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The trend item of a long-term vibration signal is difficult to remove. This paper proposes a piecewise integration method to remove
trend items. Examples of direct integration without trend item removal, global integration after piecewise polynomial fitting with
trend item removal, and direct integration after piecewise polynomial fitting with trend item removal were simulated. The results
showed that direct integration of the fitted piecewise polynomial provided greater acceleration and displacement precision than the
other two integration methods. A vibration test was then performed on a special equipment cab. The results indicated that direct
integration by piecewise polynomial fitting with trend item removal was highly consistent with the measured signal data. However,
the direct integration method without trend item removal resulted in signal distortion. The proposed method can help with
frequency domain analysis of vibration signals and modal parameter identification for such equipment.

1. Introduction

Cab vibration has an important influence on both the driver
and the machine. In actual tests, the general acceleration sig-
nal is complex. Thus, research on the acceleration vibration
signal is of great theoretical and practical significance [1–3].
Liu et al. [4] proposed a low-frequency signal removal
method for the FFT transform to achieve a better integration
effect. Cai and Wang [5] proposed the empirical mode
decomposition method (EMD) to remove trend items and
improve the effect of frequency domain integration. Ribeiro
et al. [6, 7] proposed a fast Fourier transform digital double
integration (FFT-DDI) method for dealing with low-
frequency vibration signals and applied it to vibration signals
collected by integrated circuit piezoelectric (ICP) sensors to
obtain more accurate integration results.

Good results have been obtained by integrating the
short-term acceleration signal to remove the trend item.
This provides a method for processing long-term accelera-
tion vibration signals [8]. This paper proposes a method of

piecewise fitting with trend item removal for a better inte-
gration effect. The low-frequency component of a signal
plays a decisive role in the magnitude of the velocity vibra-
tion amplitude. In a cab vibration test, a long-period zero
drift trend item is usually present and is caused by various
changes in the equipment and instruments. This can
completely alter the calculation results [9–11]. In addition,
the signal collection may be subject to other external fre-
quencies for vibration interference, so the collected data con-
tain useless interference. Thus, data filtering is essential [12].
Sarrouy [13] has proposed a numerical method based on
polynomial chaos expansions to process stochastic eigen-
value problems efficiently. Several random distributions
had been tested in the end. Dufan et al. [14] had used piece-
wise polynomial fitting to fit the low-energy image to the
high-energy image. And the result was constrained by its
distance to the fitted image. In the end, the ASD-POCS-
based optimization schedule has been proposed and the
numerical simulations were taken to verify the algorithm
then. A sequential testing procedure to distinguish between
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a piecewise polynomial trend superimposed by short-range
dependence and that imposed by long-range dependence
had been examined by Baek [15]. Finally, the proposed
methodwas illustrated to the historical NorthernHemisphere
temperature data. A novel constrained fit of the boundary
curve which benefits from the smoothness of spline approx-
imation and the computational efficiency of the linear pro-
gram had been developed by Daouia et al. [16]. In the
end, the utility of this method was illustrated through appli-
cations to some real data sets. And the simulation result was
also presented to show its superiority to the best-known
methods. A new denoising procedure which enhances the
Raman information whilst reducing unwanted contributions
from the most frequent noise sources was presented by
González-Vidal et al. [17]. The method relied on cubic
penalized spline fitting and mathematical morphology and
required no user input. A novel level set method named as
polynomial piecewise constant approximation (PPCA) to
well segment images with serious intensity inhomogeneity
had been proposed by Min et al. [18]. Finally, the visual
and experimental results demonstrated the proposed
method can yield better results than the existing classical
local models for segmenting images. The research of cab
vibration is mainly as follows: Deboli et al. [19] had done
the whole body vibration measurement of horizontal and
vertical transmissibility of an agricultural tractor seat.
Finally, they had drawn the conclusion that the rolling and
pitching effects can be reduced by using specific suspension
systems along the horizontal and lateral directions. Hum-
phreys et al. have investigated the system dynamics which
included the human operator and biodynamic feedthrough.
Then, two methods of compensation for biodynamic
feedthrough based on their models had been developed.
The results showed that the operators perform better
and prefer the vibration-compensating controllers over their
nonvibration-compensating counterparts [20]. Sim et al. [21]
had proposed a hydropneumatic suspension applied with the
semiactive control method. Then, the ride comfort has been
predicted by using the vehicle model based on computer
simulation in the end. Mahmoodabadi et al. [22] have intro-
duced a novel combination of the particle swarm optimiza-
tion (PSO) and the genetic algorithm (GA). The hybrid
algorithm uses the operators such as mutation, traditional
or classical crossover, multiple crossovers, and PSO formula.
At the end, the algorithm had been used for the Pareto opti-
mal design of a five-degree of freedom vehicle vibration
model. The comparison of the obtained results demon-
strated it has a good result in the work. Lepine et al. [23]
had proposed to use machine learning to identify shocks
present in acceleration signals measured on road vehicles.
Next, a machine learning algorithm has been trained to
identify shocks buried within road vehicle vibration signals.
The results showed that the machine learning algorithm was
considerably more accurate and reliable in identifying
shocks than the more common approaches. Burdzik [24]
had presented a novel method for research on exposure to
nonlinear vibration of passenger car suspension as a nonlin-
ear dynamical system. The advantage of this method is the
possibilities of the precise analysis of chosen frequency

