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Abstract

Hybrid electricvehicles (HEV) are the next evolutionary step of the automaetiieh
substantially increases fuel economy and reduces emissidrey are comprisel of many new
technologies so there is limited information on thererall life and reliability. The electrical
connectorsused in HEVsconduct much more power and are more susceptible to failure and
reliability problemsunderthe vibration, thermalcycling and humidity environment in a vehicle
This work presents a detailestudy on the performance of a round psilver-plated high power
connectorusedfor hybrid vehiclesincluding experimental testing using a custdesigned test
standand theoretical analysis by finite element methods (FEM).

In order to emulate operational and environmental effects, a testis@eglgnedor the
connectorthat is capable of measurimgpnnector resistancéemperature and motiong/hen a
connector isexposed to vibrationsexperimental results show that the connector resistance
increases and oscillatesgnificantly. When the vibrations are stoppethnnector resistance
returnsto a value that isloseto the original state

In order to analyze thighenomenon a two-dimensional finite element odlel is
developed to calculatrelative displacemenbetween the male part and female part of the
connector.After being validated by experiment$ietmodel shows that thesimulatedrelative
displacement is ckely related to the changes of connector resistance under vibration
measured in experimentBhe relative displacement is then used as inpua fareedimensional

finite elementmodel that studies the time response of the contact sprimg simulatbn has



shownperiodical contacgaps between thgpring and otheparts of the connectowhich cause

thechanges in connector resistamging vibration
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CHAPTER 1 INTRODUC TION

Hybrid electricvehicles (HEV) are the next evolutionary step of the automaetiieh
substantially increases fuel economy and reduces emissimwgever, the electrical systems
which propel HEVs are fundamentally differenbrih conventional technadpes. There are
technical barriers that prevent the success of hybrid electric propulsion systems. thee of
crucial issuedor hybrid systems ighe reliability of electrical componentsvhich should be
guaranteed for the same permglthemechanical coponents.

High electrical power is required for new vehiclegich use electrical propulsion.
Typical hybrid systems use one or two electric motors that are mechanically connected to shafts
and electrically to battess via DC/AC inverters and DC/DC comer, as shownn Figure 1.
Detachablgpowerconnectors are desired for durable and easily remelesdricalconnections.

This is especially important for the easy replacement and repair of electrical components.

Figurel: Electric systems for hybrid propulsion systefinem Dr. Songyul Choe, unpublished)



HEV electrical connectors conduct much more power and are more susceptible to failure
and reliability problems than the connectorgonventional vehiclesAs shownin Figure2, the
power and voltage requirements for vehicles are steadily increasing as a vehicle transitions from
a conventional vehicle to a mild hybrid all the way to a piuglEV. Therefore theonnectorsn

these vehicles must be able to handle these higher powers.

Fuel Improvement
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Figure2: Trend of HEV propulsion system developmé@nvm Dr. Songyul Choe, unpublished)

Other than high electrical power,echaiical vibrations thermalcycling and humidity
that a car undergoesmnalso cause degradation and failure of the connectors. If the connector
contacts degrade, the contact resistance can increase and cause other problems with the power
electronics and carols of the electrical power drive sgsh. Eventually connectors could
catastrophically fail and become either permanently welded together or effectively non

conductive.



The main motivation of the current study is to researclpén®rmancenf connecteos for
HEV vehicles undetheserealistic operating conditionexperimentally andheoretically To
emulate these conditions, taest standfor the 300Arated connectomwas designedwhich
facilitates the supply of high arrent, generation of vibration ammbntrol of environmental
temperature with the measurement of connector resistaagec@tinector temperature {)rand
connectomotions

Based on the results of the experimental study, increase of connector resistance is most
likely to occur from vibratio in the direction perpendicular to cable axis. In addition, more
change in connector resistance occurs at higher vibratmoplitudes,frequencies and lower
ambient temperatures. A mieroughness surface analysis of gilwer coating connectors shows
that the defect area on the surface is best referred to as a worn pit rather than corrosion because
the main finding is indentation and removal of the coating material.

