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The four-channel vibrating testbed for full vehicle durability simulation is indispensable for testing vehicle performance. This
paper combines theoretical analysis with experimental verification, and the four-channel vibrating simulation testbed is designed.
The hardware system consists of three parts: hydraulic mechanical components, sensors, and closed-loop control system, and the
software system consists of platform configuration system, platform management system, and basic test system. Based on the
design of the hardware system and software system, the emphasis is put on signal processing. Based on the least squares principle,
the undetermined coefficients of trend items are determined, the trend items are transformed into the arithmetic mean of signal
data, and the models that eliminate constant trend items are established to eliminate the trend items. In order to reflect the fatigue
process of parts more truly, the anomaly points were identified and eliminated based on the two-parameter rain-flow counting
method. By representing the transfer function in the frequency domain, the measured signal is changed quickly by Fourier, and
the uniqueness of the transfer function is ensured by establishing an invariant system. Finally, test verification was performed on
the designed testbed with the white powder noise taken as the driving signal. The test results agree well with field testing results.
The design of the testbed can meet the requirements of engineering application, and its design method and signal processing

method are reasonable, which has certain theoretical research significance and engineering application value.

1. Introduction

As more and more cars are sold around the world, vehicle
safety has drawn the attention of manufacturers and con-
sumers [1, 2]. During the driving process, the vehicle is
subjected to the driving force, lateral steering force, and
braking force, in addition to the complex working loads,
owing to the impacts of the road conditions. The complex
loads induce transient stress on the vehicle structure. After
long-term operation, the vehicle body may crack and even
break [3-5]. Durability has always been one of the most
important indicators of vehicle performance. Full vehicle
manufacturers and suppliers rely heavily on durability to test
the product quality [6].

According to the test method, vehicle reliability tests fall
into the following three categories: road durability tests,

table simulation tests, and test field durability tests. Since its
invention in 1962, the four-channel vibrating testbed has
been widely applied to test vehicle durability, due to its high
testing efficiency, high similarity with road testing, and low
cost [7].

In the 1960s, the Society of Automotive Engineers (SAE)
published the SAE Fatigue Design Handbook, which re-
mains a key reference for fatigue durability design and
testing of vehicles [8-10]. Starting from the 1970s, the SAE
has been exploring the fatigue failure of vehicles under
complex loads [11]. In terms of theories, the German scholar
August Wohler, dubbed the father of the fatigue test,
conceptualized the N-S (number of cycles to fatigue) curve.
The curve has been extensively applied in fatigue life cal-
culations [12].The Japanese scholars Matsuishi and Endo
proposed a dual-parameter counting method called the
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rainflow counting technique [13]. In terms of experiments,
Ford was the first to design a fatigue test using hydraulic
actors as brackets [14]. MTS (maximum torque specialties)
and Cadillac cooperatively researched and developed the
world’s first road testing machine for full vehicle simulation
[15].

China is a late starter in vehicle durability testing. But
much progress has been made along with the development
of China’s automobile industry. For instance, Wang et al.
[16, 17] studied the standards for load spectrum enhance-
ment and small load adoption/abandonment. In association
with LBF (Fraunhofer Institute for Structural Durability and
System Reliability), Dongfeng Motor spent five years in
optimizing the design of truck components under China’s
operating conditions. The optimal design targets the
Dongfeng EQ(140) truck mass-produced by the company.
The test roads are representative ones used by Chinese users.
It is the first test and analysis of the load spectrum of Chinese
roads. During the project, the dynamic load spectrum was
formulated, and the durability of the truck components was
tested on LBF’s advanced fatigue loading simulator, in-
cluding wheels, front axle, and frame. The project achieves
major progress in the derivation of extremums of the load
spectrum and the configuration principles of the insensitive
belt [18-20]. Xi’an Jiaotong University has developed an
electro-hydraulic road simulation vibration testbed, studied
the related theories and key technologies, and promoted the
localization of the road simulation test-bed technology. In
recent years, the author and his team have also continuously
upgraded the four-channel durability simulation test bench
of the whole vehicle.

At present, the four-channel durability simulation
testbed of the whole vehicle is widely used and plays a great
role in the development of auto parts, but there are still
various problems, such as there is still a great difference
between the random signal when loading and the random
signal when the vehicle is in real service, the signal pro-
cessing method has a great impact on the simulation results,
and the comprehensive cost of the testbed and the cost of
channel expansion and development are higher.

In this paper, a four-channel vibrating testbed for full
vehicle durability simulation is designed with the aim of
simulating the process of real usage, speeding up the testing
process, and improving the test accuracy. The research is of
great significance to the fast evaluation of full vehicle
durability.

