling approaches can provide more accurate dynamic response
as they treat the shaft as a continuous system with infinite DOFs. Although the
theoretical knowledge to develop a continuous model for the shaft is available

in the textbooks (e.g. [18]), a significant effort is required to integrate such
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models with other power-train components to obtain the mode shapes and

natural frequencies of the overall power-train configurations.

2.1.1.4 Gear drive

A gearbox provides speed, torque and direction conversions from a rotating
component to another one, whose classification [17] is shown in Figure 2.3. In
the practical applications, different types of gear can be combined together to
build a gearbox with a particular configuration. To fit various research
purposes, the static and dynamic models for the gearbox have been developed

[S, 19, 20].

Static gearbox model

By ignoring the power loss and inertia of the gears and assuming the gears to be

rigid, the output speed and torque of a spur gear pair can be described as
T, = _(rbw/rbp )Tp (2.6)
@, =n, /r.)o, @7
where the input gear is referred to as the pinion, the output gear is referred to
the wheel, and r,, and 1}, are the base radii of the pinion and wheel. More

accurate results can be achieved by taking the inertia and viscous damping into

consideration [5].

Gearbox dynamic model

To better understand the gearbox transient dynamics, the dynamic models have
been developed by including the gear meshing stiffness, damping coefficient,

and gear profile imperfections in [19, 20]. The number of the gear tooth in
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contact is a function of the rotational angle (Figure 2.4), which is usually
designed to be 1 or 2 in a typical spur gear pair. If there are less teeth in contact,
the gear meshing stiffness k,(f) equals to its minimum value k,;,. Otherwise, it
equals to its maximum value k.. Thus, the gear meshing teeth k,(f), varying
with the rotational angle, can be represented as a rectangular waveform as in
Figure 2.5, where Ty is the gear meshing period and ¢ is the gear contact ratio.
Due to the manufacturing imperfections, such as gear eccentricities, non-
uniform tooth spacing and tooth profile error, transmission error e(f) exists even
in a healthy gearbox. Therefore, it was taken into consideration in the model
developed by [19]. If the variation of the gear meshing stiffness is not a
concern, it can be assumed to be an equivalent constant [21]. The vibration
signal measured on the gearbox housing requires the investigation of the
dynamic response including the translational DOFs, wherein the flexibility of

the supporting bearing should be taken in consideration as well [22-24].

Backlash and gear rattle

The backlash is the amount of clearance between the mated gear teeth, which is
necessary to prevent jamming of the teeth due to manufacturing errors and
thermal expansion [17]. Torsional vibration is inevitable in the power-trains due
to a few potential factors, such as (1) pulsating torque from the ICE, (2)
unbalanced mass of the power-train, and (3) occurrence of the mechanical
resonance and variation of the operation speed. Excited by the torsional
vibration, the gear teeth may vibrate inside the backlash producing the gear
rattle noise. The rattle noise is an important cause of passenger discomfort in

automotive applications.
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Figure 2.4 A pair of meshing gear
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Figure 2.5 Time-varying gear meshing stiffness of a gear pair
2.1.1.5 Rolling element bearing

Rolling element bearings (REBs) can support a shaft or housing while
permitting their free motion about a rotation axis [25]. The REBs are usually
composed of four components: outer race, inner race, cage, and rolling elements
(Figure 2.6), where the rolling elements could be balls, straight and tapered
cylinders, as well as spherical rollers. There are many types of REBs available

for various applications, such as deep-groove ball bearing, angular contact ball
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bearing, cylindrical bearing, needle bearing, tapered bearings, and spherical

bearing.
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Figure 2.6 Schematic for a rolling element bearing

Dynamic model for bearings

A lumped model for the rolling ball bearing was introduced in [25], where it is
modeled as a linear spring and damper connected to ground. A more accurate
dynamic model for the rolling ball bearing was introduced in [26, 27]. In this
model, the ball bearing is assumed as a solid multi-body system. Each
component is connected with others via spring-damper elements (Figure 2.7).
When the load applied to the bearing is moderate, the bearing vibrates linearly.
The bearing motion can be described by a linear second order differential
equation

Mi+Ca+Ku=F (2.8)
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where M, C, and K are mass, damping and stiffness matrices respectively. The
force vector F consists of forces in translational directions and momentum
around the rotational axis for each element. Although this model is quite

accurate, it is very difficult to acquire the model parameters in practice.

s ~
Roller

Contact Force Inner Race

Outer Race Contact Force

KH KH

Kir

Kor

Figure 2.7 Three DOF bearing model [26]
2.1.2 Electro-mechanical power-trains

The electro-mechanical power-trains (EMPTs) provide a dramatic improvement
in terms of higher energy efficiency and reliability. In an EMPT, in addition to
the mechanical components, the electrical components can also be found such

as electric machine, power electronics, controller and battery.

2.1.2.1 Overall configuration

The configurations of the EMPTs can be divided into the series, parallel, and
series-parallel types [28, 29]. A few manufacturers have launched the products

driven by the EMPTs, such as the vehicles and marine vessels. For example,
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Toyota had launched its first hybrid electric vehicle (HEV) “Toyota Prius
(XW10)” in 1997. Currently, its models Prius and Lexus RX400h are driven by
the series-parallel hybrid power-trains. A typical series-parallel EMPT can be
found in [30] (Figure 2.8), where there are two permanent magnet synchronous
machines (PMSMs) MG1 and MG2. These two PMSMs are connected to the
battery through the inverter. Both PMSMs can be controlled to work either as a

motor or as a generator.

Power Control Unit

MG1
Propeller Final
Shaft Drive
= l /

Inverter

4': .
\ Transmission
I MG2

Battery

Drive

Shaft Wheel

Engine

0000

Figure 2.8 Schematic diagram of a series-parallel type of HEV [30]

At low driving speed, the vehicle can be driven by MGI1 alone without
switching on the ICE. At high speed, the ICE is switched on to drive the vehicle
itself while maintaining high fuel efficiency. During the acceleration or

climbing, MGI1 can be used to boost the torque to help the ICE to drive the
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HEV. Therefore, the power redundancy required from ICE in conventional
power trains can be removed, which means that the size of the ICE only needs
to meet the normal driving condition. As the speed of MGI1 and MG2 is
controlled and the ICE only runs at its optimal speed, the size of the
transmission can be reduced as well. Regeneration is also implemented during
braking, where the PMSMs operates as a generator to provide a braking torque
and the battery is charged by the generated electricity [7]. This feature can
significantly increase the energy efficiency especially under run-stop-run

conditions encountered in city driving.

Shaft MG Reduction Diesel

Gearbox Eniine
5= T

Diesel
Generators

Figure 2.9 Hybrid shaft generator propulsion system (Rolls-Royce) [31]

Figure 2.9 presents a hybrid shaft generator propulsion system built by Rolls-
Royce for the marine vessels [31, 32]. The shaft motor/generator (MG) can
work as either a motor or generator. Power electronics and controllers regulate
the power flow among the shaft MG, the two diesel generators, and the battery.
There are five working modes for the EMPTs in the marine vessels, i.e., Boost,

Diesel electric, Combinatory, Transit, and Shore connection. According to the
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cruise speed and load of the marine vessels, the EMPTs can be automatically or
manually controlled to operate under one mode which can provide the highest
fuel efficiency. With this hybrid configuration, the fuel consumption of the
marine vessels can be reduced by 5-30% [32]. Therefore, an EMPT can provide

better fuel efficiency and reduced emission in this application area as well.

2.1.2.2 Electric machines

An electric machine is an electro-mechanical device used for conversion
between the electrical and mechanical energy. In an EMPT, it can work as a
generator by converting the mechanical energy to electricity using the power
generation from the ICE or during regenerative braking. Also, EPMTs employ
electric machines to work as a motor to drive the power-trains. According to
their configuration, they can be divided into AC and DC types [33] as in Figure

2.10.

Electric
Machine

. . PMSM/
Field excited PM BLDC

Figure 2.10 Classification of electric machines [33]
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Due to the size and maintenance limitations, the DC machines are rarely used in
EMPTs. Currently most of EMPTs are employing AC machines such as the
induction machine (IM), switched reluctance machine (SRM), field-excited
synchronous machine (FESM), and the permanent magnet (PM) machine. The
IM, FESM and SRM are more robust and less expensive than the PM machines,
however they do have some limitations [33]: (1) the IM and the FESM have
lower efficiency as some of the energy is required to create the rotor magnetic
field, (2) the SRM has a higher torque ripple and acoustic noise as it is driven
only by the reluctance torque. The PM machines have a higher energy
efficiency and power density as the rare-earth magnets on the rotor can produce
a strong magnetic field without any need for electric power. According to the
power source (sinusoidal type or trapezoidal type), the PM machines can be
divided into PMSM and PM Brushless DC machine (PM BLDC) [34]. The
selection of the electric machine types depends on the capital cost, space
limitation, and performance requirement. The AC machine dynamics have been

studied by using both the linear and nonlinear models.

Linear model

As a classical linear model for the AC machines, Park’s model [33] has been
proven to be effective enough in designing the control strategies for the AC
machines. In this model, the variables (voltage, current, and magnetic flux
linkage) associated with the stator winding are referred to a new reference
frame. By this transformation, the time-varying inductances become constant in

the new reference frame, reducing the complexity of the analysis.
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The PMSMs can be described by Park’s model [35] as Eqn. (2.9-2.12). Inside a

PMSM, there are three-phase stator windings on the stator and PM poles on the

rotor as in Figure 2.11.

Figure 2.11 Magnetic axes of a PMSM

v, =ri, +@ A, +dA, /dt
v, =ri, -0, +dA,/dt
A =Li

q 99

Ay =Ly, +A;

(2.9a)

(2.9b)

(2.9¢)

(2.9d)

where v, and v, are the terminal voltages in g and d axes, i, and iy are the line

currents in g and d axes, w, is the electrical rotor speed, ry is the resistance of

stator winding, 4, and A4 are the magnetic flux linkages. The electromagnetic

torque developed by the PMSM is
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3 ;. .
T, =E§[/1fzq+(Ld —Lq)zqzd] (2.10)

where p is the number of the poles. The motion equation of the PMSM is

dw
J dt”’ =T,-D,w, —T, (2.11)

where w,, is the mechanical rotor speed, J is the rotor inertia, D,, is the viscous
damping coefficient, and 77, is the load torque. The relationship between w, and

W 18

w == 2.12)

To linearize the machine parameters, Park’s model makes a few assumptions
[33, 36-39], such as (1) no magnetic saturation and core losses, (2) the number
of the stator winding coils is distributed sinusoidally around the stator, (3) the
influence of the stator slot on the magnetic permeance is negligible, and (4) the
ideally balanced three-phase winding. Therefore, Park’s model cannot be used

to analyze the higher order dynamics of the electric machines.

Nonlinear models

Design optimization of the electric machines requires consideration of factors
such as the winding configuration, magnetic saturation, vibration, temperature,
and torque ripple, which can introduce nonlinear dynamics into the models. The
electro-mechanical interactions are affected by the higher order harmonics in
the stator current as well, which requires developing a nonlinear analytical
model such as those built through Finite Element Analysis (FEA). A general

purpose FEA software ANSYS has been proposed to build nonlinear models of
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the electric machines to optimize the performance in [40, 41]. There are several
FEA modeling tools available which are specially designed for the nonlinear
modeling of the electric machines, such as ANSOFT, Flux 2D/3D, and Opera-
2D [42-45], where special modules of the electric machine components have

been prepared to reduce the modeling effort.

2.1.2.3 Power electronics converter

The power electronics converter converts the power input at certain alternative
voltage level and frequency to the other voltage level and frequency. A
converter mainly relies on an electronic switch to manage the power conversion
where the switches are controlled by the gating signal from the control circuit.
According to the input and load type, the converter can be divided into four
basic types [46]: AC to DC rectifier, AC to AC cycloconverter, DC to AC
inverter, and DC to DC converter. A typical commercial variable frequency
inverter that is connected to a power grid to drive an electric machine consists
of a DC/AC converter, an AC/DC inverter, a low pass filter circuit, and a gating

signal control unit as shown in Figure 2.12.

C 2 3 6 )
r \ 1. Power source
1 A | 7 2. Rectifier
N SZ | 4 3. Intermediate circuit
% | 57T | - M 4, coils
. X 5. capacitors
[ —— 6. Inverter
ﬂ 7. Expected AC source
8. Control card
8
o J

Figure 2.12 Diagram of a typical electrical drive [46]
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2.1.2.4 Control strategy of electric machines

The control of a DC machine is simple and straightforward as there is no
coupling between the armature current i, and the field flux ¢ excited by either
the field winding current or the permanent magnet in the electromagnetic torque
T, as

T, =kgi, (2.13)

e

where k is a constant determined by the configuration of the DC machine.
However, the electromagnetic torque of an AC machines is determined by the
amplitude, phase, and frequency of the stator current [34, 47], which are
coupled together. Therefore, the AC machine control is much more complex
than that of the DC machine. The control methods of the AC machines can be

mainly divided into scalar control and vector control.

Scalar control

The speed of AC machines is (roughly) proportional to the power supply
frequency f, while the induced voltage V in the AC machines is proportional to
the rotational speed. With scalar control, the voltage of the power supply is set
to be proportional to its frequency such that V/f = constant [47]. Therefore, the
speed of the synchronous machine can be controlled by the variation of the
voltage and frequency. Scalar control is easy to implement and it provides good
steady-state performance. However, its response time to speed/torque variation

is much larger than the vector control.
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Vector control

The vector control provides a better dynamic response by controlling not only
the amplitude and frequency of the stator current but also the phase. As in the
phasor diagram of the PMSM in Figure 2.13, the stator current phasor i can be
decoupled into i, and iy on the rotor reference frame. A few control strategies
have been proposed through controlling i, and i, separately [34], such as the
constant torque-angle control, unity power-factor control, optimum-torque-per-

ampere control, and flux-weakening control.

A g axis

) e
0. i V\ d axis
v ) )/ >
d A

Stator
reference
frame

Figure 2.13 Phasor diagram of the PMSM
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Figure 2.14 Block diagram of torque control scheme for PMSM using vector control [48]

In the constant torque-angle control, by setting i; to be always zero (0 = n/2) in

Eqn. 2.10, the electromagnetic torque 7, will be directly proportional to i, as

(2.14)

Therefore, the desired torque can be achieved by controlling the stator current i,
alone. A block diagram of the torque control of the PMSM based on the vector
control was presented in Figure 2.14 [48], where the stator current is measured
by Hall Effect sensors and the rotational speed is measured by a resolver /
encoder. The measured variables are used as the feedback signals to the PI
controllers to drive the inverter to output the expected current. The detailed
tuning methods of the PI controllers can be found in several literatures, e.g.