According to the experimentsjbvation is the most significantausethe increase of
connector resistangecompared to current rate and ambient temperafline experimental
results show thathe increase of connector resistance under vibration is primarily due to the
relative displacemenbetweenmale and fenale parts of the connectorather than fretting
corrosions Finite element models are used to analyze this phenmmand compare with
experimental results. A two dimensional finite element model is developed to describe the
overall connector system with a capability of calculatingtre¢ displacements between the
female part andnale partat the contact surface€ontact spring present between the female and
male parts of the connector is modeled in three dimensions and used to enayasponses of

the spring



The two dimensinal finite element models show thhe relative displacement between
the female part andmale partat the contact surfaces closely related to the changes of
connector resistance under vibratidnprominent finding is made frorthe three dimensional
model, which shows thatontact surfaces of each contact pair do not have the identical motion
under vibration, and the gaps between the contacts are found. It is assumed that these contact
gaps causes connector resistance to increase and oscillateswiliaigpn because they may
induce capacitance or electric arcing between the coni&fdts.the validation of experimental
results, it is proved thath¢ modelsare powerfulto aid in fundamental characterization,

prototype evaluation and desighhigh paver connectors



CHAPTER 2 LITERATURE REVIEW

Automotive connectors experience a harsh environment comprised of vibrations induced
by the engine, thermal cycling as the vehicle starts up and shuts down, and a corrosive
environment which can cause the formatidrnundesired oxide$l]-[2]. These conditions are
very demanding on the reliability of connectors and often lead to degradattbmailure. A
vehicle may have more than 400 connectors with 300@idwhl terminals but field data has
shown that connector degradations and failures contributei 8030 of the electrical problems
[3]-[4]. This requires investigations on connector behavior uneleicle conditions and studies

on its degradation mechanisms so that connectors perform on an acceptable level.

2.1  The effect of vibratioron fretting corrosion

For connectors subject to vibration, a main degradation mechanism is fretting, which is a
relativecyclic motion with small amplitude that occurs between two oscillaingaces, defined
by Waterhousd5]. Varenberg et al. also characterized fretting in terms of the local relative
motion [6]. Fretting is generally foundto cause intermittent electrical contact, wear and
corrosion on contact materials and in turn results in variations of electrical contact resistance
such as an increase, fluctuation or intermittence.

Fretting corrosiorhas beemxtensively investigated by many researchers. During fretting
corrosion, fretting wear repeatedly exposes fresh metal to the atmosphere which causes oxidation
and the accumulation of debris on the contact interface. This continuously reduces thelelectrica
conducting area and conductivify]-[9]. Consequently, when vibration is appli¢be contact

resistancewill continue to increase gradually with timig], [9]-[15]. Many works report that the
5



degradation of the contact interface will cause ¢batact resistance increase greatly with
sudden failure after a certain number of vibration cyflés[11]-[12], [14]. These phenomena

aremostlyobservedn electrical contacts withonventionatoatings, such as t[@], [9]-[15].

2.2  The effect of vibratioron temporary changes of contact resistance

However, superimposed on the gradual increds®ntact resistancearious studies also
show that the contact resistanmay increase temporarily and significantly, and then oscillate
synchronizing with the vibratiofii4], [16]-[25]. This phenomenon iextremely obvious irour
vibration ests wheresilver-plated connectarare used When vibrationsstart the connector
resistance significantly increases and oscillates. When the vibrations are stopped, the resistance
is set back to a value that is similar to the original statis. the rdatively stable property of
silver that makes fretting corrosion less significant so that the temporary changes of contact
resistance dominates the experimental results.