bands. Then, the influence of damping of the shock absorber
on exposure to vibration had been discussed. Probabilistic
metrics were used for a robust Pareto multiobjective opti-
mum design of the five-degree of freedom vehicle vibration
model by Jamali et al. [25]. The robustness of the design
obtained using such a probabilistic approach was shown
and compared with that of the design obtained using the
deterministic approach in the end.

Until now, methods with trend item removal have
usually employed polynomial fitting and EMD. Based on
previous studies, this paper proposes a more accurate
vibration signal processing method called piecewise inte-
gration with trend item removal. This can help with the
research on the vibration characteristics of a driver and
personal comfort.

When the EMD and polynomial fitting methods are
used to remove a vibration signal trend item, there is usually
a large error at the start and the end of the signal [26]. Piece-
wise integration can be used to solve this problem. An over-
lapping method is proposed for the segmentation of a signal.
As shown in Figure 1(a), the collected signal A1B3 is divided
into three parts: A1B1, A2B2, and A3B3. Each data part is
represented by dn which is the length of data. Then, the seg-
mented data are processed separately. The middles of the
start and end sections of each data segment are taken as data
during the trend item removal procedure. As shown in
Figure 1, A1C1, C1C2, and C2B3 should be considered the
processed data. Data overlap can also be observed before
and after the segmentation points C1 and C2. Suppose that
the overlap radio is m; then, the number of these data pieces
is dn·m. The benefit of this segmentation method is that rel-
atively large head-to-tail errors can be removed. Suppose
that the length of the vibration signal is n; the quotient p
can be obtained by n/dn 1 − 2m , and the remainder is q.
If q is larger than 2dn·m, the signal is divided into p+1 sec-
tions. Otherwise, it is divided into p sections. In both cases,
the last section is taken as the remaining data. As can be
seen in Figures 1(b)–1(d), the signal processed by the
EMD method and polynomial fitting method has a major
error because the vibration has deviated from the 0 level.
And the signal processed by segmentation piecewise polyno-
mial fitting with the removing trend term is closed to the
actual data.

Based on the above method, the acceleration vibration
signal can be segmented by the conventional trend item
removal process. Furthermore, the velocity and displacement
can be obtained from the integral. In the operation, the fol-
lowing two cases can be obtained: the individual integral after
trend item removal and the integral merged back into the
whole data segment after trend item removal [27]. After the
signal segmentation and trend item removal, the integral
values before and after the section points may differ. In this
case, the average integral value near the section points can
be used to replace the separated ones. Next, a three-order
spline curve correction is carried out at several points near
the section to ensure the maximum smoothness of the seg-
mented connection.

