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zAbstract: 
Electrical connectors are widely utilized for signal communications in 
automotive electronic systems whose performance is related to the 
reliability of the entire system. Electrical connectors are frequently affected 
by the engine vibration, resulting in fretting damages on electrical 
connector. In this thesis, the main propose is to find a signal analysis method 
to predict the fretting damages on fuel pump connector induced by engine 
vibration. The data of the fuel pump connector is studied from a vibration 
test of the four-cylinder engine and the dominating frequencies are used in 
the fretting test to verify the analysis method. The fretting damage is 
identified through visual inspection by microscope. The model of the 
connector is built in COMSOL to explain the fretting on the contact 
surfaces. The results present the signal analysis method can be directly used 
to predict the risk of fretting damages during the engine vibration. Some 
significant frequencies are pointed out as guidelines for future tests and 
optimization. 
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1 Notation 

 Frequency 

 Start Frequency 

 Stop Frequency 
H Brinell Hardness 

K The Dimensionless Standard Wear Coefficient 

L Sliding Distance 

 Number of Octaves 

 Order Number 

 The Number of Pulses per Revolution 
P Normal Load 

R Sweep Rate in terms of Octaves 

 Displacement in x Direction 

 Displacement in y Direction 

 Displacement in z Direction 

 Displacement in Total Direction 

 Start Time 

 Stop Time 

 The Time of the First Pulse 

 The Time of the Second Pulse 

V Volumetric Loss 

 Rotation Speed 

 Relative Displacement 
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Abbreviations 
DFT Discrete Fourier Transform 

DVC Digital Vibration Controller 

ECR Electrical Contact Resistance 

FFT Fast Fourier Transform 

FEM Finite Element Method 

IIR Infinite Impulse Response 

RMS Root Mean Square 

RPM Rotations per Minute 

UTS Ultimate Tensile Strength 
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2 Introduction 

Electrical Distribution System (EDS) at Volvo Car Corporation in Göteborg 
is responsible for the wiring harness and its associated components, where 
the connector systems are recognized as a negative impact factor on the 
electrical distribution system. This chapter gives a brief introduction about 
the thesis, including the background, problem statement, aim and objective, 
and related work. 

2.1 Background 

In recent year, society and governments have an increasing awareness of 
developing new technology and new sustainable energy systems that can 
reduce the utilization of fossil fuel and other non-renewable energies, due to 
the surge of the energy consumption. Moreover, as the problems of traffic 
accident and the comfortability of the vehicle have to be taken into 
consideration for many vehicle industries, the utilization of electronic 
sensors and electronic systems in passenger cars is rapidly increasing. 
Almost everything in a vehicle requires many electrical components, such as 
the engine, safety systems, control systems, etc. The market for automotive 
connectors grew at an 11% compound annual rate from 2009 to 2014 and 
reached almost $12 billion in value [1]. However, the electronic faults in 
vehicle are also increasing during long-term operation. A vehicle has 
approximately more than 400 connectors with 300 individual terminals and 
field data has shown that connector degradations and failures contribute to 
30%-60% of the electrical problems [2]. Therefore, it is necessary to 
investigate the connector behaviour under vehicle operating conditions and 
study the degradation mechanisms in order to increase the reliability of 
electrical components. 

Electrical connectors are very sensitive parts in an electronic system. The 
requirements specified for connector contacts in terms of wear resistance, 
wiping efficiency, corrosion resistance and mechanical stability are more or 
less stringent, depending on the intended use and environmental exposure [3].  

Most terminal parts in the electrical connectors depending on the area of 
application are electro-plated with gold, silver, nickel, tin, etc.[4] Copper-
base alloys, such as brass and bronze, are widely used as the base metal 
because of good electrical conductivity and strength [5]. With the price of 
noble metal escalating, the material of electrical connector tends to be 
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replaced with the non-noble metal based on the working condition, satisfying 
the acceptable engineering criterion. The electrical connectors in vehicle are 
frequently made of copper and copper alloy with the tin and tin alloy coating, 
due to their good corrosion resistance and low cost [6].  

The surface of electrical terminal in the microscopic world is not perfectly 
flat. When a pin is connected with a socket, the asperities of the two cable 
terminals penetrate each other and form small cold welds to create the 
electrically conductive media.  

However, the top tin layer can be worn out during the long-term operation in 
vehicle. This procedure is susceptible to produce fretting corrosion, 
repeatedly exposing fresh metal to atmospheric oxidation. Consequently, the 
oxidized wear debris increases due to vibration and thermal fluctuation and 
formation of Cu-Sn intermetallic compounds. The source of the vibration is 
from cab, chassis or powertrain (engine, gearbox, etc.). The thermal 
fluctuation is from friction between cable terminal interfaces and the 
electrical environment due to high density of current and voltage. Since the 
oxidized wear debris layer is an insulated film that constricts the flow of the 
current across the cable interface by reducing the conductive area, the contact 
resistances increase in the contact points between two terminals. Therefore, 
the contact failure occurs when contact resistance has exceeded the allowable 
limit. 

Fretting corrosion is one of most major degradation mechanisms for 
electrical connectors. Studies [7] show that more than 60% of the electrical 
problems in electrical systems of a vehicle are related to fretting contact 
problem with electrical environment that limit the life span and reliability of 
electrical connectors. Therefore, the negative effect of fretting in electrical 
connections is considered to be of significant practical importance as it 
influences the reliability and system performance. 

2.2 Problem Description 

Electrical connectors can be commonly found in many areas, especially in 
vehicles. The electrical connector failure in automobiles is a very crucial 
issue, because automobiles experience severe operating conditions such as 
engine vibration, operating temperature, and outdoor environmental 
conditions, etc. [5]. These conditions easily lead to the degradation and 
failure of connectors. The most critical factor for fretting damage is the 
engine vibration. In order to guarantee the reliability of connectors in vehicle, 
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it is required to investigate the effect of the engine vibration on fretting 
damages.  

Since the engine is a complex system and has a host of connectors, each 
connector will perform different fretting effects on engine vibration. Besides, 
fuel pump connector plays a very important role in the engine. Therefore, the 
fuel pump connector used in a vehicle of the four-cylinder engine is studied 
in this thesis.  

Prior this thesis several engine vibration tests were performed at Volvo. The 
acceleration data was obtained from defined points of integrated fuel pump 
connector, harness fuel pump connector and screw head fuel pump 
attachment for the engine operating in normal way as shown in Figure 4.2. 
The engine is run up from 960 rpm to 5998 rpm with full load (called run up) 
and ramped down from 5998 rpm to 960 rpm with zero load (called coast 
down). The acceleration was measured in three directions at each defined 
point. After that, a fretting fatigue test is done for 20 hours. Then, the 
connectors are analysed in a light microscope. The area of fretting damage is 
acquired. 

Therefore, the major problem in this thesis is to find a signal analysis method 
to predict the risk of fretting damages on fuel pump connector induced by 
engine vibration, based on the given acceleration data. 

 

 
Figure 2.1. Fuel pump connector was tested in the engine test rig. 
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2.3 Aim and Objectives 

The purpose of this thesis work is to conclude which signal analysis method 
can be used to predict the risk of fretting damages in connector systems. It 
also aims to provide guidelines for finding the critical speeds and frequencies 
to use in the engine vibration test. 

The research methodology of signal analysis considered in this thesis is 
utilized to predict the length of wear. First, the acceleration data is measured 
from integrated connector and harness connector in the engine vibration test. 
Then, the order tracking analysis as guidelines is utilized to plot a waterfall 
diagram. Finally, the dominating frequency and its corresponding maximum 
relative displacement  are obtained. The existing method to measure the 
length of wear is by microscopy after doing a fretting test for 20 hours. In 
order to verify this methodology, the results from existing method have been 
compared to  of this methodology. 
Therefore, the main aims of this thesis are as follows: 

1. Finding dominating frequencies and rotational speed in engine 
vibration test, which will cause the maximum  between the contact 
surfaces. 

2. Comparing the result of fretting test with that of engine vibration test 
in order to show that the signal analysis method is suitable to predict 
the risk of fretting damages. 

3. Investigating the changes of dominating frequencies, transfer 
function and  during 20 hours fretting test. 

4. Simulating and analysing the connector contact in software 
COMSOL to verify the results. 

2.4 Research Question 

 Which frequency and RPM cause the maximum fretting damage? 
 Is the maximum  for the male part and female part the same as the 

maximum fretting corrosion displacement? 
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2.5 Related Work 

Research on the fretting damage field of electrical connectors has a 
tremendous development in terms of different methodologies and various 
experimental approaches. Some research has been carried out with regard to 
understanding the mechanisms of vibration-induced fretting corrosion. 

In 2005, Hammam et al. [8] developed a force controlled fretting bench test 
to analyse the impact of the friction and the amplitude of the tangential force 
on the contact subjected to vibration. The fretting test bench utilizes an 
electrodynamic shaker for providing a good controlled vibration. The results 
show that there exists a distinct critical threshold value of the amplitude of 
the tangential force when the contact will inevitably fail. And the threshold 
value of the tangential force is a direct function of the present friction 
conditions at the contact interface. 

Flowers et al. [9] addressed a single-row, automotive-type connector samples 
under various single frequency vibration in 2006. The influence of vibration 
amplitude, frequency, wire tie-off length, connector design, and contact 
interface lubrication on the threshold vibration level and the rate of fretting 
degradation at a contact interface are analysed. The experiment shows that 
when the wiring tie-off length is increased, the resonant frequencies of the 
test sample are lowered. Meanwhile, there is a general linear dependency 
upon acceleration with regard to fretting rates over the acceleration and 
frequency ranges that were tested for single frequency excitation. 

Rujian Fu et al. [2] investigated the fretting mechanisms of sliver-plated high 
power connectors caused by vibrations in 2012. The investigation of the 
connector performance can be realized by accelerated simulated tests. When 
a vibration is applied, the electrical contact resistance (ECR) suddenly 
increases and oscillates. However, the mean value of ECR does not 
continually increase but stays relatively stable during vibration. When 
vibration stops, ECR returns with a small permanent increase. The behaviour 
of the sliver-plated connectors does not agree with the results of connectors 
with tin and other conventional coatings. 