[49].

2.1.2.5 Energy storage system

The most challenging part of the commercialization of the EMPTs is the

portability of the energy storage devices that allow high power output, high
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power density, and low cost [7]. The energy storage devices include

rechargeable batteries, supercapacitors, flywheels, fuel cell, and so forth.

Rechargeable battery

Among the energy store systems, the rechargeable batteries play the most
important role. The lead-acid type battery has been used for several decades
with low cost, low power output and low power density. The Lithium-ion (Li-
ion) provides higher power output and power density. However, its application
is limited by the factors: (1) initial cost is much higher than the lead-acid, and

(2) more safety attention is needed.

In an empirical model proposed in [50], the battery was modeled as an ideal
voltage source Ej connected in series with an internal resistance R, as shown in
Figure 2.15. This model gives a simple relationship between the output current
and voltage. However, it does not consider the time varying internal resistance
of the battery, allowing the drawn energy to be unlimited. Therefore, it is only
suitable for the static evaluation of the capacity and energy density of the

battery.

An electric circuit model for the battery that considers internal chemical
phenomena such as SoC and the diffusion process was introduced in [7] (Figure
2.16), where both the diffusion process and effect of SoC are represented as a
resistance-capacitor parallel circuit. Therefore, this model can provide more
detailed information of the battery dynamics. However, the model parameters
are not always available to the end users, challenging its practical application
[7].
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Figure 2.15 Empirical model of battery
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Figure 2.16 Electric equivalent circuit model of battery [7]

Supercapacitor

The power density of the supercapacitors is lower compared to the batteries,
however they have a much higher energy efficiency, a higher power output
capability, and a much longer life cycle than the batteries [30]. Therefore, a
hybrid energy storage device consisting of the supercapacitors and batteries is
recommended for the EMPTs to provide a better and more robust dynamic
performance. A simple equivalent electric circuit model for the supercapacitor
was proposed in [7] (Figure 2.17), where C is the capacitance in farads, R), is the
parallel resistance which accounts for the self-discharging losses, and ESR is the

internal resistance during charging and discharging.
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Figure 2.17 Electric equivalent circuit model of supercapacitor [7]

2.2 Dynamic Modeling of Electro-Mechanical Power-Trains

A reliable dynamic model for the EMPT can assist in the nonlinear dynamics
analysis and the electro-mechanical interaction investigation. Therefore,

significant efforts have been put in the development of EMPT models.

2.2.1 Existing models of electro-mechanical power-trains

Compared to the static models of the EMPTs, the dynamic models can provide
transient information through modal analysis, vibration evaluation, dynamics

analysis, and so forth [15, 19, 51].

To evaluate the dynamic performance of the hybrid electric vehicles, the
dynamic models for the hybrid power-trains were built in [52-54], where each
rotor was modeled as inertia and the stiffness was neglected as shown in Figure
2.18. In [53, 54], the Bond Graph method was utilized to model the power-
trains. With this model, the vehicle’s acceleration/braking response to different
driving torque and load conditions can be obtained and optimized. In [55, 56],
dynamic models were built for the wind turbine and vehicles, where the
torsional stiffness of both the transmission shafts and the rotor inertia were
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taken into consideration. In [55], a model library was built by the author to
build the overall power-trains. With these models, the modal analysis can be
implemented. Based on this information, the resonance frequency can be

removed from the operating range.
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Figure 2.18 A parallel hybrid power-train [52]
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The angle-varying gear meshing stiffness accompanied with the rotation of the
gear-based EMPTs results in a lot of vibration and noise [22]. To reduce the
vibration excited by gear meshing stiffness, the stiffness variation was taken
into consideration in the dynamic models developed for the wind turbines [15,
57]. The gearbox models with four different levels of complexity had been built
to compare their dynamic response considering the gear inertia, damping and
stiffness, and shaft stiffness [58]. Not only the gear meshing stiffness but also
the bearings supporting the gears can affect the dynamic transmission error of
the power-trains. Therefore, to obtain a more accurate dynamic transmission
error, the bearing stiffness was included in the models built for the power
transmissions in [59, 60]. Furthermore, the bearing stiffness can affect the
vibration transmission path in the vehicles, and thus it was included in a model

built for the gear rotor bearing system in [24].

The gearbox backlash can cause excessive noise and vibration under rattling
condition, to study the nonlinear dynamics of the gearbox-based power-trains,
the backlash was incorporated in the models for the automotive transmissions in
[61-63] as shown in Figure 2.19. This model can be used to study the nonlinear
vibration and noise excited during the gear rattle occurrence, whose amplitude
is determined by several important gearbox parameters, such as backlash,
stiffness, damping, as well as inertia. However, the effect of these parameters on
the rattle vibration and noise has not been effectively evaluated. The static
transmission error, resulting from the gear profile error and installation error,
was included in a power-train model to explore its effect on nonlinear dynamics

[64]. To explore the dynamics of the power-trains containing the faulty gear
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tooth and detect the failure, the effect of the faulty tooth was modeled as a
reduction of the gear meshing stiffness function where the reduction occurs

whenever other gears pass through the faulty teeth [65, 66].

From the reviewed models, it can be concluded that, (1) several models have
been built for different configurations of EMPTs; (2) the focuses of these
models vary according to needs of investigation as well; (3) for higher accuracy,

the model requires more complex modeling approaches.

2.2.2 Model development methodologies

The modeling approaches of these reviewed models of the EMPTs in Section
2.2.1 can be divided into three types: model library [55], bond graph [53, 54,

58], and general mathematical description [65-67].

2.2.2.1 Model library method

With the model libraries consisting of the models for the basic EMPT
components, models for an overall EMPT can be built by searching the suitable
basic models from the model libraries and combining them together. The
modeling  tools, such as graphical programming (available in
MATLAB\SIMULINK), multi-body system (SIMPACK), and finite element
analysis (ANSOFT), provide several basic models required in the modeling of

an EMPT where each modeling tool has its own benefits and limitations.
SIMULINK
Integrated with MATLAB, SIMULINK provides a graphical user interface to

model the EMPTs [68]. On one hand, SIMSCAPE, which is incorporated into
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Figure 2.19 The power-train model for the first gear [62]
SIMULINK, includes a few models for the EMPT components, such as the
electric machines, power electronics, mechanical shafts and gears. On the other
hand, SIMULINK provides several basic mathematical operation blocks
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(addition / subtraction, multiplication / division, integrator / derivation, and so
forth) and the user-defined functions to help the users to build their own
models. For example, a dynamic model of the vehicle power-train was built
using SIMULINK mathematical blocks and its control strategy was
implemented through these blocks [52]. Although the models in SIMSCAPE
provide useful dynamic information, some nonlinearity is still missed or
difficult to be incorporated, such as the nonlinearity of the electric machines and
the gear meshing stiffness. Therefore to build reliable models for the EMPTs,
the professional electromagnetic and mechanical modeling tools such as

ANSOFT and SIMPACK are utilized.

SIMPACK

The multi-body system (MBS) software SIMPACK provides a model library for
the mechanical components of the power-trains [69]. Compared to SIMULINK
/SIMSCAPE, the models in SIMPACK include more detailed nonlinear
dynamics. For instance, an existing force element representing the angle-
varying gear meshing stiffness can be found in SIMPACK, while a similar
element is not available in SIMULINK. Besides of the provided lumped
models, the distributed models can be integrated into SIMPACK as well
through the model reduction technique (FE-MBS coupling) where the finite
element models of the flexible bodies created in ANSYS can be simplified and

incorporated into SIMPACK.
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ANSOFT

ANSOFT consists of several different modeling modules such as MAXWELL
and SIMPLORER which can be used to study the electromagnetics problems
[70]. For example, MAXWELL is capable of modeling the electric machines
with finite element method, enabling to investigate their nonlinear dynamics.
SIMPLORER on the other hand provides basic models of the electrical and
electronics components which can be used to simulate the power electronic

driving circuits of the electric machines at the physical level.

Co-simulation

To take advantage of the various model libraries at the same time, SIMULINK
provides interfaces to integrate SIMPACK, and ANSOFT with SIMULINK. For
example, a co-simulation is implemented between SIMULINK and SIMPACK
to study the driving performance of a semi-active suspension vehicle, where a
detailed multi-body model was established for the vehicle in SIMPACK while
the corresponding hybrid control strategy was implemented in SIMULINK [71].
A wind turbine with doubly fed induction generator was modeled through a co-
simulation between SIMPLORER and SIMULINK, where the generator was
described with a finite element model in SIMPLORER while the drive circuit,
controller implementation, and the power-train are modeled in SIMULINK
[72], as shown in Figure 2.20. A synchronous servo drive under speed control
mode, comprised of a PMSM and a sinusoidal type voltage source inverter, was
investigated by a co-simulation as well where the PMSM and the inverter were
modeled in SIMPLORERE while the control strategy was implemented in

SIMULINK [73]. Compared with the models based on a single model library,
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the co-simulation provides more flexibility and reliability in modeling the

EMPTs.
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Figure 2.20 Schematic diagram of co-simulation in wind turbine [72]
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2.2.2.2 Bond graphs

Bond graphs are domain-independent graphical tools to capture the dynamic
behaviors of physical systems from different domains including the electrical,
mechanical, hydraulic, thermal, fluid, and so forth. The concept of bond graphs
was introduced by H.M.Paynter in 1959 and published in 1961 [74]. The idea
was further developed by Karnopp and Rosenberg [75-77], which enabled the

technique to be put into practice [78].

Modeling principles

In a bond graph, there are four groups of basic standard elements, i.e., three
basic one port passive elements (R, C, I), two basic active elements (SE, SF),
two basic two port elements (TF, GY) and two basic junctions (0, 1). In the
elements or subsystems, places where they can be interconnected are called
(energy) ports. According to the system topology, a model can be built by
connecting the energy ports of the elements to the junction structures through
the bonds, where the junction is the manifestations of the constraints. The
energy exchange among different elements is achieved through the energy ports

which involve two power factors i.e., Effort e and Flow f.

To model a system involving different physical domains, bond graphs propose
the concept of the “analogies”, which means that the components in different
domains that are analogical to each other can be described by the same
elements. For example, in the R-element, the Effort e and the Flow f variables at
the single port are related by a static function e = Rxf as in Figure 2.21. Usually,

resistors dissipate energy. This must be true for simple resistors and mechanical
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dampers. Similar R-element, C-element and I-element in different physical
domains are shown in Table 2.1. Accordingly, Effort and Flow have different
interpretations in different physical domains as shown in Table 2.2. The product
of the Effort and Flow is the instantaneous power transmitted via the power

port. For example, the energy transmitted to the R-element is P= exf = RXxf 2,

=
Figure 2.21 R-element representation

Table 2.1 R, C, and I variables in different physical domains

One port element | Translation Rotation Electrical
R Damper Rotational damper | Resistor
C Spring Torsional spring Capacitor
I Mass Inertia Inductor

Table 2.2 Effort and Flow variables in different physical domains

Bond Graph Translation Rotation Electrical
Effort Force Torque Voltage

e F N 7 N.m Vv
Flow Velocity Angular velocity Current

f v m/s w rad/s I A

Examples of bond graph models

As the bond graph method can effectively gain valuable insights about the
system dynamic structure and behavior, models for the power-trains based on
bond graphs can be found in several literatures. For example, bond graph
modeling approach was used for wind turbines to build models of two different

complexity to compare their performance in [79], where the simplified model is
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shown in Figure 2.22. The physical meaning of each element is shown in Table
2.3. The models for several electric machines have been developed [80-82]. For
example, a model for a BLDC PM motor was built using the MODELICA bond

graph library in [80] as in Figure 2.23.
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Figure 2.22 Simplified model for the wind turbine using the bond graph [79]

Table 2.3 Physical meaning of the variables in the simplified WT model [79]

Term Meaning
T a Aerodynamic torque
J H Hub inertia

D_H Hub damping

D_HGB | Damping between hub and gearbox
K_HGB | Stiffness between hub and gearbox
J_GB Gear wheel inertia

N_g Gearbox ratio

D_GBG | Damping between gearbox and generator
K_GBG | Stiffness between gearbox and generator

J G Generator inertia
D_G Generator damping
T _em Electromagnetic torque
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Bond graphs provide a straightforward interpretation of physical systems,
giving a clear picture of the configurations. It has a high portability because the
submodels can be re-used elegantly. With the help of the existing software such
as 20-SIM, ENPORT, MODELICA, and COSMO, the co-simulation can be
achieved among models built with bond graphs and the ones based on block
diagram. For example, the bond graph models in 20-SIM can be converted into
S-functions, enabling them to be incorporated into SIMULINK. However,
limitations for bond graphs include: (1) bond graphs do not resemble to the
actual systems, which can be problematic for representation of complex
mechanical structures, and (2) the extension from one-dimensional models to
3D multi-body systems is complex and tedious, requiring the development of

vectorial bond graphs.

2.2.2.3 General mathematical descriptions

Most of the models reviewed in Section 2.2.1 are based on the mathematical
equations describing the dynamics of the power-trains, as the users often have
particular research purposes which cannot be met easily by the commercial
software. These equations can then be solved by numerical integration methods,
such as Euler’s method, Newmark’s method and Runge-Kutta method [24, 56,
83]. This modeling method is applicable to various types of EMPTs as far as
they can be described by the mathematical equations. It is especially useful in
modeling of unconventional systems which, for example, include a new

machine or faulty machine [65, 66].
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Figure 2.23 Two-axes model of a PM BLDC motor in terms of bond graphs [80]

The limitations of this general modeling approach are: (1) the derivation and
programming of the equations are energy and time consuming, especially for an
EMPT with complex configuration, (2) this method has a low efficiency as the
model equations built for an existing power-train cannot be directly used in a
power-train with new configurations, resulting in repeated effort, and (3) even
for the power-trains with similar configurations, their model equations vary
according to different research purposes. For instance, the backlash was
included in a power-train model to explore the backlash induced dynamics in
[84]. While the bearing stiffness effect was included in a model for another
power-train to investigate the bearing stiffness induced dynamics in [85].

Although these two models in [84, 85] were built for the power-trains sharing

46



Chapter 2 Literature Review

similar configurations, their equations look quite different from each other.

Therefore, this modeling approach can be considered inefficient.

Thus, in summary the noteworthy arguments for the three modeling techniques

are:

(1) The model library method is more efficient than other approaches as a few
models for the EMPT components have already been built in the libraries.
However, this method is not applicable to certain EMPTs such as the one with

faulty components;

(2) Bond graph provides a straightforward insight into the power-train
structures, while it will take significant effort to model a complex configuration

using this technique, especially a 3D model;

(3) The general mathematical description is applicable to different kinds of
power-trains for various research purposes. However, such models need to be
built from scratch for each configuration or investigation area which results in

repeated effort rendering this modeling method inefficient.