The trend item removal method and various integration
results can be compared through an example. Suppose the
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vibration acceleration signal containing the trend item is
given as follows:

a t = −〠
6

i=1
sin 2πf it + φi + hann t

+ t t − 20 t − 40 t − 60 + 7,
1

where fi is the component frequencies: 5, 52, 64, 80, 96, and
158Hz; φi is the component initial phase angles: 10°, 20°,
30°, 40°, 150°, and 70°; hann is the Hann function; and t is
the time.

In (1), the acceleration signal contains six sine curves
with amplitudes of 1 and one integrated trend item. The inte-
grated trend item consists of three parts: a Hann trend item, a
polynomial trend item, and a DC (direct current) compo-
nent. Suppose that the sampling frequency fs is 1000Hz,
the signal sampling time is 60 s, and the length n of the signal
is 60,000. Figure 2 compares the actual acceleration signal
and the signal containing the trend item, and Figure 3 shows
the local contrast details.

2. Acceleration Piecewise Integral with
Removing Trend Item

Three integral methods have been researched in this section.

2.1. Direct Integral without Removing Trend Item. The veloc-
ity data can be obtained from the original acceleration signal
integral. To compare the results with and without trend item
removal, the acceleration signal was not processed. Figure 4
shows the result. The velocity demonstrated a significant
shift. If further integration is performed, a displacement with
more distortion data will be obtained. This proves that trend
item removal is indispensable to vibration signal processing.

2.2. Global Integral after Piecewise Polynomial Fitting with
Removing Trend Term Trend. The entire acceleration signal
was divided into 2000 segments with an overlap ratio of
10%. In each segment, the three-order polynomial was used
to fit the trend item. Next, the velocity signal was calculated
by combining the segmentation of the acceleration signal
with trend item removal. The order of the velocity trend item
polynomial was four. Figure 5 shows the acceleration curve,
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Figure 1: Signal segmentation and method comparison. (a) Signal segmentation. (b) EMD method. (c) Polynomial fitting method. (d)
Segmentation piecewise polynomial method.
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and Figure 6 shows the curve of the velocity signal after
trend item removal. When the actual acceleration and
velocity signals were compared, the following parameters
were calculated: Ra = 0.9972, Da = 4687.8, Rv = 0.9605, and
Dv = 254.5793 (R is the geometric parallelism of two sets

of data, and D is the geometrical distance of two sets of sig-
nals. They can be used to evaluate that one method is good
or not). As shown in Figures 5 and 6, the results were better
when the trend items were removed for both the acceleration
and the velocity.

2.3. Direct Integral after Piecewise Polynomial Fitting with
Removing Trend Item. The entire acceleration signal was
divided into 2000 segments with an overlap ratio of 10%.
The order of the polynomial fitted to the acceleration signal
was three. Then, the direct integral was obtained by removing
the trend item in each segment. The velocity trend item
polynomial order was four. Next, the segmented velocity sig-
nals were combined into an integrated one, as shown in
Figure 7(a). Figure 7(b) shows the detailed velocity signal in
the first 0.5 s. When compared with Rv and Dv for the actual
signal of 0.9965 and 62.1394, respectively, the parameters cal-
culated with the integration method were closest to the actual
signal. Thus, the validity of this method was verified. This
method can also be used to obtain the displacement from inte-
grating the velocity signal. The order of the polynomial fitted
to the displacement signal was five. Figure 8(a) shows the dis-
placement signal after trend item removal. Figure 8(b) shows
the detailed displacement signal in the first 0.5 s. Rv and Dv
for the actual signal were 0.9930 and 2.4091, respectively.
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Figure 2: Signal comparison between acceleration containing trend item and actual acceleration. (a) 0~60 s acceleration containing trend
item. (b) 0~60 s actual acceleration.
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Figure 3: Signal local comparison between acceleration containing trend item and actual one. (a) 0~0.5 s acceleration containing trend item.
(b) 0~0.5 s actual acceleration.
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Figure 4: Velocity curve by acceleration integral without removing
trend item.
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There was a larger error before 0.1 s, but the integration
results were basically consistent with the actual value after
0.1 s. This also explains why there was a greater error in