The temporary changes of thecontact resistance are dependent upon operating
conditiors. One of the reasons is the wear debris and particles formed at the contac{kdi;face
[16]-[17]. HubnerObenland att Minuth found the periodical alternations of contact resistance
for various contact materials subject to vibratj@d], which is cause by debris of a degraded
contact which behaves like a potentiometer witl least resistance at the rest position of the
contact. Carvou and Jemaa also foond thatwhenthe contact surface moves along the track
formed by oxide particles, contact resistance varies periodically under vibfa@hrSkinner
concluded that particles in order of 25um between the contact terminals lead to changes in

contact resistance and even disturbance of intermit{@f¢e



On the other hand, periodicpseations of contact surface, or contact gaps, also cause
temporary increase and oscillation of contact resistgi@&d-[21]. This phenomenon is
commonly found on electrical connectorslays and witcheswhich may cause electrical arcing.
Mcbride used a mathematically modeled contact bounce to show that the contact separations are
small such that the minimum arc voltage is maintaifi&]. Ben Jemaa et al. found thdtet
electrical arcing causes contact resistance enhanced progressively and started to demonstrate
high fluctuations under vibrationd9]-[20]. The arcing voltage is due to bounce phenomena
between he contacts under vibratiof$9]. In addition, periodic separation of contact surface
may vary capacitance between the two contact surfaces, which was measured by Kopanski for
for a lithographic overlay subject to vibratifizi].

When the changes of contact resistam@associated with short duration discontinuities
it is defined asintermittence[22]-[25]. According to a study on inteittence detection by
Murrell and McCarthy, the contact resistance remains high throughout most of the cycling but
fluctuates by several orders of magnitude after 10,000 cycles with the presence of significant
intermittenceg22]. The reasos of intermittenceare not limited to wear debris builduj23]-

[25]. Maul, McBride and Swingler provided explanations that the contact area should be small at
the time whenintermitterce (or discontinuity) occurs, and the current density in the contact
region is very high23]. This mechanism of intermittence is exipled using a model by Malucci,
where cold welded asperities are stretched or sheared dedative motion of the contact
terminals [24]. Other author likeMaul and McBride interpreted the intermittence as the

temporary disruption of metallic conduction in a closed electrical cofalt



2.3  The effect oambienttemperatureand humidiy on fretting corrosion

The effect of temperature on fretting is another important consideration for connector
failures. Y. W. Park et al. found that temperature has a great influence on the fretting corrosion
of the tinplated contact49]. Relatively higher temperatures tend to soften the contacting
asperities of tin resulting in less fretting wear. However, high temperatures will also increase the
rate of oxidation and then aceedte fretting corrosion. In addition, sliding friction in a connector
leads to a temperature rise and it may be a major source of electrical contact deterioration. In
2009, Chen et al. created a model that is able to capture the inception of matema melt
temperature rise caused by sliding frict[@6].

The corrosion of automotive connectors can be exacerbated by humidity in vgiitles
and the influence of humidity varies greatly for diffiet coating materialgl1], [28], wherethe
experimental results show that silver coatings have much longer life times with humidity
conditions than any other coating materials. Therefore, the pmweectors with silvecoatings
appear to be a good candidate for automotive applicati®mel [28] found that the contact
resistance of silver was much more stable than copper, brass and nickel, under the humidity
environment with applied slidindRudolphi and Kafke [12] also found that silver and gold are
the excellent candidates since they have the lowest resistance increase under sliding and

humidity conditions.

2.4  Measurementechniquesand analysis using (FEM)

Since the investigains of the connector performance are mostly realized by accelerated
tests, a precise measurement can help to better characterize connector fretting and degradation

mechanisms. It is recommended to use high sampling rate of measumiagt resistancende

8



vibration to characterize a complete waveform of thatact resistancgl9], [23], [27]-[28].
Proper instruments are also inevitabledbtaining fretting mechanisms in experimental tests. In
2003, Flowers et al. used noontacting laser vibrometer to measure relative displacement of
contact interface to predict the fretting corrosion ofpiated connectorf29]. They found that
the relative motion of contact interface is proportional to the increase rebatalct resistance

Some authors used finite element methods (FEM) to analyze electrical cqBtjets
[32]. For example, Xig30] and Chen[31] used it for analysis of dynamics and fretting of
connector subjected to vibration and Zhai et al. used it for anlaysis of dynamic charagtefistic
pick-up and dropout process of contact of electromagnetic r¢&2]. However, computational
time increases drastically to calculate dynamic characteristics of connectors using-a three
dimensional mode[31]. Thus, to minimize the computational cost, we developed a two
dimensional model for the connector system that embeds a detailedlithezesional model for
the contact spring. The model is used to analyze effects of vibrations on thet cointaces.

