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Abstract - Contact force is one of the main factors affecting the reliability of the automotive
electrical connector. In this paper, a vibration experiment scheme for automotive electrical
connectors is proposed to explore the influence of different contact forces on the vibration
characteristics of automotive electrical connectors under vibration conditions. A new automotive
electrical connector vibration experiment device, including contact force measurement device,
vibration experiment device and data acquisition device are built. The relationship between the
contact force and the contact resistance of the automotive electrical connector in different vibration
environments can be obtained by the experiment. The experimental results show that the vibration
experiment device has high reliability and can provide excellent research conditions for the
vibration experiment of the automobile electrical connector.
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1. Introduction

The electrical connector is an important medium for
the automobile electrical module to exchange
information, but also the weak link of the automobile
electrical module. Due to the harsh environment, the
aging of the electrical connector leads to inaccurate
transmission signals, which eventually leads to
system failure [1,2,3,4,5,6]. In the electrical system,
more than half of the failures are caused by
components, 40% of which are related to the
electrical connector [7,8,9].

Environmental factors not only affect the
reliability of the automotive electrical connector, but
also greatly affect the service life of the automotive
electrical connector. Therefore, some scholars have
studied the reliability prediction and fault diagnosis
of the automotive electrical connector [10,11,12].
Chen and Li [13] established theoretical equations
and reliability models for the temperature-vibration
integrated force field, and carried out accelerated life
experiments of the automotive electrical connector
by orthogonal experiment method [14]. Zhang [15]
investigated the degradation process of the
automotive electrical connector’s contact under
vibration force, established a degradation model,
carried out experimental verification, and realized a
rapid assessment of the reliability of the automotive
electrical connector’s contact under vibration [16].
Xia [17] established the storage reliability evaluation
model of the automobile electrical connector under
the combined action of vibration, temperature and
insertion and extraction [18]. At the same time, the
reliability of the automobile electrical connector was

evaluated by accelerated experiment using
experimental data. Luo et al. [19] carried out
experiments on the micromotion wear of the
automotive electrical connector and predicted the
remaining life of the automotive electrical connector
under this condition. Chen [20] established a failure
model based on the main failure mechanism of the
automotive electrical connector, and verified the
accuracy of the model through experiments, which
can be used for predicting the reliability of the
automotive electrical connector. Cao [21] designed
an intermittent fault diagnosis system for the
automotive electrical connector and established a
model with contact resistance and signal
transmission as the reliability evaluation index of the
automotive electrical connector. Li et al. [22]
analysed the mechanism of intermittent faults in the
automotive electrical connector, defined the area
surrounded by the contact resistance curve and the
fault threshold as the generalized severity of
intermittent faults, and then integrated the Hidden
Semi-Markov Model (HSMM) into the remaining life
prediction model for the automotive electrical
connector. The wvalidity of the remaining life
prediction method based on intermittent failure and
HSMM was verified by experiment [23]. Shi et al.
[24] proposed a severity assessment method based
on Long Short-Term Memory (LSTM) network for
accurately assessing the severity of intermittent
open-circuit faults, which was effective in evaluating
the degree of internal looseness and shock
acceleration separately. Li et al. [25] investigated a
model and method for predicting the remaining life
of the automotive electrical connector based on the
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dynamic characteristics of intermittent failure of the
automotive electrical connector.
At present, the research on the automotive

electrical connector is mainly based on different
strategies to establish their failure models and life
prediction models, and verify the reliability and
residual life through numerical simulation. However,
the mechanism of the influence of the vibration
parameters and the structure of the reed itself on the
minimum contact force of the automobile electrical
connector is rarely mentioned. The main purpose of
this paper is to obtain the relationship between
contact force and contact resistance through
experiments. The reliability of automotive electrical
connectors is studied.

This paper is organized as follows. Section 2
analyzes the structure of the automotive electrical
connector and proposes an experimental scheme. In
Section 3, the force loading device, the vibration
device, and the data acquisition device are designed.
In Section 4, the experiment is carried out and the
experimental results are compared with the
simulated data to verify the accuracy of the
experimental scheme and the reliability of the
equipment. Finally, Section 5 summarizes the study.