Therefore, there is a lack of an efficient modeling strategy that can provide an

overall electro-mechanical modeling capability for EMPTs.

2.3 Condition Health Monitoring of Electro-Mechanical

Power-Trains

The faults can occur in EMPTs due to many factors including fatigue, excessive

temperature, over speed and over load, high corrosion, strong vibration,
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improper manufacturing and maintenance, debris or dirt, and so on [86]. Based
on the fault location, they can be divided into three types: mechanical,
electrical, and magnetic faults as in Figure 2.24. These faults can result in
potential catastrophic accidents, long down-time. And they might require
expensive maintenance. Therefore, detecting such failures at an early stage can

significantly reduce the associated capital losses and down-time.

Power
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Figure 2.24 Fault types in the EMPTs

The most common mechanical faults in the power-trains include the gear tooth
fault [87-93], bearing fault [94, 95], rotor eccentricity [96, 97], and shaft fault
[98, 99]. For each type of these faults, examples are given in Figure 2.25. There
have been several approaches to detect the mechanical faults, such as vibration
analysis, acoustic analysis, oil debris analysis, thermal analysis, and motor
current signature analysis (MCSA). Since the mechanical faults might produce

higher temperature and larger vibration levels, the temperature and vibration
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information were utilized to detect the bearing faults in [100-102]. The material

loss due to the mechanical fault could result in a reduction of the contact

(a) (b)

Shaft
Housing bore

Shaft centerline o
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Figure 2.25 Mechanical faults (a) gear tooth crack, (b) bearing inner race defect, (c) static rotor

eccentricity, and (d) shaft crack
2.3.1 Mechanical faults

stiffness, which can excite a periodical vibration signature. For example, in
rolling element bearings, single point fault in the inner race usually manifests

itself as a characteristic frequency in the machine vibration [94, 95] as

Fpp = %FR (1+ D, cos 6/D, ) (2.15)
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where Np is number of rolling elements, Fy is rotor frequency, Dp is ball
diameter, 6 is ball contact angle, and Dp is pitch diameter. Therefore, the
sidebands in the vibration spectrum due to the characteristic frequencies were
used as an indicator to monitor the health condition of the power-trains [87-92].
Due to the electro-mechanical interactions, the vibration signature can be
reflected on the stator current of the electric machines. Therefore, the MCSA
was proposed as an alternative nonintrusive method to detect the rotor
eccentricity, shaft misalignment, and bearing fault [103-105]. However, the
practical application of MCSA still faces some challenges, such as (1) high
background noise exists in the stator current; (2) a few harmonics can be excited
by the electric machines and the mechanical dynamic characteristics; and (3) the

electro-mechanical interaction function has not been fully revealed.
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Figure 2.26 Stator winding fault types [106]
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2.3.2 Electrical faults

The electrical faults in the EMPTs might occur in the stator winding, power
electronics, sensors, battery, and so on. The potential stator winding faults are
shown in Figure 2.26 ([106]). A few different approaches have been proposed to
monitor the health of the electrical components, such as MCSA, vibration
analysis, thermal analysis, electromagnetic torque analysis, and magnetic flux
analysis. In [107, 108], the motor current signature was processed using the
discrete wavelet transform to extract the energy distribution over different
levels, which can be used as an indicator of the turn-to-turn short circuit fault in
the stator winding. In [109, 110], the sidebands at the first and the second
harmonics of the fundamental frequency in the stator current spectra were
proposed to be a fault indicator of the current sensor measurement error. The
temperature was used to monitor the health condition of the PMSM as well in

[111].

2.3.3 Magnetic faults

Demagnetization can be caused by strong vibrations, overcurrent and high
temperature [97]. For example, when overcurrent is fed into the stator windings,
the PM might not be able to recover its initial residual flux density after
cancelling the armature magnetic reaction, resulting in a demagnetization fault.
A local demagnetization fault is simulated by removing a fraction of the PM

materials on the rotor as shown in Figure 2.27.
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Magnet drlled

Figure 2.27 Localized demagnetization [97]

The demagnetization can be manifested itself by the instantaneous or RMS
back-EMF excited by the PMSM rotor. So the estimation of the d-axis magnet
flux in the synchronous reference frame was proposed to monitor the rotor
demagnetization in [112]. A gradient-based iterative algorithm based on
permeance network method was also developed to calculate the remnant

induction values in the magnet regions and detect demagnetization [113].
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Chapter 3 Modeling of Electro-Mechanical Power-Trains

In this chapter, a systematic co-simulation strategy is presented for the electro-
mechanical power-trains (EMPTs) by integrating several modeling techniques
including block diagram, multi-body system, bond graph, and finite element
analysis. In Section 3.1, an overall description of the modeling strategy is
provided, with details illustrated through case studies from Section 3.2 to 3.4. In
Section 3.2, a gearbox-based power-train model is built through co-simulation
of block diagram and multi-body system modeling approaches, which can be
used to explore the nonlinear dynamics in the power-trains. In Section 3.3, a
model of an electric machine connected to the load bank is demonstrated
through co-simulation of finite element analysis and block diagram approach,
where the built model can be used to explore the electro-mechanical
interactions. In Section 3.4 a faulty EMPT is modeled using the block diagram
approach, where the healthy components are directly chosen from the model
library. A faulty planetary gearbox is modeled using the basic blocks and the

gear meshing stiffness is estimated by finite element analysis.

3.1 Co-Simulation Strategy for Power-Trains

There are a few existing techniques to develop dynamic models for the EMPTs.
However, as discussed in Section 2.2, each method has its own advantages and
limitations. To achieve both a full modeling capacity and high efficiency for the
EMPTs, a systematic co-simulation strategy is proposed by effectively

integrating different modeling techniques as shown in Figure 3.1.
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Finite Element
Analysis (ANSYS,
ANSOFT)

Co-simulation ——

. Parameter estimation — —

Block Diagram
(SIMULINK,
SIMSCAPE)

Multi-Body
System
(SIMPACK)

Bond Graph
(20-SIM)

Figure 3.1 A co-simulation strategy for EMPTs

In the co-simulation strategy as in Figure 3.1, the block diagram (available in
MATLAB/ SIMULINK) is utilized as a model development platform which is
due to: (1) the basic mathematical blocks and the user-defined functions in
SIMULINK can be used to implement different control strategies and model the
unconventional machines such as a faulty component; and (2) it can provide a
few graphical user interfaces [68], which can integrate SIMULINK with several
other modeling techniques including bond graph (such as 20-SIM), multi-body
system (such as SIMPACK), and finite element analysis (such as ANSYS and
ANSOFT). Co-simulation between block diagram in SIMULINK and other
modeling tools enables people to incorporate detailed nonlinear dynamics into

the power-train models, where the nonlinearity is missing in SIMULINK.

Multi-body system (SIMPACK) provide basic lumped models for the
mechanical components such as gears, shafts, and bearings [69]. Compared to

block diagram (SIMULINK), the basic elements in SIMPACK can provide
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more detailed dynamics. For example, the element incorporating the angle-

varying gear meshing stiffness and backlash can be found in SIMPACK.

With the finite element analysis specialized in electromagnetics (ANSOFT), the
finite element model of the electric machines can be easily built [70]. Compared
to the classical Park’s model built in SIMULINK, this finite element model can
provide more accurate information on the electro-mechanical interactions in the
EMPTs. Furthermore, it enables the users to model the complex power

electronics architectures in ANSOFT/SIMPLORER.

Bond graph (20-SIM) can represent the EMPT systems using physical modeling
concept. Co-simulation between SIMULINK and 20-SIM is able to model part
of the system using 20-SIM. For example, a dynamic model for the heating,
ventilation, and air-conditioning systems was built based on the co-simulation
[114], where the control strategy was implemented in SIMULINK and the

physical model in 20-SIM was translated into an S-Function of SIMULINK.

Finally, a few model parameters can be estimated based on general finite
element analysis (ANSYS). For example, the gear teeth meshing stiffness in the

gearbox was estimated using ANSYS [115].

3.2 Model 1: Co-Simulation of Multi-Body System and Block

Diagram
3.2.1 Multi-body system modeling approach

As a typical multi-body system simulation software, SIMPACK can be used for

dynamics analysis of mechanical or mechatronic systems [69]. It is used
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primarily within automotive, engine, power transmission, railway, and wind
energy industrial sectors. It is operated via a graphical user interface, enabling
the users to generate and solve virtual 3D models in order to predict and
visualize the motion, coupling forces and stresses. The user inputs parameters
describing the system to be simulated, such as mass and inertias of each body,
and then the kinematic loops can be created by applying the pertinent joints,
constraints, and forces. SIMPACK also provides a force element library
containing specific force elements tailored for power-train simulation. Finally,
based on the model topology SIMPACK creates the motion equations internally

and allows the users to choose different options for the time integration.

3.2.2 A nonlinear model for a gearbox-based power-train

A typical nonlinear gearbox-based power-train is used as an example to
illustrate the co-simulation between SIMULINK and SIMPACK as shown in
Figure 3.2. The nonlinear dynamics inside the gearbox can be affected by
several important gear parameters, such as backlash, meshing stiffness,
damping, and geometry [12, 116]. All these mechanical parameters can be
easily setup in SIMPACK. The speed control strategy can be implemented
through the existing control toolbox in SIMULINK. Furthermore, the co-
simulation interface “SIMAT” can integrate SIMPACK and SIMULINK
together. SIMAT is designed to using the TCP/IP protocol to exchange the
results with a given time step between SIMPACK and SIMULINK, enabling to

run the simultaneous co-simulation model.
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In Figure 3.2(a), a spur gearbox driven by pulsating torque is modeled by the
co-simulation between SIMULINK and SIMPACK. The pinion gear is
connected to a speed source through a flexible shaft, where the speed source can
be modeled in SIMULINK. And the applied load torque on the wheel gear
depends on its angular speed. The 3D visual spur gearbox model is shown in
Figure 3.2(b). In Figure 3.2(c), the 2D topology diagram of the model is shown
where the applied torque/force element and the gear interaction can be
observed. The elements from SIMPACK model library to model the system are
shown in Table 3.1. The Primitive “25: Gear Wheel” can be used to define the
gear geometry by setting up parameters such as module, pressure angle, helix
angle, backlash, flank width, addendum and dedendum coefficients, and the
modification factor. The Force Element “225: Gear Pair” can be used to model

the gear meshing stiffness as well as to detect the gear contact condition.

Table 3.1 SIMPACK library elements used to model components

Component SIMPACK element

Gears Primitive 25: Gear wheel

Gear meshing stiffness and damping Force element 225: Gear pair

Driving torque Force element 93: Force/Torque by u(t) Cmp

DOF constraint Joints

3.3 Model 2: Co-Simulation between Finite Element Method
and Block Diagram

3.3.1 Introduction of ANSOFT

ANSOFT consists of modules such as MAXWELL and SIMPLORER which

can be used to study the electromagnetics related problems [70]. In electric
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Figure 3.2 Model of a spur gearbox model (a) Co-simulation diagram in SIMULINK, (b) 3D
visual in SIMPACK, and (c) 2D topology diagram in SIMPACK
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machines, the higher order harmonics can be excited in the stator current and
electromagnetic torque by factors such as slot effect, winding configuration and
magnetic saturation, [36-39]. These harmonics can excite significant amount of
vibration and noise in the power-trains. Furthermore, the harmonics in the stator
current can deteriorate the fault detection performance based on motor current
signature analysis. Compared to Park’s model which can only be used to
investigate the linear dynamics in the electric machines, MAXWELL together
with RMxprt (Rotational Machine Expert) is capable of building a nonlinear
dynamic model for the electric machine with finite element method.
SIMPLORER is an intuitive, multi-domain and multi-technology simulation
module which can be used to model the power electronic circuits with complex
architectures. Furthermore, co-simulation between SIMULINK and
SIMPLORER enables the detailed simulation of the electrical drive systems

comprised of electric machines, the power electronics, and the controller.

3.3.2 Modeling of electric machines connected to resistive load

The permanent magnet synchronous machines (PMSMs) have high energy
efficiency and can be found in lots of applications, such as hybrid electric
vehicles (HEVs), wind turbines and aircrafts [117, 118]. By inputting the design
parameters of the PMSM into RMxprt such as the geometry and materials, the
stator winding diagram and cross-section can be obtained as shown in Figure

3.3(a) and (b). With the provided geometry and material information, a 2D/ 3D
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finite element model can be further obtained using MAXWELL as shown in
Figure 3.3(c). The boundary conditions of the finite element model can be
automatically defined by MAXWELL, saving a lot of efforts. Then, this finite
element model can be coupled with the electrical circuits or power electronics
built in SIMPLORER. A co-simulation between SIMPLORER and SIMULINK
enables people to control the electrical drive system in SIMPLORER by the
controller designed in SIMULINK. A detailed nonlinear dynamic model for a
PMSM connected to the power load can be built as in Figure 3.3(d), where the
PMSM works as a generator with its running speed controlled by SIMULINK.
The driving torque applied on the PMSM and the stator current are measured in

SIMPLORER and then transmitted to SIMULINK.

3.4 Model 3: Model Development using Block Diagram

3.4.1 Existing blocks in SIMULINK

In SIMULINK, a few basic blocks are provided for the users to build their own
models [52] as shown in Figure 3.4, such as Sum block, Product block, Gain
block, Integrator block, Function block (to describe the mathematical function),
Signal Generator block (to generate the desired signal), Workspace block (to
output the simulation results to MATLAB workspace), and Subsystem block (to

represent the sub-models).
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Planetary gearboxes are preferred in many power-trains applications, such as

wind turbines, maritime and automobiles. In a planetary gearbox, there is a sun

gear, an annulus gear, and a carrier with several planet gears mounted as shown

in Figure 3.5. In the shown configuration, the annulus gear is fixed and there are

four planets. The gear tooth fault frequently occurs due to factors such as heavy

load duty and bad lubricant conditions [87-89, 92]. If the tooth fault occurs,

whenever other gears pass through the faulty location, a local reduction in the

gear meshing stiffness will happen corresponds to the missing materials as

illustrated later in Figure 3.11 (in Section 3.4.2.3). Since the meshing stiffness

of the faulty tooth cannot be modeled in SIMPACK, the basic blocks in

SIMULINK are utilized to model the faulty planetary gearbox.
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Planet 1

Sun gear Annulus gear

(Fixed)

Planet 2

Planet 4

Figure 3.5 A planetary gear set with four planets and fixed annulus gear

3.4.2.1 Motion equations of planetary gearbox

A lumped model can be built for the planetary gearbox shown in Figure 3.5, and

further represented as a matrix form (Eqn. 3.1 [57, 66])

MQ+CQ+KQ=T 3.

