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Introduction
Nowadays, the requirements for the reliability of the internal combustion engine (ICE) in 
the industry of engineering machinery are gradually increasing. The reliability research 
of the ICE involves two aspects: the reliability of the whole machine and the reliability 
of the parts. Regarding the reliability evaluation of the whole machine, the mainstream 
research contents include the monitoring of the health status of the ICE and the compi-
lation of the load spectrum of the whole machine [1–3]. The reliability research of the 
parts mainly focuses on the key components such as the crankshaft, connecting rod, pis-
ton, and cylinder head. Finite element analysis of key positions and fatigue life evalua-
tion of components based on the S-N curve are mainly adopted [4–7]. In addition, the 
capacity to maintain ICE’s toxic emission reliably is also a very important aspect of its 
reliability research, especially when ICE works in harsh environments such as high alti-
tude, cold and high temperature. As far as the whole engine, there are studies on the 
reliability test, evaluation and optimization of ICE in the plateau area [8–11]. In terms 
of pars, there are studies on the reliability evaluation and prediction of cylinder liner 
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as well as cylinder head considering both thermal boundary conditions and mechanical 
loads [12, 13], and there are also studies on the condition monitoring of key components 
such as cylinder liner and piston ring under harsh conditions such as high temperature, 
high pressure, and heavy load [14, 15].

Both the reliability of the whole machine and the reliability of the parts need the study 
of internal combustion engine load. It is an essential step to reproduce the working load 
of internal combustion engine for bench test or fatigue simulation calculation. In the 
process of compiling load spectrum of CMICE, reasonable load reproduction is very 
important. Common load reproduction methods include rain flow matrix extrapolation, 
parameter method extrapolation, mileage and quantile extrapolation, and timely extra-
territorial extrapolation [16–18]. When reproducing the time-domain load, the extreme 
load is often reproduced. The commonly used extreme extrapolation models include 
POT model [19–21], block maximum method [22–24], method of independent storms 
[25, 26], and so on. Among them, POT model has received wide attention for its low 
demand for data volume and great reflection of data characteristics.

In the study of load reproduction based on POT model, threshold selection is a very 
important issue. The threshold can be selected based on the empirical average excess 
function, but it is susceptible to subjectivity to a large extent in the process of observing 
the scatter plot of the empirical average excess function. The rationality of the thresh-
old selection can be evaluated by means of square error of the shape parameters of the 
generalized Pareto distribution (GPD) obeyed by the extreme load [27]. Liang et al. [28] 
proposed an automatic threshold selection method based on the extrapolation of indig-
enous wave height characteristics, which simplified the threshold selection process and 
reduced the subjectivity in the selection process. To improve the credibility of thresh-
old selection, Wang et al. [29, 30] proposed the automatic selection method of threshold 
based on bootstrapping technology and multi-criteria decision-making technology. Yang 
et al. [31] proposed the selection method of POT model threshold by improving the tra-
ditional mean excess function, which ensures the fitting accuracy and avoids the errors 
caused by subjective factors.

At present, most studies tend to pay more attention to the extreme load, while under 
the action of random load, the intermediate load has an impact on the fatigue life 
that cannot be ignored, which is also of engineering significance to reproduce the low 
strength load. There are related works on the reconstruction and reproduction of the 
intermediate load between the thresholds. Liu [32] and Wang [33] reconstructed the load 
between the upper and lower thresholds based on the traditional POT extrapolation.

Since POT extrapolation focuses on the extreme load in the timing signal but does 
not process the intermediate load between the upper and lower thresholds, it will lead 
to the lack of diversity and randomness of the test data. In this paper, a new method of 
time-domain load reproduction of CMICE is proposed to make the reproduced time-
domain load more diverse, random and close to the real situation on the premise of con-
forming to the original data characteristics. In addition, the exceedance mean function 
graph method is used when selecting the thresholds to avoid the large error caused by 
subjective judgment. Firstly, the collected ICE data are preprocessed, and outliers in the 
data are eliminated. Then, the gradient value of the ICE speed data is calculated. The 
user conditions—the shutdown, idle, and three operating conditions—are divided by 
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the range of the average speed between the adjacent two large gradients. Based on the 
POT model, the upper and lower extreme values of the data in the working condition 
are extrapolated, and the intermediate loads between the upper and lower thresholds are 
reproduced based on the Gaussian mixed distribution. Finally, the load data before and 
after reproduction are counted and the pseudo-damage of ICE is calculated. The ration-
ality of the proposed time-domain load reproduction method is verified by comparing 
the above results. The diagram of proposed method for load reproduction is shown in 
Fig. 1.