2. Experimental Scheme

The terminal of the automotive electrical connector
used in this experiment is two-piece, as shown in
Figure 1. In order to eliminate the influence of initial
contact force between terminals, a unilateral reed is
used for the experiment. The contact force of the
terminal is difficult to measure during the vibration
experiment, because the resistance strain gauge
cannot be attached to the surface of the female
terminal reed. Since the contact resistance between
terminals is relatively easy to obtain, the value of the
contact force in vibration can be obtained by
establishing the relationship between the contact
force P and the contact resistance R.
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Figure 1: Load schematic diagram of the unilateral
reed

The relationship between the total resistance Rz
at the contact point and the unilateral reed contact

resistance R can be expressed as:
R

Rz = E (1)

The contact resistance is measured on the
terminal under an external load. The relation curve
of the contact resistance can be obtained through a
series of experimental results. The magnitude and
variation of the force can be calculated by measuring
the resistance value in the vibration experiment.

The experiment is divided into three steps:

The first step is to apply a constant load to the
terminal through a force loading device. A constant
current is loaded in the automotive electrical
connector through a constant current source. The
resistance is calculated by the voltage at both ends of
the automotive electrical connection terminal. The
voltage measuring device comprises a signal
amplifier module, a signal acquisition module and a
signal acquisition system. The curve of contact
resistance-contact force is obtained through a series
of resistance values under different loads.

The second step is to obtain the resistance value
during the vibration experiment. The vibration
excitation is applied to the automotive electrical
connector terminal through the vibration
experiment bench. The voltage acquisition system
collects voltage. Then the magnitude of the
resistance is calculated.

The third step is to calculate the change of
contact force during the vibration experiment
through the contact resistance-contact force
relationship curve and the obtained resistance value.
The overall experimental scheme design is shown in

Figure 2.
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Figure 2: Reliability experimental scheme of the automotive electrical connector
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3. Experimental Equipment
3.1 Contact Force Measuring Equipment

In order to obtain the relationship between the
contact force and the contact resistance of the
automotive electrical connector, a mechanism is
designed to fix the automotive electrical connector
terminal and apply a stable force as shown in Figure
3. The loading mechanism includes loading, fixing,
bearing and force application assemblies. The fixing
plate fixes the terminal and the bearing assembly
with T-slots adjusts the terminal position. The
loading beam can be rotated, the weight is applied to
the pressure, and the angle is adjusted with the
loading block to ensure complete contact.

Figure 3: Contact force loading device of the
automotive electrical connector

This study proposes a method for determining
the circuit turn-on threshold Pi, by adjusting the
relative positions between terminals and increasing
or decreasing standard weights. Firstly, the reed and
the male terminals are brought close to each other
but not in contact, then the circuit is changed from
broken to open by changing the combination of
weights to find the maximum applied load Pmax and
the minimum applied load Pmin using the dichotomy
method. Pi is defined as

Pi — Pms.x'z"Fmi.n (2)

Its error relation to the true critical value Po is as
follows

Po_ 'Pi < Fms.x;Fmin (3)

The error of this method is affected by the
minimum weight of the weight, and the Pi value
varies with the position of the terminal. Pi needs to
be subtracted from the final true contact force
calculation.

During the experiment, it is critical to ensure that
the contact force is loaded vertically. The through-
hole is shown in Figure 4. N is the contact line
between the loading block and the female terminal
reed, line M is parallel to line N and the distance is H.
The plane determined by line M and line N is the
axisymmetric plane of the loading block, and line M
is vertical to the center line L of the through-hole.

The angle between the loading beam and line N is a,
the center line K and line M intersect at point P1. The
first through-hole is set to P1. The shape of the hole
is arounded rectangle, and the long side is parallel to
the line M to ensure vertical loading. The structure
ensures the vertical direction of the force transmit
and improves the accuracy of the experiment.