Experiments areonductedo verify the numerical analysis.



CHAPTER 3 HIGH POWER CONNECTOR AND EXPERIMENTAL SETUP

3.1  Specification for high power connector

Connectorsisedfor experiments are made of male and female parts contacted by a spring
that alows for absorbing mechanical vibrations while maintaining a high conductwitigh is
manufactured by LS CabBf& and shown irFigure3 (a). The connector has a cylindrical form
The male part has a pin with aund shapéFigure 3 (d)), while the female part has a tube form
(Figure 3 (b)) where a ringshape spring punched from sheet metal is mounted inside the female
connector(Figure 3 (c)). The spring serves to produce contact pressure perpendicular to the
surface of the male and female parts by contact tabs. These contact pressures compress each of
tabs inthe radial direction and prosie electrical connections between tamale andmale parts
of the connector. The specificati@nd material propertie®f the connector for 300A current
rating is listed inTable 1. The connector surface is plated with silver,ile/tthe bulk connector
material is made of copper alloyhe connector system in testing also includes housing and

supplied cable, which will be showm a later section

10



Contact =
Spring

(b) Female part witlsont (c) Contact spring (d) Male part
Figure3: Geometrical structures of the connector

Tablel: Specification of th&onnector

Components

Material properties

Bulk material Copper alloy
Youngdés modul 117
Poissonds rat 0.34
Mass density (kg/f) 8930
Surface plating Silver
Friction coefficient 0.34
Dimensions

Overall length (mm) 105.3
Outer diameter (mm) 20.1
Current rating (A) 300

11



3.2  ExperimentaSetup

3.2.1 Design of test stand

In order toinvestigateconnector performance and reliability, a connector $¢shd
design is developed to represent real operating condition and provide a controlled testing
environment. A high DC currentis supplied forthe connectorundera controlled environment
with desired vibration, temperature and humidity conditiofise test stand facilitates the
measurementf connector resistancBc, and connector temperatufk:, during the testand the
measured data are processed and displayed in realtissbematialiagram of the designed test

stand is depicted iRigure4.

DC Power Supplies (up to 375 A)

K}—— Powering Cable

Shaker (mounted
on ground)

Slip table of the
shaker

]

|
K——F+—— Chamber
Wy ia

Vibration L
direction

Connector and D
its fixture H:’?

Current
transmitter

=
Voltage Dre cur \ PC
oltage Drop urrent
Data Acquistion Board —" D

Figure4: Schematic diagramf teststand
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3.2.2 Design of electrical and mechanical hardware

To provide a power source for the oectors, three Sorensen DA35E power supplies
are selected. The maximum current output of each power supply is 125 A. Multiple power
supplies can be wired in parallel resulting in a maximum current of 375A, as shéiguia5s.
The power supply is able to be remotely controlled by PC to output the desired valuersaind

complex profile as needed.

Figure5: Teding System Rack with ParallBower Supplies (above the PC)

Vibration tests are performed usingn amplitudeandfrequencycontrolled electre
magnetic shaker and environmental chamber, which enmtldee connector to be tested, as
shown inFigure 6. The LDS V850 Shaker is able to output any vibrataomplitude and

frequency combination with a maximumv@lue of 30g. A CSZ environmental chamber is used
13



to control the ambient temperature and humidity of the enclosed connector. Theataneper
range can be set frofa0to 400°C, with 8100% relative humitly. The chamber is placed above

the shaker so that the connector can be enclosed as shbwgnre6 (b).

