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1. [bookmark: _Toc99629426][bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK4]Introduction
In recent years, the global energy crisis and environmental pollution are becoming more and more serious. The wide popularization of cars is one of the inducements of the global energy crisis, and the emission of automobile exhaust is one of the important factors causing environmental pollution. Therefore, countries all over the world began to vigorously develop new energy vehicles. Among many renewable energy sources, hydrogen energy has attracted extensive attention because of its advantages such as high energy density, only water as reaction product and wide sources. In particular, the rapid development of proton exchange membrane fuel cell (PEMFC) has greatly promoted the application, demonstration and promotion of hydrogen energy in transportation industry. PEMFC has excellent performance in many aspects such as efficiency, power density, emission and low-temperature start-up. It is considered to have broad development prospects and is one of the development directions of the next generation vehicle power. The service life of PEMFC is an important factor affecting its commercialization. Therefore, the life prediction of proton exchange membrane fuel cell is an important part of its commercial application.
Locomotive fuel cell system has high power, frequent start and stop, complex and changeable operating conditions, and its durability research is still in its infancy Different operating conditions have a great impact on the service life of the fuel cell system. In the scenario of switching operation under various operating conditions, it is difficult to make the service life of the fuel cell system meet the requirements of commercial operation. According to the existing relevant research results, while maintaining the safe and reliable operation of PEMFC system, the catalyst, bipolar plate, membrane electrode and other key components of proton exchange membrane fuel cell will age under the long-term operation environment (continuous load change, start and stop, high load and idle speed), the effective use area of fuel cell will gradually decrease, and the maximum output power of PEMFC system will be significantly reduced, The remaining service life will be gradually reduced until the end of the service life.
From the introduction of PEMFC development process, it can be seen that the rapid development of PEMFC fuel cell puts forward new requirements for the research on its service life. The significance of this research is to find out the impact of each attenuation condition on the degradation of the stack, and feed back this impact to the stack manufacturer for the performance upgrading of the stack. In addition, the research expects to obtain a more accurate method to judge the remaining service life of the stack. The remaining life obtained after processing the data can be fed back to the manufacturers of new energy vehicles to help the manufacturers shut down the maintenance system before the stack of PEMFC fuel cell vehicles is scrapped, or replace the stack, so as to prevent the danger caused by the failure of the stack during the driving of the vehicle. It is of great significance to promote the commercial application of proton exchange membrane fuel cell.
2. [bookmark: _Toc99629427]literature review
Countries all over the world have made great efforts to develop renewable energy, and hydrogen energy has attracted extensive attention because of its advantages such as high energy density, reaction product is only water, wide source and so on, especially the rapid development of proton exchange membrane fuel cell (PEMFC). PEMFC has excellent performance in many aspects such as efficiency, power density, emission and low-temperature start-up. It is considered to be one of the development directions of the next generation vehicle power. However, PEMFC is not satisfactory in terms of service life, which is one of the most key problems limiting the large-scale industrialization of fuel cell vehicles [1]. The emergence of prediction and health management technology provides a new way to study the remaining life of PEMFC. Among them, the data-driven prediction method can use the original data to construct relevant behavior models, does not need a priori degradation model, and has the ability to fit nonlinearity well, so it has attracted extensive attention [2] The deep learning algorithm in the data-driven method is the most widely used method at present because it can automatically extract the features of the data without prior knowledge [3]. At present, some studies on the remaining service life pay more attention to the operation of the stack simulated in the laboratory [4]. My research hopes to use some deeper learning networks to analyze the data of PEMFC actual vehicles. Classify the operating conditions of the vehicle stack, and find a more accurate method to predict the remaining service life of the stack in combination with the actual stack conditions.
This paper [5] presents a neural network method for fault diagnosis of railway track circuit. The fault diagnosis task includes detecting the fault behavior and determining the cause of the behavior. This paper also uses the long-term and short-term memory network (LSTM). In this paper, the performance of fault diagnosis and detection by LSTM is compared with convolution network. It can be seen that the classification effect of using LSTM is better. It provides a direction for my research.
Etienne Dijoux [6] introduced proton exchange membrane fuel cell (PEMFC), which is also the object and direction I will study. This paper introduces the faults and causes of PEMFC. Then it introduces some general fault diagnosis technologies, including model-based and data-driven diagnosis technologies. After that, this paper introduces a variety of PEMFC control strategies in different papers, such as different ways to adjust flow, input gas temperature and humidity and so on.
