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Abstract

Fretting is a complex set of mechanical and electrical mechanics that occurs at the contact
surface between two vibrating objects. It is widely present in electrical connectors close to
combustion engines due to the constant exposure to vibrations. Fretting is an extensive
problem in the automotive industry but little research is done. In this thesis, a connector
attached to a high pressure fuel pump that is present in several cars made by Volvo Car
Corporation is analysed. The goal is to investigate the design properties of the connector and
evaluate if laser vibrometry is a valid method for connector vibration measurement. Fretting
has previously been observed to correlate with the relative displacement between the male
and female connector terminals. Accelerometers are widely used to measure acceleration and
displacement of various components of the engine, but to measure directly on the terminals
inside the connector is impossible. To instead use lasers to measure the relative displacement
could prove to be an effective way of predicting fretting damage.

The connector is analysed in a vibration laboratory where it and the pump it is connected to is
mounted to a fixture. This way the vibration schedule can be designed and controlled with
accuracy. To have a frame of reference when designing and analysing the results of this test,
a real engine vibration test is first analysed. In this test, the connector is attached to the
engine in the same way as in production cars. The engine is then run from idle to full throttle
and the vibrations in the connector is measured.

It is found that the measurement of the terminal relative displacement is much more accurate
when using lasers instead of accelerometers. The result of using the accelerometer showed a
misleading result. The relative displacement was up to five times higher and three times
lower than the true displacement, measured with the lasers. A method to predict fretting
damage can be developed using laser vibrometry. The thesis also present suggestions on
details in the connectors that are beneficial from a fretting point of view.
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Abbreviations

HPFP — High Pressure Fuel Pump

PSR - Partial Slip Regime

MSR — Mixed Slip Regime

GSR — Gross Slip Regime

FFT — Fast Fourier Transform

VEP4 — Volvo Engine Petrol, 4 cylinders
RPM - Revolutions Per Minute



1. Introduction

Volvo Car Corporation, also known as Volvo Cars, is a Swedish car manufacturer with its
headquarters in Torslanda, Gothenburg. The company employs around 31 000 people and
sells about half a million cars annually. Volvo Cars was founded as a part of Volvo Group in
1927 and remained in the group until 1999, when it was bought by Ford Motor Company.
Today Volvo Cars is owned by the Chinese company, Zhejiang Geely Holding Group [1].
Volvo Cars brand strategy is “Designed Around You”. In other words, to be able to offer
personal luxury together with safety and reliability. In order to reach their goals even the
smallest of components needs to be taken into consideration.

1.1 Background

As the automotive industry produces better and more complex cars with a wider utilization of
electronic systems and sensors, more cables and connectors are required. The use ranges from
windshield heating to fundamentally important control and safety systems. The competition
in the automotive industry is tough, forcing subcontractors to cut costs where possible. Small
and invisible components such as a connector often fall victim. The problem might not be
obvious at first, but in the long term the effects can be very expensive for both the customer
and the producer. J. Swingler and J. W. McBride [2] estimate that 30-60% of all electrical
failures are attributed to connector problems.

The terminals in connectors exposed to vibration suffer from a collection of phenomena
generally referred to as fretting. Fretting is a complex problem involving material science,
contact mechanics, fatigue mechanics, tribology and corrosion science [3]. These phenomena
cause wear and corrosion between the two contact surfaces. Low amplitude vibrations cause
the contact surfaces of the terminals to slide against one another. This wears the coating metal
down, exposing the base metal to oxidation. As the base metal oxidizes, a layer of hard, non-
conductive material builds up between the contact surfaces. While the amplitude of slip is
low enough, there is a risk that the oxidized material is not scraped off and the result could
become a failed connector. Fretting is further explained in section 2.1.

For most connectors the base metal is copper [4]. The coating metal can differ depending on
quality and application. For coating metal, noble metals such as silver and gold have a higher
resistance to fretting compared to, e.g. tin and nickel [5][6]. The noble metals are more
expensive often forcing subcontractors to choose the ignoble metals as these are cheaper and
most often have acceptable performance.

1.2 Problem

The occurrence of fretting damage is hard to predict. To achieve a reliable product, the
company needs to be able to handle the problem in a better way than it is currently handled.
There are solutions to the problem, such as using a connector with more durable terminals.
The increase in cost for the connector often prevents this simple solution [7]. A method for
evaluating the risk of fretting in their current connectors needs to be developed.



1.3 Previous work

2012, Song, et al. [8] describes the problem of fretting in connectors in their article. They
compare different coating metals on a base of copper. They show that the noble metals, e.g.
gold and silver, perform better than the ignoble metals, e.g. nickel and tin.

2016, Thunell [18] compiled and compared several fretting tests done at Volvo Cars. The
tests were on two different connectors with test lengths from 4 to 1000 hours. These two
connectors, made by Yazaki and Sumitomo, are the same connectors being analysed in this
thesis. He concludes that the Yazaki connector is a lot more resilient to fretting than the
Sumitomo connector. See appendix 2 for results.

2017, Xing & Xu [9] worked with fretting in their master’s thesis at Volvo Cars, testing
fretting damages on a connector attached to a high pressure fuel pump (HPFP). Their thesis
aimed to conclude what type of analysis method is best suited to predict the risk of fretting
damages in the connector. It also aimed to find relations between the engine RPM and
fretting damages in the connector. Their work found that the eigenfrequencies of both the
engine and connector have a large impact on fretting. They showed that relative displacement
of the male and female terminals was highest at the eigenfrequencies of the HPFP. Also that
terminal relative displacement is a main contributor to fretting damage.

20006, Park, et al. [10] review and summarize previous work on fretting corrosion in electrical
contacts. They summarize and list the most important parameters for fretting corrosion.
Different testing methods are analysed and finally suggestions to methods to avoid fretting
corrosion is made. They found that there are two main methods to follow. The first is to
increase contact resistance by changing coating metal or applying lubricants. The second is to
reduce terminal relative displacement between the contact surfaces by changing the design or
environment.

1.4 Purpose

The main goal for Volvo Cars is to be able to reduce the fretting damage to an acceptable
level in any connector with a standardized procedure. In this thesis suggestions to steps in
such a procedure is presented and evaluated. The aim is to present a conclusion on what type
of measurement technique is best suited to analyse the relative displacement of the male and
female connector terminals.

Here are some of the key questions that are discussed and answered in the thesis:

1. How can the relative displacement between the terminals be measured effectively?
What determines dangerous properties of a connector?

3. What can be done to change a dangerous frequency and the displacement amplitude
of that frequency?

4. s the weight of an accelerometer a considerable parameter when glued to a connector?



1.5 Delimitations

The same type of engine, high pressure fuel pump (HPFP), connectors and test rig as Xing
and Xu [9] is used. That is the Yazaki connector with its corresponding HPFP. It is a standard
connector for Volvo Cars and it has tin coated copper terminals. Xing and Xu’s results and
conclusions are important for this thesis work and other research projects on fretting damage
at Volvo Cars.

Fretting in the connectors cause it to lose electrical connection, which is the cause of the
problems Volvo Cars has. Because of this, running the tests with an electric current running
through the connector to make the tests as realistic as possible would be preferable. But as
Xing & Xu [9] showed, the electric current has very little effect on the terminal relative
displacement and the extra parameter would make the tests unnecessarily complicated. For
this reason the electric current is skipped altogether.

1.6 Disposition

The introduction, section 1, intends to give the reader an overview of the thesis and to get the
reader interested in the area of fretting. The underlying background and previous work is
presented, along with the purpose and aim of the work. Research questions the thesis hopes to
answer and delimitations are also discussed.

The theory, section 2, aims to present the necessary theories that are required to understand
the problems discussed in this thesis. This includes information about fretting wear, fretting
corrosion, engine orders eigenmodes and vibration test.

The methodology, section 3, explains what is done in the thesis, step by step.