In 2014, Labbe et al. [10] designed an original bench in order to measure the 
three dimensional displacements of the connector and the electric contact 
characteristics at the same time. The vibration system and the measurement 
devices are put on an anti-vibration table. Excitation is producing by a piezo-
actuator. The displacement is measured with two lasers. 
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Ojala et al. [11] developed a test procedure for multivariable accelerated 
testing of electrical connectors exposed to simultaneous vibration and 
humidity in 2016. From the field measurement results the frequency content 
of the vibration time signal is analysed and the most dominating frequencies 
are used in laboratory experiments by an electrodynamic shaker. The 
fluorescent penetration liquid and resistance change of the connector have 
been used. 

2.6 Outline of Thesis 

In Chapter 2, the background of this thesis is introduced, including 
motivation, the properties of the electrical connector and fretting corrosion 
as a cause of contact failure. Besides, the problem statement, research 
questions, the purpose of this thesis and previous research works related to 
this thesis are mentioned. 

Chapter 3 is focused on theoretical fundamentals of the thesis. The structure 
of the connector, contact theory, general process of fretting corrosion, and 
the categories of the fretting movement are discussed. Besides, a brief 
introduction about analysis methods considered in this work and experiment 
method are mentioned.  

Chapter 4 describes the procedure of engine vibration test, which was done 
before this thesis. After this test, the data is addressed and the methodology 
for analysis is proposed. The results of engine vibration test will be used for 
the further experiments. 

In Chapter 5 to Chapter 7, the fretting test is used to verify whether the 
proposed methodology is suitable to predict the length of the wear. The setup 
and procedure of the fretting test and the experimental equipment are 
mentioned. After each test, the data is analysed by the proposed methodology 
and the connector is inspected by the microscopy to check the contact surface. 

Chapter 8 describes the application of FEM techniques on the three-
dimensional modelling by COMSOL and the prediction of vibration-induced 
fretting corrosion. 

Chapter 9 draws the conclusion derived from the analysis of experiment 
results, answers the research questions and extend the scope for future 
research work. 
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3 Theoretical Fundamentals 

3.1 Electrical Connector 

A connector provides a separable connection between two elements of an 
electronic system without unacceptable signal distortion or power loss. 

The connector is mainly composed of housing, terminals and terminal lock 
as shown in Figure 3.1 and Figure 3.2. The connector housing is usually 
made of plastic material. The housing performs electrical and mechanical 
functions. The electrical function is isolative. Specifically, the connector 
housing insulates the contacts in the connector from one another. Besides, 
the mechanical function is that the housing facilitates mounting and mating 
of the connector and holds the terminals mechanically. An additional 
function of the housing is to protect the contacts form the operating 
environment such as shorting dust, dirt, moisture and electrical interference 
[12]. 

Terminals are the metal components in a connector that conduct current. 
They are also known as contacts, and they are usually either male or female, 
as shown in Figure 3.1. Terminals are inserted into connector housings. 
When the connectors mate, the terminals meet and bridge circuit path. The 
male and female terminals are usually called pin and socket, respectively. 
The surfaces of the pins are rough and so contact occurs at only the peaks or 
asperities on the surface. The electrical current is then flows through these 
asperities [13]. Moreover, the terminal lock is used to retain terminals in the 
terminal cavities of a connector body. 

In terms of the fuel pump connector, the male part of the connector, the 
integrated connector, is integrated into the fuel pump as one part. The female 
part is called harness connector. The fuel pump is screwed into the engine by 
the screw head attachment as seen in Figure 3.3. 

In this thesis, the two types of connector will be analysed as seen in Figure 
5.10. The first object is the Sumitomo connector, which was used in the 
engine vibration test prior to this thesis. The Sumitomo connector is no 
longer used for the fuel pump and test samples could not be found during the 
thesis time. A Yazaki connector had been chosen as experiment object in the 
fretting experiment. The difference between Sumitomo and Yazaki 
connectors will be discussed in Chapter 5.3.3. 
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Figure 3.1. The structure of electrical connector [14]. 

 

 
Figure 3.2. The component of electrical connector. 
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Figure 3.3. The fuel pump connector. 

 

3.2 Electrical Contact 

On the microscale, the surfaces of electrical connectors are rough. Contact 
between two cable terminals only occurs at small discrete spots where the 
asperities of the two surfaces meet as shown in Figure 3.4. The number and 
the area of contacting spots mainly depends on the contact force and the 
hardness of the materials. These spots, termed a-spots, are small cold welds 
providing the only conducting paths for the transfer of electrical current [15]. 
When the current passes through the small a-spots, it is constricted to these 
spots, which cause a voltage drop. The resulting resistance is called 
constriction resistance. Thus, the area of electrical contact that actually can 
be passed by current is even smaller than the area of mechanical contact. The 
total contact resistance is used to monitor the development of fretting damage. 
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Figure 3.4. Current flow through contact spots [3]. 

 

3.3 Fretting Corrosion 

Contact failure is the most main failure mode of the connector. When the 
automotive connector is in use, the pins and sockets are subjected to small 
oscillatory relative movements which are always accompanied by the fretting 
corrosion between the contact surfaces. Fretting corrosion effects are 
dominated by a vibration-stimulated process of high oxidation rate at the 
contact interface as shown in Figure 3.5. Figure 3.5 (a) shows the initial 
interface with a-spots as mentioned in Chapter 3.2. As the friction increases, 
the shear force also increases during the fretting process. When the shearing 
force reaches a certain limit, the interface area will be disrupted and exposed 
to air so as to format oxide debris in and around the contact interface. A new 
contact interface will be created as a result of shear force, having a similar 
contact resistance as original interface. This is the corrosion part of fretting 
damage as seen in Figure 3.5 (b). 

The continuous fretting corrosion for a long period results in wiping the 
oxides. This procedure cannot effectively clean away the wear particles and 
oxidized material, which can build up an insulating layer in the interface. The 
insulating films will separate the surfaces electrically, thus increasing the 
contact resistance as shown in Figure 3.5 (c) and (d). Meanwhile, the 
hardness of the wear particles is gradually increased with the movement of 
connector between the contact surfaces. The particles of high hardness will 
scratch the connection surface increasing the effect of fretting. Eventually 
the fretting corrosion causes the failure of connect contact. 

Fretting corrosion depends on parameters such as amplitude of slip, contact 
load, frequency, lubrication, contact material, geometry of contact surface, 
and the environment. 
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Figure 3.5. Schematic illustration of the mechanism of fretting 

corrosion [12]. 

 

3.4 Fretting Movement 

Generally, fretting movement in electrical contact parts is reported to be 
below 70 μm [Hannel et al. 2001]. This micro motion can be divided into 
three basic fretting modes characterized by a linear, radial or circumferential 
trajectory, defined as Mode I, II and III respectively [9]. In Figure 3.6, P is 
the clamp force on the contact surface. Fretting Mode I is the most common 
fretting type. Repetitive electrical or magnetic changes or mechanical or 
thermal movements can cause this relative motion. 
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Figure 3.6. Three basic fretting modes. 

 

3.5 Rotating Machinery Analysis 

The source of vibration acting on the fuel pump connector comes from the 
four-cylinder engine in this work, which is considered to be a rotating 
machine. Considered the effect of the engine vibration, the analysis of 
rotating machinery is needed for refinement activities and even for tracing 
faults in the four-cylinder engine. 

3.5.1 Vibrations in Rotating Machines – Engine Vibrations 

On the four cylinder engine, vibrations directly or indirectly caused by the 
rotation itself, are also of interest because they can become large without any 
resonance amplification [16]. There are various sources that can produce 
engine vibration. The major sources of engine vibration is derived from 
combustion and mechanism operations [17]. The engine combustion triggers 
the crank movement. The linear movement of the crank drives the rotational 
movement of the crankshaft, producing the rotational speed of the whole 
engine. There are different layouts of the crank so that the firing order for 
various types of the engine is different. In other words, the firing order is 
related to the rotational speed. Thus, the firing order has a significant effect 
on engine vibration. 



 21 

A four-cylinder engine generally operates following on the typical firing 
order that is 1-3-4-2, as shown in Figure 3.7. The combustion always occurs 
in one cylinder. The firing order number corresponding to the number of 
combusted cylinder will affect the engine balance, vibration and noise. 

 

 
Figure 3.7. The firing order of the four-cylinder engine [18]. 

 

3.5.2 Fast Fourier Transform, FFT 

One of the most common methods for analysing vibration signals is Fast 
Fourier Transform (FFT) analysis which can identify and quantify the 
frequency components of a vibration signal [19]. It is a way of looking at the 
data in the frequency domain instead of observing the data in the time domain. 
If an object rotates at a constant speed, the FFT autopower (amplitude) 
spectrum of the vibration signal shows peaks at the rotational speed. Thus, 
the FFT autopower spectrum can be used for machinery diagnostic purposes 
by associating certain frequency components with specific mechanical parts. 

However, many mechanical characteristics of rotating machinery change 
with speed. The machine vibration pattern is a mixture of excitation 
frequencies, usually related to rotational speed (such as unbalance, 
eccentricity, bearing faults and others) and machine response function, which 
relates to machine natural frequencies based on the structure and mounting 
of that machine [20]. 

When the rotational speed changes, the bandwidth of each harmonic 
frequency gets wider. In other words, the sample will lower an order 
resolution as the engine speed increases. This phenomenon is called 
smearing. As a result, some frequency components might overlap. Hence, 
the results of the FFT amplitude spectrum can no longer identify 
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characteristic vibration components because no obvious peaks appear in the 
spectrum [19]. In order to overcome this problem, the order tracking should 
be utilized by resampling with a constant number of samples per revolution, 
which is called synchronous sampling. 

3.5.3 Order Tracking 

The technique of order tracking is used to analyse vibration signals when the 
rotational speed changes over time, which transforms a measured signal from 
the time domain to angular (or order) domain. For order tracking, the time-
domain signal is not analysed continuously, but instead selectively at certain 
position separated by constant revolution speed intervals [21]. 

The harmonic components related to the rotational frequency of the machine 
are stabilized in certain lines independent of speed variations. This means 
that all the power of a certain harmonic is concentrated in one line and the 
smearing that would result in normal analysis is avoided. Hence, the 
harmonic components can be extracted by this method [20]. A factor times 
the rotational speed is called a harmonic order [16]. The first order is the 
rotational speed, and order 2 is two times the rotational speed. Order 
components thus are the harmonics of the rotational speed. 

