iriried applied
L sciences

Article
A New Life Prediction Scheme for Mechanical System
with Considering the Mission Profile Switching

Jiancheng Yin'", Huailiang Zheng, Yuantao Yang'® and Minqiang Xu *

Deep Space Exploration Research Center, Harbin Institute of Technology, Harbin 150001, China;
wdyydy@163.com (J.Y.); hlzhenghit@126.com (H.Z.); yangyuantaohit@163.com (Y.Y.)
* Correspondence: xumghit15@126.com

check for

Received: 1 December 2019; Accepted: 15 January 2020; Published: 18 January 2020 updates

Abstract: The life prediction is crucial to guarantee the reliability and safety of the mechanical system.
The current prediction methods predict the life only based on the historical usage pattern of the
mechanical system, and do not consider the mission profile of the future working process. To realize
the life prediction with considering the switching of mission profile, which is composed of different
operating conditions, this paper proposes a new prediction scheme on the base of the similarity
trajectory method (STM). Two main improvements are employed. First, the reference degradation
models are constructed according to the predicted trend of each constant operating condition obtained
by the relevance vector machine (RVM). Secondly, the life under specific mission profile is calculated
through weighted aggregating the life of each constant operating condition. The proposed method is
validated by a turbofan engine simulation data. The results show that the proposed method achieves
an excellent predicted result, in which the predicted result is close to the actual result. In addition, the
proposed method can deal with the problem of mission profile switching.

Keywords: mission profile; operating conditions; relevance vector machine; life prediction; similar
trajectory

1. Introduction

Prognostics and health management (PHM) is very crucial in modern industries, as the mechanical
system is becoming larger, more complicated, and more automated. Traditional maintenance strategies
such as breakdown corrective maintenance and scheduled preventive maintenance find it hard to deal
with the increasing demand of reliability and efficiency. Prognostic, which is one part of the PHM
system, has been widely researched in recent years [1,2]. It is a key technique to predict the remaining
useful life (RUL) of the machine and further to establish reasonable maintenance plans. Therefore, the
unplanned downtime, the maintenance cost, and the safety risk can be reduced.

The life prediction methods can be roughly divided into two categories: Model-based methods
and data-driven methods. Although the model-based methods [3-5] have clear theoretical basis and
high prediction accuracy, it is still very difficult to establish and solve the physical model of complicated
equipment. With the advantage that need not construct a complicated physical model, data-driven
methods have been extensively studied in the past decades. For example, a recurrent neural network
based the health indicator of bearing was proposed by Guo et al. [6]. Zhu et al. [7] estimated the RUL
of bearing by using the time-frequency features and multi-scale convolutional neural network. Ren et
al. [8] proposed a new deep learning method-based prediction framework for bearing RUL prediction
by using an auto-encoder and deep neural networks (DNNs). As the long short-term memory (LSTM)
neural network can be used as a complex non-linear element to construct a larger depth neural network,
the LSTM neural network [9,10] is also used to predict the RUL. The abovementioned methods can
all achieve superior prediction results under a single operating condition. However, the change of
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different operating condition is the more general scenario in actual applications. For the situation
of variable operation conditions, Wu et al. [11], Jiang et al. [12], Rigamonti et al. [13], and Yan et
al. [14] only predicted the RUL under variable operating conditions by putting forward innovative
characteristic parameters or health indicators, but did not propose the prediction method suitable for
variable operating conditions. Although Sameer et al. [15] and Tao et al. [16] proposed the prediction
methods suitable for the variable operating condition by using the historical data and Monte Carlo
simulation, the complexity of the calculation process limited the wide use of the methods. Furthermore,
the similarity trajectory method (STM) [17-21], which is simpler to calculate, was widely used to
predict the RUL of the mechanical system under variable operating conditions [22-26]. The STM is an
effective method to deal with the life prediction under variable operating conditions.