Section 4 with engine vibration test presents the results, analysis and discussions of the
engine vibration test that was performed at Volvo Cars. The results provide the acquired data
from the vibration tests in a pedagogical way, with diagrams and tables. The analysis
interprets compares and explains the results from the test. In what way the results relate to the
theory section and possible sources of error is discussed. The discussion intends to question
the validity of the analysed results and to motivate and explain why and how the results are
useful/not useful.

The connector vibration test, section 5, presents the results, analysis and discussion of the
nine different connector vibration tests that were performed at Volvo Cars. Each subtest is
presented with its own results and analysis. The discussion is presented at the end of the
section covers all of the tests.

The conclusion, section 6, is the last section and it aims to summarize what has been
discovered in the tests. The key questions are answered and suggestions to future works are
brought up.



2. Theory

2.1 Fretting wear

The phenomena of fretting is a cyclic wear of small amplitudes between two surfaces. The
amplitude can vary between about 0.1 pm and 70 um [11][12]. Over time, material will be
removed from one or both surfaces. The grinded material will often get stuck between the

surfaces and if the amplitude is very small it might not get scraped off.

There are two main fretting conditions, defined by S.Hannel, et al [11]: The partial slip
regime (PSR) and gross slip regime (GSR), both illustrated in figure 1 below. PSR occurs at
lower amplitudes than GSR and is recognized by a combination of slide and stick fretting
loop between the surfaces. In the middle of the contact surface, where the contact force is
highest, the surfaces will stick together. In the outer region, where the contact forces are
lower the surface will slide against each other. PSR mainly causes cracking damage as the
surfaces are stuck together. The shear force stresses the material in cycles, leading to crack
propagation. GSR is recognized by a full sliding fretting loop between the surfaces, as the
contact force is not high enough to stick the surfaces together. GSR mainly causes surface
damages and less cracks. The shear forces in the material is released when the surfaces slide,
leading to additional surface degradation, in reference to PSR, where the shear forces lead to
crack propagation instead. Vingsbo and Séderberg [13] suggest a schematic diagram that
shows how fretting fatigue life and surface wear rate, on the y-axis, can relate to
displacement amplitude. See figure 2.
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Figure 1:PSR and GSR fretting conditions [14] Figure 2: Fretting fatigue life and surface wear

rate as a function of the displacement amplitude [13]

Worth mentioning is that there is also a third fretting condition, mixed slip regime (MSR).
MSR is characterized by a change in contact condition from GSR to PSR. As the number of
cycles increase, material is abraded during the GSR phase and thus the friction increases.
With increased friction the surfaces partly stick and PSR is initiated. See figure 3, below, for
an example of a map on how the conditions depend on the normal force between the surfaces
and the displacement amplitude.
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Figure 3: “Material response fretting map” for PSR, MSR and GSR [14]

M. H. Zhu and Z. R. Zhou [15] describe four different modes of fretting: Tangential, radial,
torsional and rotational, seen in figure 4. Although they focus on ball-on-flat contact, the
same applies for cylinder-on-flat contact, which is the case between the terminals in Volvo
Car’s connectors. They show that the modes differ in degradation behaviour, but they all
follow the rules of the different fretting conditions described above. All four modes occur in
some extent in every vibration case.

a c F, d F
Q
@ Stick zone
M}cro-slip zone
Tangential fretting Radial fretting Rotational fretting Torsional fretting

Figure 4: The four different fretting modes in PSR condition [15]

Several parameters affect fretting and these can be categorized in three groups: Design
properties, applied forces and environmental conditions. The design properties contain the
material of the two surfaces, i.e. type of base metal and type of metal plating barrier.
Geometry of the connector and surrounding parts, e.g. cables and what the connector is
attached to. The applied forces contain acceleration, displacement and frequency of the
vibrations. Additionally, the contact force, number of cycles and current and voltage through
the contact surface also affect fretting. Higher current and voltage increases the lifespan of
the connector as it is easier for the signal to break through the increasing electrical resistance
caused by the fretting. The environmental conditions contain everything in the surrounding
environment, e.g. temperature, humidity and salinity.

Measures can be taken to reduce the extent of fretting. Of course, all of the above parameters
can be adjusted to reduce fretting. But mainly the sliding can be reduced or eliminated by
increasing the contact force or reducing the shear force i.e. friction between the surfaces.
Though, if done poorly, an increased contact force can worsen the fretting damages if the
amplitude remains relatively large [16].



2.2 Fretting corrosion

Fretting corrosion is a combination of fretting wear and oxidation, i.e. a combination of
mechanical motion and chemical reaction. In addition to what was described about fretting
wear in the previous section, the particles removed by wear will oxidize in the surrounding
air. These particles are harder than the base metal and therefore act as a grinding paste, which
accelerates the fretting. This sequence follows a pattern: The mechanical motion disrupts the
protective oxide layer, exposing the metal to the atmosphere. This allows additional metal to
oxidize during the half-cycle when it is exposed to air. During the next half-cycle when the
surfaces connect again, the new oxide layer is abraded and grinded into particles. The cycle
now repeats [16].

If an electrical current is required to pass through these surfaces, e.g. in a connector, the layer
of oxidized metal can cause problems. The oxidized material lack electrical conductivity and
as the layer thickens, the electrical resistance increases. If the current meant to pass through
the surfaces is low, e.g. if it is only a signal, the increasing resistance will eventually
completely block the signal [17]. In figure 5a, below, the phenomena of fretting corrosion are
shown. The debris on the contact surface is clearly visible. This is an image from a fretting
test at Volvo Cars. In figure 5b, the contact resistance became too high for the signal to pass
through. The metal melted from spark propagation between the surfaces. This is an image
from a faulty connector in one of Volvo’s prototype cars. More images of fretting damage are
shown in appendix 2.

Figure 5 a, b: Fretting corrosion on male terminals in two different connectors [18]



2.3 Fuel pump and connectors
Volvo Cars have several engines with different fuel pumps and connectors. In this thesis one
specific HPFP with the corresponding connector is evaluated.

2.3.1 HPFP

Volvo Cars is using the Denso HPFP, see figure 6a, in their 4-cylinder petrol engines (VEP4).
The HPFP is connected directly to the camshaft and this is exposed to vibrations to a large
extent. The HPFP itself is handling the vibrations well, but it has been a troublesome task for
Volvo Cars to find a connector for the HPFP that meets quality demands regarding fretting
damages. Three different female connectors have been tried out, all with similar but slightly
different male connectors. Details on how the terminals are attached in the male terminal can
be found in figure 6b. Both the male and female parts are relatively light and stiff in their
structure. This entails eigenmodes with high frequencies. See appendix 1 for images of the
HPFP and connector mounted on the engine.

Figure 6 a, b: HPFP with the Yazaki connector & Male connector with terminals

2.3.2 Sumitomo

The Sumitomo connector was the first connector used with the HPFP. It did not pass the
quality tests regarding fretting and was replaced by the Yazaki connector in the developing
stages of the VEP4 engine. The structure of the connector is rigid and in one piece. There is
one fastener, seen in figure 7a and b. Details on previous fretting test results in appendix 2.

Figure 7 a, b: The Sumitomo female connector, back & front



2.3.3 Yazaki

The Yazaki connector could handle the large vibrations from the HPFP a lot better than the
Sumitomo connector and is the connector used by Volvo Cars today []. Although the extent
of fretting is a lot less, there is still fretting occurring in this connector. The connector is
divided into two parts, seen in figure 8a. The inner casing is suspended by two springs and is
held in place by two fasteners. This makes the connector able to move freely from the outer
plastic casing in all three directions, seen in figure 8b. Furthermore, the outer plastic casing
has two fasteners for the male part of the connector, providing a more stable connection with
the HPFP than the Sumitomo connector, which only have one. Details on previous fretting
test results are collected in appendix 2.

Female

Figure 8 a, b: The Yazaki female connector, front and back.