(a) RS

Y

N,
Figure 4: Through-hole positioning method of the
loading beam

From the above, it can be seen that the
approximate critical load value for the circuit to be
switched on is Pi. The total load obtained in the
experiment is Pz, then the actual increase in load Pa
after the circuit is switched on is as follows

P,=P,— P (4)

The load on the terminal needs to be calculated
based on the geometry of the structure. The basic
structure of the beam is shown in Figure 5.

Figure 5: Structure diagram of the loading beam

From Figure 5, the magnitude of the contact force
F is calculated as follows

F=2p

L, 8

(5)

where L1 is the distance from the rotation axis to the
end of the loading beam, and L2 is the distance from
the rotation axis to the hole.

3.2 Vibration Equipment

The vibration experiment bench used in this
experiment is EDS-300 electric vibration experiment
bench, and the experimental equipment is shown in
Figure 6.
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Figure 6: Connection diagram of the experimental
equipment

Specialized control software is installed in the
upper computer to set the basic parameters and
experimental conditions such as vibration amplitude,
frequency and time of the vibration experiment
bench. The control signal sent by the controller is
transmitted to the vibration experiment bench
through the power amplifier, where the feedback
signal of the acceleration sensor is accepted by the
controller to form a closed-loop control system.

The vibration experiment bench comprises a
mechanical structure, an elastic support, an
electromagnetic actuator, and a control system.
When the signal is received, a relative motion occurs
between the magnet and the mechanical structure of
the electromagnetic driver, and vibrations of
different frequencies and amplitudes are generated.
The heat sink is used to take away the heat
generated by the bench to ensure safety.

The experimental sample should be fixed on the
vibration bench. As the automotive electrical
connector terminal cannot be fixed directly on the
bench, a fixing device is designed. The fixing device is
connected to the vibration bench by bolts and the
terminal position can be adjusted by T-slots. The
fixture was designed with screw holes to allow the
use of bolts and nuts for fixing.

The sine vibration module is used in this
experiment. Firstly, the sensitivity value of the
accelerometer is set before the sensor is fixed. Then
the vibration bench parameters such as maximum
thrust, acceleration, displacement, and frequency
range are set. The frequency range for this
experiment is 0-200Hz, and the acceleration and
amplitude will be adjusted as needed.

Finally, the schedule is formulated, including
frequency selection, vibration duration, and report
output options. The experiment is conducted in
dwell mode to avoid the effect of long-term vibration
on terminal reliability and test result accuracy.

3.3 Data Acquisition Equipment

The data acquisition device is divided into two
parts: the hardware and the software. The hardware
includes a constant current source, a signal amplifier,
a signal acquisition module, and a master computer.
The software is a voltage acquisition system based

on LabVIEW. The power supply model used in the
experiment is UTP1310+, the output current range is
0-10 mA, and the resolution is 1 mA, which meets
the requirements. Due to the small contact
resistance, the generated voltage is also small. The
signal amplification module AD620 is required to
amplify the voltage signal and store the signal into
the NI acquisition card. The amplifier can amplify the
microvolt voltage, the maximum magnification factor
can reach 1000, and the zero point can be adjusted
by the zeroing potentiometer.

The signal conditioning module outputs analog
signals, and digital signals need to be collected and
processed. Therefore, an acquisition module is
needed to convert analog signals into digital signals.
The selected data acquisition card model is NI USB-
6002. The single-ended channel is 8, the differential
channel is 4, the resolution of ADC and DAC is 16
bits, and the maximum sampling rate is 50kS/s,
which meets the data acquisition requirements.