However, the precondition of all the methods mentioned above is that the operating condition in
the prediction process should be consistent with that of the training samples. This means that the life
of mechanical systems is an extrapolation of the current state. Nevertheless, in order to accomplish
different tasks, the mechanical systems often need to constantly switch mission profile (detailed
definition and description is give in Section 2) in practice. For the mission profile switching in the
prediction, the Bayesian technique [27], Markov process [28], and Wiener process [29] are widely used
to deal with the problem. Besides, Gebraeel et al. [30] proposed a stochastic mathematical model to
calculate the residual life distributions of partially degraded systems. Zhao et al. [31] proposed an
integrated prognostics method for gear under time-varying operating conditions with considering the
influence of uncertainty. Zhang et al. [32] proposed a prognostic model for the system with considering
the performance degrades with usage and recovers in storage.

Although the above method can consider the switching problem of mission profile in the prediction
process, the switched mission profile is composed of constant operating conditions. The above method
cannot yet solve the problem in which the mission profile is composed of variable operating conditions.
But the mission profile with variable operating conditions is the most frequently encountered state of
mechanical systems.

Motivated by the abovementioned problems, this paper proposes a new life prediction scheme for
the mechanical system with considering the mission profile switching in the prediction process. First,
the prediction trend and the lifecycle of each constant operating condition of the similarity reference
samples are used to construct the reference degradation models. Then, the predicted life of each
operating condition of the sample to be predicted is obtained according to STM. Finally, according
to the proportion of each operating condition in the specific mission profile, the life of the sample
to be predicted under specific mission profile is calculated through weighted aggregating the life of
each constant operating condition of the sample to be predicted. In order to solve the switching of the
mission profile with variable operating conditions, in the method, two main improvements on the base
of the STM are proposed:

(1) For the lifecycle degradation curves collected under variable operating conditions (several single
operating conditions are included) in the training dataset, predict each life-cycle degradation curve
under constant operating conditions (for each single operating condition, predict a degradation
curve) using the relevance vector machine (RVM).

(2) Calculate the proportions of each single operating condition in the mission profile, then predict
the life of the samples to be predicted through weighted aggregating the life of the constant
operating conditions.

The rest of this paper is organized as follows. Section 2 describes the problem to be addressed
in detail. In Section 3, the proposed method is introduced in detail. The process and analysis of the
proposed method are explained in Section 4 to verify the effectiveness of the proposed method. Finally,
the conclusion is drawn in Section 5.
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2. The Description of the Problem

In this section, the problems to be solved by the proposed method will be further elaborated,
and the definition of the mission profile should be given before the explanation. The definition of the
mission profile is given as follows.

Mission profile [33]: A time-phased description of the events and environments experienced
by an item during a given mission. The profile depicts the time spans of the events and operational
conditions to be anticipated. In order to illustrate more clearly, in the following sections, the mission
profile is simply defined as a time-phased description of the operating condition by an item during a
given mission.

As shown in Figure 1, the mission profile is constituted by different operating conditions in a
certain order. Meanwhile, the life trend and lifecycle of the mechanical system are affected by the
mission profile. In the actual production process, in order to effectively complete different production
tasks, the mission profile will be switched accordingly. Therefore, the life trend of the mechanical
system will also change accordingly. In addition, each mission profile also consists of more than one
operating condition.
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Figure 1. The relationship among operating condition, mission profile, and lifecycle. (a) The mission
profile experienced by the mechanical system. (b) The life trend of the mechanical system under
different mission profiles. (c) The composition of the mission profile. The mission profile is constituted
by operating condition in a certain order as shown in (c-a). The life trend and lifecycle are affected by
the mission profile as shown in (a,b). Ty is the switch point of mission profile. Tq, Tp, and T3 is the
lifecycle under the mission profiles 1, 2, and 3, respectively. ty, t, t3, t4, and t5 is the switch point of
different operating condition.
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However, most of the existing prediction methods are based on the premise that the mission
profile before and after prediction are identical. Only one constant mission profile cannot solve the
actual prediction of the mechanical system, as the actual mechanical system cannot always work under
a constant mission profile without switching. Although some prediction methods considered the
switching of operating conditions, each switching is only a constant operating condition rather than
the mission profile switching under different operating conditions. Therefore, the existing prediction
methods cannot effectively solve the life prediction of the actual mechanical system under the mission
profile, which consists of different operating condition switching.