Methods
Data preprocessing

Elimination of outlier

The torque and speed signals of the excavator ICE are collected through Controller Area 
Network (CAN) bus. Working in the poor environment and complex conditions leads 
to the instantaneous mutation of the load data obtained by the test due to the chan-
nel noise and external environment interference, namely, the outliers in the data, which 
are often far greater than or far less than the normal operating data value. These values 
will have a great impact on the load reproduction of the ICE and the calculation results 
of the pseudo damage. Therefore, before the load reproduction, the ICE data should be 
preprocessed to eliminate these abnormal data.

At present, the amplitude threshold method, gradient threshold method, and boxplot 
method [34] are the most commonly used methods in engineering to eliminate singular 
values. The amplitude threshold method is suitable for the singular value exceeding the 

Fig. 1 The diagram of proposed method for load reproduction
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maximum or minimum load value, which is used to eliminate the singular load exceed-
ing the speed and torque limit in this paper.

Since the speed and torque data of ICEs collected by CAN bus are real-time corre-
sponding, the speed and torque data after the elimination of abnormal values also need 
to be corresponding in the time-domain. In view of this situation, when the rotational 
speed and torque values at a certain time both exceed their respective limit load values, 
the rotational speed and torque values at that time are both eliminated. If only one load 
at a certain time is a singular value, for example, the torque value exceeds its limit load 
value, and the rotational speed value belongs to the normal value, then the rotational 
speed data at that time are retained, and the corresponding torque value is taken as the 
limit load value. The diagram of the amplitude threshold method to eliminate the singu-
lar value of ICE data is shown in Fig. 2.

Division of working conditions

The speed and torque time series of the ICE are shown in Fig. 3. To ensure the stability 
of the load, working conditions are divided based on average speed. By observing the 
change of data, it can be seen that the range of speed fluctuation is 0–1800 rpm. When 
the speed is 0–900 rpm, the torque is very small and almost constant, which can be con-
sidered the shutdown stage; when the rotational speed is 900–1400 rpm, the rotational 
speed is almost constant and the torque is almost 0, so it can be regarded as the idle 
stage; when the rotational speed is 1400–1700 rpm, it is the normal operating stage of 
the excavator, and then the operating conditions are further divided based on the gradi-
ent of rotational speed.

Speed gradient refers to the change value between two adjacent speed data in unit 
time. The calculation formula is as follows:

Fig. 2 Diagram of the amplitude threshold method
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where Ti is the moment i, Ni is the speed value of moment i; Ti + 1 is the moment i + 1, 
and Ni + 1 represent the speed value of moment i + 1.

The gradient change of engine speed is shown in Fig. 4. It can be seen from the speed 
gradient diagram that the large gradient is concentrated above 200 rpm/s and below − 
200 rpm/s, so the gradient less than – 200 rpm/s and greater than 200 rpm/s is extracted 
and marked as a large gradient, and the time points of the large gradient are marked for 
further division of operating conditions.

The working conditions are divided based on the average speed data between two adja-
cent large gradients. From the above analysis, it can be seen that the torque is almost 0 
when the average rotational speed is 0–900 rpm, which can be regarded as the shutdown 
stage. When the average speed is 900–1400 rpm, the torque is almost constant, which 

(1)Gradient =
Ni+1 − Ni

Ti+1 − Ti

Fig. 3 Time series of ICE speed and torque

Fig. 4 Speed gradient diagram of ICE
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can be regarded as the idle stage; the average speed of 1400–1500 rpm, 1500–1600 rpm, 
and 1600–1700 rpm can be regarded as different operating stages. The number and time 
proportion of data points under each working condition are shown in Table 1.