2.4 Laser vibrometry, PDV-100

The PDV-100, seen in figure 9a, is the laser vibrometers that is tested and used in this thesis.
It uses Doppler shift to measure velocity of a vibrating object. In the data sheet for the PDV-
100[21], all the needed information is found. The Doppler shift technique works as follows.
If a light beam is reflected by a moving object, the frequency of the light is shifted
proportional to its velocity. This is a phenomenon referred to as the Doppler shift. Through
this process, the velocity information becomes coded in the frequency of the light and is used
by the laser to measure the vibration. The laser transforms the frequency shift into a voltage
signal that can be processed by standard data acquisition systems. An illustration on how this
is done can be seen in figure 9b. The PDV-100 can accurately measure vibrations from

0.05 Hz to 22 kHz.

% BEAM SPLITTER |

LASER

BEAM SPLITTER Il

DETECTOR SAMPLE
BEAM SPLITTER 1l

Figure 9 a, b: PDV-100 laser vibrometer & PDV-100 Doppler technique [21]



2.5 Natural frequencies

The natural vibration frequencies, or eigenfrequencies, of a system are determined by its
stiffness and mass. The first mode is called the fundamental frequency and can be calculated
using equation 1, shown by G. Jonsson [19]. This is for an undamped system.

k
frequency = 2m o @9

A system exposed to this frequency will oscillate and move with larger amplitudes than other
frequencies. Large vibrations can induce damage on a mechanical system, so avoiding
exposing the system to eigenfrequencies can be important. By changing the design and
thereby the stiffness and mass of the systems parts, the eigenfrequencies can be controlled.
By increasing the stiffness and/or reducing the mass the eigenfrequency will become higher,
as seen from equation (1). If the frequency spectra the system will be exposed to is known, it
is possible to design the parts so that the eigenfrequencies are outside that spectra. In figure
10 below, four examples are presented on how you can avoid having an eigenmode at 1 Hz.
The dotted curve is the original system and the solid line is the modified system.
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Figure 10 a, b, ¢, d: Changing an eigenfrequency by adjusting the mass and stiffness

As most systems are damped, worth noting is that the amplitude at the eigenfrequency is
rarely as extreme as the examples in figure 10 where no damping is present. Damping can be
passive or active, described by J.W Sutherland [20]. In the case of the connector there is only
passive damping. The damping of such a system is determined by its mass, stiffness,
geometry and material.
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2.6 Engine orders and waterfall diagrams

When an engine rotates, it emits vibrations with different frequencies and amplitudes. This is
because the engine has several rotating and striking parts, with different frequencies for each
RPM. For example, an analysis can be made of the crankshaft and the cylinders of a 6-
cylinder, 4-stroke engine. The crankshaft rotates with 3000 RPM, which makes it generate
vibrations at 50 Hz. One cylinder fires once every two revolutions of the crankshaft. Because
there are six cylinders, three ignitions will happen for each revolution of the crankshaft. This
makes the cylinders generate vibrations with 150 Hz. If we define the vibrations from the
crankshaft as the first order, the order of the vibrations from the cylinders will be the third;
the frequency is three times that of the crankshaft. The relationship between frequency and
RPM within an order is linear, but the amplitude can vary, see figure 11 for an illustration. In
conclusion, an engine order is the relationship between RPM, frequency and amplitude,
according to equation 2. Orders are essentially like harmonics, but orders can be uneven
multiples of the first order [22]. A source to an order creates overtones, meaning that
vibrations in one order will also generate vibrations in orders with whole-number multiples of
the original order. In figure 12 below, we see how half-order vibrations also can generate
vibrations in the 10" order [23].

engine RPM x order

frequency =
60
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Figure 11: Illustration of order lines [22] Figure 12: Overtones of the 0. S order /18]
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Particularly important are orders from gas pressure torques and inertia forces, mentioned by
K. Haug and B. Dondlinger [27]. For a 4-stroke, 4-cylinder engine the vibrations are of order
2,4, 6 etc. where the lower orders have higher amplitudes. When highly pressurized exhaust
gases are pushed out of the cylinders, the resultant forces from the expansion of gas generates
vibrations. Inertia forces are vibrations generated by rotation of mass in the engine, e.g.
pistons and piston rods. These vibrations can partly be counterbalanced with weights and by
the rotation of other pistons, but they cannot be eliminated completely. Inertia forces increase
with the frequency squared, so the effects of inertia forces are not noticeable at low
frequencies. Gas pressure torques and inertia forces have opposite phases and thus partly
cancel each other. The result is considerable vibrations at lower frequencies, where the inertia
forces are small and do not cancel the gas pressure torques.

One common way to illustrate vibration amplitudes
is with a waterfall diagram, seen in figure 13. Dark,
cold colours represent low amplitude and bright,
warm colours represent high amplitude. The order
tracks (lines) are clearly visible; they have higher
amplitudes than surrounding areas. Another
phenomenon that it present is the resonance in the
engine, also called eigenmodes. They are parallel to
the y-axis, meaning that they are stationary at the
given frequency, the eigenfrequency. At these
frequencies even small external forces can produce
large vibrations. The largest amplitudes occur when
an order line crosses the resonance area [24].
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10.00

0.0 Hz 1300.0
Frequency

Figure 13: Waterfall diagram [22]
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2.7 Signal analysis

2.7.1 Sine sweep

Sine sweep is a method for characterizing the response of a part during a vibration test. It is a
special type of a chirp and is a quick and useful method to finding eigenfrequencies of the
part. E. Sauther [25] explains the procedure very well and the following is a summary. One
drawback is that the vibration table is limited to one axis, with a single degree of freedom.
The part is exposed to vibrations with different frequencies that change continuously in the
testing spectra, see figure 14. Several parameters can be set, e.g. number of sweeps, test
duration, start and stop frequency, amplitude, acceleration and in what direction the response
of the part should be measured. For example the acceleration can be kept constant, while the
amplitude and frequency change. Note that the three are related by equation 3. The response
signal of the part is measured and compared to the original signal. A good method of
analysing the results is with a Fast Fourier Transform, explained in the next section.

acceleration amplitude

(3

Displacement =

412 % frequency?

Chirp Function

—
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=) o
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1
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Figure 14: Sine sweep [25]

2.7.2 Fast Fourier Transform (FFT)

To divide a vibration, or any signal, into its
components requires a method. One widely
used method is an optimized algorithm
called “Fast Fourier Transform”. In Figure
15 an example is presented on how a signal
can be a combination of three different
components with individual frequencies,
amplitudes and phases. To determine the
three components the signal is sampled
using a measuring instrument. With a few

/ frequency

input parameters such as sampling speed \
and number of samples, the algorithm time
calculates its components. FFT is mainly Figure 15: Fast Fourier Transform [21]

suitable for periodic signals, which means

that the measured vibration caused by an engine should be with a constant RPM [26]. If you
are only interested in the maximum amplitude over a sweep from 0-6000 RPM another
approach is to plot the maximum amplitude for each frequency, independent of the rotational
speed. Note that the amplitude of the different sine components might be much lower than the
maximum true displacement of the original signal. This is because in each sample, the
amplitudes of several components are added to represent the true displacement.
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3. Methodology

Xing & Xu [9] conclude that the fretting is indeed worst when the terminal relative
displacement between the terminals is highest. This is supported by the findings of Park, et al.
[10]. The focus of the thesis is to examine the terminal relative displacement. Two different
measuring tools are used and compared, laser vibrometers and piezoelectric accelerometers.
One approximation made in the work by Xing & Xu was the relative displacement between
male and female terminals in their vibration test. It was measured using accelerometers
placed on the plastic casing of the connector. Several factors affect the displacement, e.g.
geometry, location of measurement, eigenmodes and added mass. To get a more accurate
measurement of the terminal relative displacement, the measurements are instead made with
laser vibrometers. The benefits of this technique could be considerable. Holes were drilled
through the plastic casing of the connector to measure directly on the terminals.
Hypothetically this would give a more accurate result, without changing the geometry and
mass by a significant amount. The Yazaki connector has several parts that are not attached
very firmly to one another. This means that even if the casing moves, it does not necessarily
have to mean that the terminals follow this movement.