Therefore, in this paper, a method to solve the life prediction of the actual mechanical system
under mission profile switching is proposed. That is to say, the mission profile at the time of prediction
does not necessarily coincide with the known mission profile. Meanwhile, each mission profile consists
of different operating conditions. The proposed method is described below.

3. The Proposed Method

According to the above description, the mission profile of the mechanical system will seriously
affect its service life. Therefore, in the process of life prediction, the accuracy of life prediction can be
improved by considering a specific mission profile in the future. In order to achieve the life prediction
with considering the future mission profile, the main implementation steps of the proposed method
are as follows.

Step 1: Select several similarity reference samples from the historical samples through measuring
the similarity between the samples to be predicted and all the samples in the historical sample.

Step 2: Operating condition partitioning. Given a similar reference sample sequence ST' =

{x1,...,xm}, partition this sequence into C new sequences { OT;' i=1,..., C} according to the operating

condition, where OT;, Njzjr OT; = @. Where m is the number of similar reference samples and C is the
number of operating conditions.

Step 3: Construct the reference degradation model by using RVM.

Step 4: Calculate the proportions of each single operating condition in the future mission profile,
then predict the life through weighted aggregation.

The basic framework of the proposed method is shown in Figure 2. The proposed method has two
critical steps: The construction of the reference degradation model and the life prediction according to
the future mission profile. The two steps are introduced in detail as follows.

The construction of reference degradation model Reference degradation models DMji

(i:the serial number of similar
reference samples,
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Y
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Similar life candidate sets RUL"; and prediction e oFeach
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be predicted partitioning the candidate sets, ti:the serial number conditions SRULY:
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Figure 2. The process of the proposed method. The proposed method consists of two main
processes: The construction of the reference degradation model and the life prediction. RVM,
relevance vector machine.
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3.1. The Construction of the Reference Degradation Model

In the proposed method, the reference degradation models are constructed based on the prediction
results of each constant operating condition of the reference samples instead of the historical lifecycle
data of the reference samples. By this way, not only can the final life prediction results be more accurate,
but also the life prediction under different mission profiles can be achieved. After obtaining the
partitioned operating conditions OT]'i of similar reference samples by Step 2, the reference degradation
models DM]-l can be built as follows. Wherei =1,2,...,m,j=1,2,...,C, mis the number of similar
reference samples, and C is the number of operating conditions.

Step 3.1: Calculate the standardized samples. The standardized samples NTji of the partitioned
operating conditions are calculated as follows.

. OTji - mean(OTji)
NT; = :
/ Std(OT]'l)

)

Step 3.2: Extract the maximum value of the standardized samples. The maximum value of the
standardized samples is used as the life terminal point of each constant operating condition in one
reference sample and is obtained as follows.

1 1
NM' = ({gjggé(max(NTj ) (2)
where, for the standardized sample, the maximum value only needed to be calculated once. However,
for the standardized samples NT]-i of the partitioned operating conditions, the maximum value of each
partitioned operating condition should be calculated first, then the maximum of the maximum value
of each partitioned operating condition is the maximum value of the standardized samples.
Step 3.3: Calculate the life thresholds of each constant operating condition in one reference sample.
According to the maximum value of the standardized samples and the partitioned operating conditions,
the life threshold OM ji of each constant operating condition can be obtained.

OM/' = NM' - std(OT}') + mean(OT}') ©)

Asin Step 4.2, we should calculate the life of each operating condition of the sample to be predicted
according to STM. Therefore, it is necessary to calculate the similarity between each operating condition
of the sample to be predicted and that of similar reference samples. However, according to Equation (1),
if we want to calculate the standardized sample of each operating condition, we must know the mean
and variance of the operating condition. For the similar reference samples, each operating condition
is the data under the whole life. So the mean and variance of each operating condition can be easily
obtained. However, for the sample to be predicted, each operating condition is not the data under
the whole life. Therefore, it is impossible to standardize the operating condition of the sample to be
predicted reasonably and effectively. Thus, it is necessary to restore the endpoint of similar reference
samples to values before standardization according to Equation (3).