Of particular interest is the analysis of the vibrations during an engine speed 
run-up or a run-down of a machine in which case the structural resonances 
are excited by the fundamental or the harmonics of the rotational frequencies 
in the mechanical system. Determination of the critical speeds, where the 
normal modes of the rotating shaft are excited, is very important on large 
machines such as turbines and generators [22]. 

3.5.4 Rotational Speed Signals 

Rotational speed reflects the number of turns, which an object of rotating 
system makes, divided by a defined period of time. In term of rotating 
machinery analysis, a rotation speed transducer is connected to the rotating 
machine to measure the rotational speed. In this case, it produces some form 
of pulse signal where the time between the pulses is related to the rotation 
speed,  expressed in rotations per minute (RPM) as 
 

  (3-1) 
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where  is the number of pulses per revolution, and  and  are the time 
instances of two pulses. Rotational vibration is simply the dynamic deviation 
of the rotational speed [16]. 

3.5.5 RPM Maps- The Waterfall Plot 

A common way to plot RPM maps is the waterfall plot. This is a three-
dimensional diagram with frequency or order on the x-axis, rotation speed 
on the y-axis and amplitude on the z-axis. In this type of plot, order-related 
spectrum components, which occur at locations proportional to the rotation 
speed, will be visible as peaks on a straight line, and structural resonances 
will often be visible as peaks at fixed frequencies or orders. In the diagram, 
it can thus be seen which peak is highest, at which speed the maximum value 
occurs, and if they are caused by resonances or rotation-speed-dependent 
phenomena. The frequency and order number are related by: 

 

  (3-2) 

 

where  is the frequency, and  is the order number. 

3.6 Sine Sweep Vibration Testing 

A sine sweep is a signal that changes from one frequency to another in a 
uniform way. Instead of evaluating the dynamic properties of a structure 
from free vibration test data, a forced vibration test is performed using sine 
loading over a range of frequencies. The concept is to excite the structure 
with sine loading such that at certain frequencies the structure experiences 
resonance [23]. Sine sweep testing can determine the amplitude at the natural 
frequencies on a structure. For sine sweep, the product under test is isolated 
for a test along one direction which has a single degree of freedom for its test.  

Ideally the frequency range and time duration of a sine sweep input has been 
pre-determined to predict the lifetime of a products usage. The parameters 
needed for a sine sweep input are start/stop frequencies (f1, and f2), time 
duration of the input sweep (t), and level (or Gs) of the input which can be 
approximated. 
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Table 3.1 Sine Sweep Rate Parameters. 

Logarithmic sine sweep input  

Sweep rate in terms of octaves  

Number of octaves in the 
frequency range to be swept  

 

3.7 Relative Displacement 

Relative displacement which is displacement of a point on a structure with 
respect to its original location or an adjacent point on the structure that has 
also undergone movement, can be an effective indicator of post event 
structural damage [24]. 

The relative displacement of the contact interface induced by engine 
vibration is one of the most significant causes for the fretting damage. Due 
to the fretting motion, which cannot effectively clean away the wear particles 
and oxidized material which can build up an insulating layer in the interface 
[25]. As mentioned in Chapter 3.3, the insulating layer will separate the 
surfaces electrically, eventually causing the fretting damage. In addition, the 
degradation rate of the connector depends on the distance of the relative 
displacement. The large movement will effectively increase the oxide area 
and the oxide particles so that accelerate formation of the insulating layer. 
The equation of the wear in steady state was proposed as [26]: 

 

  (3-3) 

 

where H is the Brinell hardness, V is volumetric loss, P is the normal load, 
and L is the sliding distance. K is the dimensionless standard wear coefficient. 
As seen in equation (3-3), the volumetric loss is proportional to the sliding 
distance which is equivalent to relative displacement. Thus, it is necessary to 
investigate the maximum relative motion at the interface. 
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4 Engine Vibration Test and Data Analysis 

4.1 Test Description 

In acquisition of the acceleration data, the fuel pump connector was tested in 
the four-cylinder engine test rig as shown in Figure 2.1. The Sumitomo 
connector was used in the fuel pump. The acceleration data was measured by 
accelerometers from defined points of integrated fuel pump connector, 
harness fuel pump connector and screw head fuel pump attachment during 
normal operation of the engine, which can be seen in Figure 4.2 and Figure 
4.3. The engine is run up from 960 rpm to 5998 rpm with full load and 
coasted down from 5998 rpm to 960 rpm with zero load. The coordinate 
system of an accelerometer is shown in Figure 4.1, which becomes as the 
local coordinate system. In term of the global coordinate (or engine 
coordinate) system, x direction is the axis of crankshaft direction, y direction 
is perpendicular to the axis of crankshaft and piston direction and z direction 
is the axis of piston direction as shown in Figure 4.4. Although the fuel pump 
connector has a small angle with the engine, we neglect the angle in this case. 
Finally, when the data was obtained, its local direction was directly 
transformed into global direction without considering the small angle. 

In this test, an order tracking analysis was utilized for the measured 
acceleration signal. The purpose for the order tracking analysis was to find 
out dominating frequency components of relative displacement at certain 
speed.  

 

 
Figure 4.1.The coordinate system of accelerometer. 
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Figure 4.2.The position of accelerometers on the fuel pump electrical 

connector. 

 

 
Figure 4.3.The position of the accelerometer on the fuel pump screw head.  
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Figure 4.4. The global coordinates. 

 

4.2 Data Analysis-Maximum Relative displacement 

Relative displacement cannot be directly measured without changing the 
contact relationship. An effective approach is indirectly measuring the 
displacement on the male and female sides of the housing. This approach 
makes an assumption that the housing motion is the same as the motion at 
the contact interface. Flowers et al. [27] has proved this assumption by doing 
the measurement and comparing the transfer function between the housing-
to-housing method and the pin-to-pin method. The result shows that the 
resonant frequencies and amplitude are approximately the same for the 
transfer function. Based on this conclusion, the method of indirectly 
measuring the displacement is very suitable in this thesis. 

In order to obtain relative displacement  during the engine operation, the 
entire data for the integrated connector and the harness connector on the fuel 
pump is recorded and then a third tool, such as MATLAB or DEWESoft, is 
used to calculate . If the data was recorded using two displacement 
transducers, then the subtraction data between two parts is used to calculate 

. However, the recorded data in our measurement came from accelerometers. 
In that case, the data needs to be converted from acceleration to displacement. 
Besides, the data is divided into two parts on account of the engine operation 
in run-up and coast-down periods. The main difference between the run-up 
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period and the coast-down period is that the run-up is done with full throttle 
and the coast-down is done with zero load. In this way, it is easy to 
distinguish whether the dominating frequency is in the run-up period or the 
coast-down period. Moreover, this way to separate the data is better to help 
us understand the physical meaning of the dominating frequency. 

Therefore, the way to convert from acceleration to displacement by 
DEWESoft is to do the double integration by entering two IIR filters. And 
the 6th order high pass filter is used to cut off the DC offset [28]. 

As the accelerometer recorded the data in three directions simultaneously, 
the displacement in the total direction can be calculated using equation (4-1) 
to plot the waterfall diagram. The waterfall diagrams for γ in x, y, z and total 
direction are shown in Appendices A. The equation of the displacement in 
the total direction are: 

 

  (4-1) 

 

 
Figure 4.5 The waterfall diagram of relative displacement in x direction at 

run up period. 
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Based on those waterfall diagrams, the maximum  is found in each direction 
or total direction as seen in Table 4.1 and Table 4.2. For example, the 
maximum  for x direction is 8.97 μm at 898.2 Hz and 5380 rpm as shown 
in Figure 4.5. Comparing Table 4.1 with Table 4.2, the speed and dominating 
frequencies for maximum  in total direction are similar in the x direction, 
which means the engine vibration effect of x direction mainly contributes to 
produce relative displacement. Second, the speed and dominating frequency 
for x, y direction and total direction in coast-down period are almost the same, 
mounting to 6000 rpm and 1001 Hz respectively. Based on equation (3-2), 
order 10 is worthy of attention. Moreover, the maximum value of   among 
all directions occurs at y direction. Finally, the speed and dominating 
frequency in y direction for both run-up and coast down period are equal. 

 

Table 4.1. The results of maximum relative displacement between the 
integrated fuel pump connector and the harness fuel pump connector in 

three directions. 

  Speed 
[rpm] 

Dominating 
Frequency 

[Hz] 

Maximum 
 [um] 

Screw head 
acceleration 
RMS value 

[m/s^2] 

g-
level 
[g] 

Engine x 
direction  

Run 
up 5380 898.2 8.97 21.8 2.22 

Coast 
down 6000 1000.78 7.9 31.7 3.23 

Engine y 
direction  

Run 
up 5720 955.7 13.58 60 6.12 

Coast 
down 6000 1001 12.59 64.4 6.57 

Engine z 
direction  

Run 
up 5940 447.1 9.89 23.8 2.43 

Coast 
down 5940 447.1 8.8 23.8 2.43 

 

The engine vibration value can be regarded as acceleration of screw head. 
Since we know the speed, dominating frequency and the direction of the 
maximum  the engine vibration in each direction can be obtained. The 
results are shown in Table 4.1 and Table 4.3. 
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Table 4.2 The results of maximum relative displacement between the 
integrated fuel pump connector and the harness fuel pump connector in 

total direction. 

  Speed [rpm] 
Dominating 
Frequency 

[Hz] 

Maximum  
[um] 

Total 
direction 

Run up 5380 898.242 17.3 

Coast down 6000 1000.78 16.3 

 

Table 4.3. Screw head acceleration (input data) in x, y, z direction at the 
position corresponding to the maximum relative displacement in total 

direction from Table 4.2. 

 
Total direction Screw head 

acceleration 
RMS value 

[m/s^2] 

g-level 
[g] Speed 

[rpm] 

Dominating 
Frequency 

[Hz] 

Engine x 
direction 

Run up 5380 898.2 21.8 2.22 
Coast 
down 6000 1000.78 20.3 2.07 

Engine y 
direction 

Run up 5380 898.2 79.4 8.1 
Coast 
down 6000 1000.78 64.4 6.57 

Engine z 
direction 

Run up 5380 898.2 13 1.33 
Coast 
down 6000 1000.78 22.6 2.31 
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5 Fretting Test in Engine x Direction 

5.1 The Purpose of Experiment 

As described in Chapter 2.2, engine vibration is the most critical factor for 
fretting damage of the connector. The signal analysis methods, order tracking 
and RPM maps, are utilized to analyse the results from engine vibration test, 
which were acquired prior to this study. In Chapter 4.2, the dominating 
frequency, rotational speed and the maximum  were obtained by the 
proposed methodology of signal analysis for Sumitomo connector. 