The purpose of the experiment is to collect
voltage signals. The program includes acquisition
module, storage module, and visualization module.
In the acquisition module, a channel is created to
collect the voltage signal. The physical channel must
correspond to the interface of the NI acquisition
card. The maximum voltage and the minimum
voltage are the range of the NI acquisition card. The
output range of the NI USB-6002 is +10V. The
terminal configuration is mainly single-ended mode
and differential mode. Since the master computer is
a laptop, which belongs to the floating source, while
the constant current source is a three-wire power
supply, which belongs to the ground source, the
wiring method should choose the ground reference
single-ended mode. The sampling clock controls the
rate of collecting or generating samples. The
sampling mode includes limited sampling,
continuous sampling, hardware timing single point
sampling, etc. Continuous sampling is selected in this
experiment. The sampling rate determines the speed
at which the data is collected and placed in the
hardware buffer. The number of samples per
channel determines the number of data from the
hardware buffer to the software buffer. Generally,
the number of samples per channel is set to one-
tenth of the sampling rate. The sampling clock
source of this experiment is selected internally.

4. Experiment
4.1 Contact Resistance Experiment

According to QC _ T 1067.1-2017, when the terminal
contact resistance experiment is carried out, the
current is not more than 200 mA, so 100 mA is used.
Due to the low resistance of the terminal, the voltage
generated is small, and the signal amplifier is needed
to amplify. The preset amplification is 100 times, and
the actual is 108.84 times. The experimental data is
shown in Table 1.

International Journal of Mechatronics and Applied Mechanics, 2024, Issue 18 141



Experimental Study on Contact Reliability of Automotive Electrical Connectors

Table 1. Experimental data of the contact force-contact resistance

Voltage /V .
Load/g Average/V | Resistance/m{2
1 2 3 5
100 0.06739 | 0.06875 | 0.07026 | 0.06953 | 0.06855 | 0.06890 6.330
500 0.03906 | 0.03686 | 0.03868 | 0.03855 | 0.03803 | 0.03824 3.513
1000 0.03385 | 0.0339 | 0.03434 | 0.03452 | 0.03353 | 0.03403 3.126
1500 0.03294 | 0.03195 | 0.02738 | 0.02931 | 0.02728 | 0.02977 2.735

Table 1 shows that four groups of loads are
designed, and each group of loads is tested five
times. The average value of the contact voltage of the
five groups of experiments is calculated to reduce
the experimental error. The resistance value
decreases with increasing load, and the rate of
decrease gradually slows down. According to the
empirical equation, the relationship between the
contact resistance R and the contact force F is
expressed as follows

K
" (oa1oze™ (6)
where K and M are unknown coefficients.

Due to the great influence of different terminals
or states on the resistance, the error of the direct
estimation coefficient is large. Therefore, the contact
force-contact resistance model is established by
using the experimental data to obtain a more
accurate relationship curve. The fitting curve is
shown in Figure 7.

Taking Equation (6) as the model equation, the
relationship between the contact force and the
contact resistance obtained by fitting is as follows:

293462
= Di0zR) T ()

The goodness of fit is 0.953. The result shows
that the model has a high matching degree with the
data. The resistance value can be calculated
according to the contact force value. The resistance
of the bilateral reed is greater than half of the
unilateral reed. The simulated data shows that the
contact force at rest is 10.532 N, which can be
simulated by 1075 g weight. The results are shown
in Table 2.

Equation a/(0.102*x)"b
10 a 293462
b 031117

R square(COD) 0953

6t

Contact resistance/m£)

6 8 10 12 14 16

=}
[R5
-

Contact force/N

Figure 7: Fitting curve of the contact force - contact
resistance

Table 2. Comparison of the resistance between unilateral and bilateral reeds

Group 1 2 3 4 5
Unilateral
.m atera 2816 3.035 2.952 2.856 2.889
resistance /m{}
leateral 2119 2216 2.104 2.056 2.179
resistance /m{}
Ratio 75.20% 73.01% 71.27% 71.99% 75.42%

From Table 2, it can be seen that the bilateral
resistance accounts for about 70 % ~ 75 % of the
unilateral resistance, and the average value of the
five groups of experiments is 73.39 %, which is used
as the converted coefficient of the unilateral and
bilateral resistance. Substituting the contact force of
the bilateral reed 10.532 N into the model, the
unilateral contact resistance is 2.8631 m(}, and the
bilateral contact resistance is 2.1012 m(Q. The
measured contact resistance of the automotive

electrical connector is 2.219 m(), and the error with
the model value is 5.31 %, which proves that the
model effectively and describes the relationship
between the contact force - contact resistance.