Step 3.4: Predict the lifecycle degradation curve of each constant operating condition. According
to the life thresholds of each constant operating condition, the lifecycle degradation curve of each
constant operating condition is predicted by RVM, respectively. The specific process of RVM refers
to [34,35].

Step 3.5: Build the reference degradation models. According to the prediction results of the
lifecycle degradation curve in Step 3.4, the trend RTji and the lifecycle LT]-i of each constant operating
condition are used to construct the reference degradation models DM;".

Figure 3 is the process of the reference degradation models construction.
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Figure 3. The process of the reference degradation models constructing.

3.2. The Life Prediction According to Specific Task Requirement

The general procedure of the final life prediction with considering the mission profile is illustrated
as Figure 4. According to the reference degradation models, the final life of the samples to be predicted
under specific mission profile can be obtained as follows.

Samples to be Future mission profile
predicted SV ti =1,2,---,mn
Operating condition
partitioning  J
Partitioned operating condition samples
OFV/! ti = 1,2, mn; j = 1,2,++,C Y
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Figure 4. The process of the life prediction.
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Step 4.1: Partition the operating condition of the samples to be predicted. For the samples
to be predicted, partition this sequence into C new sequences {OFV?| ji=1,..., C} according to the

operating condition, where OFV;.’; Njzjr OFV‘}i =@,ti=1,2,...,mn, mn is the number of the samples
to be predicted.

Step 4.2: Predict the life of each constant operating condition of the test samples. According to
the STM, in which the specific process refers to [20,21], the life candidate sets RULZ:,]’ and the weights

WZ(]. can be obtained, where ck = 1,2, ..., cn, cn is the number of the candidate sets. Then, the life of

each constant operating condition SRUL? of the samples to be predicted can be calculated as follows.

cn
SRULY = )" RUL} - W )
k=1

Step 4.3: Obtain the proportion of each operating condition in the mission profile. According
to the future mission profile SV, determine the proportion of each operating condition R ]»“' which is
needed to complete the specific task.

Step 4.4: Predict the final life of the samples to be predicted under a specific mission profile.
According to the life of each constant operating condition and the proportion of each constant operating
condition in the mission profile, the life of the samples to be predicted FRUL" under a specific mission
profile can be calculated as follows.

C
FRUL" = Z SRUL! - RY (5)
=1

4. Results and Discussion

The proposed method is validated by the turbofan engine degradation simulation dataset, which
is available from the NASA Ames Prognostics Data Repository [36].

4.1. Data Description

The turbofan engine degradation model was built by Saxena et al. using Commercial Modular
Aero-Propulsion System Simulation (CMAPSS) [37]. The simulation data can accurately show the
degradation characteristic of the turbofan engine under various failure modes. Each simulation sample,
which consists of 24-dimensional time series (3 operating parameters and 21 sensor measurements),
provides a whole fault evolution recoding of the turbofan engine throughout its lifecycle. The detailed
information of 21-dimensional parameters refers to [37], where the 3 operating parameters for turbofan
engine can be divided into 6 operating conditions, as shown in Figure 5a. Where three axes respectively
denote three operating parameters, each point in the figure denotes one specific operating condition
decided by three different parameters.

The monitoring signal of channel 3 is shown in Figure 5b. The obvious degradation trend cannot
be observed directly due to the effect of the random changes in operating condition. In order to clearly
observe the degradation trend, the standardized data of the operating condition [38] is shown in
Figure 5c. As shown in Figure 5, the simulation data have an obvious degradation trend and contain
different operating conditions. Therefore, the simulation data can be used to verify the effectiveness of
the proposed method.
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Figure 5. The information of the simulation dataset. (a) The partition of different operating condition.
Three axes respectively denote three operating parameters, and each point in the figure denotes one
specific operating condition decided by three different parameters. (b) The measured value of the
sensor. (c¢) The standardization of measured value.