Since the shutdown condition does not cause damage to the ICE, the shutdown con-
dition load spectrum of the ICE is no longer prepared. Idle speed condition can be 
regarded as a condition of constant speed and almost zero torque value. According to 
this characteristic and the time proportion of the idle speed condition, the idle speed 
condition can be directly loaded on the bench, so the load spectrum of the idle speed 
condition will not be compiled. In this paper, the ICE load is reproduced by taking the 
operating condition of the average speed at 1400–1500 rpm as an example. It can be 
seen from Fig. 5 that the speed value in this operation stage fluctuates around an aver-
age value in a small range. Generally, the average speed value of the operation stage can 
be loaded in the bench test, and speed load reproduction is not required. Time series of 

Table 1 Number of data points and time ratio of each working condition

Working condition Average mean of speed 
rpm

Number of data Time proportion

Shutdown stage 0–900 379 1.04%

Idle stage 900–1400 3625 9.99%

Operating stage 1400–1500 8001 22.05%

1500–1600 5847 16.11%

1600–1700 18,439 50.81%

Total 36,291 100.00%

Fig. 5 Time series of ICE speed and torque when the average speed is 1400–1500 rpm
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ICE speed and torque corresponding to the average speed of 1400–1500 rpm is shown 
in Fig. 5.

Reproduction of extreme load

The torque time series shown in Fig. 5 is collected by the same driver working on the 
same material. However, when different drivers work on different materials, the torque 
extreme load data will vary greatly. In order to fully consider the diversity of working 
conditions, the maximum and minimum values of torque are reconstructed and repro-
duced simultaneously, the extreme torque load of excavator ICE is reproduced based on 
POT model in this paper.

GPD

When the POT model is used to reproduce the extreme load, not all the sample data 
contain extreme information. The generalized Pareto distribution can be used to fit the 
tail distribution (upper tail and lower tail) and to describe the distribution characteris-
tics of samples exceeding a certain threshold. The expression of POT Pareto model is as 
follows:

where σ is the proportional parameter; ξ is the shape parameter; u is the threshold.
The extreme torque load is reproduced by changing the GPD probability. Here, the 

quantile expression of the GPD function is needed, is as follows.

Threshold selection

In POT model, threshold selection is a key step. The traditional method is usually based 
on the graphic method and subjective judgment, which has strong subjectivity and 
uncertainty. In this paper, the exceedance mean function graph method is used to select 
the threshold. In order to avoid the large error caused by subjective judgment, each 
candidate threshold is tested both by chi-square test and KS test. The basic idea of this 
method is as follows: for a series of alternative thresholds, two criteria (KS test statis-
tics and chi-square test) are needed to calculate the corresponding fitting error, and the 
comprehensive error is obtained based on the entropy method. Then, the threshold cor-
responding to the minimum comprehensive error is selected as the optimal threshold.

Before the threshold value of torque data in Fig.  5 is selected, rain-flow filtering is 
needed to eliminate the small amplitude loads in the sequence load sequence. These 
small-amplitude loads have little contribution to engine damage, and the amount of data 
is large, which greatly increases the workload. The peak-valley value points of the data 
are extracted in the process of rain-flow filtering, which is more convenient to select the 
threshold. Figure 6 shows the local torque time sequence after rain-flow filtering.

(2)G(x, σ , ξ) = 1− 1+ ξ x−u
σ

− 1
ξ , ξ �= 0, x > u

1− exp − x−u
σ

, ξ = 0, x > u

(3)X(G) =
{

µ− σ
ξ

[

1− (1− Gu)
−ξ

]

, ξ �= 0

µ+ σ [− log (1− Gu)], ξ = 0
,Gu ∈ (0, 1)
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e(u) = E(X − u| X > u) is defined as the mean excess function of X, and Eq. (4) can be 
obtained based on the properties of GPD.

It can be seen from the above equation that when the shape parameter ξ is a con-
stant, e(u) is a linear function of u. For the measured samples X1, X2, …, Xn  , e(u) is 
usually unknown, and the mean value function of the sample empirical transcenden-
tal quantity is as follows.

According to Eq. (5), the function graph of threshold u and en(u) is drawn. If en(u) is 
approximately linear after a certain threshold u, then the optimal threshold is around 
the threshold u.

Figure  7 is the functional diagram of the threshold u and en(u) when the upper 
threshold of the torque data in Fig. 5 is selected.