4.2 Vibration Experiment
The vibration experiment is carried out using the

vibration experiment bench, and the value of the
contact resistance is collected by the bench. Two
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groups of experiments are carried out, which are
different in the terminal fixation method: one is to fix
a single terminal and wire, as shown in Figure 8 (a),

and the other is that two terminals were fixed to the
clamping device, as shown in Figure 8 (b).

(b)

Figure 8: Two fixing methods of the terminal in vibration experiment

Four groups of vibration amplitudes are designed
in the experiment, and each group of vibration
amplitudes corresponds to four groups of different
frequencies, a total of 16 vibration conditions. In
order to improve the reliability of the results, two
experiments are carried out for each vibration
condition, and the specific vibration conditions are
shown in Table 3.

Table 3. Vibration conditions for fixing a single
terminal

1 2 3 4
Amplification/mm | 050 [ 0.75 [ 1.00 [ 1.50
Frequency/[-[z 50 75 100 150

After fixing the clamping device, the terminal is
connected to the circuit, and the data collector is
connected to the computer. The acquisition system is
opened, the physical channel is selected as Devl /
AlO, and the wiring is set to RSE. According to the
Nyquist theorem, the sampling rate is set to 1000Hz.

0.036

The vibration conditions are set in the control
software, and the experiment is initiated. The
collected data is the amplified voltage value, as
shown in Figure 9.

Time/s

Figure 9: Voltage data with amplitude of 1.5 mm
and frequency of 100 Hz

The above signals are converted from the time
domain to the frequency domain by fast Fourier
transform as shown in Figure 10.

(0,0.03034)
0.027

0.018

Volts/V

0.009 (100,0.00945)

0.000

V-

0 120 240

360 480

Frequency/Hz
Figure 10: Fast Fourier transform results of voltage data with amplitude of 1.5mm and frequency of 100Hz.

From Figure 10, the signal is mainly composed of
DC and 100Hz AC components. The expression is as
follows:

V =0.03034 + 0.00945 sin (2007 t) (8)

where V is the voltage.

The maximum contact resistance is 3.914 mQ.

The results of different experimental groups are

obtained by the same method, as shown in Table 4.
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Table 4. Contact resistance of the vibration experiment of fixing a single terminal

Amplification/mm Frequency/Hz Groups Contact resistance/m(2 Average/m(
1 2.467
50 2.469
2 2471
1 2.581
75 2.580
2 2.578
0.50
1 2.720
100 2.721
2 2.721
1 3.155
150 3.154
2 3.153
1 2.486
50 2.486
2 2.486
1 2.649
75 2.648
2 2.646
0.75
1 2.993
100 2.989
2 2.985
1 25.364
150 23.276
2 21.188
1 2.512
50 2.508
2 2.503
1 2.901
75 2.899
2 2.897
1.00
1 3.468
100 3.470
2 3.472
1 37.856
150 41.200
2 44.544
1 2.525
50 2.526
2 2.527
1 3.610
1.50 75 3.613
2 3.616
1 3.914
100 3.915
2 3.915

From Table 4, When the vibration amplitude is
the same, the contact resistance increases with the
increase of the vibration frequency. When the
vibration frequency is the same, the contact
resistance increases with the increase of the
vibration amplitude. The average value of the two
tests is taken as the contact resistance value of the
group, and Figure 11 is drawn with frequency and
amplitude as abscissa respectively. Figure 11 (a)
shows that at 150 Hz, 0.75 mm and 1 mm

amplitudes, the contact resistance far exceeds the
reliability requirement, the connector has failed, and
there is no need to try the 1.5 mm amplitude again.
Figure 11 (b) shows the change of the contact
resistance when the frequency is the same and the
amplitude is different.

When the vibration frequency is 150 Hz, the
growth rate of the contact resistance increases
significantly.