4.2. The Life Prediction Under Mission Profile Switching

In order to show the calculation process of the proposed method more clearly, lifecycle data in set
#2 of the turbofan engine simulation data from NASA repository are selected to be displayed as a the
sample to be predicted. The selected life-cycle data are shown in Figure 6a and the life of the data is
340 cycle. The selected life-cycle data are divided into two parts: The first 2/3 is used as the sample to
be predicted, as shown in Figure 6b, and the latter 1/3 is used to validate the prediction result under
the mission profile experienced by the latter 1/3 data, as shown in Figure 6¢c. The remaining samples
in set #2 are used as the historical sample. Then, the results of the two main steps of the proposed
method are shown below.
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Figure 6. The information of the selected life-cycle data. (a) The selected life-cycle data in set #2 of the
turbofan engine simulation data. (b) The first 2/3 of the selected life-cycle used as the sample to be
predicted. (c) The latter 1/3 of the selected life-cycle used to validate the result.

4.2.1. The Construction of Reference Degradation Model

For the convenience of explanation, according to Step 1 in Section 3, select three similarity reference
samples from the historical samples through measuring the similarity between the samples to be
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predicted, which is shown in Figure 6b, and the historical sample. One of the similarity reference
samples (as shown in Figure 7a) is used as an example to illustrate the construction process of the
reference degradation model.
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Figure 7. The construction process of the reference degradation model. (a) One of the similarity
reference samples, which is selected from the historical sample by measuring the similarity between the
sample to be predicted and the historical sample. (b) The operating condition partition of the similarity
reference sample. (c) The standardization of operating conditions. (d) The predicted degradation trend
of each constant operating condition by RVM.

As the description in Section 4.1, the simulation data have six operating conditions. Therefore,
partition the similarity reference sample shown in Figure 7a into six parts according to the 3 operating
parameters. The partitioned results are shown in Figure 7b. Then, as shown in Figure 7c, the
standardized samples of the partitioned operating condition are obtained according to Equation (1).
Extract the maximum value of each standardized sample as listed in Table 1. Select the maximum of the
maximum values of each operating condition and calculate the threshold of each operating condition
according to Equation (3). The thresholds are listed in Table 1. The reason for this treatment is that the
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original operating conditions are at different levels, while the standardized operating conditions are at
the same level and have a uniform end point of life, as shown in Figure 5c. Therefore, the maximum of
the standardized operating conditions is chosen as the end point of life to calculate the life threshold of
each operating condition, respectively. The following step is that each operating condition is predicted
by RVM according to the life threshold of each operating condition, as shown in Figure 7d. Finally, the
reference degradation model is constructed based on the predicted degradation trend and lifecycle.
The remaining two similar reference samples are also processed in the same way to construct the
degradation models.

Table 1. The maximum value and threshold of each operating condition.

Operating Condition 1 2 3 4 5 6
The maximum value 2.7825 2.8591 2.2072 2.9129 1.7876 2.6509
The threshold 1364.9 1379.3 1610.8 1497.9 1276.1 1514.2

4.2.2. The Life Prediction According to Specific Task Requirement

First, consistent with the operating condition partition of similarity reference samples, the sample
to be predicted (as shown in Figure 6b) is partitioned into six parts according to the 3 operating
parameters. For each constant operating condition of the sample to be predicted, the life candidate
sets and weights under corresponding operating condition are obtained by STM according to the
corresponding operating condition in reference degradation models. For the sample shown in Figure 6b,
the weights of each operating condition are shown in Table 2. Since the initial state of the data in set
#2 is different, the life candidate sets are the difference between the initial point of similarity and the
lifecycle of corresponding operating condition of historical sample. The initial points and lifecycle
of the similarity reference samples are shown in Table 3 and the life candidate sets of each operating
condition are shown in Table 4. Then, according to the weights and life candidate sets, the life of each
operating condition can be obtained by Equation (4) and the results are listed in Table 5.

Table 2. The weights of each operating condition.