In this experiment, the fretting test is utilized in order to verify whether the 
proposed method is suitable to predict the maximum length of wear in the 
contact surface of the Yazaki connector for engine x direction. Besides, the 
test object is only the fuel pump. And the obtained acceleration of the screw 
head attachment will be used as a input in order to simulate the engine 
vibration. To reduce the complexity of the test, the test was not performed 
on the operational engine. Meanwhile, since the analysis of test did not 
involve the rotational machine, the analysis was not focused on the rotational 
speed. 

Therefore, the specific purpose of this experiment can be summarized as 
following: 

1. Determining the dominating frequency and the maximum  by the 
proposed methodology of signal analysis. 

2. Investigating whether this maximum  is the same as the maximum 
length of wear. 

3. Comparing the results of the engine vibration test for Sumitomo 
connector to that of the vibration rig tests for Yazaki in engine x 
direction. 

5.2 Experimental Setup 

Since the fretting of the electrical connector is easily affected by environment, 
temperature, and vibration, etc., setting up the experiment should be done 
very carefully. Meanwhile, the connector setup should be prepared to fulfil 
the required pre-test condition, simulate the environment of the engine 
vibration test, and minimize unrelated variables during the test. The test 
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sequence and setup are strictly adhered to Volvo test specification and 
standard for both vibration parameter and environment. 

For all experimental tests, the test samples of the fuel pump are fastened on 
the fixture by screws and the fixture is rigidly attached to a plate on the 
vibration rig, as shown in Figure 5.1. To consider the effect of the mass centre, 
a mass block is used to adjust the mass centre of the experimental object, 
including the sample, the fixture and the plate, in order to match the mass 
centre of the vibration rig. Besides, the motion of cables may have effect on 
the specimen during vibration test since it can induce additional stresses for 
such vibration test [29]. Moreover, the electrical influence and the motion of 
cables are not considered in this case based on the purpose of the 
experimental test. Thus, the cable of the female connector was cut as seen in 
Figure 5.1. 

 

 
Figure 5.1. The experimental structure. 
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5.2.1 Experimental Equipment 

5.2.1.1 Vibration Control Test System 
As shown in Figure 5.2, when running a vibration test, a signal is sent through 
an amplifier to the shaker, where the armature moves up and down, in order 
to excite a test specimen. A reference accelerometer, as seen in Figure 5.1, 
senses the output of the shaker and sends this signal back to the controller. 
The output adjustment is made by the controller with PC to meet the level of 
vibration based on the test specification. Then, the controller in turn sends a 
drive signal back to the amplifier which provides accurate, closed-loop 
control and spectral shaping of the test being performed [30]. 

 

 
Figure 5.2. Vibration control test system which is used for an accelerated 

testing method [30]. 

5.2.1.1.1 Vibrator 
The vibrators are wide frequency band electrodynamic shakers capable of 
producing a sine force of 4100 N. The vibrator normally operate in the 
frequency range of 5 to 4000 Hz, for either a sinewave or a random signal 
input, and are driven by power amplifiers of up to 2.5 kVA output. 
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The vibrator consists of a cylindrical steel magnetic structure designed to 
mechanically support and contain an armature assembly, field coil and 
degauss coils. 

5.2.1.1.2 Digital Vibration Controller 
The Digital Vibration Controller (DVC) is a PC based vibration control 
equipment, designed to be used with standard vibration generators and 
associated equipment. 

The controller connected to a typical vibration test system. The drive signals 
required to control the vibrator, via a power amplifier, are originated from 
the DVC combination. The load under test is monitored by accelerometers, 
their output signals being returned to the DVC. A single channel charge input, 
or multi-channel normalised inputs, may be returned to the DVC. If the 
multi-channel option is chosen, the system must include a four-channel 
charge amplifier. However, the single-channel input will be chosen in this 
case.  

5.2.1.1.3 Charge Amplifier 
The four-channel charge amplifier contains control input and control output 
circuits which allow DVC operation to be controlled externally. 

5.2.1.2 Vibration Mearsurement System 

5.2.1.2.1 DEWESoft Measurement System 
DEWESoft dynamic signal analyser, as shown in Figure 5.3, offers portable, 
battery powered or stationary data acquisition systems in multiple form 
factors and performance classes, direct connection to sensors. There are eight 
channels to connect with accelerometers. The first three channels are used 
for the accelerometer mounting on the integrated connector. The next three 
channels are utilized for the accelerometer installing on the harness 
connector. Finally, the accelerometer on the screw head attachment 
connected to the two remaining channels. 

DEWESoft software provides a powerful and very easy to use signal analysis 
module which can get fast and efficient results [31]. After the measurement, 
the results are analysed in DEWESoft software. 
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Figure 5.3. DEWESoft measurement system. 

5.2.1.2.2 Vibration Sensor 
The sensors are three-axis sensors which can measure the vibration signal in 
three directions. The type of the sensor is PCB HT356 B01. Its weight is 1 
gram, which is a quite lightweight accelerometer. Due to the light weight of 
the connector, the weight of accelerometer will have a great impact on this 
experiment. Moreover, the size of accelerometer is extremely small, which 
will be really convenient for mounting on the narrow space of the connector. 
In this experiment, the sensor is rigidly attached to the surface of the object 
by cyanoacrylate. Such attachment prevented the sensor from shaking off 
during vibration experiment.  

The accelerometer coordinates of the setting on the connector are shown in 
Figure 5.4. The coordinates of the accelerometer are different to the 
coordinates of engine, so the conversion of the coordinate system needs to 
be noticed. 

The calibration sheet is helpful to find the sensitivity of the sensor. The 
reference sensitivity is the key value to be entered in the DEWESoft setup, 
as seen in Table 5.1.  
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Figure 5.4. Accelerometer setting on the fuel pump connector.  

 

Table 5.1. Accelerometer parameters for test. 

Measure 
Position Accelerometer Input Sensitivity (mV/m/s2) 

Integrated 
Connector 

GAC3-481_X 0.5032 

GAC3-481_Y 0.4941 

GAC3-481_Z 0.551 

Harness 
Connector 

GAC3-483_X 0.529 

GAC3-483_Y 0.5188 

GAC3-483_Z 0.5231 

Screw 
Head 

Attainment 

GAC3-480_X 0.5112 

GAC3-480_Y 0.4677 

GAC3-480_Z 0.4952 



 37 

 

5.2.2 Experimental Procedure for Vibration Rig Test 

The experimental procedure can be summarized as the following steps: 

1. Prepare the male terminal of the pump connector which is needed to be 
tested. 

2. Prepare and install the female terminal with the required diameter of 
cables by the correct crimp tools and match with the corresponding male 
terminal. 

3. Cut the cables in order to avoid adding extra influence into experiment. 
4. Fix the fuel pump to the fixture. 
5. Put three accelerometers to the specific positions. 
6. Set the input signal (RMS, frequency range, and test time, etc.). 
7. Turn on the electrodynamic shaker system. 
8. Measure the data by DEWESoft. 
9. Analyse the data and inspect all specimens by microscope. 

5.2.3 Experimental Subject and Pre-Test 

The Yazaki connector which is mounted on the fuel pump was used as the 
first experimental subject. The sine sweep excitation signal is utilized to 
detect the dominating frequency of the test object. And this dominating 
frequency will be chosen as the input for consequent fretting test. 

5.2.3.1 Pre-Test (Determining the Dominating Frequency) 
 

Table 5.2. The description of six pre-tests.  

  (Hz)  (Hz) Figure 5.5 

Test 1 500 1500 (a) 

Test 2 799 801 (b) 

Test 3 1004 1006 (c) 

Test 4 1000 1010 (d) 

Test 5 1005 1015 (e) 

Test 6 1008 1012 (f) 
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As seen in Figure 5.5, six pre-tests have to be done in engine x direction in 
order to determine the dominating frequency. The description of six pre-tests 
is shown in Table 5.2. The sweep rate R = 0.1 oct/min was used. At the 
beginning, a long-time sine sweep is utilized with the frequency range of 
500 Hz to 1500 Hz and the sweep rate is 0.1 oct/min. The amplitude is based 
on the RMS value of the engine vibration test, which is 21.8 m/s2 as shown 
in Table 4.1. As seen in Figure 5.5 (a), the maximum  occurs at 1005 Hz. 
And another interesting frequency is 800 Hz, in which there is rather high 
value of the . Then, the next two tests focus on 1005 Hz and 800 Hz 
respectively to check the value of the  as shown in Figure 5.5 (b), (c). 
However, the value of  at 1005 Hz has a significant change. The reason 
maybe an accumulative effect of the sine sweep method. To eliminate this 
effect, the frequency range increases a little bit including some possible 
adjacent frequencies. After three tests as shown in Figure 5.5 (d), (e), and (f), 
the frequency 1010 Hz is considered as the dominating frequency since there 
is the highest value of .  
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(a) sine sweep frequency range 
500 Hz-1500 Hz 

(b) sine sweep frequency range 
799 Hz-801 Hz 

(c) sine sweep frequency range 
1004 Hz-1006 Hz 

(d) sine sweep frequency range 
1000 Hz-1010 Hz 

(e) sine sweep frequency range 
1005 Hz-1015 Hz 

(f) sine sweep frequency range 
1008 Hz-1012 Hz 

Figure 5.5. Determining the dominating frequency in engine x direction. 
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5.2.4 Input Parameters for Fretting Test 

After the pre-test, the frequency 1010 Hz is considered as the dominating 
frequency. According to this, input parameters of the sine sweep for fretting 
test are shown in Table 5.3. 

 

Table 5.3. Input parameter for the sine sweep in engine x direction. 

Frequency Range 1008 Hz-1012 Hz 

Dominating Frequency 1010 Hz 

Amplitude 21.8 m/s2 

Direction Engine x direction 

Duration Time 20 hours 

 

As seen the data in Table 4.1, the relative displacement of connector is in 
micron order. In order to fully develop the performance of fretting corrosion 
of the connector, the fretting test is running for 20 hours at first experiment. 