2. Hardware System

The four-channel vibrating testbed for full vehicle durability
simulation is responsible for simulating and testing the
coupling between wheels and the road. The hardware of the
testbed mainly consists of the following three parts: hy-
draulic mechanical components, sensors, and a closed-loop
control system.

2.1. Hydraulic Mechanical Components. Hydraulic me-
chanical components mainly consist of a hydraulic power
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unit (HPU), a hydraulic separating machine (HSM), and
actuators.

The HPU is the supply source of pressure oil for the
entire hydraulic system. Motors of different powers need to
be installed, according to the required flow pressure. Besides
providing pressure to the testbed, the HPU must pressurize
16 independent actuators. To maintain high power, six
hydraulic pumps were designed to supply pressure oil to
each group of the entire hydraulic system. Besides, a suffi-
ciently large flow of pressure oil was provided by controlling
the number of working hydraulic pumps.

The HSM relies on the accumulator and solenoid valve to
ensure that the operation of an actuator is not interfered by
other actuators. Using a hydraulic oil cylinder, each actuator
controls the pressure of the oil flowing to the large cavity or
small cavity through three stages of servo valves. In this way,
the piston direction is controlled. The working principle of
the actuator is illustrated in Figure 1. The control valve is a
three-stage valve, which controls the movement of the valve
core through the opening and closing of the solenoid valve
so as to realize the on-oft of the hydraulic pipeline in the
valve body and controls the travel of the actuator through
the on-off of the hydraulic circuit in the valve body.

2.2. Sensors. The sensors include a displacement sensor
(LVDT) and a force sensor (load cell) (Figure 2). The dis-
placement sensor encompasses a primary coil, two sec-
ondary coils, and an iron core. When the iron core is at the
center, the two secondary coils have the same induced
electromotive force. When the iron core moves, a difference
will appear between the induced electromotive forces of the
two secondary coils. The difference is linearly correlated with
the position of the iron core. The displacement of each
actuator can be measured by the output voltage. For the
force sensor, the corresponding relationship between force
and the output voltage of the full bridge circuit of the strain
gauge is obtained through calibration, that is, the output
value of the sensor is calibrated through the standard force
testing machine. The force is determined by measuring the
strain with the direct current bridge.

2.3. Closed-Loop Control System. The closed-loop control
system intends to improve the precision of the testbed. The
displacement is regulated by an MTS closed-loop control
system. As shown in Figure 3, the displacement controller
issues a command signal and corrects the error according to
the feedback from the LVDT.

3. Software System

The multipurpose testing software of our four-channel vi-
brating testbed supports station building, station managing,
and basic testing.

3.1. Station Builder. The station building provides the
software structure for reconfiguring controllers. In other
words, all or some of the system resources of the HWI file are
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allocated to the station to create a new station. Using the
station building software, it is possible to change the initial
settings, e.g., replacing or adding system resources, and
satisfy different needs for measurement or monitoring. The
interface of the station builder is shown in Figure 4.

3.2. Station Manager. Station management provides the
main user interface for the test station. The station building
merely generates the corresponding configuration file, rather
than providing the oil pressure that directly drives the
hardware. The normal operation of the test requires detailed
settings, such as creating sensor files, adjusting valve balance,
setting thresholds, choosing programs, and selecting control
models. Figure 5 shows the interface of the station manager.

3.3. Basic Testing System. Figure 6 shows the main interface
of the basic testing system for the testbed.
The system has the following features:

(1) The system enables interactive layout design of test
files. During program editing, the required modules
can be dragged at will into the program, which is
convenient and easy to operate.

(2) The system embeds a library of common test pro-
grams. The testing efficiency can be improved by
using the data from similar tests.

(3) Multiple modules are configured to collect the data
of common time-domain signals and save the col-
lected data in dat. and rsp. formats. In addition,
collection modules are available for acquiring data
such as peak/valley, horizontal crossing value, and
periodicity/logarithmicity.

(4) Different waveforms, such as sine waves and square
waves, can be selected to form various complex
actions for the corresponding tests.

(5) The start and stop of the device are controlled to
terminate the operation when the test sample is aged
or damaged. Besides, the system embeds a limit
detector, a sequential departure mechanism, and an
external digital interface board card.

4, Signal Processing

4.1. Elimination of Trend Term. The signal collected in the
load test will undergo zero-point drift due to the changes in
the temperature and vibration of the test environment, and
the low-frequency performance will become unstable out-
side the sensor frequency range. In practice, it is necessary to
control the working environment of the sensor without large
fluctuations to ensure that the accuracy of the sensor reaches
one thousandth or more. The zero-point drift varies with
time [21, 22]. The entire process of the time variation of the
drift is called the trend term of the signal. During data
analysis, the trend term has a great impact on the accuracy of
the analysis results. Therefore, it is particularly important to
remove this term. The polynomial least squares method is
commonly used to eliminate the trend term. It is capable of
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removing the current trend term in the signal and elimi-
nating the nonlinear high-order polynomial trend term [23].