Similarity Reference Sample

Operating Condition

1 2 3
1 0.0715 0.0009 0.9276
2 0.1034 0.0009 0.8957
3 0.8462 0.0713 0.0825
4 0.5876 0.1350 0.2774
5 0.0056 0.9910 0.0034
6 0.7695 0.0312 0.1993

Table 3. The life information of similarity reference sample.

Similarity Reference Sample

Operating Condition 1 2 3
Initial Point Lifecycle Initial Point Lifecycle Initial Point  Lifecycle
1 14 406 3 362 31 334
2 7 351 18 339 12 356
3 5 380 4 322 10 353
4 6 342 18 310 8 336
5 9 353 13 338 9 364
6 9 375 3 358 2 346
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Table 4. The life candidate set of each operating condition.

Life Candidate Set
Operating Condition
1 2 3
1 392 359 303
2 344 321 343
3 375 318 343
4 336 292 328
5 344 325 355
6 366 355 344

Table 5. The predicted life of each operating condition by similarity trajectory method (STM).

Operating Condition 1 2 3 4 5 6
Predicted life 309.4139  343.0836  368.2959  327.8408  325.2084  361.2722

For the sample to be predicted, as shown in Figure 6b, the mission profile in the prediction is
assumed to be that experienced by the latter 1/3 data. The mission profile of the latter 1/3 data (shown
in Figure 6¢) is shown in Figure 8 according to the 3 operating parameters, and the proportions of each
operating condition in the mission profile are listed in Table 6. According to Equation (5), the life of the
sample to be predicted under the mission profile experienced by the latter 1/3 data is 334.1180 cycle,
which is very close to the actual life of the sample to be predicted.

Operating condition

P N W s~ 00O

20 40 60 80 100
Cycle

Figure 8. The operating condition of the mission profile experienced by the latter 1/3 data.

Table 6. The proportion of each operating condition under the mission profile experienced by the latter

1/3 data.
Operating Condition 1 2 3 4 5 6
The proportion 28.07% 18.42% 11.40% 14.91% 14.04% 13.16%

In addition, the proposed method not only can obtain the prediction results under the above
mission profile, but can also obtain the corresponding results even if the mission profile is switched
during the prediction process. According to the predicted life of each operating condition and the
proportions of the operating conditions in the mission profile, the corresponding results can be obtained
by Equation (5). As shown in Table 7, the sample to be predicted (shown in Figure 6b) is assumed
to be in the following 3 mission profiles in the prediction. The information of the mission profile is
listed in Table 7, and the predicted result under the corresponding mission profile is also listed in
Table 7. Therefore, the proposed method can deal well with the problem of mission profile switching
in the prediction.
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Table 7. The predicted result under different mission profiles when mission profile switching.

Mission Profile Operating Condition The Proportion The Predicted Result

3.68%
14.47%
32.05%

5.26%
14.49%
30.05%

41.23%
10.11%
9.98%
10.21%
21.40%
7.07%

18.79%
12.03%
12.59%
22.53%
15.04%
19.02%

351.9989

327.6221

337.2681

N0 WP, OO WL, O WD -

Through the demonstration of the above specific case, the proposed method not only can obtain
the predicted result which is close to the actual life, but can also deal with the problem of mission
profile switching.

4.3. The Prediction Accuracy of the Proposed Method

Through the detailed description in the above section, it can be seen that the proposed method can
provide effective prediction for mission profile switching, where the mission profile contains multiple
operating conditions. Meanwhile, the predicted result is close to the actual life. Next, the prediction
accuracy of the proposed method will be further validated in this section, where the mission profile is
that experienced by the remaining data in the verification process.

4.3.1. The Prediction Accuracy of Single Sample

On the basis of the prediction in Section 4.2, the predicted life under different lengths of the sample
to be predicted is calculated according to the above steps. The selected lifecycle data are divided into
two parts: The sample to be predicted with different lengths and the remaining data, the operating
conditions of which are used as the mission profile in the prediction. The predicted results are shown
in Figure 9, where the upper and lower limit of the confidence interval is 20% of the actual RUL.

As shown in Figure 9, the predicted RUL is basically within the confidence interval. Besides, in
most cases, the predicted RULs are close to the actual RULs. Therefore, for selected life-cycle data,
the proposed method can obtain good prediction results under the mission profile experienced by the
remaining data.