The suggested method for evaluating fretting in this thesis contains two main steps. First, an
engine vibration test session is to be analysed, this test is referred to as the “engine vibration
test”. Frequencies and displacements for the connector are then recorded with accelerometers.
This information is used to set up the “connector vibration test” with an electrodynamic
vibration test rig. Here the HPFP and connector are mounted on a fixture and vibrated with a
sine sweep. This way, the vibrations on the connector from the engine can be simulated.
Analysis can easier be made when the connector is exposed to a set vibration schedule.
Additionally, measurements that could not be made when the connector was mounted on the
engine can now easily be made. Additional comparison between the engine vibration test and
connector vibration test are also made.

When the frequencies of the worst terminal relative displacement are found, adjustments to
the connector are to be made to potentially reduce the terminal relative displacement. One
method is to try to use the parameters mass and stiffness to control the eigenfrequencies and
displacement of the connector. For example, using straps to fasten the connector or adding
mass could change the eigenfrequency and/or dampen the system. The test is repeated with
new conditions and additional improvements can then be found. Additionally, design features
that are useful for reducing vibrations were analyzed.
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4. Engine vibration test
A VEP4 engine was vibration tested in 2016 by Volvo Cars. Displacement data of the HPFP
and the Yazaki and have been collected and will be analysed in this section.

4.1 Setup

Several accelerometers were placed at various points of interest, see figure 16. At the green
circle, two accelerometers are attached on the Yazaki connector presented in section 2.3. One
accelerometer was placed on the male connector casing and one on its corresponding female
connector casing. See figure 17. The engine ran from 1000 RPM to 6000 RPM with full load,
back to 1000RPM with no load. The test time was four minutes, with am RPM
increase/decrease of 40 RPM/s. This was done three times, so three sets of data were obtained.
The data is acquired in three directions, X-, Y- and Z-components. The Y-direction is in the
plug-in direction of the connector. The X-axis is in the horizontal direction and the Z-axis is
in the vertical direction. See figure 17. Frequencies below 100 Hz are filtered out as these
give large displacements, out of fretting range. The software used for the analysis was
DEWESoftX2.

Figure 16: Accelerometers attached to the VEP4. Accelerometers Figure 17: The Yazaki connector
connected with the blue cables.
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4.2 Results

The data from the three runs were similar in behaviour, but the displacements somewhat
differ. Run number two was selected for analysis. Only the data from the run-up phase of the
test was analysed as the vibrations are a lot larger than the run-down and thus more fretting
occurs. This is also determined by Xing and Xu [9]. See appendix 3 for how the runs differ
and comparison between run-up and run-down. Appendix 4 shows a graph of the maximum
displacement for the male and female casing. The displacement increases with engine RPM.

An FFT diagram for the relative displacement between the male and female casing in each
direction is plotted in figure 18. The directions are the same as seen in figure 17. Further,
these results were used for an FFT diagram for the displacement in the total direction for both
casings, see figure 19. The black curve is for the accelerometer on the female connector and
the green curve is for the male connector. The displacement is calculated by double
integration of the acceleration in all three directions and then adding the three components for
the total displacement by equation 4.

= — 2 — 2 — 2
Drel - \/(DX,Harness DX,lnteg'rated) + (DY,Harness DY,Integrated) + (DZ,Harness DZ,Integrated) (4)
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Figure 18: Female and male casing relative displacement FFT
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=}

16



The relative displacement between the casings in the total direction is visualized in figure 20
and 21. Figure 21 visualizes a waterfall diagram, explained in section 2.6, where additional
information about what engine orders the vibrations originate from. What order the lines
corresponds to is written at the top of the figure. Note that the maximum relative
displacement is not in the same direction for each frequency.
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Figure 20 Relative displacement between male and female casing.
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Figure 21: Waterfall diagram for relative displacement
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An example of the displacement is presented with a scope of 2 milliseconds in figure 22,
below. The female connector casing (black), male connector casing (green) and relative
displacement between the two (blue) is displayed at 4000 RPM. See the analysis section for
further explanation
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Figure 22: Displacement curves for the casings and their relative displacement.
4.3 Analysis

In figure 19, the displacement for the both parts at the lower frequencies (0-250 Hz) is similar,
and they display more independency when the frequency becomes higher. There are peaks at
around 500 and 1600 Hz. This corresponds primarily to orders 6 and 18, seen in figure 21.

Even though the casing relative displacement is highest at 500 Hz, there is a lot of casing
relative displacement at 1600 Hz. The displacement at 1600 Hz has a lot higher frequency,
which increases the acceleration. To visualize this, the displacement of the female casing is
plotted alongside a curve with a constant acceleration of 180 m/s%, seen in figure 23 below.
Equation 3 is used to calculate the curve. As the displacement for the female connector
follows this curve in some extent it is interpreted that the female connector experience
resonance at around 1600 Hz.
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Figure 23: FFT for female connector and theorietical constant acceleration

Figure 22 shows that the casing relative displacement can in some instances be a higher than
both the displacement of the female connector and the male connector. The conclusion is that
the two are not always vibrating in phase. When the vibrations are out of phase the casing
relative displacement becomes higher than the displacement of one individual component.
This high casing relative displacement presumably increases the rate of fretting. It depends on
whether or not the terminals vibrate according to the casings. This will be explored in the
connector vibration test.
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4.4 Discussion

The accelerometer on the female connector was attached slightly out of position, as can be
seen in figure 24. The angle of about 10° gives a small error to the X- and Y-components, but
the total acceleration when combining the components remain the same.

An interesting conclusion that can be drawn from the engine vibration tests is that the casing
relative displacement peaks at higher values than they did for Xing and Xu. According to
them, it peaked at 17.3 pm in their test and in the test in this thesis work it peaked at 85 pm.
They used the same type of test, but with the Sumitomo connector. They made a presumption
that measuring on the plastic casing of the connector would be a good enough estimation of
the terminal displacement. According to their conclusion that since the fretting correlates to
terminal relative displacement, the Yazaki connector should experience more fretting than the
Sumitomo connector. The Sumitomo connector experiences a lot more fretting and fails
before the Yazaki connector, which is why it was replaced. Perhaps the assumption that the
plastic casing displacement is a good estimation of the terminal displacement does not apply
to the Yazaki connector. The Sumitomo connector consists of only one part, so the
presumption might be good enough in this case. But for the Yazaki connector, which contains
several parts, including springs, the assumption is very bold. The error from measuring on the
plastic casing on the Yazaki connector is tested in the next section.

The resonance occurring at 1600 Hz is at a very high frequency. This was expected, as the
mass is low and stiffness high, explained in section 2.5. A phenomenon that could be a major
contributor to the increasing fretting problem is that newer cars strive for a more effective
combustion. To get an effective combustion as possible, it is required that the fuel burns fast.
With faster combustion, the pressure in the cylinders gets higher and more vibrations are
generated. These vibrations are high in frequency and presumably closer to an
eigenfrequency of the Yazaki connector.
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5. Connector vibration test

In this test, a shaker rig is used to vibrate the HPFP and connector in a controlled
environment. From the engine vibration test, a constant acceleration of 100 m/s”* was selected
for the sine sweep in the connector vibration test. In figure 24, below, the HPFP has been
mounted to the fixture in the Z-direction. The shaker rig only vibrates vertically. The steel
part seen at the bottom of figure 24, below, is a counterweight to balance the fixture. Neither
the female connector nor the accelerometers are yet attached. The displacement is also
measured with two PDV-100 lasers vibrometers. Holes are drilled in the connector to be able
to measure the terminal displacement.

Figure 24, HPFP mounted to the fixture in Z-direction.

5.1 Measuring with lasers

The PDV-100, presented in section 2.4, is mainly used to measure on three different objects:
the male terminal, the female terminal and the female inner casing. To access these areas,
holes has to be drilled through both the male and female connector. A 3 mm hole is drilled to
the female terminal. This procedure was done by removing the female terminals from the
female connector and attaching the female connector to the male connector. The hole could
now be drilled through the female outer casing, the male casing, and the female inner casing
at the same time. The female connector was then removed and new female terminals installed.
Because there were no female terminals in the connector while the connector was attached,
nothing came in touch with the male terminals, ensuring no damage.