Meng h [7] discussed the PHM problem of lithium-ion battery. Although it is not to study PEMFC, the relevant knowledge of PHM is still very helpful to me. This paper selects some methods to detect the fault of lithium-ion battery, ensure the safety of battery and avoid adverse effects. This paper introduces the general structure and process of PHM, and considers the methods based on physical model and data-driven method. The data-based model has statistical methods, such as linear regression and wavelet analysis. In addition, it also lists the machine learning methods related to data-driven, such as Ann network, support vector machine (SVM) and so on.
Verstock [8] studies the feature engineering processing of bearing fault detection, and proposes a feature learning model of condition monitoring based on convolutional neural network. The goal of this method is to automatically learn the useful features for bearing fault detection from the data itself. For each case, several bearings are tested to ensure the universality of the fault detection system. The convolution neural network model is compared with the traditional feature engineering method, and the convolution neural network model is better.
Khan s [9] systematically reviewed the system health management based on artificial intelligence, focusing on the latest trend of in-depth learning in this field. This paper lists many methods of supervised, unsupervised and semi supervised learning, and makes a table, which can be easily consulted in my later research and learning. This paper summarizes the principles of autoencoders, CNN network and RNN network and which papers use these networks, which provides me with a lot of ideas.
Yanhui Lin [10] proposed an integrated hierarchical learning framework based on helm. It is the overall solution of feature learning and PHM modeling. Helm refers to hierarchical extreme learning machines. The biggest feature of this algorithm is that for traditional neural networks, especially single hidden layer feedforward neural networks (slfns), it is faster than traditional learning algorithms on the premise of ensuring learning accuracy. The proposed method is applied to two case studies of engine bearing diagnosis and turbofan engine prediction. This method has more general applicability. It can not only achieve faster and more reliable diagnosis / prediction, but also reduce the cost of algorithm development.
This paper [11] reviews the latest progress of proton exchange membrane fuel cell (PEMFC) in prediction and health monitoring, in order to identify research and development opportunities in these fields. This paper also emphasizes the importance of combining prediction with failure mode, mechanism and impact analysis (FMMEA) in PEMFC. This paper also provides the decline mechanism of PEMFC, and shows the aspects of fuel cell performance decline, which gives me a lot of inspiration.
K. Javed [12] uses the data-driven model method to predict the remaining service life of PEMFC. This paper provides a constraint based wavelet limit learning machine (sw-elm) algorithm for the prediction of PEMFC heap. This paper also introduces the limit learning machine algorithm in detail, which makes me have a deeper understanding of the specific application of this algorithm, and then adds wavelet theory to the limit learning machine, The composite network has the advantage of improved parameter initialization stage to reduce the influence of random weight and the deviation of input hidden layer, and the structure with two activation functions in each hidden node can better solve the problem of nonlinear input.
What I want to study is the related problems of PEMFC fuel cell. To judge its remaining service life, we need to have a certain understanding of the degradation mechanism of PEMFC. This document [13] solves this problem. This paper explains the degradation and reversible phenomena, and then introduces the structural functions of internal components of fuel cell, such as bipolar plate, gas diffusion layer, electrode, proton exchange membrane, etc., as well as the description of their degradation and attenuation process, This article let me understand the relationship between the output power reduction and the internal structure of PEMFC
3. [bookmark: _Toc99629428]Existing problems &Aims
Existing problems:
(1) Locomotive fuel cell has a great impact on the service life of the fuel cell system under different operating conditions. In the scenario of switching operation under various operating conditions, it is difficult to make the service life of the fuel cell system meet the requirements of commercial operation. In the case of condition analysis, because the vehicle power system is complex and involves many operating parameters, and when collecting vehicle real-time data, the collection methods are different, and there is a large gap in the type and quantity of data collected. Therefore, there is no set of widely applicable characteristic parameters that can be used for condition identification.
(2) When the vehicle is running, there will be start and stop, acceleration and deceleration, and the electric reactor will also produce corresponding working conditions. These working conditions will have different attenuation on the performance of the electric reactor. The existing rul prediction models often ignore the different effects of different working conditions on the performance of the electric reactor.
(3) Most of the existing studies on the remaining service life consider the data under fixed working conditions in the laboratory, which can not reflect the situation of real running vehicles. The working conditions are not taken into account when analyzing the real vehicle data, and the method used is not mature and accurate.
Aims
(1) This paper analyzes the data of several PEMFC fuel cell vehicles actually running in Nanhai District, Foshan City, China, uses machine learning method to process the data, selects different characteristics and classifies the working conditions. Compare these classification results, find out the most suitable characteristics for PEMFC fuel cell vehicle stack working condition classification, and get the most accurate classification results.
(2) Combine the classified PEMFC stack working conditions with their performance attenuation, and find out the influence relationship of stack working conditions on attenuation.