4.3.2. The Prediction Accuracy of Multiple Samples

For a single lifecycle sample, the proposed method can obtain good prediction results under
different lengths. In this section, the applicability of the proposed method will be further verified.
Randomly select 100 sets of lifecycle data from set #2 and calculate the predicted life according to the
steps in Section 4.2. The selected lifecycle data are divided into two parts: The first 2/3 is used as the
sample to be predicted and the latter 1/3 is used to validate the prediction result under the mission
profile experienced by the latter 1/3 data. The results are shown in Figure 10.
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As shown in Figure 10, the relationship between the predicted life and actual life is approximately
linear. The points in Figure 10 fluctuate basically up and down on y = x. This means that the predicted
life is very close to the actual life. However, most of the points are concentrated on the upper side
of the y = x. This means the predicted life is larger than the actual life in most cases. Altogether,
although the predicted results of the proposed method are larger than the actual results in most cases,
the predicted results are very close to the actual results. Therefore, for most lifecycle data, the proposed
method can obtain good prediction results when the mission profile is known.

In addition, in the case of multiple samples, we further explain the prediction results of the
proposed method under the different lengths of the samples to be predicted and the different number
of historical samples simply. Firstly, five samples are selected and, then, for each selected sample, the
first 1/2, 2/3, and 4/5 are used as the samples to be predicted, respectively. Correspondingly, the latter
1/2,1/3, and 1/5 are used to verify the RUL prediction results. Secondly, the prediction experiments
with 50, 100, 150, and 200 historical samples are conducted to discuss the influence of the number of
historical samples. In addition, in order to eliminate the random influence, 20 trails with randomly
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choosing historical samples under the fixed sample number are employed, and the average Mean
Squared Errors (MSEs) are shown in Figure 11, where MSE is calculated as follows:

1 SN )
MSE =5—N;<pxi - %) ®)

where px; is the prediction value of the data set i, £; is the real value of the data set 7, and SN is the
number of the predicted data sets.
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Figure 11. The average Mean Squared Error (MSE) of the proposed method.

As shown in Figure 11, the MSE of the proposed method decreases with the increasing length
of the samples to be predicted. Meanwhile, the MSE of the proposed method decreases with the
increasing number of historical samples. These phenomena are basically consistent with common sense.
Meanwhile, the focus of our proposed method is to solve the problem that most of the current prediction
methods cannot solve, rather than to improve the prediction accuracy of the conventional problems.
Therefore, we did not discuss the accuracy of the prediction results in detail in the manuscript so as
not to affect the focus of our discussion.

In summary, the proposed method can obtain excellent predicted results with the given mission
profile. Furthermore, even if the mission profile is switched during the prediction process, the proposed
method can obtain corresponding predicted results according to the switched mission profile.

5. Conclusions

This paper proposes a new life prediction scheme which can predict the life when considering the
mission profile switching. First of all, the reference degradation models are constructed according to
the RVM prediction results of each constant operating condition. The RVM achieves a more complete
description of the detail and trend information of the degradation curve simultaneously. Therefore,
more accurate life prediction results under constant operating conditions are obtained by RVM. Then,
the life of the constant operating conditions of the sample to be predicted is obtained by STM. Finally,
according to the proportion of each constant operating condition in the mission profile, the final life is
calculated through weighted aggregating the life of each constant operating condition of the sample to
be predicted. Through the experiments organized using the NASA turbofan engine simulation dataset,
it is proved that the proposed method has excellent predicted results with the given mission profile.
In addition, the proposed method can obtain the corresponding life predicted results according to
mission profile switching.

Although some important techniques associated with the proposed method have been investigated
in this paper, there are still a few questions that are worthy of further consideration. First, the similarity
measurement method based on Euclidean distance is the simplest but not the best one. Second, switching



Appl. Sci. 2020, 10, 673 150f 16

of the mission profile with the same proportion of operating conditions is not considered in this paper.
Therefore, the proposed method may be further improved by considering the above questions.
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