5.3 Experimental Results of Fretting Test 

5.3.1 Fretting Test for 20 Hours 

According to the input parameter in Table 5.3, the fretting test is fixed on 
1008 Hz to 1012 Hz for 20 hours. The input amplitude keep the same as the 
engine vibration test, which is 21.8 m/s2. After 20 hours fretting test, the 
maximum  is recorded as shown in Figure 5.6. The value of the maximum 

 =9.854 μm at frequency f=1010 Hz. 
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Figure 5.6. The relative displacement in engine x direction after 20 hours. 

 

5.3.2 Inspection after Experimental Test 

The surfaces of the fuel pump connector are plated by tin covering a bulk 
material of copper. During the vibration, wear and corrosion may occur at 
the contacting surfaces. In order to analyse the vibration effect of the 
connector interface, the light microscopy is utilized after the fretting test. 

In this experiment, each specimen was visually inspected before and after 
test and then the microscopy was used to check the contact surface. 

As seen in Figure 5.7, there are no geometrical abnormalities on the female 
and male terminals. In Figure 5.7 (a), there are two rails on the upper part, 
and the dimple is shown elevated on the bottom. No matter whether it is pin 
or socket, the fretting wear can be clearly seen on both dimple side and rail 
side as shown in Figure 5.7 (b) and (c). 
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(a) Top overview 
female terminal 

geometrical position 

(b) Overview male 
terminals (Pin 2 and 
Pin 1) on dimple side 

(c) Overview male 
terminals (Pin 1 and 
Pin 2) on rail side 

Figure 5.7. The overall view of pin and socket. 

 

The movement on the rail surface was larger than dimple contact area as seen 
in Figure 5.8 and Figure 5.9. There is a significant wear area at each end of 
the contact line. 

The relative displacement can be calculated by the displacement of socket 
minus the displacement of pin. According to the length of the wear in Figure 
5.7, the values of  is around 9 μm. And the values of  is around 10 μm in 
Figure 5.8. These wear results are similar to the results of 20 hours fretting 
test.  

 

(a) socket on dimple side (b) pin 1 on dimple side 

Figure 5.8. The wear in pin 1 and its corresponding socket position. 
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(a) socket on rail side (b) pin 2 on rail side 

Figure 5.9. The wear in pin 2 and its corresponding socket position. 

 

5.3.3 Comparing the Engine Vibration Test with the Fretting Test 

The dominating frequency and the maximum  in this fretting test are 
different compared to the engine vibration test. First, this fretting test is very 
difficult to exactly simulate with the engine vibration test. The reason for this 
is that fretting damage of the connector can be influenced by the cable, 
current, and temperature, etc. Second, the connector type in this fretting test 
is not the same as that in engine vibration test. In this test, the Yazaki 
connector is chosen to analyse. The structure of the Yazaki connector is 
completely different from the Sumitomo connector as seen in Figure 5.10. 
The Yazaki connector is a symmetrical part which has two locks in each side 
to keep the male part and female part connected together whilst Sumitomo 
connector is an asymmetrical part which has one lock. From another point of 
view, there are two springs embedded into the housing of Yazaki connector, 
however Sumitomo connector does not have a spring.  

From two different points above, it is obvious that the structure of the Yazaki 
connector is much more stable than that of the Sumitomo connector. To be 
specific, the stable structure can effectively alleviate the fretting of the 
connector caused by the engine vibration. 
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Figure 5.10. The structure of Yazaki and Sumitomo connector. 

 

5.4 Experimental Summary 

The results of this first experiment can be summarized as following: 

1. The dominating frequency of the vibration of fuel pump connector is 
1010 Hz for engine x direction. The maximum  =9.854 μm is 
estimated by the proposed signal analysis method.  

2. The maximum  is approximately equal to the maximum length of 
wear by microscope after 20 hours of fretting test. 

3. Since the test object that is Sumitomo connector used in engine 
vibration test is different from test object that is Yazaki connector 
used in vibration rig, the results acquired for these two types of 
connectors are not comparable. 
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6 Fretting Test in Engine y direction 

6.1 The Purpose of Experiment 

In the first experiment, the maximum  by the proposed methodology of 
signal analysis is matched up to the length of wear by microscope in engine 
x direction. However, the engine y direction will be investigated in this 
experiment.  

Therefore, the purpose of second experimental is exactly the same as in the 
first engine experiment in order to find whether the maximum  from 
accelerometers on the male part and female part of the connector is the same 
as the maximum length of wear in the contact surface of the connector for 
engine y direction. Additionally, the sweep rate in terms of octaves/minute 
is studied to check the influence of the sweep rate on the pre-test for finding 
the dominating frequency. 

6.2 Experimental Setup 

The second experimental setup is basically the same as the first experimental 
setup except that the test direction has changed. As seen in Figure 6.1, 
another side of the fixture is screwed to the shaker plate. Moreover, the mass 
block is not needed because this structure is already in balance. 
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Figure 6.1. The fuel pump screwed on the vibration rig in second 

experiment. 

 

The coordinate systems of accelerometers set on the connector are shown in 
Figure 6.2. In this experiment the coordinate systems of accelerometers 
which are located on the connector are the same as the engine coordinate 
system. However, the coordinate system of accelerometer which is set on the 
screw head is different from the engine coordinate system. 

 

Figure 6.2. Accelerometer setting on the fuel pump connector. 
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6.2.1 Experimental Subject and Pre-Test 

The Yazaki connector, mounted on the fuel pump, is the same as the first 
experiment. The method to determine the input data keeps the same with the 
first experiment. 

6.2.1.1 Pre-Test (determining the dominating frequency) 
 

Table 6.1. The description for six pre-tests. 

  (Hz)  (Hz) Rate (oct/min) Figure 
6.3 

Test 1 500 1500 0.1 (a) 

Test 2 1000 2000 0.1 (b) 

Test 3 848 852 0.1 (c) 

Test 4 1468 1472 0.1 (d) 

Test 5 800 1500 0.05 (e) 

Test 6 788 792 0.1 (f) 

 

The idea to do the pre-test is the same as the first experiment. The description 
of six pre-tests is shown in Table 6.1. As seen in Figure 6.3.1 (a) and (b), the 
frequency ranges of the sine sweep are set as 500 Hz to 1500 Hz and 1000 Hz 
to 2000 Hz respectively. The amplitude is based on the RMS value of the 
engine vibration test, which is 60 m/s2 in the engine y direction, as seen in 
Table 4.1. The result is shown that the frequencies 850 Hz and 1470 Hz have 
large values of . After that, the frequencies of sine sweep is fixed at 850 Hz 
and 1470 Hz respectively to find the maximum  as seen in Figure 6.3.1 (c), 
(d). The value of maximum  in those frequencies are very close to each 
other. Thus, the interesting frequency will occur near to those two 
frequencies.  

In order to determine the dominating frequency at around 850 Hz or 1470 Hz, 
the frequency range and the octave rate declines as shown in Figure 6.3.2 (e). 
Comparing Figure 6.3.2 (e) to Figure 6.3.1 (a), more peak values appear 
when the octave rate is decreased. And the frequency 910 Hz in Figure 6.3.1 
(a) shifts into 915 Hz in Figure 6.3.2 (e). That implies that decreasing the 
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octave rate can reduce the accumulative effect of the sine sweep test and 
avoid missing some important resonance frequency. Hence, it is very 
important to decrease the octave rate in order to increase the number of cycles 
to find the resonance frequency. 

Besides, the highest value of  in this frequency range is at 800 Hz. However, 
800 Hz is the starting frequency in this sine sweep test. Although the 
magnitude of  is no big change in Test 6 of the frequency range from798 Hz 
to 802 Hz as shown in Figure 6.3.2 (f), it is still necessary to increase the 
frequency range and check the data close to 800 Hz. Thus, the frequency 
range between 500 Hz to 1000 Hz is chosen to further analyse. Finally,  at 
790 Hz is the highest value as compared to Test 1 and Test 5. And the value 
of  in Test 8 is almost the same as the value of  in Test 7 at 790 Hz as seen 
in Figure 6.3.2 (g) and (h). Therefore, the frequency 790 Hz is considered as 
the dominating frequency. 
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(a) 500 Hz to 1500 Hz, 0.1 oct/min (b)1000 Hz to 2000 Hz, 
0.1 oct/min 

(c) 848 Hz to 852 Hz, 0.1 oct/min (d) 1468 Hz to 1472 Hz, 
0.1 oct/min 

Figure 6.3.1. Determining the dominating frequency for engine y direction. 
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(e) 800 Hz to 1500 Hz, 
0.05 oct/min (f) 798 Hz to 802 Hz,0.1 oct/min 

(g) 500 Hz to 
1000 Hz,0.05 oct/min (h) 788 Hz to 792 Hz, 0.1 oct/min 

Figure 6.3.2. Determining the dominating frequency for engine y direction. 

 

6.2.2 Input Parameters for Fretting Test 

After the pre-test, the frequency 790 Hz is considered as the dominating 
frequency. According to this, input parameters of the sine sweep for fretting 
test are shown in Table 6.2. 
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Table 6.2. Input parameter for the sine sweep in engine y direction. 

Frequency Range 788 Hz-792 Hz 

Dominating Frequency 790 Hz 

Amplitude 60 m/s2 

Direction Engine y direction 

Duration Time 20 hours 

 

6.3 Experimental Results of Fretting Test 

6.3.1 Fretting Test for 20 Hours 

The frequency range of the sine sweep is chosen as 788 Hz to 792 Hz. The 
input amplitude keep the same as the engine vibration test, which is 60 m/s2., 
After 20 hours fretting test, the maximum  is recorded as shown in Figure 
6.4. The value of the maximum  = 25.34 μm. 

 

 
Figure 6.4. The relative displacement in engine y direction after 20 hours. 
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6.3.2 Inspection after Experimental Test 

As seen in Figure 6.5, there are no geometrical abnormalities on the female 
and male terminals. According to the geometry of the connector, the 
maximum  can be calculated and the value is roughly 26 μm. This result is 
close to the results of 20 hours fretting test. However, the measurement for 
the microscope software is not accurate enough. The initial contact point of 
the connector is hard to decide. Besides, some wear scar comes from the 
effect of manufacture and installation. Those results are just utilized as a 
reference. 