In figure 25-27, there are three images illustrating how the lasers are pointed at the holes, in
detail. This includes the holes leading to the male terminal, female terminal and the female
inner casing. These figures are representative illustrations and not true models.
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Figure 25: Overview of holes

Female inner casing
@vxj/—

;emale terminal

Accelerometers
Figure 26: Lasers pointed on terminals Figure 27: Laser pointed on female inner casing

In figure 29, the two lasers are mounted on a tripod each and the female connector attached to
the HPFP. The lasers are pointed at the holes in the female connector. The lasers are not
pointed at the terminals perfectly perpendicular. This angle results in a small error during
measurements. The lasers were ensured to have the same angle.

In figure 28: Measuring of male terminal. Figure 29: Lasers pointing at holes
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5.2 Equipment

To run the vibration tests several softwares and devices are required. A shaker rig is used to
generate the vibrations, controlled by a PC. Through a series of devices, the signal generated
by the computer is amplified and delivered to the shaker. To measure the vibrations, two
PDV-100 laser vibrometers are used together with three piezoelectric accelerometers. The
shaker also has a built in accelerometer which is required in order to control it. These six
signals are read by a data acquisition device and then sent to a PC running analytic software.
See diagram 1, below, for more details.

Type of equipment Model name/Software Function
1 PC1 Dactron CometUSB 5.61 Design signal
2 Controller LDS COM 200 Generate signal
3 Pre-Amplifier Bruel & Kjaer 2626 Prepare signal
4 Amplifier LDS SPA-K Generate power
5 Shaker LDS 726 Generate vibrations
6 Laser vibrometers (2) PDV-100 Measure terminals
Accelerometers (3) PCB HT356B01 Measure casing
7 Data acquisition device DEWESoft Sirius ACC+ Collect data
8 PC2 DEWESoft X2 Analyse data

Diagram 1: Equipment used for connector vibration test

A total of 5 female connectors and 10 HPFP with corresponding male terminals have been
used in the different tests. It is important to replace the parts after a few runs to ensure no
fatigue properties interfere with the results, this is discussed more at the end of this section.
The female connectors had their terminals replaced frequently as well.

To be able to follow each test easier, the signals from the lasers and accelerometers have their
own colour. See figure 30, below. These colours are the same throughout all tests.

1: Laser on female terminal.

+ 2: Laser on male terminal.

3: Accelerometer on screw.

4: Accelerometer on male casing. (hidden from view in
this picture)

5: Accelerometer on female outer casing. (hidden from
view in this picture)

6: Accelerometer on shaker table, required to control
the rig.

Figure 30: Measurement setup for the Z-direction (Default setup).

Where nothing else is stated, the signal used in the tests is a linear sine sweep running from
100 to 2000 Hz and increasing with 5 Hz per second. The acceleration is set to a constant
value of 100 m/s. The lasers have built in high- and low-pass filters. But as filters have to be
added manually for the accelerometers, the same filters were added for the lasers and the built
in filters turned off, to ensure comparable data. High pass filters are set to 100 Hz for both the
accelerometers and laser vibrometers. The measurement range of the lasers was set to 500
mm/s.
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5.3 Calibration of equipment

As the accelerometers and lasers are of different brands and use different technologies they
had to be calibrated towards one another. A test measurement was done when the lasers were
pointed on an accelerometer, see figure 31. There was a time difference of 1.25ms. To
compensate for this difference, a time delay was added for the accelerometers in DEWESoft.
In figure 32 a scope of the signals from the accelerometers and lasers are presented. The
lasers are in phase with the accelerometers, which makes them comparable.

-

Displacement

Time

Figure 31: Calibration measurement on screw. Figure 32: Signals from lasers and accelerometers
in phase after calibration.
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5.4 Tests

Each test has been made several times to validate the measurements.

5.4.1 Z-direction, X-direction, Y-direction and engine vibration test comparison
These tests compare the displacement in Z-direction with displacement in X- and Y-direction.
Additionally, the Z-direction is compared to the engine vibration test results.

Goal

The goal is to determine which direction has most displacement and decide which direction to
focus the rest of the tests on. The desired direction is the Z-direction. That is because it is the
only direction that the male terminals can be measured with lasers. The width of the terminal
is too small for lasers to be able to focus in the X- and Y-directions. To be clear, the
directions are the same as for the engine vibration test, see figure 24. The question to be
answered is if the Z-direction is as good as or better than the X- and Y-direction.

Setup

The fixture can be rotated, making it possible to test in all three directions. Figure 33 and 34
shows the X- and Y-directions. Figure 30 shows the Z-direction.

Figure 33: Measurement setup for X-direction Figure 34: Measurement setup for Y-direction
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Results and analysis

Only the accelerometer on the female outer casing is presented. This is because there is no
way to measure the male or female terminals with lasers in the Y-direction. The lasers and
terminals are parallel and thus too small contact surface to measure on.
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Figure 35: FFT female outer casing in Z-direction
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Figure 36: FFT female outer casing in X-direction Figure 37: FFT female outer casing in Y-direction

Bear in mind that if the system experienced no resonance, the curve would look like the
constant acceleration curve displayed in figure 23. This means that the high displacement at
100 Hz seen in the above graphs displays no resonance. When comparing the results with the
engine vibration test results, see figure 18 and 19, the graphs displays similar behaviour. In
the Z-direction considerable displacement is present at around 500-800 Hz and 1600-1700 Hz,
while little to no displacement in between.

The two peaks at 600 and 700 Hz in the Z-direction are relatively high and interesting for
further analysis. When comparing with the X- and Y-directions these peaks are the largest.
The X- and Y-directions also has interesting peaks but as the Z-direction is more convenient
to measure with lasers, the X- and Y-directions are not further explored in this thesis work.
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5.4.2 Female terminals and female outer casing

These tests compare the displacement of the female terminals with displacement of the
female outer casing.

Goal

The goal is to determine if displacement measurements on the outer casing are a good enough
approximation of the displacement of the terminals. This is the approximation done by Xing

& Xu in the previous thesis work. The hypothesis is that this is a bad approximation for the
Yazaki connector and cannot be used.

Setup

The default setup was used; it is depicted in figure 30.
Results and analysis
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Figure 38: FFT female outer casing and terminal

The terminal (red) displays a lot of independence from the female outer casing (black). At
725Hz the displacement of female outer casing is 5 times higher than the displacement of the
terminal, 154 um and 32 pm respectively. At 1660 Hz it is instead the other way around.
Now the displacement of the terminal is 3 times higher than the displacement of the female
outer casing, 31 um and 10 pm respectively. The hypothesis that the displacement of the

outer plastic casing of the female connector cannot accurately approximate the displacement
of the terminal is confirmed.
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5.4.3 Female terminals and female inner casing
These tests compare the displacement of the female terminals with displacement of the
female inner casing.

Goal

The goal is to determine if displacement measurements on the inner casing are a good enough
approximation of the displacement of the terminals.

Setup

The default setup was used; it is depicted in figure 30. The additional hole for the female
inner casing seen in appendix 5 was also drilled.

Results and analysis
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Figure 39: FFT female inner casing displacement (pink) and female terminal

When comparing the inner casing displacement (pink) to the female terminal displacement
(red) it is clear that they are pretty much equal everywhere except at around 700 to 900 Hz,
see figure 39. At 700 to 900 Hz the inner casing displays up to twice the displacement of the
terminal. The fact that the displacement of the inner casing is always equal or greater than the
displacement of the terminal shows that measuring on the inner casing is a much better
method than measuring on the outer casing. This ensures that one at least gets the worst case
scenario when using this method. Whether or not it is a good enough approximation overall
depends on how accurate the results have to be.
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5.4.4 Female terminals and male terminals.
These tests compare the displacement of the female terminals and displacement of the male
terminals, i.e. terminal relative displacement.