As the rotational DOFs have significant effect on the torsional dynamics of the
gearbox coupled with an electric machine, the vector Q only contains all the
rotational DOFs as

Q=[¢9S 6, 6, 6, 06, 9C]T (3.2)

p3

M is the mass matrix, C is the damping matrix, K is the stiffness matrix, the
subscript pi represents the planet where i=1 to 4, the subscripts s and ¢ represent

the sun gear and carrier, and T is the external applied torque vector as
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=[r. o000 ] (3.4)

where J is the inertia of the gear/carrier, € is the angular displacement of the
gear/carrier, T is the applied torque, and 7, is the base radius of the gear. c is the
gear damping coefficient, and k is the gear meshing stiffness. The subscript «,
represents the sun gear. For example, the stiffness between the annulus gear and
the planet 1 is

k, =k +(k —kmi“)-squarelN (0 +0,

apl min max

)J —Ak- square(9 +0. ) (3.5)

apl

where &, is the low stiffness when less teeth pair are engaged, k4, is the high

stiffness with more teeth pair are engaged, N, is the number of teeth on the
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annulus gear, @, is the relative phase for the gear pair comprised of the
annulus gear and planet 1, Ak is the stiffness reduction due to the annulus gear
tooth fault, and the function “square” represents the square function with a

period 2n and amplitude 1.

3.4.2.2 Block diagram of planetary gearbox

In SIMULINK, the integration operator can provide better numerical
convergence performance in solving the differential equations than the
differential operator in the presence of the numerical error. To numerically

solve Egn. 3.1 in SIMULINK, it can be rewritten as
Q=M"[[(T-KQ):-CQl 3.6)

Eqn. 3.6 is implemented in SIMULINK as in illustrated Figure 3.6 to 3.8. The
overall block diagram is shown in Figure 3.6(a), where the torque vector T is
represented by a subsystem block as in Figure 3.6(b). The stiffness matrix K
and the damping matrix C share similar forms as in Eqn. 3.3, therefore only K
is presented. According to Eqn. 3.5, if a gear tooth fault occurs, the
corresponding gear meshing stiffness will be composed of two parts: (1) the one
for a healthy gearbox, and (2) the stiffness reduction due to the gear tooth fault.
For example, k,,; between the annulus gear and planet 1 is shown in Figure
3.6(c). Furthermore, the gear meshing stiffness functions between the annulus
gear and all the planets are shown as in Figure 3.7 (a). According to Eqn. 3.3(c),
the stiffness matrix K can be obtained as in Figure 3.7(b), where k1 to k6
represent each row vector of K. The first row vector k1 is shown as an example

in Figure 3.7(c). The multiplication of K and Q is decomposed into the
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multiplication of each row vector (k1 to k6) with Q as in Figure 3.8(a) with the
expression k1*Q shown in Figure 3.8(b). Then, the integration operation is
shown in Figure 3.8(c). Finally, the multiplication with inversed mass matrix is
shown in Figure 3.8(d). The built model for the faulty planetary gearbox can be
included in an overall model just like other general blocks in SIMULINK. With
this approach, the gearboxes with different types of fault can be developed. By
incorporating these gearbox models one by one into an overall power-train
model, all the concerned faulty cases can be studied with easy effort. Therefore,

this approach brings with a high efficiency.

3.4.2.3 Gear meshing stiffness estimation

The gear meshing stiffness are determined by the bending and fillet-foundation
stiffness of each meshing tooth, and Hertzian contact stiffness between the
meshing teeth as in [119]. The irregular shape of the faulty gear tooth makes the
estimation of stiffness become even more complicated, so ANSYS is used to
estimate this value. The meshing pair between the annulus gear and the planet in
a planetary gearbox (with parameters in Table 3.2) are used as an example to
show the influence of the missing material on the meshing stiffness, where one
tooth on the annulus gear loses 1/3™ tooth width and the annulus gear is fixed
on the housing as in Figure 3.9(a). In the simulation, a driving torque 110.4N.m
is applied on the planet through the nodes on its inner race, where the
coordinate system of these nodes needs to be rotated onto the cylindrical
coordinate before applying the torque. The gear tooth contact is setup through

contact elements 170 and 174.
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Table 3.2 Parameters of the annulus and planet gear

Parameter Annulus Planet
Material/Density p (Kg/m®) Steel / 7.87x10°
Young modulus E (Pa) 190x10°
Poisson coefficient v, 0.27
Number of tooth N,, N,, 84 28
Module m(mm) 2

Pressure angle a(°) 20

Tooth face width L (mm) 30

With the applied torque, the Von Mises stress obtained in ANSYS is shown in
Figure 3.9, where Figure 3.9(a) shows the fault tooth location while Figure
3.9(b) shows the healthy tooth location. The corresponding displacement

contour of the gear pair is shown in Figure 3.10. With the applied torque and the

obtained displacement, the corresponding gear tooth meshing stiffness can be
calculated easily. By rotating the gear pair with a small fractional angle each
time, the gear meshing stiffness for an overall meshing period can be achieved
as shown in Figure 3.11. Looking at the faulty location, when one teeth pair are
engaged, the local stiffness loss is 0.3x10® N/(m.rad). When two teeth pairs are
engaged, the local stiffness loss is only 0.2x10® N/(m.rad) as the load is
distributed on two teeth pairs. Furthermore, from the Von Mises stress contours
obtained under both the faulty and healthy conditions in Figure 3.9, it can be
found that the faulty tooth introduce a higher contact stress due to the missing
material. Therefore, the breaking process could be accelerated by the unevenly

distributed stress along the axial direction.
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(b)
Figure 3.9 Von Mises stress of the gear pair (a) faulty location, and (b) healthy location
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Chapter 4  An Analytical Method to Evaluate Gear

Parameters Effect on Rattling Noise

4.1 Introduction

Gear rattle is a common occurrence in transmission systems, such as those in
vehicles and marine vessels, under lightly loaded conditions [23, 24, 120].
When gear rattle occurs, the gear teeth oscillate within the backlash while
undergoing several consecutive tooth impacts that produce a high level of
vibration and noise. This noise resulting from gear rattle is an important source
of passenger discomfort in automotive applications [61, 62, 121, 122]. The
occurrence and severity of gear rattle induced impacts and emitted noise is
influenced by different components of power-trains such as the diesel engine,
the flywheel, the clutch, and the gearbox. Recent technological improvements
have significantly reduced the size of engines and flywheel, as well as mitigated
the frictional torques through improvements in bearings and lubricants
technology, which can increase the occurrence of gear rattle thus bringing it in
focus [120, 123, 124]. Therefore, to avoid expensive modifications later, it is

crucial to consider the gear rattle during the design stage of the gearbox itself.

Previous research has investigated the influence of the various transmission
components on the gear rattle. The effect of the inertia of the flywheel, as well
as the stiffness and hysteresis of the clutch on the gear impact has been
investigated through stiffness varying multi-DOF lumped parameter models of
the transmission [61, 62, 125]. It was shown that by increasing the flywheel

inertia, reducing the clutch rigidity and selecting adequate clutch hysteresis
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torque, the speed fluctuation transmitted from the diesel engine to the gearbox
can be reduced, thereby reducing gear rattle severity. Gearbox parameters can
also affect the rattle noise level [12, 116], e.g., an increase of backlash and gear
meshing stiffness can produce more rattling noise, while an increase of damping
factor and the wheel gear inertia can reduce the noise level. To quantify the
effect of different gear parameters on the rattling noise level, both numerical
modeling and experimental based approaches have been developed. For
example, a two-DOF lumped parameter model was developed for a spur gear
pair to explore the effect of gear backlash and inertia in [116, 126]. However, it
is time-consuming to assess gear parameters’ effect on the rattle noise by
individual numerical simulation that evaluates each parameter one by one.
Furthermore, investigations on power-trains with various configurations and
parameters do not provide an insight regarding the final expected rattle noise as
a combination of all these input variables. Experiment based approaches have
been carried out to investigate the effect of the variation of gear parameters on
rattle noise as well [12, 116]. However, an experimental investigation of gear
parameters on rattle noise requires manufacturing, installation and
commissioning of gears with different dimensions, which is both time-
consuming and expensive. Further, the experimental results are influenced by
errors in manufacturing and installation, such as gear profile error, shaft
misalignment and eccentricity [124, 127]. Therefore, an analytical approach to
evaluate the importance of gear parameters’ effect on the gear rattle noise is
required. According to [116, 128, 129], the root mean square (RMS) value of

the wheel gear acceleration is proportional to the noise level during the gear
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rattle and has been used as an indicator of the sound perception. Since the pure
rotational motion of the gear bodies produce negligible noise, the rattle noise
can be attributed to the period when gear impact occurs. Furthermore, even
though several consecutive impacts can occur gear teeth face at one side before
the gear teeth mesh together again, the first impact has the most dominant
energy as the subsequent impacts can get dampened quickly [130, 131]. It can
be deduced that the rattling noise level is mainly determined by the RMS value
of the wheel gear acceleration during the first impact period, which is used in

this work to estimate its value analytically.

Therefore, in this chapter the acceleration magnitude due to gear rattle is
analytically evaluated to investigate the contribution of different gear
parameters on the gear rattle. A two-DOF model developed for a typical power-
train configuration is simplified to a single-DOF equation of motion to describe
the teeth impact. This simplified model sufficiently describes the wheel gear
vibration within the backlash. The analytical solution obtained from this model
is used to evaluate the RMS value of the acceleration of the wheel gear due to
teeth impacts during gear rattle. This proposed formulation to access the gear
rattle noise is verified using a dynamic model of a typical transmission system
built in SIMPACK software environment. Previously reported experimental
results in [12, 116] are also shown to agree with the proposed method. Thus, the
proposed evaluation method for estimating the acceleration RMS value during
gear impacts can quantify the influence of gear parameters on the rattle noise,
and can thus provide an easy design guideline to determine the expected

severity of gear rattle at the gearbox design stage.
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4.2 Modeling of a Simplified Transmission

4.2.1 Gearbox parameters

Gear meshing stiffness and backlash

During operation, the gear teeth can bend along the line of action that is due to
material elasticity. The gear teeth meshing stiffness k, can be determined by
using the standards mentioned in [132, 133]. The backlash 25, is the amount of
clearance between two mating pair of gear teeth that is usually kept for allowing
an unobstructed operation, as shown in Figure 4.1. However, torque and speed
fluctuations from a prime-mover can result in the teeth to vibrate within the

backlash, which results in the rattling noise.

Pinion; Gear "\
-/ ia— 2b 1" g
~ [//. Is \ -~ .
LN - -

- S ‘/|/

Wheel Gear S N

Figure 4.1 Gear teeth meshing for a gear pair
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Bearing frictional torque

Palmgren model was developed based on a laboratory testing of different types
and sizes of bearings to describe the bearing frictional torque with respect to
rolling, sliding and lubricant loss effects as [134]

T, =T, +T, (4.1

where, Ty is a load independent component determined by the lubricant
properties and a function of angular velocity, while 7 is a load dependent
component determined by the radial and axial load which can be assumed to be
a constant for a given load. The dependence of these frictional components on
bearing type, dimensions, load, rotational speed, and lubricant properties is

described in [134-136].

Lubricant churning losses

Grease lubrication is commonly used in medium-sized gearboxes, wherein all
the gears are either partially or completely submerged in the lubricant. This
results in a power loss component due to lubricant churning. The churning loss
is a complex process for which a dynamic model was developed in [137, 138],
where the churning torque can be expressed as a function of the grease viscosity
and immersion of the gears in the lubricant, which is dependent on dimensions

of gears and the gearbox housing. The churning torque function is given as

T,=05p,071S,T, 4.2)
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where py,;, 1s the density of the lubricant oil, S, is the immersion area of the gear
in the lubricant, and 7, is the dimensionless drag torque. At low speeds, T}, can

be obtained as
T, =1361/d v,/ a’f R Fro 4.3)

where h is the immersed depth of the gear in the lubricant, d. is the pitch

diameter, V; is the volume of the lubricant oil, the Reynolds number

Re = a)rp2 /vlub , Froude number Fr:a)zrp /vlub and vy, is the dynamic

viscosity of the lubricant oil.

4.2.2 Transmission model under idling conditions

A typical five-speed manual transmission [139] is shown in Figure 4.2. In this
configuration, the output gears are usually rotating freely. To obtain a given
gear shift configuration which corresponds to a given speed ratio, one of the
three synchronizers (shown in blue color) is used to lock different gears with the
output shaft. However, the 4t gear speed is obtained by directly coupling the
input shaft with the output shaft using the first synchronizer from the left. Under
idling condition, all gears on the output shaft are in a free flight condition
wherein the only resistance to their motion is provided by a low drag torque that

is due to the bearing friction and lubricant churning.

78



Chapter 4 An Analytical Method to Evaluate Gear Parameters Effect

1 st
2nd Rev

Clutch

Output
Shaft

N
\
X
N

N

)

C

S % Idler
N\

A

T

Counter
Shaft |

#

7

™

Y
&
77

Counter
Gear

¥

A/
Z
>7////////j////////<

»)

Figure 4.2 A typical five-speed manual transmission

To set up the dynamic model of the meshing gears, a two-DOF model
consisting of the equivalent pinion gear and the corresponding wheel gear as
shown in Figure 4.3 is formulated. Taking the example of the 34 gear pair, the
inertias on the input and counter shafts, including gears A, B, D, E, counter gear,
input gears and clutch hub, are reflected onto the pinion gear C to obtain the
equivalent pinion gear inertia /,. The governing equations of the two-DOF

model are obtained and can be written as

I pép =T, =1, [y ~1iCy ¢ —T,,~T. (4.42)

hp

1O, =5, fu+1,66-T~T,, (4.4b)

where T), is the driving torque applied on pinion gear, [, is the wheel gear

inertia, 74, and rp,, are the base radii of pinion and wheel gears, Ty and Ty, are
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the bearing frictional torque of pinion and wheel gears, T, and T, are the
churning torque of pinion and wheel gears, 6, and 0, are the angular
displacement of the pinion and wheel gears, k, is the gear meshing stiffness, c,
is the damping coefficient of the gear pair, and fy is the contact force acting on

the gear teeth surface. fy can be expressed as

s—b, $>b,
Sv=ky 0O Sl<b )
S+b, ¢ <D,

where ¢ = 1,0, - 13,0, 1s the dynamic transmission error.