 

  
(a) Top overview 
female terminal 

geometrical 
position 

(b) Overview male 
terminals (pins) side 1 

(c) Overview male 
terminals (pins) side 2 

Figure 6.5. The overall view of pin and socket. 

 

  



 53 

(a) Pin 2 side 1 top (b) Socket 2 bottom 

(c) Pin 2 side 1 bottom (d) Socket 2 top 

(e) Pin 1 side 1 top (f) Socket 1 bottom 

Figure 6.6.1. The wear of pin and its corresponding socket position. 
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(g) Pin 1 side 1 bottom (h) Socket 1 top 

(i) Pin 1 side 2 top (j) Socket 1 bottom 

(k) Pin1 side 2 bottom (l) Socket 1 bottom 

Figure 6.6.2. The wear of pin and its corresponding socket position. 
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(m) Pin 2 side 2 top (n) Socket 2 top 

(o) Pin 2 side 2 bottom (p) socket 2 bottom 

Figure 6.6.3. The wear of pin and its corresponding socket position. 

 

6.4 Experimental Summary 

In second experiment, the dominating frequency is 790 Hz for engine 
vibration in y direction. The maximum  = 25.34 μm is estimated by the 
proposed signal analysis method. Besides, the maximum  is the same as 
the maximum length of wear detected by using the microscope. Finally, 
when we do the sine sweep test to find the dominating frequency, decreasing 
the octave rate can reduce the accumulative effect of the sine sweep test and 
avoid missing some important resonance frequency. 
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7 Fretting Test with Current 

7.1 The Purpose of Experiment 

From the previous two experiments, the maximum  by the proposed 
methodology matching to the length of wear by microscope in both engine x 
and y direction has been proved. However, the question is whether the 
maximum  and the transfer function will be changed along with the time. If 
they will be changed, the tendency of those changes along with the time 
needs to be investigated. And the physical meaning of these dominating 
frequencies should be studied. 

Therefore, the purpose of third experiment can be summarized as following: 

1. Determining whether the maximum  and the transfer function will be 
changed along with the time. 

2. Investigating the tendency of those changes along with the time if the 
maximum  and the transfer function will be changed. 

3. Studying the physical meaning of these dominating frequencies. 

7.2 Experimental Setup 

7.2.1 Experimental Equipment 

The third experimental setup is still approximately the same as the second 
experimental setup. In addition, the third experiment adds the resistance 
measurement system as shown in Figure 7.1. Hence, the fuel pump connector 
will conduct current and the cable of harness connector needs to be fixed in 
the experiment. 
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Figure 7.1. The circuit diagram of the resistance measurement system. 

 

7.2.2 Pre-Test (Determining the Dominating Frequency) 

The idea to do the pre-test is the same as the first and second experiment. As 
seen in Figure 7.2, the dominating frequency is 1235 Hz. The maximum  = 
17.09 μm. 

 

 
Figure 7.2. Determining the dominating frequency for engine y direction. 



 58 

7.2.3 Input Parameters for Fretting Test 

After the pre-test, the input parameters of the sine sweep for fretting test are 
shown in Table 5.3. 

 

Table 7.1. Input parameter in engine y direction with current. 

Frequency Range 1234 Hz-1236 Hz 

Dominating Frequency 1235 Hz 

Amplitude 60 m/s2 

Direction Engine y direction 

Current 100 mA 

Temperature Room Temperature 

Duration Time 20 hours 

 

7.3 Experimental Results 

7.3.1 Fretting Test for 20 Hours 

The frequency range of sine sweep is chosen as 1234 Hz to 1236 Hz. The 
input amplitude is kept constant at 60 m/s2 as in the engine vibration test. 
During an approximately 20 hours fretting test, the maximum  is recorded 
automatically by DEWESoft. Since the fretting test is still done by a sine 
sweep, the input signal should be considered as a periodic signal. The time 
for one cycle of sine sweep is 2.8 seconds, based on the equations in Table 
3.1. Measuring the data for integrated connector and harness connector at the 
integral multiple of cycles can obtain the accurate maximum . Therefore, 
the measure time of the relative displacement is 2.8 seconds, and the pause 
time is 280 seconds. After 20 hours test, the maximum  has declining 
tendency as seen in Figure 7.3. The reason is that the roughness is increasing 
between the contact surfaces of the connector during the 20 hours of the 
fretting test so that the friction force between contact surface is also increased 
and will hinder the movement of terminals.  
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Figure 7.3. The change of the maximum relative displacement for 20 hours 

in engine y direction with current. 

 

Although the contact resistance of the connector is measured, the change of 
the resistance had not been detected. If the resistance increases, corrosion 
will have occurred and the Tin-Cu oxides would be produced, resulting in 
the insulating layer. Thus, the movement between two terminals only causes 
the wear in tin coating area, and does not produce corrosion after 20 hours 
fretting test. 

7.3.2 Comparing the Data from Pre-Test and Post-Test 

Two pre-tests and one post-test have been performed for the frequency 
ranges shown in Table 7.2 for the respective test. The difference between 
Test 1 and Test 2 is the frequency range, and the data for Test 3 is measured 
after 20 hours fretting test in order to determine the changes.  
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Table 7.2. Description for each test. 
Test Frequency Range Test Time 

Test 1 500 Hz-1500 Hz before 20h fretting test 

Test 2 1000 Hz-1300 Hz before 20h fretting test 

Test 3 500 Hz-1500 Hz after 20h fretting test 

 

Figure 7.4 shows the acceleration of the screw head attachment for these 
three tests. More specifically, the curves of Test 1 and Test 2 are almost the 
same between 1000 Hz to 1300 Hz. After 20 hours of fretting test, the 
acceleration of the screw head attachment in Test 3 keeps approximately the 
same level as that of Test 1 and Test 2. However, the reaction of the 
integrated connector and harness connector for Test 3 is different as 
compared to that of Test 1 and Test 2 as shown in Figure 7.5 and Figure 7.6. 
Before 20 hours of fretting test, the acceleration of the integrated connector 
and harness connector at around 1240 Hz was the largest value in Test 1 and 
Test 2. However, it has decreased from 314.9 m/s2 to 168.2 m/s2 for the 
integrated connector and from 1234 m/s2 to 1016 m/s2 for the harness 
connector in Test 3. After 20 hours fretting test, the maximum acceleration 
of the integrated connector and harness connector is at around 1135 Hz in 
Test 3, even though the acceleration at around 1135 Hz has decreased from 
309.6 m/s2 to 259.3 m/s2 for the integrated connector. However, the 
acceleration at around 1135 Hz has increased from 1096 m/s2 to 1189 m/s2 
for the harness connector. 
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Figure 7.4. The acceleration of the screw head attachment  for three tests. 

 

 
Figure 7.5. The acceleration of the integrated connector for three tests. 
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Figure 7.6. The acceleration of the harness connector for three tests. 

 

The reaction of three measurement points for three tests is compared for 
acceleration as shown from Figure 7.7 to Figure 7.9. After 1400 Hz, the 
curves are almost the same for these three measurement points in the 
respective test. However, the curves for integrated connector and harness 
connector are similar to each other in three tests. The curve for screw head 
attachment is significantly different from the curves for integrated connector 
and harness connectors at the frequency range between 500 Hz to 1400 Hz. 
The possible reason for this is that the common area in the curve appearance 
for the integrated connector, harness connector and screw head attachment is 
due to a vibration mode of the fuel pump, and the curve appearance between 
500 Hz to 1400 Hz is due to the vibration of the connector itself. 
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Figure 7.7. The acceleration for Test 1. 

 

 
Figure 7.8. The acceleration for Test 2. 
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Figure 7.9. The acceleration for test 3. 

 

From a dynamic modelling perspective, a transfer function is a functional 
relationship, an input motion and corresponding output motion in the 
frequency domain. For most dynamic systems, there is a peak magnitude for 
input excitations at one or more of the resonance frequency. When input 
excitations at those resonance frequencies increase dramatically, the peak 
magnitudes of corresponding output increase. 

In Figure 7.10 and Figure 7.11, the transfer function for three tests is shown 
in different ways. In Figure 7.10, the transfer function is that the acceleration 
of the integrated connector divided by that of the harness connector. This 
transfer function can be seen as the transfer function of the connector. For 
Figure 7.11, the transfer function is the acceleration of the screw head 
attachment divided by the acceleration of the integrated connector. And this 
transfer function can be seen as the transfer function of the fuel pump. 
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Figure 7.10. The transfer function of the connector. 

 

 
Figure 7.11. The transfer function of the fuel pump. 
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The value of transfer function has a significant change at the frequencies 
between 845 Hz and 1350 Hz in Test 3 as shown in Figure 7.10. In Figure 
7.11, the value of the transfer function decreases dramatically at the 
frequency 1230 Hz in Test 3.  

In terms for the relative displacement as shown in Figure 7.12, the maximum 
 is located at 1230 Hz in Test 1 and Test 2, while  at 1230 Hz in Test 3 is 

no longer the maximum. The maximum value becomes at 1130 Hz in Test 3. 

Therefore, we can draw the conclusion that the frequency, which causes the 
maximum , is not constant. 
 

 
Figure 7.12. The relative displacement for three tests. 

 

7.3.3 Fretting Test for 8 Hours 

In order to investigate how the frequency that causes the maximum  
changes along with the time and the reason for its changes, the fretting test 
was performed for 8 hours. For each two hours, the fretting test was stopped 
and a sine sweep test is done from 500 Hz to 1500 Hz in order to determine 
the resonance frequency for the whole fuel pump connector. The description 
for these four tests is shown in Table 7.3. 
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Table 7.3. Description for each test. 

Test Frequency Range Test Time 

Test 1 

500 Hz-1500 Hz 

After 2 hours 

Test 2 After 4 hours 

Test 3 After 6 hours 

Test 4 After 8 hours 

 

 
Figure 7.13. The transfer function of the fuel pump. 

 

As seen in Figure 7.13, three frequencies, 910 Hz, 1125 Hz and 1230 Hz are 
the resonance frequencies for fuel pump (including the integrated connector). 
Along with the time, the peaks were constant at these three frequencies. 
However, the peak appeared at around 1050 Hz was unstable in four tests. 
Especially in Test 3, there is no peak at around 1050 Hz. Comparing to the 
transfer function of the connector, the peak became more pronounced at 
approximately 1020 Hz as shown in Figure 7.14. Hence, the structure has 
gradually changed which caused a resonance frequency to be more 
pronounced. However, the resistance in those four tests didn’t change. It is 
difficult to decide which changes happen in the fuel pump connector. The 
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investigation of the changes of the connectors affected by the current is 
considered in future work. 