When analysing the results, only vibration amplitudes within a specific amplitude spectra are
considered. Because GSR causes surface damages to a larger extent than PSR and the
problem in the connectors regards surface damages, GSR will be the interesting fretting type
for the connector. PSR primarily causes cracks in the material, which is not the problem in
the connectors and thus it is not relevant to analyse small displacement vibrations further.
These facts will cause larger displacement amplitudes to cause more damage to the
connectors, up to the limit of 70 um. Terminal relative displacements between 15 and 70 pm
are considered gross and dangerous for the connector [13].

Goal

The goal is to determine the terminal relative displacement between the male and female
terminals.

Setup
The default setup was used; it is depicted in figure 30.
Results and analysis

Note that the scale of the graphs in figures 48 and 49 is different from the previous graphs.
This is because the displacement amplitudes are relatively small and easier to read with a
smaller scale. The terminal relative displacement is impossible to display in an FFT diagram,
so it is displayed in a time domain instead. The graphs are still comparable.
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Figure 40:FFT male and female terminal Figure 41: Relative displacement

The terminal relative displacement is high when the system experiences resonance, compare
figure 40 and 41. The first peak at 700 Hz is mainly caused by the difference in amplitude
between the terminals. The male displacement (blue) peaks at 48 um, the female
displacement (red) peaks at 33 pm. The maximum terminal relative displacement between the
two is 27 um. Why the maximum terminal relative displacement is not simply the difference
of the peaks is because of the overtone that is generated in the female terminal. If no overtone
was present, the maximum terminal relative displacement would simply be the difference in
amplitude between the terminals, i.e. 15 um. In figure 42, below, the third order overtone
(2400 Hz) disturbs the sinus curve. This result in a lower displacement for the female
terminal compared to if no overtone was present and thus a higher terminal relative
displacement between the terminals.
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Figure 42: Moment with the largest terminal relative displacement

As for the peak at 1660 Hz, the maximum terminal relative displacement appears to only be

due to the difference in amplitude. Overtones are present, but the displacements of them are

not considerable. The male terminal peaks at 24 pm and the female terminal peaks at 37 um.
The maximum terminal relative displacement is 13 pm.

When comparing the terminal relative displacement graph with the displacement of the
female outer casing, see figure 35, it is not clear at which frequency the terminal relative
displacement is highest. The three peaks between 1400 and 1900 Hz look very similar, yet it
is only the middle peak that has considerable terminal relative displacement. This enforces

the conclusion that the terminal relative displacement is not necessarily related to the female
outer casing displacement.
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5.4.5 Male terminals and male casing
These tests compare the displacement of the male terminals with displacement of the male
casing.

Goal

The goal is to determine if displacement measurements on the male casing are a good enough
approximation of the displacement of the terminals.

Setup
The default setup was used; it is depicted in figure 30.

Results and analysis
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Figure 43: FFT male casing and male terminal

Although the two curves coincide almost entirely, the male terminal displacement (blue) is
almost always larger than that of the male casing (green). This is the direct opposite of what
was seen in section 5.4.2, where the female terminal displacement was smaller than both the
female inner and outer casing. The error received when approximating the terminal
displacement with male casing accelerometer displacement measuements would therefore be
a more dangerous error than the error received when approximating the terminal movement
with the female outer casing. With this in mind, if using a safety factor when approximating
the terminal displacement with male casing displacement, the male casing measurements is
more accurate to use than measurements from the female outer casing. Although, if it was
possible to attach an accelerometer to the female inner casing, this would be the optimal
option because the worst case scenario is measured. To be clear, this is not at all as good as
using lasers to measure directly on the terminals and should only be used when a rough
estimation of the terminal movement is required.
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5.4.6 Different stiffness
These tests compare setups with different stiffness. Changing stiffness is done by changing
springs, adding glue, tighten cables and using stripes.

Goal

The goal is to determine what can be done to change the displacement and move the
eigenfrequencies.

Setup

The default setup was used; it is depicted in figure 30. Glue and stripes are used according to
figure 44-46, see below. In figure 44, the inner casing was glued to the outer casing around
the blue seals. In figure 45, the fasteners have been glued to the male casing. This is in
addition to the inner casing already being glued in place.

Figure 44: Inner casing glued Figure 45: Inner casing and fastener glued Figure 46: Stripe outer casing
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Results and analysis

No change in frequency for the resonance areas was able to be created. More fundamental
changes to the structure are probably needed to be able to achieve this. On the other hand,
several changes to the displacement amplitudes of the parts were achieved.

The resonance for the female outer casing at 600 Hz, seen in figure 35, is supressed when
damping it with both glue and stripes. This suggests that this eigenfrequency is solely for the
female outer casing and the elevated displacement at this frequency for the terminals is due to
picking up vibrations from the female outer casing. When gluing the female outer casing to
the female inner casing and male casing, the properties are completely changed and this
resonance is eliminated completely. The increased stiffness of the female outer casing
removes this behaviour.

Gluing the parts together according to figures 47 and 48 worsens the terminals displacement
by 2-3times at 700 Hz. The change in displacement of the terminals and casings in the
different tests follow a magnitude order. When gluing the inner casing and fasteners the
displacement is highest, followed by only gluing the inner casing, followed by the original
setup. See figures 51 and 52. The outer casing has the largest vibrations, followed by the
female terminals, male terminals and finally the male casing. Both terminals now experience
roughly double displacement amplitudes at this frequency, compared to the original setup, see
figure 40. The reason is that the energy that is picked up by the female outer casing is easier
transferred to the female inner casing and the terminals via the glue. The male casing
displacement stays the same. In short, the female outer casing acts as a vibration absorber for
the female inner casing and the terminals.

At 1600 Hz the vibrations in the terminals are suppressed compared to the original setup, see
figure 35. Now it is the other way around compared to 700 Hz. The female outer casing picks
up energy from the inner female casing and acts as a vibration absorber at this frequency.

A very significant improvement for the female outer casing was observed when striping it to
the vibration rig, according to figure 46. This reduced the female outer casing displacement at
700 Hz to 40% of the original displacement. The terminal displacement remained the same
and how fretting is affected by this remains unanswered.

Tests were also made when using different springs between the female inner casing and
female outer casing. As hardly any difference was observed, this part is excluded from the
report. In appendix 5 the results are presented. Additionally, when tests were made with
different attachments of the cable, no change in behavior was identified.
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5.4.7 Different weight

These tests compare setups with different additions of external weight to the female outer
casing. Three tests were done: The first with an added weight of 1.51 gram, the second with
an added weight of 8.6 gram and the third was done after removing the accelerometer. The
female outer casing weighs 5 grams. Together with the added weight of 1 gram from the
accelerometer, first and second test corresponds to 50% and 192% increase in mass
respectively. The total mass of the female connector with the inner casing and terminals is 10
gram.

Goal

The goal is to determine what can be done to change the displacement and move the
eigenfrequencies and to determine if the accelerometer has a relevant impact on the terminal
displacement.

Setup

The default setup was used; it is depicted in figure 30. Additional weights was glued in place,
see figure 50 and 51, below.

Figure 50: 1.51 gram added Figure 51: 8.6 gram added
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Results and analysis

The peaks at 700 Hz are marginally higher for both the terminals, see figure 52 and 53 and
compare with figure 40. The displacement increase is too small to be able to conclude that the
weights affect the terminal displacement negatively.
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Figure 52: Terminal FFT, 1.51 gram added Figure 53: Terminal FFT, 8.6 gram added

The terminal displacements are more unstable when adding 8.6 gram, especially at the lower
frequencies around 200-400 Hz. Although more unstable, the eigenfrequencies remain at the
same frequencies.

The test is aborted at around 1660 Hz. This is because the added weight made the female

outer casing vibrate almost 50° out of phase with the shaker table. This disrupted the mean
acceleration of the shaker, forcing an abort.

The female outer casing displacement is highly affected by the attached weights. In figure 54
the female outer casing displacement for the 8.6 gram weight test is displayed. One
conclusion that can be drawn is that the eigenfrequency of the female connector has been
moved from 590 Hz to 480 Hz, see figure 54 and compare with figure 35. This confirms the

theory that added mass moves an eigenfrequency to the left in the frequency spectra,
discussed in section 2.5.
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Figure 54: Female outer casing FFT, 8.6 gram added

Further, no change of terminal displacement was observed when removing the accelerometer

from the female (and male) casings. The small mass of the accelerometer is simply
insignificant.
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5.4.8 Removing parts of the HPFP
These tests compare setups with different parts removed from the HPFP to analyse how the
vibrations change.