The m-order polynomial fitting of the load test data
{x:} (k=1,2,3...n) yields

m
Xp =ag—ark+ak’ 4 +a, k"= Zajk], (k=1,2,3...n).
=0

(1)

Based on the principle of the least squares method, the
sum of squared errors can be determined for the
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E(a) can be minimized under the following condition:

n

O0E il <& .
5:22k<§@w—@>=QU=Lzanm (3)

i k=1

Finding the partial derivative of E (a) relative to a;, an
m + 1-variate linear equation set can be obtained by using
the following formula:

n m . n .
Y Y akt =Y ik =0,(i=0,1,2...m). (4)
k=1j=0 k=1

Solving the above equation set, m+1 undetermined
coeflicients a; (i=0,1,2...m) can be obtained.
When m =0, the trend term is a constant. Then, we have

i%w-i%w=u (5)
k=1 k=1

Solving the above formula, we have

A 1&
xk = ao = — Z xk. (6)
nia

The above-given formula shows that when m =0, the
trend term is the arithmetic mean of the signal data. The
constant trend term can be eliminated by using the following
formula:

yk:xk—aé\k =x,—ap (k=12...n). (7)

When m=1, the trend term is linear, which can be
expressed as follows:

n n n
g{aOkO +k§1a1k—k§1xkk0 =0,

n n n (8)
Za0k+2alk2—2xkk=0.
k=1 k=1 k=1
Solving the above formulas, we have
C202n+ 1) Yl X — 6 Xk
aO - b
nn-1)
)

_12 Yo Xk —6(n—1) Y, xk

% nn-1(n+1)

Thus, xAk =ay+a k. Then, the trend term can be
eliminated by using the following formula:

Vi = X — X =x, —(ag +a1k), (k=1,2...n). (10)

When m =2, the trend term is nonlinear.



(n n n n
Z agk” + Z ak + Z a,k’ - Z x,k° =0,
k=1 k=1 k=1 k=1
n n n n
. Za0k+2a1k2+2a2k3—2xkk=0, (11)
k=1 k=1 k=1 k=1

i agk” + Z ak’ + Z ak’ - Z xk* = 0.
\ k=1 k=1 k=1 k=1

Solving the coeflicients of the above formulas ay, a,, and

N
a,, the trend term is x;, = a, + a,k + a,k?. Then, the trend
term can be eliminated by using the following formula:

Vi :xk—aé\k = xk—(ao +a1k+a2k2), (k=1,2...n).
(12)

4.2. Identification and Elimination of Abnormal Points.
The test data face many interferences due to the impact of the
measurement environment and the signal transmission of
sensors. These interference data points that do not meet the
actual theory are abnormal points. The presence of these
points affects the accuracy of the data analysis and must be
removed before subsequent data processing [24-26]. In our
system, these data are removed by the rainflow counting
technique. The basic hypothesis of this technique is that
large-amplitude closed hysteresis loops are not cut oft by
small-load cyclic hysteresis loops. The small hysteresis loops
and small load cycles can be gradually extracted from the
entire time history. Every time a load cycle is extracted, the
load-time histories are recombined until the load cycles are
all completed. The dual-parameter rainflow counting
technique can better reflect the fatigue process of parts than
conventional rainflow counting.

As shown in Figure 7, the rainflow flows along the slope
from the inside of each peak and falls at the next peak. This
process does not end until the new peak is higher than the
initial peak. The rainflow stops when it meets another
rainflow falling from the upper slope. Following the above
procedure, all full cycles are extracted, with their amplitudes
recorded. This process goes on until the remaining load-time
history curves become divergent-convergent. Then, the
remaining curves are changed into the equivalent conver-
gent-divergent form before starting the process of counting
in the next phase. The total number equals the sum of the
counts of the two phases.

4.3. Transfer Function. The transfer function is expressed in
the frequency domain. Through a faster Fourier transform,
the measured time-domain signal is converted from the time
domain to the frequency domain in the form of a complex
number, where the real part is the amplitude and the
imaginary part is the phase. To ensure the uniqueness of the
transfer function, the system needs to be stationary. The
composition of the four-channel vibrating durability test is
shown in Figure 8.
The transfer function can be described as
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FIGURE 7: Stress-strain cycle hysteresis loop.