 

 
Figure 7.14. The transfer function of the connector. 

 

In Figure 7.15, the changes of the  for these four test is plotted. Specifically, 
the peak values appear at 910 Hz, 1130 Hz and 1235 Hz. Comparing to the 
transfer function of the fuel pump, these three frequencies are almost close 
to the resonance frequencies of fuel pump in Figure 7.13. As the time goes 
on, the peaks of  are still at these three frequencies, although the magnitudes 
of the peaks are unstable. Meanwhile, there is a new peak appeared at around 
1020 Hz to 1050 Hz as seen in the curves from Test 2 to Test 4, which 
matches the results of the transfer function of the fuel pump and connector. 

Hence, the conclusion is that the resonance frequencies, 910 Hz, 1125 Hz 
and 1230 Hz will be the main frequencies to produce  along with the time. 
When time is long enough, the frequency at around 1020 Hz to 1050 Hz will 
becomes another frequency to produce . 
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Figure 7.15. The relative displacement for four tests. 

 

7.3.4 Comparison of Third Experiment with Second Experiment 

Table 7.4. Description of the compared experiments. 

Experiment Experiment 2 Experiment 3 

Frequency range 500 Hz-1500 Hz 

Amplitude 60 m/s2 

Direction Engine y direction 

Test Time before 20h fretting test 

Dominating 
Frequency 790 Hz 1235 Hz 

Note without cables current input with 
cables 

 

For experiment 2 and experiment 3, the excitation direction is the same in 
the engine y direction. However, the frequency 790 Hz is the dominating 
frequency for experiment 2, which is fretting test in engine y direction, and 
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the dominating frequency is 1235 Hz in experiment 3, which is fretting test 
with current as seen in Table 6.2 and Table 7.1. The reason for the difference 
in dominating frequency is that the structure of these two fuel pump 
connectors is different. The experiment 2 is without cables while the 
experiment 3 involves cables attached to the connector as seen in Figure 7.1. 
That means that the direct current is supplied to the fuel pump in experiment 
3, but not in the experiment 2. Based on these differences, the transfer 
function of the connector and fuel pump also differ as shown in Figure 7.16 
and Figure 7.17. The resonance frequencies of the fuel pump as seen in 
Figure 7.17, 910 Hz and 1230 Hz, happen in both two experiments. However, 
the frequency 1130 Hz does not appear in the experiment 2 as seen in Figure 
7.17 and the frequency 850 Hz in the transfer function of the connector does 
not occur in the experiment 3 as seen in Figure 7.16. The reason for this is 
due to the structure changes of connector by adding cables. 

 

 
Figure 7.16. Transfer function of the connector. 
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Figure 7.17. Transfer function of the fuel pump. 

 

7.4 Experimental Summary 

The results of the third experiment can be summarized as following: 

1. The dominating frequency, the maximum , and the transfer function 
can change with the time. 

2. The tendency of the maximum  is to decline during 20 hours fretting. 
3. The resonance frequencies of fuel pump, 910 Hz and 1230 Hz, will be 

the main frequencies to produce the large value of the  no matter how 
time changes. Besides, when the time of excitation increases, the 
frequency at around 1020 Hz to 1050 Hz will becomes another 
additional frequency to produce the large . The method to identify 
additional frequencies is to check the transfer function of the fuel pump 
and the connector. 
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8 FEM Simulation 

8.1 The Purpose of Simulation 

Due to the nonlinearity and difficulty in predicting the behaviour of the 
connector fretting, the software, which is able to simulate a structural contact 
problem and couple it with other physics, is needed. The simulation helps the 
engineer to predict the reason of the connection failure, reduces the 
dependence on the experiment and enhances the efficiency of the connector 
design. 

The COMSOL is a new Multiphysics software which offers very interesting 
and various modules. It is extremely powerful to couple all physics with 
contact mechanical analysis. The connector model in COMSOL is expected 
to have enough potential to precisely simulate most of the influences of 
different design factors. Therefore, the COMSOL is utilized for this case to 
do the simulation. 

In Chapter 4.2, the results show that the effect of engine vibration in x 
direction mainly contributes to produce relative displacement. Thus, this 
simulation focuses on the effect of vibration on the connector in engine x 
direction. The simulation tries to mimic the fretting between the contact 
surfaces and analyse the fretting effect of the fuel pump connector. 
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8.2 Simulation Procedure 

The procedure of simulation can be summarized as shown in Figure 8.1. 

 

 
Figure 8.1. The flow path of COMSOL simulation. 

 

8.2.1 Geometric Model 

As shown in Figure 8.2, the overall view of the 3D connector model presents 
the structure of both female and male terminals. Unfortunately, the shape and 
size of the fuel pump connector cannot be obtained so that the 3D model 
cannot represent the exact CAD model of the fuel pump. However, its 
general structure is based on the realistic situation. 
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Figure 8.2. Overall view of the 3D geometric model. 

 

8.2.2 Material Properties 

The base material of the pin and socket is copper and its outside is covered 
by tin coating. In terms of the tin coating, it cannot be the function of 
supporting whole structure, due to its thin characteristic. However, the wear 
of the connector begins at the tin coating. In order to mimic the wear between 
contact surfaces, the static and dynamic frictional coefficients are utilized, 
instead of building the tin coating model. Hence, the material properties of 
the pin and socket are listed in Table 8.1. 
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Table 8.1. Material properties of the 3D model [32]. 

Properties Value 

Material Copper 

Static frictional coefficient (tin) 1 

Dynamic frictional coefficient (tin) 0.08 

Young’s modulus 117 GPa 

Poisson’s ratio 0.355 

Density 8960  

Ultimate tensile strength 200 MPa 

Yield strength 70 MPa 

 

8.2.3 Define Contact 

As mentioned in Chapter 3.4, the common fretting type of connector is 
Fretting Mode I, the linear relative displacement. Therefore, the sliding 
would be expected to exist in the contact. The contact surfaces are defined in 
Figure 8.3. The yellow surface of pin contacts with the pink surface of socket 
in this model. 

 
Figure 8.3. The pin terminal contacts with the socket terminal. 
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8.2.4 Mesh Control 

It is necessary for this connector model to refine the size and type of the mesh 
element in contact area so that the simulation results will be more accurate 
for the contact stress and  as seen in Figure 8.4. The reason for this is that 
the stress and strain of contact area are very complex. Meanwhile, this is also 
the reason that avoiding modelling the structure of tin coating. 

 
Figure 8.4. The FE-model after meshing. 

 

8.2.5 Boundary Condition 

8.2.5.1 Fixed Constraint  
The fixed constraint is the function of removing all degrees of freedom. In 
this case, the fixed constraint is applied on the outside surfaces of the socket, 
as shown in Figure 8.5 by blue colour.  

Since the purpose of this simulation is to mimic the movement between the 
pin and the socket, the relative displacement of the connector will be utilized 
in simulation as input value. Then, the socket terminal is considered as 
relatively stationary so that the socket terminal should not move in 
simulation. In addition, the socket terminal is installed inside of housing and 
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the housing provides a good support for the outer surface of the socket 
terminal. Comparing to the inside surface of the socket terminal, the outer 
surface will not have too much deformation. Therefore, it is reasonable to 
apply the fixed constraint on the outer surface of the socket. 

 
Figure 8.5. The fixed constraint area on the socket terminal. 

8.2.5.2 Boundary Load  
The dimple part of socket terminal is equivalent to a spring. When the pin is 
inserted into the socket, the dimple part will produce elastic deformation. 
Simultaneously, the compressive resistance will be generated, so as to 
maintain the two components contact with each other. The clamp forces of 
between 0.4 N and 3.0 N are used to make a contact for connectors [33]. In 
this work, the clamp force is chosen as 0.6 N, which is evenly distributed on 
the contact line as shown in Figure 8.6.  
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Figure 8.6. The applying area of boundary load.  

 

8.2.6 Displacement Loading 

The displacement loading is applied on the pin terminal, because the socket 
terminal is relatively stationary as mentioned before. Based on the 
experiment results, the amplitude of  is set to 10 μm. The displacement 
loading is a sine signal in order to simulate the process of dynamic movement. 
The displacement loading along with time is shown in Figure 8.7. The initial 
position of the pin is at the zero displacement. At 0.25 seconds, the pin is in 
the maximum displacement of the pull-out. And the pin is in the maximum 
displacement of the insertion at 0.75 seconds. 
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Figure 8.7. The displacement loading of the pin terminal. 

 

8.2.7 Solver Option 

The simulation is solved in the time domain. The duration of operation is 
1 second. Time interval is 0.01 seconds. 

8.3 Simulation Results 

The simulation analysis of 3D model is performed to evaluate the dynamic 
behaviour of the system. The results of this simulation will be compared and 
validated with experiment results. The analysis results are described in 
following sections. 

8.3.1 Analysing the Stress of Contact Surfaces  

8.3.1.1 Initial State Pressure Distribution 
At the beginning, there is no displacement loading, which is regarded as the 
initial state. The clamping force of the socket causes the distribution of the 
initial contact pressure as shown in Figure 8.8 (a) and (b). The pressure of 
dimple part is higher than that of rail part. Since the surface area of the dimple 
part is small than that of the rail part so that the dimple part needs to bear 
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more pressure. Besides, this simulation results match to the experiment 
results in microscope, which is the movement on the rail surface was larger 
than dimple contact area as seen in Figure 5.8 and Figure 5.9. The direction 
of the clamping force is shown in Figure 8.8 (d) by red arrows. The contact 
pressure direction of the dimple is in the opposite direction of the rail, which 
matches the reality in the contact surfaces. Finally, the Figure 8.8 (c) shows 
the curve of pressure distribution on the centre line of the lateral direction in 
the dimple contact surface. It is clear that contact pressure is unevenly 
distributed. There are two high value of the contact pressure, which can be 
regarded as the main area of a-spots, as mentioned in Chapter 3.2. The length 
of the section at the pressure over 2500 N/m2 is 1 mm on the pin, which 
corresponds to the contact surface of dimple. The pressure in the boundary 
of contact surface increases sharply. Since the geometry of dimple contact 
with pin can be considered as protrusion of the pin, stress concentration will 
appear at the boundary of contact surface. Therefore, the position of the stress 
concentration on the pressure distribution diagram can be as the judgement 
to roughly determine the position of the dimple. 
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(a) Dimple contact pressure  (b)  Rail contact pressure  

  
(c) Contact pressure curve 

distribution 
(d) Contact pressure direction 

Figure 8.8. Initial state pressure distribution. 