\' Tbﬁ) bew
Tchw
Tchw

Figure 4.3 A two-DOF model for the transmission

4.3 Analytical Evaluation of the Gear Tooth Impact

4.3.1 Modeling of the gear tooth impact

The unique working principle in an internal combustion engine (ICE) and the
unbalance from the internal rotational component can excite speed fluctuations
in a transmission system. For example, in a four stroke ICE, each cylinder needs

to rotate two revolutions to finish one stroke. And the frequency of speed
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fluctuations is proportional to the number of the cylinder. Therefore, in a N-
cylinder four-stroke ICE, the input angular speed at the pinion gear as applied

by the ICE can be described as [12]

(5]
W=, +Awcos ?a)mt (4.6)

where the pinion gear speed o fluctuates at N/2 times of the input rotational
frequency w,,. As the gear impact is determined only by the speed fluctuation
component, the mean gear speed can be ignored in the subsequent analysis and

thus the input velocity at pinion gear is taken as:

(3o
W= Awcos ?a)mt 4.7)

This speed fluctuation can result in alternating teeth separation and impacts
within the gearbox under idling conditions, as illustrated through the speed
profiles of the pinion and wheel gears in Figure 4.4. The loss of gear contact
occurs from point B to C and then from point E to F in Figure 4.4, during which
the pinion gear’s speed profile follows the solid line, while the wheel gear
follows the dashed line. In other regions, the gears remain in contact. The area
between the speed profiles of the two gears from point B to C or from point E to
F is the distance travelled by gear teeth between the impacts and equals the

backlash 2b,.
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Figure 4.4 Gears crossing across backlash (a) gears’ speed profiles, and (b) key configurations
[116]

Gear rattle occurs if the tangential deceleration at the contact point for the

pinion gear is greater than that for the wheel gear. Under idling condition, only
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the drag torque due to bearing and lubricant acts on the wheel gear. Therefore,

the deceleration threshold for the pinion above which gear rattle occurs is
ecrirical = rbwTdrag /(rbplw) (48)

where the drag torque Tgrug = Tenw + Thpw consists of the bearing friction and the
lubricant churning components. Thus, a decrease of the drag torque or an
increase of the wheel gear inertia decreases the deceleration threshold limit,

thereby increasing the likelihood of gear rattle.

Gear rattle noise, which is directly perceived by the end user, is correlated to the
acceleration of the gear teeth. According to [116, 128, 129], the RMS value of
the wheel gear acceleration is linearly correlated with the noise level when the
gear rattle occurs. And this RMS value has been used to indicate the sound
perception. The noise produced by the pure rotation of the gear bodies is
negligible. Therefore, the rattle noise level is mainly determined by the period
when gear impact occurs. Furthermore, although several consecutive impacts
might occur before the gear teeth mesh together again, the first impact has the
dominant energy as the rest ones can be dampened quickly [130, 131]. As a
result, the rattling noise level is mainly determined by the RMS value of the
wheel gear acceleration during the first impact period. This reasonable
simplification enables the RMS value to be estimated analytically. Therefore,
the influence of gearbox parameters’ such as the meshing stiffness, damping
factor, gear inertia and backlash, on the rattling noise level can be accessed by
evaluating their effect on the RMS value of the wheel gear acceleration through

investigation of the dynamic model of gearbox presented in Eqn. 4.4. Taking
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example of a typical transmission presented in [139], the ratio of equivalent
inertia of the pinion gear with respect to the largest gear on the output shaft is
greater than six. Therefore, the output gear has little effect on the dynamic
response of input shaft. Furthermore, the wheel gear dynamics under idling
conditions can be represented by a single DOF model (similar to Ref. [12]) as
shown in Figure 4.5, where the wheel gear can be modeled as a rigid body
vibrating along the tangential direction insides the backlash. The boundary
conditions for the motion equation for the wheel teeth vibration are time-
varying due to the speed fluctuations from input at the pinion gear. Compared
with the 2-DOF model, the motion equation of the 1-DOF model can be solved

easily by analytical approach.

Wheel gear
X1 kgrpy, X2

Pinion gear . ) )
g Rotation direction

Figure 4.5 Single-DOF model for the gear impact

Considering with a six-cylinder four stroke ICE an impact on the front flank
side of the teeth, the equation of motion for the wheel gear from the time instant
at start of collision ¢y till the time instant for separation #; can be obtained by

substituting Eqns. 4.5 and 4.7 into the Eqn. 4.4b as
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2
k Top r AW

1 i+c,rx+krx= —(Tdmg T + K 1y )+ €yl ADCOS 30,1 + sin3@,t (4.9)

v
m

where x = rp,0,, is the tangential displacement of the wheel gear. The initial
conditions at ¢ = fy, when the gear pair are about to collide on the front flank

(side x; in Figure 4.5) are

Is m 0

x,(t5)=-b +’1§”ﬂ)sin(3wt ) (4.10a)

m

i (7)=v, =Awcos3e.1,) (4.10b)

where vy is the initial tangential speed of the pinion gear.

4.3.2 Analytical solution

In this section, the motion equation of the wheel gear is simplified and
analytically solved. For a typical gear pair, the ratio k,/c, is greater than 1x10*
while the idling speed of a medium sized engine w,, is less than 200 rad/s.
Compared to the third term on the right side of Eqn. 4.9, the second term has
much lower amplitude and therefore can be neglected. Furthermore, the drag
torque 744 induced acceleration component is much lower than the tooth
impact force induced acceleration during the impact period and can also be
neglected. Therefore,

. 5. 5 5 kgrh],rbi,Aw .
I ¥+crix+k rix=—k r’b +—222" in3w t 4.11)
w g bw g bw g bw”ls 3w m

m

The solution of Eqn. 4.11 can be expressed as a sum of three terms
X=X,+X,+X, 4.12)
where x;, is the homogeneous solution, x, 1is the particular solution

corresponding to the constant term —k, r.b, , and x,, is the particular solution
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) ) ) k > A@ )
corresponding to the sinusoidal term Msin 3w t. These three solutions
3a)m m

can be individually found as

x, =e *“ (A, cosw,t+ B, sinw,t) (4.13a)

X, =nby (4.13b)

r, A® k.
X, = i g o sin 3@, t (4.13¢)

3w, \/ (k ‘ rbzw -9, wi )2 + (4c . rbzw o, )2

2
grbw

where the natural frequency @, = , the damped natural frequency

w

Cg Tow

o, >> 3w, and k, >>4a,c, . Therefore, Eqn. 4.13c can be rewritten as

w,=\1-{*w, , and damping factor = . For a typical gear pair,

Aw
<l sin(3a, t) (4.14)
3w,

m

sz

Using the initial condition shown in Eqn. 4.10, the coefficients A; and B; in x;

can be evaluated as

Al - _ r})wvd sin a)dt() e{“’n[o (4153)
a)d
B, = TowVa COS Byly cay, (4.15b)

a)d
where v, =v, —rpra)cos(3a)mt0) is the tangential speed difference between the

gears at time t = fp when the impact is about to occur. Thus, tangential

displacement of the wheel gear (Eqn. 4.12) can be evaluated as

—cali ) V T, Sin@, |t —t A0
x=¢ Q‘)x(f fo)dbw—d(())_’;m [X+L81n(3wmt) (416)
a)d

m
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The wheel gear tangential acceleration can be obtained by twice differentiating
the Eqn. 4.16 with respect to time

e‘?@x("’o)

)'ézlivw/kglwrbw-[(1—2§Z)Sinwd(t—to)+2§'coswd(t—to)] 4.17)

It can be observed that the acceleration X of gear teeth excited due to their
impacts is determined mainly by the homogeneous solution. The particular

solution x,; is constant, and it disappears in Eqn. 4.17 during differentiation.

Also,

X pz‘ is much lower than the homogeneous solution |jc'h| . However, it must

be noted that the pinion speed fluctuation Aw also affects the homogenous
component of wheel gear acceleration. A larger Aw produce a higher speed
difference v;, which will increase the RMS value of acceleration as given by
Eqgn. 4.17. As is shown in previous literatures [116, 129], the rattling noise level
is linearly correlated with the RMS value of the impact-induced wheel gear
acceleration. Further, the first impact is the most dominant among the
consecutive impacts that may occur on a gear tooth face. Taking the duration of
the gear tooth first impact to be half of the damped oscillation period for the

gear teeth ¢, —t, = /@, , the RMS value can be obtained as

RMS(¥)= | [ (4.18)

- kg (1_672”{)”1)‘& 4
~Vd\/47dwé,(l+4é/ )

Furthermore, the shaded region in Figure 4.4(a) between the wheel gear speed
profile and the pinion gear speed profile can be treated as a triangle whose area

equals to the backlash amount 2b;. Therefore, the speed difference v, and
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backlash 2bj, can be related as vV, =k +/2b, where k, is a constant coefficient

for a given speed fluctuation amplitude. Thus,

2k, (1-¢7%)r,, s (4.19
T (1+424p, )

RMS(x)= kd\/

Based on Eqn. 4.19, it can be seen that RMS( X ) increases if the meshing
stiffness k, or the backlash 2b;, increases. However, it will decrease if the inertia

of the wheel gear [, increases. If the damping factor { increases, the damping

related term \/(1—e’2”§ )(1+4§ 4)/ ¢ decreases in the typical range of damping

factor [140], 0.01 < <0.10, which results in a decrease of RMS( i ) value.

4.4 Results and Discussion

The gear rattle occurring in a typical transmission is investigated in this section
through a transmission models as shown in Figure 4.6. A flywheel is connected
to the pinion gear through a clutch. The pinion gear meshes with the wheel gear
as a meshing pair. The equivalent inertia of the pinion gear is much larger than
that of the wheel gear because the equivalent pinion gear inertia should
considers the gears and rotor inertias at the input side as well as the counter
shafts’ inertia. In this study, this equivalent inertia is set to be six times of the
wheel gear, which is typical in automobile transmission design [61, 62, 139].
The corresponding model parameters are given in Table 4.1. The frictional
characteristics associated with lubricant churning are evaluated assuming that

3/10™ of the gears are immersed in the lubricant (70°C).
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Table 4.1 Parameters of the transmission

Parameters Value
Number of teeth (pinion/wheel gears) 25/25
Module m (mm) 4
Pressure angle a (°) 20
Equivalent inertia of the pinion gear /, (kg.m?) 7.0x107
Inertia of the wheel gear I, (kg.m’) 1.16x107
Gear meshing stiffness k, (N/(m.rad)) 2.4x10°
Damping factor { of gear meshing 0.06
Half of backlash b;, (um) 50
Inertia of flywheel (kg.m?) 3x10”
Stiffness of clutch (N.m/rad) 1x10”

4.4.1 Modeling in SIMPACK

A typical transmission is modeled in SIMPACK (shown in Figure 4.6) where a
spur gear pair is connected to a large inertia to simulate the flywheel through an
equivalent torsional spring-damper system to simulate the clutch. The elements

from SIMPACK library used to model the system are shown in Table 4.2.

Table 4.2 Model components represented in SIMPACK

Component SIMPACK element

Gears Primitive 25: Gear wheel
Flywheel Primitive 2: Cylinder
Driving speed of the flywheel Joint: Single axis 40 u(7)

Gear meshing stiffness and damping Force element 225: Gear pair

Stiffness and damping of clutch Force element 52: Cardan joint
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Pinion gear Wheel gear Flywheel

NP

i s

Figure 4.6 Dynamic model of the transmission
4.4.2 Result analysis

If the gear rattle occurs, it can manifest itself as either a single-sided or double-
sided impact, which depends on the magnitude of the pinion gear deceleration.
With the model described in Section 4.4.1, letting ®,,=83.78 rad/s (800RPM)
and Aw = 12.57 rad/s (120RPM) the double-sided impact occurs (as seen in the
dynamic transmission error fluctuations shown in Figure 4.7) which is a typical
gear rattle phenomenon [12]. Therefore, this case is analyzed to investigate the
gear parameters effect on the rattle impact. From Figure 4.8(a), it can be seen
that the bearing frictional torque and the lubricant churning torque components
are comparable under idling conditions. Both of them have a low value and
have similar contributions in determining the threshold of the rattle occurrence.
The tooth impacts periodically excite impulse like peaks in the gear teeth

contact force profile (Figure 4.8(b)), which is the root cause of the rattling noise.
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Figure 4.7 Dynamic transmission error under rattle

The gear rattle noise level indicator presented in Eqn. 4.19 is verified by
varying the model parameters: wheel gear inertia, meshing stiffness, backlash,
and meshing damping factor in SIMPACK simulations, one at a time. The
wheel gear inertia, meshing stiffness and backlash are varied to 1/3, 2/3, 1, 4/3,
and 5/3 times their reference value presented in Table 4.1. The damping factor
is varied from 0.02 to 0.10 using a step size of 0.02. The obtained RMS
acceleration of the wheel gear is then normalized with respect to the RMS value
obtained using the reference values given in Table 4.1. The result from the
analytical expression and the SIMPACK dynamic model are compared in
Figure 4.9. It is seen that the proposed analytical expression predicts the
increase of the backlash amount and the gear meshing stiffness increases the
RMS acceleration of wheel, which matches closely with the results from
SIMPACK simulation (Figure 4.9(a) and (b)). A larger backlash will result in a
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larger gear speed difference at the time of impact, while a stiffer gear tooth will
also increase the contact force magnitude at the impact. Therefore, both these
factors increase the RMS acceleration as observed in the figure. A larger RMS
acceleration in turn implies that the noise due to gear rattle will be higher. The
backlash effect was verified in [12] through experiment, where the rattle noise
level was measured for an idler gear first as shown in Figure 4.10. Then an
elastic thrust collar was fitted onto the same idler gear surface to reduce the
backlash. The measurement showed that the rattling noise level can be reduced
with the reduced backlash. The analytical method also predicts that an increase
in inertia of the wheel gear or the damping factor reduces the RMS acceleration
of the wheel gear, which matches closely with the results obtained from the
SIMPACK simulations (Figure 4.9(c) and (d)). The reduced RMS acceleration
in turn indicates a lower noise level due to gear rattle. The wheel gear inertia
effect was verified through the experiment in [116] where the RMS values were
measured with three gears using different inertias as shown in Figure 4.11. The
results showed that high inertia resulted in a low RMS acceleration value, as
well as the rattle noise. Thus, it is shown that the proposed analytical method
can be used to evaluate the gear parameters effect on the rattling noise level,
and provide a gear rattle measure (Eqn. 4.19) to aid in the gearbox design

optimization.