Y(t) = H(t) = X(t). (13)

Y (f) =H(f) = X(f). (14)

To visually display the system features of the excitation
and response signals of different channels, the frequency
response function is normally expressed in the form of a
matrix. The excitation signals of the four actuating cylinders
in the testbed are defined as point j. J=1, 2, 3, and 4 rep-
resent the left front, right front, left rear, and right rear,
respectively. The response signal induced by the input ex-
citation signal is defined as point i. Then, element Hj;in FRF
can be defined as the response at point i induced by the
excitation at point j.

Hy,, Hy,, H; Hy
H, H,, Hy; H
FRF = H = 21 Ha 23 Mo | (15)
Hy Hs Hjy Hyy
Hy Hy Hy Hy

The trend term is eliminated by the least square method.
In order to more truly reflect the fatigue process of parts,
based on the two-parameter rain flow counting method,
colleagues who truly reflect the fatigue process of parts can
identify and eliminate abnormal points and ensure the
uniqueness of the transfer function by establishing an in-
variant system, which can effectively improve the test ac-
curacy of the system.

5. Road Simulation Tests

5.1. Test Preparations. Before testing, the sample vehicle was
prepared by adding sensors for measuring wheel forces,
wheel axis acceleration, upper body acceleration of the shock
absorber, and displacement of the shock absorber. Sensor
installation is shown in Figure 9.
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5.2. Selection of White/Pink Noise. To obtain the system
transfer function, it is necessary to select a signal as the
driving signal and collect the response signal. The white/pink
noise, as the driving signal acting on the testbed, can invoke
a good response from the system in the given frequency
range. In our testbed, the damage contribution of signals
below 0.6 Hz and above 50Hz to the parts is very small,
which can be ignored. The samples are not sensitive to

excitation signals below 0.6 Hz and above 50 Hz. Hence, the
lower bound and upper bound of frequency for white/pink
noise were set to 0.6 Hz and 50 Hz, respectively. Figure 10
shows the resulting white/pink noise.

5.3. Test Results and Analysis. The testbed was tested through
random loading and constant amplitude loading. The
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TaBLE 1: Comparison of fatigue damage data under random loading.

Test method Number of cycles

Fatigue life

Fatigue damage Overall fatigue damage

1082 60045 0.0166
1428 115016 0.0116

Test field 12388 7682000 0.0016 0.0298
90452 4.82x10" 0.0000
1118 60045 0.0169
1182 115016 0.0112

Testbed 12026 7682000 0.0015 0.0296
93251 4.82x10" 0.0000

TaBLE 2: Comparison of fatigue damage data under constant amplitude loading.

Test method Number of cycles

Fatigue life

Fatigue damage Overall fatigue damage

1082 60045 0.0166
1428 115016 0.0116

Test field 12388 7682000 0.0016 0.0298
90452 4.82x10"? 0.0000

Testbed 2000 60045 0.0169 0.0311

evaluation index of the system is mainly the iterative ac-
curacy. In order to reproduce the actual situation on the
bench test, the vehicle model, state, counterweight, sensor
installation position, and others need to be consistent as far
as possible. The road spectrum acquisition test in this paper
is the same vehicle as the bench test. Generally, the iterative
accuracy of the four-channel broad simulation tester can be
controlled at about 95%. We compared the actual broad
spectrum with the iterative broad spectrum of the four-
channel road simulation tester for pseudodamage and
controlled the pseudodamage between 80% and 120%.

Table 1 compares the fatigue damage data of our testbed
with those of the test field under the random loading mode.
It can be seen that the relative error of the parameters of
fatigue damage between the testbed test and the field test was
0.68%.

Table 2 compares the fatigue damage data of our testbed
with those of the test field under the constant amplitude
loading mode. It can be seen that the relative error of the
parameters of fatigue damage between the testbed test and
the field test was 4.18%.

6. Conclusions

In this paper, the four-channel vibrating simulation testbed
is designed and tested. The testbed is mainly composed of
hardware and software systems. The hardware system
consists of three parts, namely, hydraulic mechanical
components, sensors, and the MTS closed-loop control
system. The software system includes the platform config-
uration system, platform management system, and basic
experiment system. In signal processing, the linear trend
term and the nonlinear high-order polynomial trend term in
the signal can be eliminated by least squares to ensure the
stability of the signal. The double rain flow counting method
is used to identify and eliminate the abnormal points in the
signal and ensure the accuracy of data analysis while truly
reflecting the fatigue process of parts. Through Fourier speed

transform, the time domain signal can be converted to the
frequency domain signal, and the frequency domain system
can be used to represent the transfer function. The exper-
imental results on the testbed show that the error degrees
between the test results of the random loading experiment
and constant amplitude loading experiment and the field test
results are 0.68% and 4.18%, respectively, no more than 5%,
which are in good agreement. The hardware design and
signal processing method of the testbed are reasonable and
meet the requirements of engineering applications.
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