8.3.1.2 Dynamic Stress Distribution in the YZ Direction 
The ultimate tensile strength (UTS) of copper is 200 MPa. UTS is the final 
amount of stress sustained at the exact moment the object ruptures [32]. The 
idea to decide the wear area is that if the stress is over UTS along with time, 
this area will be considered as the wear area. 

Based on this idea, there are two distinct red areas in the contact surface 
between dimple and pin, which the stress value is larger than UTS, as seen 
Figure 8.9 (a). From Figure 8.9 (b) and Figure 8.10 (b), the contact surface 
between rail and pin also has two distinct red areas both in 0.25 seconds and 
0.75 seconds, which are wear areas. These wear areas and their positions 
match to the experiment results in microscope, as seen in Figure 6.6, which 
can be found a significant wear area at each end of the contact line. 
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Figure 8.9 (c) shows the curve of pressure distribution on the centre line of 
the lateral direction in the dimple contact surface, corresponding to Figure 
8.9 (a). The minimum stress value of the Y-axis is set to the UTS value which 
is 200 MPa. As seen in Figure 8.9, there are two peaks. Between those peaks, 
the value of stress is lower than 200 MPa, which means there is not the wear 
area. Besides, the distance from the start point of the first peak to the end 
point of the second peak is 1.2 mm, which stress is over UTS. Then it is clear 
that the area where the wear occurs is at both ends of the contact line at 
0.25 seconds. Thus, the wear length is 0.1 mm which is same as the input 
amplitude of relative movement of the pin at 0.25 seconds. 

The arrow in Figure 8.9 (d) shows the displacement direction. At 
0.25 seconds, the pin is in the maximum displacement of the pull-out. As the 
movement of the pull-out, the arrows which are on the right side of dimple 
are induced to produce an upward trend. 
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(a) Dimple contact stress  (b)  Rail contact pressure  

  
(c) Contact pressure curve 

distribution 
(d) 3D Stress distribution and 

direction 

Figure 8.9. The stress distribution at 0.25 seconds in the YZ direction. 

 

Figure 8.10 is shown the stress distribution at 0.75 seconds in the YZ 
direction. Comparing Figure 8.9 (a) with Figure 8.10 (a) and Figure 8.9 (b) 
with Figure 8.10 (b), the stress distribution is different. This is because the 
deformation of the structure and the process of the pull-out and inserting are 
not the same, as seen in Figure 8.9 (d) and Figure 8.10 (d). 
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(a) Dimple contact stress  (b) Rail contact pressure  

(c) Contact pressure curve 
distribution 

(d) 3D Stress distribution and 
direction 

Figure 8.10. The stress distribution at 0.75 seconds in the YZ direction. 

 

There is a large red area on the rails, as shown in Figure 8.10 (d). This 
indicates that the rail will be greatly worn when the pin is inserted. In order 
to investigate the possibility of this phenomenon, the amplitude of the 
applying force should be decided to drive the inserting movement of the pin. 

The corresponding force drives the movement of the pin in the time domain 
as shown in Figure 8.11. Before 0.5 seconds, the pin is at the process of the 
pull-out. It is clear the pull-out force is far less than the force of inserting. In 
addition, when the force is 0.04 N at 0.1 seconds, the pin is pulled out a little 
bit. This means when the force is greater than 0.04 N, the pin can produce 
movement in the pull-out direction. The same idea is used for the inserting 
movement of the pin. When the force is 1.2 N at 0.51 seconds as seen in 
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Figure 8.11, the pin is inserted a little bit. Based on this, if the force is greater 
than 1.2 N, the pin undergoes inserting movement. Since the mass of pin is 
only 0.3 g, the minimum acceleration to produce the inserting movement is 
equal to the mass divided by the force, which is roughly 4000 m/s2. However, 
the acceleration amplitude of the engine vibration test is much smaller than 
this value, based on engine vibration test. Therefore, the movement of the 
pin in the inserting direction should not be associated with the engine 
vibration. 

 

 
Figure 8.11. The force in the time domain. 

 

8.4 Simulation Summary 

The results of the simulation can be summarized as following: 

1. The wear area can be investigated regarding the stress distribution. 
2. The wear area position in the simulation is same as the microscope 

results. The wear area occurs at end of contact interface. 
3. The simulation analysis shows that the engine vibration is not the cause 

of pin movement in the inserting direction. 
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9 Summary and Conclusions 

This study shows how the engine vibration affects the fuel pump connector 
and produce fretting damages in the connectors. The signal analysis methods, 
order tracking and RPM maps, are utilized to analyse the results from engine 
vibration test, which were acquired prior to this study. Based on this analysis, 
the maximum relative displacement  was obtained in engine x direction and 
engine y direction, respectively. Moreover, the maximum  corresponding 
dominating frequencies and RMS amplitudes were obtained and considered 
as the input of 20 hours fretting test in the vibration rig for each direction. 
After the fretting test, the maximum length of wear in both engine x and y 
directions were measured by microscope. The results have shown that the 
maximum  by the same signal analysis method from engine vibration test is 
almost the same as the maximum length of wear caused by fretting test in 
engine x direction and engine y direction, respectively.  Thus, those signal 
analysis methods can be directly used to analyse the data from engine 
vibration test and acquire the maximum length of wear in contact surface. 
Hence, the procedure of separating fuel pump connector from engine and 
analysing the connector by microscope can be avoided. Finally, the method 
of predicting the risk of fretting damages was realized by those signal 
analysis methods.  

During the fretting test, the dominating frequencies and the maximum  
obtained from pre-test are different, comparing to the results of engine 
vibration test. Although the main reason for this case is due to the different 
types of fuel pump connector, simulating exactly the complex conditions of 
engine vibration test is extremely difficult. Therefore, it is very meaningful 
and valuable to directly analysing the data from engine test by signal analysis 
methods, which were proposed in this thesis. 

In addition, the maximum  has a downward trend during the 20 hours 
fretting test. Meanwhile, the dominating frequency, which causes the 
maximum , is changing with the time. However, no change of the contact 
resistance was detected in this work. This phenomenon reveals that the 
movement between two terminals only causes the wear in tin coating area, 
and does not produce corrosion during the fretting test. At the same time, the 
roughness of the contact surfaces of the connector increases during the test 
so that the friction force goes up which hinders the movement between the 
contact surfaces. Moreover, the changes of the dominating frequency imply 
that the internal structure of the fuel pump connector changes. Since the 
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roughness increases, the internal structure changes due to the changes of 
contact surface. 

For the transfer function, the peak of relative displacement was found at 
resonance frequencies of the fuel pump. Even in the 20 hours fretting test, 
these resonance frequencies produced the peak of relative displacement. 
However, the transfer function of the connector has a great change during the 
test. At the beginning, there was no distinct peak value. After 20 hours 
fretting test, the transfer function of the connector got a distinct peak value. 
The frequency corresponding to this peak in the transfer function of fuel 
pump became an unstable value during 20 hours fretting test. Additionally, 
this frequency caused  sharply increasing. This phenomenon also showed 
that the internal structure changed of the connector in the period of the test. 
Hence, the important conclusion is that the resonance frequencies of the fuel 
pump cause the large value of , no matter how time change. Moreover, 
several additional frequencies may arise to produce the large  as the 
vibration of engine continues. An effective method to identify those 
additional frequencies is to check the changes of the transfer function of the 
fuel pump and the connector. 

In the FEM simulation part, a simple model of pin and socket was built to 
simulate the process of fretting. The stress results, which are larger than UTS, 
were found in the wear areas. The location of these wear areas matched to 
the results of the fretting test in microscope. Finally, the simulation results 
have shown that the engine vibration is not the source of the pin movement 
in the inserting direction of the connector. 
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10 Future Works 

The method of signal analysis to obtain the  and transfer function in this 
thesis was demonstrated to be an effect method to predict the fretting damage 
of the fuel pump connector. However, the vibration of engine is a complex 
problem and numerous connectors are used with the engine. Hence, the 
analysis of signals from different types of the connectors by the proposed 
method of signal analysis in this thesis might detect the common trends in 
the future work. The results of the signal analysis can be used as a guidance 
for prevention of fretting damage of connectors for engine vibration. 

Since the effect of engine vibration to the connector is applied in three 
directions simultaneously, it is more suitable to analyse the movement and 
relative displacement of the connector in total direction.  

In addition, the connector running time and its environment may cause 
different levels of the fretting damage. In this thesis, the contact resistance is 
measured in order to check whether the contact surface occurs the fretting 
corrosion without considered the environment of the connector. Additionally, 
the running time of the engine is also another variable causing different 
fretting damages. Hence, the influence of environment and running time can 
be considered in future works. 

Finally, the size and shape of the fuel pump connector is an approximation 
in the simulation part of this thesis. Moreover, the reaction of contact 
surfaces is a non-linear problem. To simulate a more precise reaction of 
contact surfaces with more detailed connector model can be done as further 
extension of this work. Coupling other interesting physics can be performed 
in order to mimic the environment of connectors and engine vibration. 
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Appendices 

A. Relative Displacement Diagrams 

Run up 
(a) Relative displacement in x direction 

 
Figure A.1. Relative displacement in x direction. 
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(b) Relative displacement in y direction 

 
Figure A.2. Relative displacement in y direction. 

 

(c) Relative displacement in z direction 

 
Figure A.3. Relative displacement in z direction. 
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(d) Relative displacement in total direction 

 
Figure A.4. Relative displacement in total direction. 

 

Coast down 
(a) Relative displacement in x direction 

 
Figure A.5. Relative displacement in x direction. 
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(b) Relative displacement in y direction 

 
Figure A.6. Relative displacementt in y direction. 

 

(c) Relative displacement in z direction 

 
Figure A.7. Relative displacement in z direction. 
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(d) Relative displacement in total direction 

 
Figure A.8. Relative displacement in total direction. 
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