92



Chapter 4 An Analytical Method to Evaluate Gear Parameters Effect

0.45
g 0.4
Z
()
>
<)
° 0.35
©
[
.0
©
C 0.3
= Bearing
=== |_ubricant
025 | | | |
0 0.02 0.04 0.06 0.08 0.1
Time [s]
(a)
x104
4
3r |
2t |

Contact force [N]
o

oL i
3t ]
-4 | | | |
0 0.01 0.02 0.08 0.04 0.05
Time [s]
(b)

Figure 4.8 (a) Frictional torques and (b) gear teeth contact force at the wheel gear
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600 rad/s’, based on results for the second gear idler gear [12]
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Figure 4.11 Influence of the unloaded gear inertia for an excitation at 45 Hz [116]

4.5 Conclusion

An analytical solution determining the RMS value of the rattle impact induced
acceleration component for wheel gears based on a dynamic model of a typical
manual transmission is presented in this chapter. Since RMS acceleration value
is proportional to the rattling noise level [116, 129], the proposed analytical
evaluation method is capable of investigating the gear parameters’ effect on the
rattle noise level. The evaluated RMS acceleration value for the wheel gear in
the typical transmission gearbox is then used to investigate the effect of
backlash, meshing stiffness, inertia and meshing damping factor on the rattle
noise levels. To verify the proposed analytical evaluation method, an MBS
dynamic model for the typical transmission is developed in SIMPACK. The
comparison of analytical and dynamics simulation analysis shows that the

proposed analytical expression for RMS acceleration value can effectively
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predict the influence of gear parameters. Moreover the obtained analytical and
simulation results also agrees with the previous experimental result in [12, 116].
Thus, the proposed evaluation method provides a simple guideline that can

optimize the gearbox parameters to reduce the gear rattle noise level.
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Chapter S Detecting Planetary Gearbox Fault by Motor

Current Signature Analysis

The electro-mechanical interactions in the electro-mechanical power-trains
(EMPTs) enable to investigate the torsional vibration through the electrical
signature from the electric machines. As a result, vibration signature excited by
the mechanical faults can be monitored by the stator current from the electric
machines, referred to as Motor Current Signal Analysis (MCSA). MCSA
provides an alternative nonintrusive fault detection approach. However, the
harmonics resulting from the structural properties of the electric machines and
the inherent system imperfections make it challenging to detect the incipient
fault in the planetary gearboxes, which will be explored in this chapter. In
Section 5.1, the overall configuration as well as the individual components in an
EMPT testbed are introduced, which can be used to verify the built models as
well as the proposed condition health monitoring (CHM) methods. In Section
5.2, a CHM method based on the resonance residual technique is proposed and
its performance over the existing methods is shown through both the simulation

and the experiments.

5.1 An Electro-Mechanical Power-Train Testbed

5.1.1 Opverall configuration

To verify the models developed for the EMPTs and the proposed CHM method,
a configurable EMPT experimental testbed has already been built in

Mechatronics Lab, Nanyang Technological University. This testbed consists of
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two identical PMSMs (one as a driving motor, the other as a load generator),
two identical planetary gearboxes where each one has a back-to-back
configuration, a control panel, a load bank, a PC, a dSPACE 1104 DAQ &
control card, and a few sensors as in Figure 5.1. Both the PMSMs and the
gearboxes are installed on the slide ways. Together with the torque transducer
installed on a supporting beam, four different configurations can be achieved in
the EMPT as in Figure 5.2. This design helps to investigate a complex EMPT

step by step.

The driving motor is controlled by a variable frequency inverter, whose speed
command is prescribed through dSPACE 1104 through a D/A output port. The
load generator provides the load for the overall EMPT and the electricity
generated is dissipated by a load bank with variable steps. The dynamics of the
EMPT can be accessed by several different kinds of sensors including the LEM
current and voltage sensors, torque transducer, shaft encoder, as well as the
accelerometer. Finally, the experiment data is collected by dSPACE 1104 A/D

input ports.

5.1.2 Control panel

A control panel not only accommodates several electrical components but also
isolates the high frequency electromagnetic noise caused by the inverter from
the rest of the system. And the power cable should also be well shielded to
remove the electromagnetic interference on the sensor signal. Otherwise, the
acquired data from the sensors may contain significant interference noise. Inside

the control panel, there is a variable frequency inverter, a few circuit breakers,
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Figure 5.1 Electro-mechanical power-train testbed
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Figure 5.2 Four configurations of the power-train testbed

two PCBs integrated with the current and voltage sensors, and a DC power to
supply the sensors as in Figure 5.3. The three phase terminal voltage and the
line current of each PMSM can be measured by the sensors integrated on the

PCBs. On the left wall of the control panel, there are four power cables
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connecting different EMPT components together. On the right wall, there are a

few BNC connectors to be as the signal interfaces.

DC
Inverter --.. °" power
Circuit breakers y
' ap . Current/
Motor encoder _ = _voltage
00 -*" sensors
TO load bank- ‘ - e ; of | T g .

R e ] e S S ", Signal

' : ' interfaces

From generator

To motor-~

From grid=-~

Figure 5.3 Control panel for the EMPT testbed

5.1.3 Sensor integration

In the Hall Effect current and voltage sensors, a primary coil and a secondary
coil are coupled together. In the current sensor (LEM HX-10P), the line current
directly flows through the primary coil. In the voltage sensor (LEM LV 25-P),
the primary coil is connected between two phase terminals and a resistor R; is
insert to allow only a small fractional current flow through the primary coil. In

both sensors, a current proportional to the measured current/ voltage will be
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excited in the secondary coil. A measuring resistor Ry / Ry is put into the
secondary coil to convert the output current value into voltage value for easy
measurement as in Figure 5.4. In order to calculate the suitable resistances R;,
Ryrand R;, the maximum value of the measured signal and the measuring range

of the data acquisition system should be taken into consideration.

Iy Iy I VR Vyp VY anp -1sv 1sv

RL R], R[‘ RM RM RM %

AN w s AN W AN W Z + Z =+ Z +
o8| |gerg| | gt
HX 10-P HX 10-P HX 10-P LV 25-P LV 25-P LV 25-P
(4] o o o (4] o
1 + 1 + 1 +
%Rl T& R

uroz yviv2 win2

Figure 5.4 Wiring diagram of the current and voltage sensors for three phase measurement

(a) Shaft encoder (b) Torque transducer

Figure 5.5 Speed and torque sensors
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A solid shaft incremental encoder, with 5000 pulse per revolution (PPR) and the
differential RS422 output circuit, is connected to the PMSM shaft to measure its
rotational speed as in Figure 5.5. The measuring range of the shaft torque
transducer i1s #50N.m, where there is an additional shaft encoder with line driver

output (TTL) and 360 PPR.

5.1.4 Parameters of the PMSMs

A three phase permanent magnet synchronous machine (PMSM) is used in this
testbed with parameters shown in Table 5.1. It can work as either a driving

motor or a load generator.

Table 5.1 Parameters of the PMSM

Parameters Value
Nominal power (kW) 4
Nominal voltage (V) 380
Nominal speed (RPM) 1500
Number of poles 4
Stator winding resistance r, (£2) 1.28
Stator winding inductance L, (mH) 160.4
Stator winding inductance L; (mH) 39
Permanent magnet flux linkage A’ (A-H) 0.66
Inertia of rotor Jy, (kg.mz) 0.013

5.1.5 Load bank

In the testbed, an 8.6 kW three phase load bank with six different load steps is
used whose wiring diagram is shown in Figure 5.6. If the applied terminal
voltage per phase is 220V, the power consumed by these resistors will be 0.1,

0.2, 0.5, 1, 2, and 3kW respectively.
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AC 380V /220V  0-100 HZ

SW1 SW2 SW3 SW4 SW5 SW6
0.1kW 0.1kW 0.2KW 0.2kW 0.5kW 0.5kW
Ay
B/
Cv
SW7 SW8 SW9 SW10
1KkW 1kW 2KW 3KW

Figure 5.6 Wiring diagram of the load bank
5.1.6 Planetary gearbox and gear tooth fault creation

Each planetary gearbox in the testbed consists of two identical planetary gear
sets connected in a back-to-back configuration such that the overall speed ratio
is 1/4x4 =1.0, where 4 is the speed ratio for each gear set. The sun gear of one
gear set is connected to the driving motor, while the sun gear of the other gear
set is connected to the load generator. The carriers of the planetary gear set are
connected together through a steel spline, and the annulus gears are fixed to the
housing. In each planetary gear set, there are four equally spaced planets. The

parameters for the gear set are shown in Table 5.2.

The frequent occurred faults in the planetary gearbox are the spalling fault and
crack fault in the gear teeth. To investigate the dynamics under gear tooth fault

and verify the proposed CHM methods, an artificial gear tooth crack is
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introduced on one of the annulus gear tooth by removing 1/3" of the tooth as in

Figure 5.7.
Table 5.2 Parameters of the planetary gear set

Parameter Sun Planet Annulus Carrier
Number of tooth 28 28 84 -
Number of planet - 4 - -
Pressure angle (°) 22.5 -
Radius (mm) 51.74 51.74 155.2 56
Module (mm) 2 -
Tooth face width (mm) 30 -
Gear meshing stiffness [N/(rad.m) ] Kynin = 1.4x10%, and Ky, = 2x10° -
Mass (kg) 0.576 0.576 - 54
Inertia (kg.m?) 2.25x10*  2.25x10™ 1.32x107

Figure 5.7 The simulated tooth crack on the annulus gear

5.2 Resonance Residual Technique

5.2.1 Motor current signature analysis

An electro-mechanical power-train consisting of electrical machines connected

to a planetary gearbox can be found in several heavy-duty applications such as

wind turbines, maritime vessels, helicopters and automobiles [141, 142]. They
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allow a larger transmitted torque to weight ratio, easier control, higher
reliability and efficiency, and reduced maintenance costs. However, a failure in
the planetary gearbox can cause catastrophic accidents, extended downtimes
and require expensive maintenance. Therefore, early detection of such failures
can significantly reduce the associated capital losses. The conventional fault
detection approaches for the gearboxes are usually based on the vibration and
acoustic emission signatures [87, 89-91, 143]. However, practical
implementation of such approaches can face several limitations, including (a)
vibration and acoustic signals contain a significant noise resulting from external
perturbations, (b) these measurements are affected by the sensor placement and
the optimal sensor location is not always accessible, and (c) measurement is
sensitive to the operating environment [51]. Furthermore, the vibration spectra
of a planetary gearbox has complex characteristics, which are attributed to: (1)
the angle-varying gear meshing stiffness from the planet-sun and planet-annulus
gear meshes, and (2) the modulation effects introduced from the planet motion
with respect to the fixed sensor mounted on the gearbox housing [122]. As a
result of this modulation effect, the sidebands in the vibration spectra of a
planetary gearbox are often non-symmetric and some of the expected frequency

components may be missing.

Motor current signal analysis (MCSA), utilizing the stator current measurement
from the electrical machines, provides an alternative non-intrusive approach to
detect mechanical faults. The basis of MCSA is the reflection of mechanical
torsional vibration on the stator current [19]. Mechanical faults such as rotor

eccentricity, shaft misalignments, and bearing faults have been successfully
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detected through MCSA [103-105] using the sidebands introduced in the
current measurement spectra. Compared to the vibration signature analysis,
utilizing MCSA for planetary gearbox fault detection can bring an additional
benefit, where the analysis and interpretation of the results can be simplified by
removing the modulation effect due to planet motion with respect to stationary
sensor in the measured signal spectra. Faults in the fixed-axis gearboxes
containing spur, helical, or worm gears have been detected using MCSA by
monitoring the sidebands located at f, + mefcy = nefgr [51, 144-149]. The lowest
fault indicating frequency components f, + n*fgr (by setting m = 0) were used as
an indicator to detect the gear tooth fault in [144-147, 150]. The sidebands
around the gear meshing frequency and its harmonics f, £ mefgy = nefgr (m # 0)
were proposed as an alternative indicator in [51, 144, 149]. However, most of
the sidebands due to an incipient gear tooth fault have rather low amplitude.
Therefore, they are often hidden by the harmonics resulting from the motor
structure and noise. Thus, it is necessary to explore the location of the sidebands
with high amplitudes that can provide rich fault information. However, such
investigation for MCSA applications to detect faults in the planetary gearboxes
is still lacking. The sideband amplitude at a given frequency is determined by
the structural properties of the power-train. Vibration spectrum in the vicinity of
the structural natural frequencies has been used to detect the spur gearbox and
rolling bearing faults, where the fault induced sidebands show a higher
amplitude around the structural frequencies of the power-trains [92, 151, 152].

Inspired by these approaches, this paper presents the resonance residual
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technique that extracts the fault signature of a planetary gearbox using the

measured stator current which often includes a high level of background noise.

The fault detection scheme presented in this section uses identified structural
natural frequencies for the first time to detect gear tooth faults based on MCSA.
Both simulations and experimental verification are presented to show the
applicability of this proposed approach applied to an EMPT comprising of a
driving motor (a Permanent Magnet Synchronous Machine, PMSM) connected
to a load generator (another PMSM) through a planetary gearbox with back-to-
back configuration (Figure 5.8). A multi-degree-of-freedom (DOF) lumped
model for this power-train is developed and is numerically integrated using
Newmark’s method to investigate its dynamic response. It was shown in [149]
that a gear tooth failure, such as a cracked tooth, spalled tooth or broken tooth,
always results in a local reduction of the meshing stiffness when the faulty tooth
passes through the gear meshing. Therefore, a seeded annulus gear tooth crack
is modeled in this work through a local reduction in gear meshing stiffness
function corresponding to each of the planet-annulus gear pair. The resonance
residual technique is then applied onto the simulated or measured stator current.
The resonance region around the evaluated structural frequencies of the power-
train is utilized in this technique to extract spectral components with rich fault
information of the gearbox. Furthermore, a fault indicator value is obtained to
monitor the gearbox. The robustness of the proposed technique to detect
gearbox faults under different operating conditions is demonstrated through
experiments. Finally, the effectiveness of the proposed method over existing

methods in fault detection from stator current is verified by experiments as well.