Goal
The goal is to determine how individual parts affect the eigenmodes and displacement.
Setup

The default setup was used; it is depicted in figure 30. Parts of the connector and HPFP are
removed according to figure 55-57. Additionally a test with no female connector attached,
according to figure 24, was performed.

Figure 55:Female outer casing removed — Figure 56: Male casing removed Figure 57: Fuel connector removed

Results and analysis

The signal from the accelerometer and lasers that read screw acceleration has been used.
Even when removing both the long fuel pipe and the male casing, seen in figure 57, the
characteristics for the displacement do not change. The displacement for the screw in the
original HPFP, figure 58, and the modified HPFP, figure 60, remain similar. The conclusion
is that the eigenmodes originate from the parts and structure of the HPFP itself.
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Figure 58: Screw displacement FFT. Original setup — Figure 59: Screw displacement FFT. Female connector removed
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Figure 60: Screw displacement FFT. Male casing removed — Figure 61: Screw displacement FFT. Fuel connector removed

The displacement for the male terminal at 1600 Hz, when running the test without the female
connector, is much lower compared to the original setup. This entails that the female
terminals have a high displacement at this frequency and the male terminal follows the
displacement of the female terminal to some degree. If the male terminals were stiffer and
remained stationary while the female terminals still have a large displacement, the terminal
relative displacement would be higher and fretting damages would be more severe.

When running without the female outer casing, according to figure 55, the test was aborted at
both 700 Hz and 1600 Hz. This is because the springs in the casing are not damping the
system. After several attempts, the results are displayed in figure 62, below.
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Figure 62: Terminal displacement FFT. Female outer casing removed.

When running the vibration test without the female outer casing, there are two major
differences. Compare with figure 40. The first difference is that there is no resonance at 600
Hz. The conclusion is that the female outer casing induces this eigenfrequency and the rest of
the structure receives excess vibrations as well. When removing the outer casing completely,
these vibrations are removed as well. The second is that the terminal displacement amplitude
at 725 Hz for both terminals is higher when running without the outer casing. The male
terminal peaks at around 80 um, compared to 50 pm when running with the outer casing. The
female terminal peaks at around 60 um, compared to 30 um when running with the outer
casing. The conclusion is that the outer casing acts as a vibration absorber for the terminals at
this frequency. The kinetic energy from the male casing and the terminals are absorbed by the
female outer casing and vibrates more itself. This is confirmed by the high displacement
amplitude of the female outer casing at this frequency, seen in figure 38.
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5.4.9 Test for constant frequency

Two hour tests at 700, 800 and 1600 Hz are performed to evaluate which frequency induces
most fretting. The tests are performed with brand new HPFPs, connectors and terminals. The
terminals were examined in microscope and compared.

The fretting induced by terminal relative displacement is determined by a number of factors.
There are three that are examined in this test; the difference in displacement amplitude
between the terminals, the difference in phase between the terminals and the frequency, or
energy, of the vibrations. The tests aim to compare the three and identify the largest
contributor to fretting. The eigenfrequency at 700 Hz induces a large terminal displacement
and terminal relative displacement. The eigenfrequency at 800 Hz induces a large phase
difference between the terminals. The eigenfrequency at 1600 Hz induces high energy
vibrations. See appendix 6 for proof.

Goal

The goal is to determine which eigenfrequency that induces most fretting.

Setup

The default setup was used; it is depicted in figure 30. No accelerometers or lasers were used.

A constant acceleration sine sweep with an amplitude of 65 m/s” and increment of 5 Hz per
second was used. Test duration times were 2 hours, or 1080 sweeps. The frequency spectra
for each eigenfrequency used were:

e 695-730 Hz
e 800-835 Hz
e 1640-1675 Hz
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Results and analysis

Both the samples exposed to 700 and 1600 Hz vibrations suffered severe fretting damage.
The sample exposed to 800 Hz hardly had any damage. See figures 67-69. To better
understand the design of the terminals, see images in appendix 2 for clarification.
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Figure 65: Female termnal ;;ails frettn damage 1600 Hz

In section 5.4.4 it is shown that the relalative displacement of the terminals is about twice as
large in the 700 Hz area compared to the 1600 Hz area. Dispite this, the fretting damage in

the 1600 Hz sample is as bad as the 700 Hz sample. Both samples exposed roughly the same
amount of copper to the atmosphere and had the same wear depht. This is arguably because
both of the samples were exposed to GSR type fretting, see section 2.1. Above the GSR
displacement amplitude threshhold, the connector will suffer considerable fretting damage.
Because the number of vibration cycles were more than twice as many in the 1600 Hz sample,
this sample experienced as severe fretting damage as the 700 Hz sample. The theory is that
high energy, low displacement vibrations cause as much fretting as low energy, high
displacement vibration as long as the terminal relative displacement is in the GSR zone.

Because the 800 Hz sample suffered next to no fretting damage, the phase of the terminal
displacement contributes to no additional fretting apart from increasing the terminal relative
displacement. This was presented in section 5.4.4.

The male and female casings of the samples experienced friction wear, see figure 66-68.
Especially at the fasteners dust from the female casing is present. The sample at 700 Hz was
worn down most, confirming that the female outer casing moves a lot at this frequency. The
friction also caused problems with the heat generation. Having a consant acceleration at the
eigenfrequencies made the connector hot from the friction between the parts. This softened
the plastic, which made the displacements even higher. This problem was predicted and
attempts to avoid it were made by lowering the acceleration from 100 m/s” to 65 m/s”. This
reduction in acceleration was not enough. The vibration rig frequently aborted and had to be
restarted after the connector cooled down due to deviations from the mean acceleration
because of this. The heat generation for the 1600 Hz sample was higher than the 700 Hz
(~50°C and ~30°C at the female outer casing), proving higher energy vibrations are present
here.
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Figure 66: 700 Hz connector wear. Figure 67: 800 Hz connector wear. Figure 68: 1600 Hz connector wear.
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5.5 Discussion

It was concluded that the most dangerous frequencies are at 700 and 1600 Hz. When
comparing these to the waterfall diagram in the engine vibration test, some interesting things
can be said. First, the eigenfrequency at 700 Hz in the connector vibration test has its
corresponding high amplitude frequency at 500 Hz in the engine vibration test. Meanwhile,
the frequency of 1600 Hz stays the same for both tests. The fixture has in some way moved
the first dangerous frequency from 500 to 700 Hz, probably either by increasing mass or
decreasing stiffness. The eigenfrequency at 1600 Hz on the other hand is not affected at all.
This is probably because it is an eigenfrequency of only the connector and/or HPFP. The
weight and stiffness of the engine or fixture does not affect this eigenfrequency.

The hypothesis that newer cars produce higher frequency vibrations than older cars and that it
is an additional contribution to fretting, discussed in section 4.4, is partly confirmed. In the
constant frequency test in section 5.4.9 the high frequency, low displacement vibrations did
indeed cause as much fretting damage to the connector as the low frequency, high
displacement vibrations. Additional effort towards developing fretting resistant connectors is
even more important as the development for more efficient combustion engines progresses.

The Sumitomo connector only has one fastener and is asymmetrical. The result is that the
connector has three degrees of freedom around the fastener, one for each rotational direction.
This introduces rotational movement around the fastener. Rotational fretting and torsional
fretting, discussed in section 2.1, will be present in a larger extent resulting in higher terminal
relative displacement. The Yazaki connector has two fasteners, resulting in a better and
firmer attachment to the male casing. As there still are very large vibrations for the female
outer casing, the two fasteners could act as a hinge. One degree of freedom remains, that is
the rotation in the X-direction. An even more stable connection would be preferable, which
would require three or more fasteners to eliminate all degrees of freedom. Connectors with a
round screw attachment also eliminate all degrees of freedom.