(b) CSZ environmental chamber

Figure6: Vibration Shaker and EnvironmexitChamber
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The connector to be tested is placed in the chamber. Fixtures are especially designed to
secure the connector on the shaker through the ttlaths used to insulate the inner temperature
and humidity from room environment, as shownFigure 7. The power supply cable goes
through the hole on top of the chamber and then connects to the power source. The measuring
wires of voltage and thermocouple also go through the same hole and then connected to data

acquisition board.

Figure7: Fixtureof connectors on the shaker, enclosed by chamber

Thetest fixturesecures the connector housing so that the connector vibrates in the same
way with the shaker. The clamp is designed tatix supplied cable to the shaker. The base of
the fixture is designed with multiple sets of holes so that the position of the clamp can be
adjusted for different lengths of the cable. In this way the natural frequency of the connector
system can be adjustef needed. Having longer cables involved in vibrating system results in

lower natural frequency.
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3.2.3 Instruments

Within a controlled environment at a specified vibraterection,amplitude, frequency
and ambientemperatug, connector performance andgdadation characteristics can be obtained
by measurindic, Tc, and motionsThe analog signals of voltage drop and transmitted current are
collected byNational Instrument” analog input modules, shovim Figure 8. The temperature
readings are collected by thermocouple input modules. The modules are installed in a data
acquisition board placed in the system rack, as showigure5. All the signal measuring wires
are shieded to minimize electrical magnetic interference (EMihe measuring wires also go

through magnetic ferrites to further remove EMI, and all power cables are grounded.

¥ NATIONAL
[
, /7 INSTRUMENTS

Figure8: Data acquisition board with Al modules

3.2.3.1 Measurement oRcandTc

Rc is indirectly estimated by measuring the voltage drop of the connector and DC current

in the power |l oop and Rhve/la. Theyocatopspof smeasugng o h mo
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voltage dropof connectorVc, areshown inFigure9. One voltage measuring wire is soldered on
a metal eyelet that is firmly fixed on the connector terminal by bolt, as shokigure10. The
other voltage measuring wire isrfity stuck between the right end of male part and cable. This is

the best way to ensurseasurement precision and repeatability

Fixture Clam i —
l |_ ....--—p FemaIeHousmg letureCIamp—I |

=

Figure9: Locations of measurements of voltage drop)(&d connector temperaturejT

Figure10: Metal eyeletfor measuring voltage and temperature

The current going through the connectly; is measured by a LEM IT 468 current
transmitter, as shown iRigure 11. This deviceconverts thecurrent into analog sigrakhat can

be logged byanalog input modulesThe connector temperaturdc, is measured by Kype
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thermocoufe. The probe of thermocouple is also soldered on metal eyelets and fixed on the

connector terminal, as showmFigure10.

Figurell: LEM IT 40-S Current Transmitter

3.2.3.2 Measurement afotions

The measurement of tmotionsof the connector is carried out usiRglytecnon-contact
laser vibromete system. The system contaitwo vibrometers and each one hasGFV 353
sensor headflaser)and a OFV 2610 controlleras shown inFigure 12. The sensor heads are
supported bytripods as shown inFigure 13, and point to a location of interested on the
connector during vibration. Thenalogsignal can bebtainedat the vibrometer syste@moutput

that is proportional to the vibration amplitude of the meaklaeation
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(a) Photograph of the setup of viborometers

Vibration v

direction ‘ <

]\ 4— Non-contacting

laser vibrometers
I ]

(b) Schematic diagram dhe setup of viborometers

Figurel13: Setup of mn-contacing laservibrometes
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Eachvibrometercan beusedto measure the magnitude of motion at one location of the
connector system. When one vibrometer is considered as the reference, the other one can also
measure the phase shdt the motion Each motion is given as a per form in following
equation

U, =M;sin(t +/,) =M;T /, (1)
whereM; is the magnitude and; is the phase shift of the motids. i is a value from 0 to 4,
which corresponds to 5 differelaicationsof the connector system, whitle shown in Chapter 5

and 6.