107



Chapter 5 Detecting Planetary Gearbox Fault by MCSA

Back-to Back
Planetary Gearbox

Rl
I Spline (spl) T
pll i S
I I

Figure 5.8 Schematic of the investigated electro-mechanical power-train

Flexible
coupling #1

Flexible
coupling #2

Load
Generator

Driving
Motor

5.2.2 Dynamic model of an electro-mechanical power-train
5.2.2.1 State-Space representation of the PMSM

A three phase PMSM consists of (i) a fixed stator with three phase windings a,
b and c, and (ii) a rotor with permanent magnet poles (Figure 2.11). When a
three phase AC power supply is applied to the stator windings, a rotating
magnetic field is produced which interacts with the permanent magnet poles on
the rotor to push it forward. The dynamics of the PMSM can be described using
Park’s model as in [33, 35, 153], which can be rearranged in a state-space
equation representation on the rotor reference frame (d-g) as

AR e A v 0 (5.1)
A, , -R,/L, || 4, v, lfRs/Ld
B

A Alw,) A

where A is the magnetic flux linkage vector. The matrix A(w,) is a function of
electrical rotor speed w,, B is the input vector comprising of the terminal
voltages and a constant term from the permanent magnet flux linkage. The
stator current vector I can be evaluated using A as

Bj ) F/é q 1/(; ] Bq, } {— ,1;0 /LJ (5.2)

| L' A G
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where L is the inductance matrix, and G is a constant vector. Based on Eqn. 5.1
and 5.2, a model for the PMSM (load generator) can be built in SIMULINK as

in Figure 5.10.

5.2.2.2 Lumped parameter model for planetary gearbox

With the multi-DOF lumped model developed for a planetary gear set in

Section 3.4.2, each gear set in the planetary gearbox can be represented as

MQ,;+CQ;+K,Q; =T, (5:3)

where j = 1 or 2 represents one of the two gear sets, M, is the mass matrix, C; is
the damping matrix, K; is the stiffness matrix, and T; is the externally applied

torque vector. The vector Q; contains all the rotational DOFs of the gear set as

T
Qj = [091 eplj 91)2j 91)3/’ 0[74/' ecj ] (54)

where the subscript s represents the sun gear, the subscripts ¢ represents the
carrier and p1 to p4 represent planet 1 to 4. If the gearbox is free of any defects,
the gear meshing stiffness is a function of the gear angular displacement and
can be described by a square waveform [57, 66]. The gear meshing stiffness for
a pair of teeth is determined by the teeth bending stiffness, fillet-foundation
stiffness, and the Hertzian contact stiffness [119]. If a tooth defect is present, a
partial loss of the contact occurs whenever the faulty tooth is engaged, resulting
in a local reduction in the meshing stiffness function [119] due to the increased
flexibility of the gear teeth. The meshing stiffness functions used in simulation
for healthy and faulty gear are shown in Figure 5.9. Due to the local reduction
in the meshing stiffness, amplitude and phase modulation effects are introduced

into the vibration response. These modulation effects appear as sidebands in the

109



Chapter 5 Detecting Planetary Gearbox Fault by MCSA

vibration spectrum, whose frequency locations are determined by the gear fault
location [92]. Furthermore, these sidebands are also reflected on the stator
current obtained from the electrical machines, which is discussed in detail in

Section 5.2.3.

Faulty gear tooth Healthy:
" A engaging duration
2 Faulty: — — -
@ kmax
:D L0 N ]
=
o]
g AKLoss
é‘? Faulty gear tooth

meshing period

>

Gear rotational angle
Figure 5.9 Gear meshing stiffness under healthy and faulty conditions

Within the planetary gearbox, the torsional stiffness of the spline which couples

the two planetary gear sets in a back-to-back configuration can be estimated as

kspl = ﬂG(dsplO4 - dspll )/(32[45;;1 ) (5.5)

where G is the shear modulus, dy, s the outer diameter of the spline, d; is the

inner diameter, and Ly, is the spline length.

5.2.2.3 Model of the electro-mechanical power-train

As shown in Figure 5.8, two shaft couplings with different torsional flexibilities
are used to couple the two PMSMs with the planetary gearbox on each side,
whose stiffness and inertia properties are given in Table 5.3. The low stiffness
coupling (cpll) is installed between a sun gear and the driving motor to remove

high frequency noise introduced from the motor side, while the high stiffness
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coupling (cpl2) is installed between sun gear of the other gear set and the load

generator.
Table 5.3 Parameters of the shaft couplings
Parameters Coupling 1(cpll) Coupling 2(cpl2)
Torsional stiffness (kNem/rad) 1.29 54
Inertia (kg.m?) 8.7x10™* 8.8x107

Driving Motor
Speed SP Motor E’ Discrete,

Ts =1e-06s.
Conv. EI
A Zero-Order A

Hold
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.|}-@MI\B B a3 El
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Figure 5.10 Diagram of the EMPT model in SIMULINK
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With the model built for the planetary gear set in Section 3.4.2 as well as the
PMSM model in Section 5.2.2, the electro-mechanical power-train is modeled

in SIMULINK as Figure 5.10.

5.2.3 Resonance residual based fault detection technique
5.2.3.1 Planetary gearbox to load generator rotor transmission

The transmission of the torque fluctuation from the planetary gearbox to the
rotor vibration of the load generator is determined by the rotor inertias and the
shaft flexibilities. By reflecting the entire gearbox inertia on the sun gear
connected with the load generator, an equivalent inertia J,, of the gearbox can

be obtained as ([57])

2 2

J =y +d,+20 P o) 4 PoM, 2 ) (5.6)

P 2
4er 4r,,

where the planetary gearbox comprises of two planetary gear sets, both of
which are taken into consideration. Jy= Je+Jn/2 and Jo= J+Jo,n/2 are the
overall inertia at each sun gear, where half inertia of the couplings are added to
the corresponding sun gears. Jy, Jp, Je, Jepi1, and Joppp are the inertias of the sun
gear, planet, carrier (values provided in Table 5.2), and the coupling 1 and 2
(values provided in Table 5.3) respectively. P is the number of the planet. ry;,
1y, and rp. are the base radii of the sun gear, planets and the carrier respectively.
M, is the mass of the planet. The overall power-train can be simplified as a two-
mass system shown in Figure 5.11. The governing equations for the simplified

two-mass system are

Jeqéeq = ’Teq - kcpl2 (eeq - HL) (573)
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J 6, =-T, - kcpzz(é’L - 6Lq) (5.7b)

where Jp = Jy + Jepn/2 is the overall inertia of the load generator, 6,4 is the
angular displacement of the equivalent gearbox inertia, 6, is the angular
displacement of the load generator, T, is the torque applied on the equivalent
inertia, and 77 is the load torque. The damping in shaft and coupling is primarily
material based, which is low and therefore can be neglected. Equation 5.7 can
be simplified to describe the relationship between the gearbox torque fluctuation

and the torsional vibration experienced at the load generator as

BL (5 ) kvPIZ

- = (5.8)
T,(0) J,J.0+, +J, k05

where ¢ is the Laplace variable and the parameters corresponding to the
considered testbed are shown in Table 5.1, Table 5.2 and Table 5.3. The
frequency response of G(d) is shown in Figure 5.12(a). It can be observed that

G1(0) has a high amplitude gain around the natural frequency fy of the two-mass

1 11
f =41 kc) —+— (5'9)
Yoox\ gL, T

Therefore, the transmitted vibration response from the gearbox side to the load

system.

generator has energy concentration around the resonance frequency.

Te TL

Jeg Jr

Figure 5.11 Two-mass system representation for load generator with equivalent inertia
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5.2.3.2 Effect of generator vibration on stator current

MCSA relies on the reflection of the torsional vibration on the stator current.
However, the frequency response function of the stator current to the torsional
vibration has not yet been sufficiently investigated in the existing literatures.

For a balanced three phase PMSM, the voltage equation of phase a is

di, di,, di,
vas = RS ias + LaSaS = + Lasbs - + Lascs =
dt dt dt

%(/1;. sin6,) (5.10)
where L, is the self-inductance of stator winding as, L, is the mutual-
inductance between the windings as and bs, L, is the mutual-inductance
between the windings as and cs, and 6, is the electrical angular displacement of

the PMSM. The induced stator current is related to the electrical angular

displacement as

i, = \/EIA_ cos[ﬁr -&- Zj (5.11a)
iy, =21, 008(9, —5—767[] (5.11b)
. T

i, = \EIX cos{ﬁr &+ 6] (5.11¢)

where I, is the root mean square of the stator current, and ¢ is the lead angle of
the rotor magnetic field with respect to the stator magnetic field (generator

mode). The inductance of the stator winding

L, =L, +L,—L,cos20, (5.12a)
L, - _%A _L,cos 2(9, _ ’3’] (5.12b)
L, = —L—zA — L, cos 2[@ + Zj (5.12¢)

where Lj, is the leakage stator inductance, and L4 and Lg are defined as

114



Detecting Planetary Gearbox Fault by MCSA

Chapter 5

(5.13a)

(,+L,-2L,)

L,=

(5.13b)

-

L -

10

10
10°®

[(wN)/ped] epnydwy

10’

Frequency [Hz]

(a)

[pesy] epnuduy

1008 L[ __

10°
Frequency [Hz]

10'

(b)

Figure 5.12 Frequency response functions (a) gearbox torque fluctuation to electrical machine

rotor vibration Gy(d), and (b) electrical machine rotor vibration to stator current signal G,(J).
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Using Eqn. 5.10-5.13, the relationship between the applied stator voltage v,

electrical angular displacement 6,, and stator current i,, for phase a is

v. =Ri + L, +§LA 3 L™ %+ﬁ(/1; siné),) (5.14)
‘ o 2 2 dt dt -

0, can be partitioned into terms corresponding to nominal speed and a
fluctuating component due to torsional vibrations

6, =6, w2=am,, w2+A6, w2 (5.15)
where w is the number of poles of the PMSM. The nominal speed w,, is a
constant and does not affect frequency response. Therefore, it can be neglected.
The amplitude of A#, is usually low, resulting in sin(A8,) = A8,. Thus,

Eqn.5.14 can be rewritten as

o di
v.=Ri +L, +§LA 3 L) g +A L"ﬁAan (5.16)
2 2 dt 2 dt

Furthermore, the transmission of the torsional vibration to the stator current

signal can be derived as

. -1 2s
G, (5) =t (6) _ 2 (5.17)

R, {L,S JF%LA —;LBez-’(§+”/2)}5

Equation 5.17 shows that the rotor speed oscillation A8,, can be reflected onto
the stator current i,;, where the PMSM parameters are described in Table 5.1.
The lead angle ¢ is assumed to be 2n/3, which is typical in PMSMs. Figure
5.12(b) shows the frequency response of G»(d). It can be observed that in the
lower frequency range, the amplitude response from A8, to i, increases with
the frequency, and approaches a constant in the higher frequency range. The
corner frequency which lies between these two regions is determined by the
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parameters of the PMSM. Thus, Eqn. 5.8 shows that the vibration signature can
be transmitted from the gearbox to the connected rotor of the PMSM wherein a
peak amplitude in transmission function is observed around the natural
frequency of the power-train, and Eqn. 5.17 shows that the mechanical vibration
reflected onto the stator current has a constant amplitude of the frequency
response function after the corner point. This implies that detecting gear fault
using sidebands in measured current signals around the power-train’s natural
frequency should be feasible. The remainder of this section presents a fault
detection algorithm based on MCSA that utilizes the peak in the transmission

function response around the natural frequency of the power-train.

2. Transform to

1. .R 1
Stator current »| rotor reference _| 3.Resamp eto > 4 FFT
measurement angle domain
frame
A
. 7. IFET to obtain 6. Filter to extract the 5. Set meshing harmonics
8. Fault indicator . . L - N
(FI) residual signal = response within the and motor structure
r(?) resonance band harmonics to zero

f

Estimated drive-train
natural frequency fy

Figure 5.13 Fault detection algorithm based on resonance residual approach

5.2.3.3 Fault detection algorithm

As discussed earlier, a gear tooth fault results in amplitude and phase
modulation of the nominal vibration signal, which can be detected by
monitoring the sideband patterns in the vibration spectra. Also, these gear
vibration signals can be transmitted to the rotor of the load generator, where the

dominant sidebands are expected to be around the structural frequency of the
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power-train. Therefore, the reflection of the sidebands on the stator current
enables detection of the gear fault by MCSA. Figure 5.13 shows a proposed
fault detection algorithm for a gearbox connected to a PMSM through the
measured stator current using the resonance residual technique. First, the stator
current is transformed from stationary reference frame (abc) to rotor reference
frame (d-g) to remove the fundamental line frequency f, which otherwise may
mask the sidebands arising from the fault. Then, the signal is resampled from
the time domain to the angle domain/shaft order domain to remove the influence
of small speed / load fluctuations that often blur the obtained current spectra.
This step improves the signal to noise characteristics of the measurements [65].
To obtain the spectrum of the current signal with respect to the shaft orders,
Fast Fourier Transform (FFT) is adopted. However, for presentation of results,
stator current spectrum is shown in the frequency domain where frequency =
shaft order x nominal operating speed x number of pole pair. Presenting the
results using the frequency domain instead of shaft order domain allows the
readers to easily locate the resonance region in presented spectra. In the
obtained current spectrum, the gear meshing frequency and its harmonics, as
well as the identified harmonics due to the electric machine structure are set to
zero. For this step, measuring the stator current spectrum of generator without
connecting it to the gearbox can predetermine the harmonics resulting from the
electrical machine structure. The signal is then band-pass filtered to remove the
stator current response and noise outside the resonance band. The center
frequency of the filter is set as the natural frequency fy of the power-train

corresponding to the gearbox-generator coupling estimated using Eqn. 5.9.
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Inverse Fast Fourier Transform (IFFT) is utilized to obtain the residual signal
r(?). Finally, a fault indicator F1, similar to that proposed in [93], is evaluated to

indicate the health condition of the gearbox as
FI=PP(r(t)) /> Agy. (5.18)

where PP(r(t)) is the peak to peak value of the residual signal r(f) to measure

the amplitude fluctuation, and Z:AGMle is the summation of the amplitude of

the meshing frequency and its harmonics determined by the operating

conditions.

5.2.4 Simulation results
5.2.4.1 Results from SIMULINK

Table 5.1, Table 5.2 and Table 5.3 provide the parameters for the shaft
couplings, three-phase PMSM, and the planetary gear set. The stiffness of the
two flexible couplings are k., = 1.29kNem/rad and k.,» = 54kNem/rad, while
the rotational gear meshing stiffness is significantly higher than the above two.
The natural frequencies of the power-train assembly can be evaluated as the
solutions of the equation def(-Mw”’+K)=0 [32]. Because of the free boundary
conditions at the rotor inertias of electric machines, the first solution is zero,
which corresponds to the rigid body mode. This mode can be neglected in the
vibration response analysis of the system. Further, it can be seen from Figure
5.12(a) that the response transmission of vibration signal from gearbox to
generator side attenuates quickly as the frequency increases. Therefore, only the
next three frequencies determined as 90, 449, and 2530Hz are considered. A

lower stiffness results in a lower structural frequency. Therefore, the first
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natural frequency is found to be associated to coupling 1 (between the driving
motor and gearbox) which has the lowest corresponding stiffness. The second
natural frequency is found to be associated to coupling 2 between the load
generator and the gearbox, and the third natural frequency is associated to the

meshing among the gears which is significantly stiffer.