When the input signal for the shaker rig was designed there was discussion on how to design
it. The test had to be as close to reality as possible. Two different types of signals were
designed. In addition to the constant acceleration sine sweep used in the test, a more
complicated vibration schedule was tested. The theory was that it would follow the engine
vibration test results in a more realistic way. The acceleration was designed as a variable that
follows the results from engine vibration test, in a simplified way. See appendix 7. The aim
was to see if the displacement of the connector in the connector vibration test would follow
that of the engine vibration test in a larger extent. But as the fixture and engine differs so
much in properties, the result was a worse representation than simply using a constant
acceleration, which also has the benefit of easily being able to spot resonance. The test of the
“realistic” vibration schedule was excluded from the results. It was decided that using the
sine sweep with constant acceleration is a good enough approximation and gives a larger
control of the parameters. This made it easier to analyse and draw conclusions from the
results.

When performing the tests, it was very soon discovered that the vibration results were
dependent on how long the connector had been used for the tests. A fatigue parameter was
present. A probable area where fatigue was considerable is the female outer casing to male
casing friction wear areas, seen in figure 66, figure 67 and figure 68. To ensure the results
from the different test were still comparable, the components were frequently replaced with
new ones. This included the HPFP itself and the female connector. It was also validated that
the new parts displayed the same results by running the exact same test on several new
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components. To understand why there was fatigue and what caused it, tests were made to
determine which components affected the fatigue behavior. On the female connector,
components were replaced one by one. The outer casing, inner casing, springs and terminals
were replaced. The conclusion is that the outer plastic casing gets worn out considerably,
resulting in time depending vibrations. The other components displayed no fatigue behavior
in these short tests.
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6. Summary

The process of validating the Yazaki connector in this thesis could be used for other
connectors as well. To analyse the connector in a connector vibration test with laser
vibrometry before using it in prototype cars could save weeks in trial and error engine
vibration tests. The acceleration the connector is exposed to can be approximated with engine
vibration tests and used to set up the connector vibration test.

The key questions asked in the introduction can be answered after analysing the tests done in
the connector vibration test.

How can the relative displacement between the terminals be measured effectively?

Laser vibrometers give more accurate results than accelerometers. It is only suited for
measurement in laboratory environments. This is due to the accessibility of the connectors as
well as the size of the lasers themselves. Where lasers can’t be used, an accelerometer can be
used for a rough estimation of the terminal movement. The terminal relative displacement can
in some instances be higher than the individual terminal displacement, as seen in the engine
vibration test in section 4. In the connector vibration test, see section 5.4.5, the male casing
gave a good estimation of the male terminal displacement. The conclusion is that measuring
with an accelerometer on the male casing together with a safety factor is best suited for
terminal relative displacement approximation.

What determines dangerous properties of a connector?

In section 5.4.8 it was discovered that the resonating vibrations originates from the HPFP.
Even when removing the male part of the connector with a saw, the tendency for resonance
remained at 700, 800 and 1600 Hz.

In section 5.4.6 it was beneficial to dampen the female outer casing with a stripe. It did not
reduce the terminal relative displacement, but it did considerably reduce the female outer
casing displacement. Having the female outer casing undamped and left with one degree of
freedom, i.e. the original setup, displayed higher than necessary displacement amplitudes.
This causes considerable fatigue wear for the female outer casing, shown in section 5.4.9.
Additional tests have to be made in order to conclude whether or not this impacts fretting.

Using a connector with several independent parts, i.e. the Yazaki connector, displays good
properties for the terminal displacement. When the parts were glued together in section 5.4.6,
the terminal displacement increased 2-3 times. This is also enforced by the large fretting
damages in the Sumitomo connector, which is in one solid part, shown in appendix 2.

What can be done to change a dangerous frequency and the vibration amplitude of that
frequency?

It was very difficult to move an eigenfrequency in the frequency spectra by adjusting the
mass and stiffness of the connector by the means that were available. However, the
displacement amplitudes could be adjusted.

e Eliminating all degrees of freedom and limiting the displacement of the female outer
casing as discussed in section 5.5.

e Implementing vibration absorbers in the connector that reduces the vibrations for the
terminals. This phenomenon was observed when gluing the parts of the connector
together, see section 5.4.6.
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e Doing a structural analysis of the HPFP and improving the damping could prove
efficient.

Is the weight of accelerometers a considerable parameter?

In section 5.4.7 the tests of adding weights showed that the added weight did have an impact
on the connector displacement. The weight of the accelerometers displayed influence on
neither the eigenfrequencies nor displacement amplitudes in the connector vibration tests.
The conclusion is that the accelerometers have impact, but it is negligible.
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6.1 Future work

A lot of interesting results have been observed and that has raised new questions. Several of
these questions are not answered in this thesis due to lack of time. The following section lists
interesting questions that could be answered in future work.

When running the connector vibration test for constant frequencies, there were considerable
heat development that changed the behaviour of the connector. Testing how fretting and
terminal relative displacement is affected by temperature could provide some interesting
results.

As was explained in the discussion section, the female outer casing displayed considerable
fatigue behavior. It would be interesting to determine if this has any effect on the actual
fretting, or only on the plastic casing.

When using the PDV-100 lasers, which uses a Doppler technique, only the perpendicular
direction to the surface can be measured. To be able to analyze the results deeper, it would be
preferable if the laser could measure the vibration in all directions. There are techniques that
are able to do this, e.g. triangulating lasers. There are however challenges. The laser has to be
very close to the measuring point and the holes drilled in the connector have to be wider. A
validation of this technique is needed.

During this thesis, a lot of effort was put into trying to perform a connector vibration test on
the Sumitomo connector and its corresponding HPFP. It would have been preferable to
directly compare the results from the Yazaki and Sumitomo vibration tests. Unfortunately, all
of the Sumitomo HPFP at Volvo Cars was discarded when it was decided that it was being
replaced by the Yazaki connector. In future works at Volvo Cars, additional tests to compare
different types of connectors is recommended.

In appendix 8 you can see that a lot of displacement was measured in the Z-direction when
running the test in Y-direction. The frequency for which the vibrations spike in Z-directions
is 725 Hz. That is, the same frequency as the eigenfrequency of the first eigenmode. This is
an interesting phenomena and could be explored further.

The eigenfrequency at 1600 Hz caused more fretting than the eigenfrequency at 700 Hz, even
though the terminal relative displacement at 700 Hz was larger. The vibration rig available at
Volvo Cars couldn’t generate vibrations above 2 kHz. Using a better rig and testing
eigenfrequencies above 2 kHz is another suggestion.
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Appendix
1. HPFP mounted on the engine

See red circle for HPFP position.




2 Previous fretting test results

Fretting test results from different test length for both the Sumitomo and Yazaki connectors.
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4. Engine vibration test

Displacement in the total direction for the engine run-up. Male (red) and female (green)
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5. Different springs connector vibration test

Three of the 5 different springs tested. These are the medium stiff, least stiff and solid, from
left to right. The third is labeled solid as the large diameter made the inner and outer casing
stick together.

Below is a figure displaying the FFT curves of all the springs used.

Springs
100 g

When using the solid springs, which were almost like gluing the inner and outer casing
together, there were less terminal movement at 1600 Hz. The same result as was had when
gluing them together. The sample with the medium stiff springs, that were slightly less stiff
than the original springs have a rasonance peak at 1050 Hz.



6. Terminal energy and phase comparision at three
eigenfrequencies

The graph below compares the terminal displacement to a curve with constant acceleration of
100 Hz. The graph below that are normalized curves of the terminal displacement. The
terminal displacements are 7-12 times higher than the constant acceleration curve at 700 Hz,
4-5 times higher at 800 Hz and 26-40 times higher at 1600 Hz.
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7. Realistic vibration schedule
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8. Perpendicular vibrations.

Vibration rig in X-direction gives a lot of vibrations in Z-directions on the female terminal.
The red curve is in the Z-direction and the black line is in the X-direction.
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