3.2.3.3 Measurement of surface profile

The surface of the tested connector can be measuretefanvestigation of wear and
degradation. An optical stylus profilometer is available to measure the surface profile and

roughness for both 40A and 300A connectors, as showigime 14.

Figurel4: Surface profilometer
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3.2.4 Calibrations uncertainty ofneasuremerdand EMI

Calibrations are implemented to improve measurement accuracy. An Agilent 34411A
high precisiormultimeter, as shown ikigure15, is applied to calibrate all analog input modules.
The calibration data is shown kigure 16, which includes the readings of analog input module

and the multimeter over the measurement range.

Figurel5: Agilent 34411 Amultimeterfor calibration

| | | |
0.30 Precision Multimeter a

] ®  Signal Conditioning Module /
0.25 /

o
[}
S
M

Voltage (V)

/ “
0.05
0.00 I//

0 2 4 6 8 10 12
Number of Data Points

Figure16: Calibration data of analog input modubssd precision multimeter
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An ice point reference, shown Figure 17, is used to calibrate the thermocouples. The
ice pointreferencas able to maintain 0 £0.1 °C in the wells where probes can be inserted in. By
noting the temperature difference between the thermocouple reading and the freezing point, the

thermocouplas calbratedand its accuracy can be improved.

Figurel7: Ice point referencased to calibrate thermocouple

After the instruments are calibrat@tle uncertaintyof measuremestare calculated and

listed inTable2, usng the equation of error propagation

Table2: Uncertaintyof measurement after calibration without considering other disturbances

Voltage dro Current Connector Connector
9 P resistance temperature
Accuracy 0&8903870;:)\/ 0.047A (0.02%)| 0. 018 0Y 0.1%

The calculation of measurement uncertainty showifable 2 has not considered the
effect of EMI, which isprobablycaused by thelectremagnetic shaketn order to estimate the

disturbanceof EMI on the measurement data in vibration teatsibration pretest is conducted
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and the resistans®f connetor and cable are both measuréd. shown inFigure 18, the data
measured at the connectearies during the vibrabn, andthe data measured at the calide
constantduring the vibration.Since both connector and cable are exposed to vibratien,
constant data shown Figure18(b) demonstrates that tlksturbanceof EMI from the shaker is

negligible and the variation of data shown kigure 18(a) is caused by the actual changes in

connector resistance.
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(a) Connector resistance (b) Cable resistance

Figure18: Comparison of connector resistance and cable resistance under a vibration pretest
(Vibration amplitude: 0.18mm, frequency: 240Hz, duration: 20s)
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CHAPTER 4 ACCELERATED TESTS UNDER VARIOUS TESTING

CONDITIONS

4.1  Methodologyof accelerated tests

4.1.1 Testcondiions

This chapter studiethe effect of various operating catidns on connector performance,
which is summarized ifrigure 19. Vibrations will be applied to the connectors with different
direction, amplitude and frequency. Ahet same time, ambient temperature can be also
controlled. The connector performance, fretting and failure mechanism are primarily estimated
by connector resistanc&®:. Connector temperatuyrdc, will be also studied as an auxiliary
assessment.

Operating Conditions Assessments of the Connector

Vibration amplitude

Vibration frequency

Connector resistance (Primary)

Direction of vibration

Connector temperature (Auxiliary)

Ambient temperature
under vibrations

Ambient humidity
under vibrations

Figure19: Operating conditions and assessments of connector for accelerated tests
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4.1.2 Definition of coordinates for vibrations

The definition of coordinate is shown kgure 20. Z direction followsthe direction of
cable. The X and Y direction are perpendicular to the Z direction via the right hanBautée
symmetric nature of connectanibrations in Xand Y directions are identical so that the vibration

in Y direction is neglected fahe comector

Figure20: Definition of coordinates for vibrations

4.1.3 Test procedurand test matrix

The test procedure for each test run is defineBiguire 21. Before vibration starts, the
comector should be fully heated by the constant applied cusfe&d#0Awith controlled ambient

temperature environment.
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