In order to reduce the chance of threshold selection, three different time windows 
t = 1, t = 5 and t = 10 are selected for evaluation, and t = 5 represents the extreme 
value window of 5 s. The changing trend of en(u) with the threshold u obtained by 
different windows is similar. With the increase of the threshold u, the value of en(u) 
increases first and then decreases. The divergence region indicates that the param-
eters of GPD fitting cannot be estimated, that is, the sample is insufficient to fit the 
distribution. As can be seen from Fig. 7, when the threshold is between 172 and 176, 
the change of en(u) tends to be linear, so the five values from 172 to 176 are used as 
candidate thresholds, and the extreme samples are fitted by the GPD function in turn, 
and the best threshold is determined by chi-square test and KS test (Table 2).

According to the comprehensive judgment index, when the upper threshold of 
torque load is 175 Nm, the GPD function fitting extreme sample is optimal, so 175 
Nm is selected as the upper threshold.

(4)e(u) = E(X − u|X > u) =
σ + ξu

1− ξ

(5)en(u) =
1

nu

∑nu

i=1
(Xi − u)

Fig. 6 Torque time series before and after rain filtering
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When the upper threshold of torque load is 175 Nm, the GPD function is used to fit 
the extreme value sample. It can be seen from Figs. 8 and 9 that the goodness of fit is 
high.

The lower threshold of torque load is also selected according to the above steps. The 
selection process of the lower threshold is omitted here, and the lower threshold is 
finally determined as 6 Nm.

Fig. 7 Graph of the mean excess function

Table 2 Candidate threshold goodness of fit table

Candidate threshold 
u

KS test Chi-square test Shape parameter ξ Scale 
parameter 
σ

172 0.55 0.24 0.43 7.40

173 0.70 0.28 0.48 7.13

174 0.76 0.42 0.51 7.22

175 0.79 0.63 0.54 7.40

176 0.86 0.36 0.62 6.89

Fig. 8 GPD fitting histogram
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After obtaining the upper and lower thresholds of torque data, the two thresholds 
are set as the boundary points of data, where the upper boundary point is set to 175 
Nm, and the lower boundary point is set to 6 Nm. After that, the piecewise fitting 
of GPD distribution is carried out. The segmented expression of paretotails is estab-
lished, namely the data itself includes the upper tail distribution, interpolation experi-
ence distribution and lower tail distribution, fitting as shown in Fig. 10 and Table 3.

After determining the GPD distribution of the upper and lower tails, the torque 
time series of the ICE is reproduced, and the reproduced results are obtained by ran-
domly adjusting the GPD probability value of the extreme load. The reproduced result 
of the torque extreme load is shown in Fig. 11.

Fig. 9 GPD cumulative probability distribution graph

Fig. 10 Paretotails piecewise fitting graph

Table 3 Optimal threshold fitting parameter table

Threshold u Shape parameter ξ Scale 
parameter 
σ

175 Nm 0.54 7.41

6 Nm 0.32 5.68



Page 11 of 17Li et al. Journal of Engineering and Applied Science           (2022) 69:89  

Reproduction of intermediate load

The traditional time-domain load reproduction based on POT model only reproduces 
the extreme load beyond the upper and lower thresholds, while the intermediate load 
within the threshold remains unchanged. However, in the actual operation, due to the 
diversity of external factors such as operating materials and drivers’ driving habits, 
the intermediate load of the ICE will also change under the same working condition. 
In order to make the load reproduction result more in line with the actual situation, 
this paper also reproduces the intermediate load within the threshold.

In this paper, the intermediate load is fitted based on the Gaussian mixed distribu-
tion, and the probability density error between the actual load and the theoretical dis-
tribution is fitted by the normal distribution. The limit error value of the probability 
density value is calculated by the fitting parameters of the normal distribution, and 
the intermediate load is predicted in the range of the limit error value. The specific 
contents are as follows:

(1) The intermediate load within the threshold is fitted with Gaussian mixed distribu-
tion, the probability density function expression of Gaussian mixed distribution is 
represented as follows:

where ai is the weight; a1 + a2 + … + an = 1; μi is the mean; δi is the standard deviation.

(6)f (y) =
a1

√

2��1

exp

�

−
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Fig. 11 Comparison of torque extreme value of ICE before and after reproduction
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The fitted graph is shown in Fig. 12.

(2) The absolute values of the probability density error between the theoretical fitting 
curve and the actual load value are calculated, which are used as samples and fitted 
with normal distribution. The average error values and the limit error values of the 
probability density error value are calculated with the fitting parameters. The calcula-
tion formulas of the average error value and the limit error value are as follows:

where μx is the average error value; μ is the mean of normal distribution fitting samples; 
σ is the standard deviation of normal distribution fitting samples; n  is the number of 
samples.

where δ is the limit error value; t is the probability of sampling error, and the sampling 
limit error is the maximum error, which is 2.1%.