the signal start section with trend item removal. In practi-
cal applications, therefore, the beginning of the data should
be avoided.
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Figure 5: Acceleration of piecewise polynomial fitting with removing trend term. (a) 0~60 s acceleration of piecewise polynomial fitting with
removing trend term. (b) 0~0.5 s acceleration of piecewise polynomial fitting with removing trend term.
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Figure 6: Global integral velocity of piecewise polynomial fitting with removing trend term. (a) 0~60 s global integral velocity with removing
trend term. (b) 0~0.5 s global integral velocity with removing trend term.
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Figure 7: Direct integral velocity of piecewise polynomial fitting with removing trend term. (a) 0~60 s direct integral velocity with removing
trend term. (b) 0~0.5 s direct integral velocity local contrast.
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The above example showed that, when the vibration sig-
nal lasts for a long time, the trend item removal of the whole
signal cannot obtain a good result. The piecewise integration
method reduces the overall EMD decomposition time and
polynomial fitting order, which makes the numerical calcula-
tion faster and stable. A comparison of the results showed
that direct integration of subsegments provided a better per-
formance than global integration. The polynomial fitting
method is relatively simple for trend item removal after inte-
gration. Furthermore, the calculation results are ideal. There-
fore, piecewise polynomial fitting with trend item removal is
a feasible method for the integration of an acceleration signal.

3. Piecewise Polynomial Fitting with Removing
Trend Term Integral Application in a Cab
Vibration Signal Processing

An ICP acceleration sensor and DS-NET multichannel
data collection instruments were used to measure the cab
vibration of a metal transfer vehicle. Figure 9 shows the
vibration test.

The acceleration signal at the cab dashboard was taken as
the original data. The sampling frequency was 1000Hz, and
the sampling time was 20 s as shown in Figure 10. The
measured acceleration signal indicated a certain drift. So it
has vibration characteristic. If the acceleration signal in
Figure 10 is directly integrated without the removal of the
trend item, the calculated velocity and displacement signals
would be distorted, as shown in Figure 11. In Figure 11(a),
we can see that the velocity gained with integrated direction
did not have the vibration characteristic, and in
Figure 11(b), the displacement signal curve direction inte-
grated by acceleration is smooth. The vibration characteris-
tics of the velocity and displacement both basically
disappear, which is contrary to the basic theory of vibration
and is wrong. The piecewise polynomial fitting with the
removal of the trend item from the integral was then adopted.
Figure 12 shows the velocity and displacement curves. The
velocity and displacement curve were improved, and the fea-
sibility of the method has been proved. As seen in
Figure 12(a), the velocity signal obtained by the piecewise
polynomial fitting with the removal of the trend item inte-
grate which used the same acceleration data in Figure 10
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Figure 8: Direct integral displacement of piecewise polynomial fitting with removing trend term. (a) 0~60 s direct integral displacement with
removing trend term. (b) 0~0.5 s direct integral displacement with removing trend term.

Figure 9: Cab vibration test.
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has vibration characteristic. Meanwhile, the displacement
signal obtained by the piecewise polynomial fitting with the
removal of the trend item integrate method also has vibration
characteristic as the acceleration data. By using the proposed
method, we can get the velocity and displacement data by the
acceleration signal without doing the actual experiment
because the acceleration signal usually can be measured eas-
ier than the other two signals. This can cut the cost and time
of the experiment.

4. Conclusion

This paper proposes a method for trend item removal by
polynomial fitting in vibration signal processing. The effects
and characteristics were evaluated. A segmentation method
was developed to calculate the velocity and displacement by
integrating the acceleration. Direct integration without trend
item removal, global integration after piecewise polynomial
fitting with trend item removal, and direct integration after
piecewise polynomial fitting with trend item removal were
evaluated. The simulation examples showed that direct inte-
gration after piecewise polynomial fitting with trend item
removal provided the results closest to expectations. Finally,

a vibration test was performed on a special equipment cab.
The velocity and displacement signals were obtained by inte-
grating the actual collected acceleration signal, which proved
the feasibility of the piecewise integration method.
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