42 0.50mm
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41 =~ 1.00mm
1.50mm

(150.41.2)
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50Hz
= T5Hz
=- 100Hz

1,41.2
150Hz usls

P21 (0.75,23.276)

ta

50 100 150

Frequency/Hz

0.75 1.00 1.25 1.50

Amplification/mm

0.50

Figure 11: Change rule of the contact resistance of fixing a single terminal
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Because only a single terminal is fixed during the
experiment, the two terminals have a large relative
displacement when the vibration amplitude and
vibration frequency are large.

At this time, the friction force will be reduced,
which will cause the terminal to fall off. Therefore,
the experiment of fixing two terminals is carried out,
and the vibration conditions are adjusted as shown
in Table 5.

Table 5. Vibration conditions of fixing two terminals

1 2 3 4
Amplification/mm | 0.50 | 0.75 | 1.00 | 1.50
Frequency /Hz 50 75 100 | 150

The processing method of the experimental data
is the same as that of the previous group. The signal
is processed by fast Fourier transform, and the
results are shown in Table 6.

Table 6. Contact resistance of the vibration experiment of fixing two terminals

Amplification/mm Frequency/Hz Groups resigfanrfg(ec/tm 0 Average/mf{)
50 ; 2274 2276
o 100 % g%ég 2.396
125 > 2:471 2.470
150 ; ;;gg 2.800
50 ; 231 2316
o 100 % gg%% 2.601
125 > 2:836 2.839
150 ; zg;; 3.088
50 ; 237 2373
y 100 % EZEE 2796
125 > 2:988 2.989
150 ; 22(1)(2) 3.506

From Table 6, the changing trend of the contact
resistance at the same amplitude and different
frequencies and the same frequency and different
amplitudes is the same as the results of fixing a

single terminal. Figure 12 shows the changing trend
of the contact resistance with frequency and
amplitude.

0.5mm
34 == 1.0mm
= L5Smm

Contact resistance/mQ

100Hz 125Hz 150Hz

Frequency/Hz

50Hz

Contact resistance/mQ
' r .

360 50Hz
— - 100Hz
125Hz
150Hz

0.5mm Imm 1.5mm

Amplification/mm

Figure 12: Change rule of the contact resistance of fixing two terminals
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From Figure 12, the contact resistance increases
with the increase of vibration amplitude and
frequency, but there is no sharp increase. The results
of the two experiments are shown in Figure 13.

41.5
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- |
25 g/‘/’/
n

50 100 150
Frequency/Hz

Figure 13: Comparison of the experimental result of

different fixing methods

From Figure 13, under the same experimental
conditions, the stability of fixing two terminals is
better than that of fixing a terminal.

The simulated results of the second fixing mode
and the vibration frequency of 50 Hz are selected.
The contact force obtained by the simulation is
converted into the change of the contact resistance
through the relationship curve of the contact force-
contact resistance, and compared with the
experimental results. The results of the comparison
are shown in Figure 14.
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Figure 14: Comparison of the contact resistance of
experiment and simulation

From Figure 14, there is a certain error between the
simulated results and the experimental results, but
the overall trend is consistent.

5. Conclusions

This study investigates the effect of vibration on the
reliability of the automotive electrical connector.

e An experimental scheme comprising both
hardware and software is designed.

 The relationship between the contact force and
the contact resistance and the change of the contact
resistance in a vibrating environment are
investigated.

 The relationship curves are obtained by fitting
the experimental data, and the changes of the contact
resistance under different fixation methods and
vibration conditions are compared.

It has been found that vibration has a significant
effect on the reliability of the automotive electrical
connector, which may lead to an increase in contact
resistance or even failure. Although it provides a
reference for the design of the electrical connector,
the study is mainly limited to sinusoidal vibration
excitation and does not involve random or shock
vibration situations. This experiment mainly studies
the reliability of the automotive electrical connector
under sinusoidal vibration excitation. In actual use, it
may be subjected to random vibration or impact
vibration, which needs further analysis and research.
In the study, a single electrical connector terminal is
taken as the research object, and a wire harness plug
can be established in the future.
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