The calculation results are shown in Table 4.

(3) According to the calculated limit error value, the probability density value Dx of 
the intermediate load xi fluctuates in the range of ±δ/2. In this range, the probabil-

(7)µx =
√

σ 2/n

µ

(8)δ = t × µx

Fig. 12 Gaussian mixed distribution fitting of non-extremum load

Table 4 Sample error calculation values

Mean value μ Standard deviation σ Average error value μx Limit error value δ

0.014 0.006 0.062 0.0013
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ity density value is randomly selected as the probability density value DX of the new 
load, and then the new load value Xi is calculated by using the fitted Gaussian mixed 
probability density function. Xi is the reproduced load. The specific process of repro-
ducing intermediate loads is shown in Fig. 13.

Results and discussion
Comparison of through-level counting

The torque data before and after load reproduction are counted through stages, and the 
changes of torque data are compared. The comparison of the results of through-level 
counting is shown in Fig. 14. It can be seen that the data points of the original torque 
data before the reproduction at the maximum and minimum values are significantly less 
than those after the reproduction of the extreme value, indicating that the reproduction 

Fig. 13 Intermediate load reproduction process

Fig. 14 Comparison of through-level counting before and after load reproduction
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of the extreme value expands the data range of the torque, strengthens the user load, and 
achieves the desired results. The variation trend of the intermediate load after reproduc-
tion is highly consistent with the original load, indicating the rationality of the interme-
diate load reproduction.

Pseudo-damage comparison of ICE

The pseudo-damage is calculated based on the original load before reproduction. The 
pseudo-damage of the ICE is determined by the rotational speed and torque values. The 
pseudo-damage calculation method is exhibited as follows:

where n is the total number of data points after interpolation of original data; Ni is the 
speed value; ∆t is the time interval between two adjacent data points; Ti is the torque 
value; β is the damage index, according to engineering experience, β is generally 3 when 
calculating the pseudo-damage of the ICE.

Combined with Palmgren–Miner linear damage accumulation rule [35], the pseudo-
damage value of the ICE before load reproduction is 1.09 ×  109, while that after load 
reproduction is 1.19 ×  109. It can be seen that the pseudo-damage value of the torque 
data before and after reproduction is slightly larger than that of the original data, and the 
difference is 9.2%. It can be seen that the extreme load and intermediate load are in line 
with the actual situation before and after reproduction.

Conclusions
In this paper, a time-domain load reproduction method for CMICE based on POT 
model is proposed. The proposed method provides a reference for the bench test and 
reliability evaluation of CMICE. The main conclusions of this study are summarized as 
follows:

1. The outliers of speed and torque are eliminated synchronously when the load of 
ICE is preprocessed. To ensure the stability of the data, the working conditions are 
divided based on the average speed data between two adjacent large gradients.

2. The extreme load is reproduced based on POT model and the exceedance mean 
function graph method is used to select the threshold. The intermediate load is 
reproduced based on the mixed Gaussian distribution, the probability density error 
between the actual load and the theoretical distribution is fitted by the normal distri-
bution, and the intermediate load is predicted in the range of the limit error value of 
the probability density value.

3. The torque load of ICE before and after reproduction is compared by the through-
level counting, the relationship between the load level and frequency is counted. The 
through-level counting curve of the reproduced load and the original load is highly 
similar. The pseudo-damage of ICE is calculated before and after the reproduction. 
The pseudo-damage value of ICE under the original load is 1.09 ×  109, while the 
pseudo-damage value after the reproduction is 1.19 ×  109. The difference of the 

(9)d =
∑n

i=1
Ni ×�t × Ti

β
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pseudo-damage value before and after the reconstruction is less than 10%, which fur-
ther illustrates the rationality of the proposed method.

Not only is the CMICE load reproduction method proposed suitable for ICE loads, but 
also the proposed method in this paper can be used to reproduce the loads in the pro-
cess of work when evaluating the fatigue life of construction machinery or vehicle parts. 
The load reproduction method proposed in this paper is a general time-domain load 
reproduction theory, which can be used as a reference for load reproduction of engi-
neering machinery, vehicles, and aerospace parts.
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