In the simulation, the operating condition for the power-train is set as: operating
speed = 600rpm, load power = 0.76kW, and load torque = 12.1N.m (which is
the same as the operating condition I used in experimental study as shown in
Table 5.4). A healthy gearbox is simulated first, followed by a gearbox with
cracked annulus gear tooth. At this operating speed, the gear meshing frequency
equals to 210Hz and the fault in the annulus gear will excite sidebands with
spacing equal to be 10Hz. Fluctuations in stator current are observed even for
the healthy planetary gearbox, which is a result of the variation in the gear
meshing stiffness with respect to the rotational angle. Such oscillations
evaluated from a healthy planetary gearbox are illustrated in Figure 5.14(a).
Finite element analysis using ANSYS estimated that losing one third of a teeth
in the annulus gear results in a local drop of around 0.2x10* N/(rad.m) in gear
meshing stiffness function as in Section 3.4.2. This local reduction excites a
periodic impulse in the torsional vibration which is reflected on the stator

current signal as shown in Figure 5.14(b).

Under healthy condition, the gear meshing frequency and its harmonics are the
dominant frequency components in the spectrum of the stator current (Figure

5.15(a)). A few sidebands with low amplitude can be observed around 449 Hz
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Figure 5.14 Time waveform of the stator current i, (a) healthy condition, and (b) gear tooth

crack

which is the natural frequency of the power-train (corresponding to the gearbox

generator coupling). The appearance of those sidebands can be attributed to the
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interaction between gear meshing frequency and the natural frequencies.
However, in presence of fault, several more sidebands having significantly
higher amplitude can be observed in Figure 5.15(b). Further, it is noteworthy to
observe that the amplitude of the sidebands at the low frequencies and those
around the 449Hz resonance frequency are comparable. However, there are

more sidebands in the latter location.

Using the proposed resonance residual technique shown in Figure 5.13, the
residual signals for both the healthy and faulty simulated cases are obtained in
Figure 5.16. The parameters used in the algorithm are as follows. In Step 5, the
gear meshing frequency 210Hz and its harmonics are set to be zero in the stator
current spectra. In Step 6, a band pass filter with a low cutoff frequency of 400
Hz and a high cutoff frequency of 500 Hz is used to extract the sidebands
around the evaluated natural frequency. In Step 7, IFFT command in MATLAB
is applied on the band passed signal to obtain the residual signal r(t). Finally,
the fault indicator value in Eqn. 5.18 is evaluated to monitor the health
condition of the gearbox. Periodic high peaks having time period corresponding
to the annulus gear fault can be observed in the residual signal obtained from
the faulty gearbox case in Figure 5.16, indicating a fault at the annulus gear
teeth of the planetary gearbox. The corresponding fault indicators for the faulty
and healthy gearbox are 8.9x10™ and 2.8x10 respectively. Thus, it can be seen
that a gearbox fault produces a higher fault indicator value than the healthy case
demonstrating the capability of proposed algorithm to detect planetary gearbox

faults through MCSA. In the next section, the capability of the proposed
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algorithm to detect planetary gearbox faults is further verified through

experiments.
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Figure 5.15 Sidebands excited in the spectra of the stator current (a) healthy condition, and (b)

gear tooth crack.
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Figure 5.16 Evaluated residual signals obtained from the stator current.

Table 5.4 Parameters for experimental operating conditions

Case Speed Power Load torque Gear meshing Gear fault
(rpm) (kW) (N.m) frequency fs) (Hz) frequency fgr (Hz)
I 600 0.76 12.1 210 10
II 600 0.26 4.2 210 10
I 1500 2.0 12.7 525 25

5.2.4.2 Results from a nonlinear model built in ANSOFT

To explore the dynamics response of stator current to vibration signature
induced by the gear tooth fault in the practical electric machines, a nonlinear
analytical model built in ANSOFT for the PMSM in Section 3.3.2 is utilized,
where the speed of the load generator acquired from Section 5.2.3 is used as the
speed input of the PMSM. The spectra of the stator current with gear tooth fault

are shown in Figure 5.17, where it can be seen that lots of sidebands are excited
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in the resonance region while there are few sidebands in the lower frequency

range.
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Figure 5.17 Stator current spectra under faulty gear tooth based on model in ANSOFT

5.2.5 Experimental validation

The proposed fault detection method is experimentally verified using an EMPT
testbed whose configuration was shown earlier in Figure 5.8. An annulus gear
tooth crack is created on the second gear set by removing 1/3" of a tooth
(Figure 5.7). The speed command of the driving motor is output through an
analog signal from dSPACE 1104. The electricity generated by the load
generator is dissipated at a resistive load bank at different power steps. The
current of the load generator are measured by three Hall Effect sensors. The
rotor speed of generator is measured by an incremental encoder having 5000
pulses per revolution. The power-train was operated under three different

operating conditions (Table 5.4) to show both the effectiveness of the proposed
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method over the existing ones and its robustness to detect faults under different

operating conditions.
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Figure 5.18 Identification of PMSM’s dominant structural frequencies (a) speed and

acceleration plots for load generator, and (b) spectrum of measured speed.
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acceleration plots of load generator, and (b) spectrum of measured speed.
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5.2.5.1 Identification of the power-train’s natural frequencies

The PMSM injects several dominant frequencies due to its own structure in the
measured current spectra. These dominant frequencies from the motor structure
can affect the fault detection process and therefore must be identified
beforehand. For this, the driving motor is directly connected to the load
generator through coupling 1. Its low stiffness isolates the vibration of the
PMSMs from each other. Afterwards, the motor is given a ramp speed
command from 300 to 2400rpm followed by deceleration as shown in Figure
5.18(a). Whenever the operating speed of the motor matches one of the
structural/ resonance frequencies, large speed oscillations can be observed in the
measured encoder signal. The acceleration curve of the load generator, obtained
by differentiating the speed measured from the encoder, shows several such
resonances (Figure 5.18(a)). Three dominant structural frequencies were excited
at the load generator speed: 267, 300, and 361Hz (Figure 5.18(b)). Afterwards,
the planetary gearbox is installed to investigate the natural frequencies of the
power-train with the same speed profile, where a new dominant component
(around 446Hz) can be found in the spectrum of the load generator speed
(Figure 5.19). Compared with the previous theoretical results, it can be
determined that the 446 Hz component is the natural frequency of the power-

train arising from the flexibility of the generator gearbox connection.

5.2.5.2 Detection of gear tooth crack using stator current

The stator current spectrum of a healthy planetary gearbox under operation

condition I are shown as an example in Figure 5.20 to demonstrate its
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complexity due to dominant frequency components from different sources.
Even under the presumed healthy condition, several dominant frequency
components can be observed, which arises from the gear meshing frequency fou
(given in Table 5.4) and its harmonics, as well as the manufacturing and
installation errors of the power-train. Furthermore, harmonics resulting from the
PMSM structure [36, 37] are also reflected in the stator current. These
harmonics were not reflected in the simulation study presented earlier using
Park’s model, as this model assumed that, (1) the number of the stator winding
coils is distributed sinusoidally around the stator, (2) magnetic saturation does
not occur, (3) the influence of the slot on the magnetic permeance is negligible,
(4) the higher order harmonics due to distribution of permanent magnet
materials can be ignored, and (5) the three-phase winding is ideally balanced.
For the described experimental test rig, it was identified that the PMSM
introduced significant contributions at the 1%, 2™, 3 4™ 6" 12" 14" 16",

18"™ 21, and 24"™ harmonics of the fundamental frequency as in Figure 5.20(a).

The application of the proposed algorithm for experimental investigation is
similar to that for simulation study. First, the measured stator current is
transformed to the rotor reference frame to remove the fundamental line
frequency, followed by resampling to angle domain to remove the speed
fluctuation in the power-train. Afterwards, the spectra of the measured stator
current are obtained using FFT. In Step 5, the gear meshing frequency fou
(Table 5.4) and its harmonics, as well as the before mentioned PMSM structure

induced harmonics are set to be zero in the spectra. In Step 6, a band pass filter
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with low cutoff frequency 400 and high cutoff frequency 500 Hz is used to
extract the rich gear fault information around the resonance frequency 446Hz as
in Figure 5.20. In Step 7, IFFT of the band passed signal produces the residual
signal r(7) as in Figure 5.21. Finally, the health condition can be identified by
the fault indicator in Eqn. 5.18. The robustness of the proposed method was
investigated through three different operating conditions I, II and III (Table 5.4),
where the corresponding fault indicator values for both the faulty and healthy
gearboxes as well as their ratios are shown in Table 5.5. From Table 5.5, it can
be seen that the evaluated fault indicator value depends on the operating
conditions of the experiments. Therefore, the fault indicator value evaluated at
one particular operating condition cannot be used as a reference to monitor the
gearbox health running under another operating condition. Further, it can be
seen that the fault indicator ratio is sensitive to the load torque, where a high
load torque results in a larger ratio between the faulty and healthy conditions.
Therefore, to implement the proposed method, the fault indicator for the healthy
gearbox should be pre-determined in its range of operating speed and load. The
thresholds for indicating gearbox faults can be set based on the fault indicator
ratio between the faulty and healthy gearboxes at a given operating condition.
During its operation, the fault indicator can be monitored continuously, where

an increase beyond the threshold limit indicates a fault in the gearbox.
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Existing fault detection methods based on MCSA utilize the amplitude of the
sidebands in the lower frequency range of the stator current spectra as an
indicator to monitor a gearbox’s health condition [145-148]. For the conducted
experiments, only the 1* sideband corresponding to the annulus gear tooth crack
in the lower frequency range of current spectra shows apparent increase (Figure
5.20(c)). Therefore, this particular sideband was used as a fault indicator of the

gearbox health condition as well, where the fault indicator is rescaled by the

ZAGMJ as in Eqn. 5.18. With the existing methods, the fault indicators for the

faulty and healthy gearboxes and their ratios are also given in Table 5.5.
Comparison of the fault indicators obtained from the existing method and the
proposed method shows that the former produces a lower fault indicator ratio.
Thus, the proposed method is more effective in detecting the gearbox fault

through MCSA.

Table 5.5 Fault indicators from existing and proposed methods

FI from existing method FI from proposed method
Case

Healthy  Faulty Ratio Healthy  Faulty  Ratio
I 0.41 0.53 1.29 1.02 1.74 1.71
II 0.91 1.12 1.23 1.77 2.33 1.35
111 1.14 1.35 1.18 0.21 0.35 1.67

5.2.6 Conclusion

In this section, a novel fault detection scheme that extracts rich fault
information from the frequency region in vicinity of power-train resonance in

measured stator current spectrum is developed and implemented. This approach
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is applied through both simulations and experiments to an electro-mechanical
power-train consisting of a driving motor connected to a load generator through
a back-to-back planetary gearbox. The frequency response functions of the
transmitted vibration from gearbox to electrical machine rotor, and from rotor
vibration to stator current response are presented to show that the sidebands in
the vicinity of power-train natural frequency of current spectrum contain rich
fault information. The first frequency response function has a high amplitude
relationship around the power-train natural frequency, while the second one has
higher amplitude at the higher range of frequencies. Both simulations and
experiments show a significant presence of sidebands in the current spectrum in
vicinity of power-train natural frequency. The proposed algorithm is applied to
experiments conducted at different operating conditions. It is shown that the
fault indicator determined by proposed approach is more sensitive to presence

of gearbox faults as compared to existing MCSA based approaches.
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Chapter 6 Concluding and Remarks

The electro-mechanical power-trains (EMPTs) are now utilized in many
applications. Compared with the conventional power-trains, the EMPTSs provide
higher fuel efficiency, better dynamic performance, and lower maintenance
costs because, (1) the electrical components can decouple the power generation
stage from the load part, which enables the engine to operate always with high
efficiency, and (2) the electrical drives have a faster and smoother response than

the internal combustion engines.

However, the following factors challenge the reliability and applicability of

EMPTs:

(1) Modeling of the EMPTs is challenging due to the immense variation in
required model selection and approach with respect to the EMPTSs’
configuration and the research applications. Furthermore, there is a lack of the
efficient model development techniques that offer a good overall electro-

mechanical modeling capability.

(2) The resulting challenge in being able to model the nonlinear dynamics of the
power-trains has let to insufficient investigation and lack of the design
optimization knowledge, for example, appropriate gearbox selection to reduce

the vibration and noise in the power-trains.

(3) The electro-mechanical interactions have not been fully revealed, especially

the reflection of the vibration signature onto the stator current of electric
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machines. As a result, the stator current has not been effectively utilized to

analyze the dynamics and carry out condition monitoring of the EMPTs.

6.1 Contributions of this Thesis

To deal with the above mentioned research concerns on EMPTs, the following

three key contributions have been demonstrated in this presented thesis:

(1) A systematic co-simulation strategy, which utilizes the extensive model
libraries from block diagram (as available in MATLAB/SIMULINK), multi-
body system (such as SIMPACK), bond graph (such as 20-SIM), and finite
element analysis (such as ANSYS and ANSOFT), was presented to model the
EMPTs of various configurations for different research applications. The
proposed co-simulation strategy is applicable to different EMPT configurations
and can leverage on the model libraries to model healthy and faulty power-train

components accurately.

(2) A new analytical formulation to estimate the noise level due to the nonlinear
dynamic response exhibited by gear rattle in a typical automotive power-train
was developed. This formulation evaluated the effect of important gear design
parameters on the gear rattle vibration and noise level and thus can provide a
guideline in gearbox design to reduce the rattle noise concern. The formulation
was verified using co-simulation of automotive power-train model in
SIMPACK along with model library approach in MATLAB/ SIMULINK. The
results were also verified using existing experimental data available in

literatures.
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(3) The electro-mechanical interactions were investigated through evaluation of
transfer function between the gearbox vibration and the stator current of the
electric machines. Based on this investigation, a novel condition health
monitoring (CHM) method based on the resonance residual technique is
proposed for the EMPTs through the measured stator current. Compared with
the existing CHM methods, this new method is more sensitive to incipient faults

in the EMPTs.

6.2 Future Work

Although the proposed CHM method for EMPTs is shown to be more sensitive
to the incipient faults than the existing methods, there is still some work to be

done in the future, including

(1) The performance of the proposed CHM method has only been explored
under steady speed. Thus, the CHM under unsteady speed condition will be

investigated in the future.

(2) The proposed CHM method was carried out on a load generator connected
to a pure resistive load in order to remove the nonlinearity and interference
introduced by the power electronics inverter and controller. To study the
influence of power electronics and control algorithms, the CHM will be

implemented at the driving motor side driven by the inverter in the future.
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