(3) Combined with the classified working conditions and the data collected by the sensors on PEMFC vehicle, the remaining service life of multiple fuel cell vehicles is analyzed and predicted, and an accurate rul prediction model is obtained
4. [bookmark: _Toc99629429]Research Methods
4.1 [bookmark: _Toc99629430] Research contents
The first step is to clean the existing data of multiple PEMFC fuel cell vehicles in actual operation, and use Python to clear the useless data such as vehicle identification code, vehicle VIN, positioning representation, longitude and latitude in the data set. The missing data can be supplemented manually with a priori knowledge. If it is necessary, it shall be supplemented with a priori knowledge first, and the remaining missing data shall be filled with mean, median, mode or interpolation method. At present, it is preliminarily determined that the data should be divided into five working conditions, namely steady-state operation condition, start stop condition, overload condition, variable load condition and idle condition.
After data cleaning, select multiple combined features for the remaining data, and use clustering to classify the data. After classification, the clustering results are evaluated by using the contour coefficient. The calculation steps are as follows:
a. For the i object, calculate the average distance from it to all other objects in the cluster, and record AI (reflecting cohesion)
b. For the i object and any cluster that does not contain the object, calculate the average distance from the object to all objects in the given cluster, and record Bi (reflect the degree of separation)
c. The contour coefficient of the i object is s = (ai- bi) / max (ai, bi)
The value of contour coefficient is [- 1,1]. The larger the value, the better. When the value is negative, it indicates that ai < bi, the sample is assigned to the wrong cluster, and the clustering result is unacceptable. For the results close to 0, it indicates that the clustering results overlap.
After selecting the best features for working condition classification, RUL target data set will be obtained, which is composed of five working conditions. The China national standard GB / T 38914-2020 "test and evaluation method for service life of vehicle proton exchange membrane fuel cell stack" gives the change rate of stack voltage caused by various vehicle conditions. The reference current is the current with the highest frequency in the steady-state condition, and the voltage of the reference current is used as the specific index to judge the stack attenuation.
Change rate of fuel cell voltage caused by idle condition:

-- change rate of fuel cell voltage caused by idling condition, unit: volts per hour;
-- linear fitting of the voltage of the reference current after each idle working condition, with the unit of volt per hour;
--- voltage attenuation rate of each start and stop, in volts.
Change rate of fuel cell voltage caused by overload condition:

-- voltage change rate of fuel cell caused by overload condition, unit: volt per hour;
-- linear fitting of the voltage of the reference current after each overload condition, with the unit of volt per hour;
--- voltage attenuation rate of each start and stop, in volts.
Change rate of fuel cell voltage caused by variable load condition:

-- voltage change rate of fuel cell under variable load condition, unit: volt per hour;
-- linear fitting of the voltage of the reference current under each steady-state condition, with the unit of volt per hour;
--- voltage attenuation rate of each start and stop, in volts.
-- change rate of fuel cell voltage caused by idling condition, unit: volts per hour;
- voltage change rate of fuel cell caused by overload condition, unit: volt per hour;
Change rate of fuel cell voltage caused by startup and shutdown conditions:

--- voltage attenuation rate of each start and stop, in volts.
--- linear fitting is made for the voltage of reference current after each start and stop, and the unit is volts
--- linear fitting of measured voltage points under variable load condition, unit: volts
The next research work is the prediction of the remaining service life of PEMFC stack. The research divides the data set into two kinds, one is the original data set after data cleaning, and the other is the classified working condition data set. For the working condition data set, the neural network is used to train the classified working condition data, and the attention mechanism is used to generate the corresponding weight according to the damage of different working conditions to the stack. Then some intuitive manual features in the working condition data set are extracted, such as the mean value and trend coefficient of linear regression (the mean value represents the size of sensory data, and the trend coefficient represents the degradation of sensory data). The original data set is input into LSTM network for feature learning, and its output is combined with the weight generated by attention mechanism. Finally, the combined output is connected with manual features to form a complete feature set, and finally rul prediction is carried out.
4.2 [bookmark: _Toc99629431] Approaches
(1) The method of querying literature and relevant materials summarizes the research status, technical implementation means, difficulties and research deficiencies in the relevant fields of this subject.
(2) The comparative analysis method selects different deep learning algorithms according to the research objectives to study the performance comparison of common deep learning algorithm networks in the field of data-driven prediction, such as CNN network, RNN network, LSTM network, transformer network, etc.
4.3 [bookmark: _Toc99629432] Technology roadmap
This study is mainly divided into four modules. The order of each module and the relationship between modules are shown in the figure below:
(1) Data cleaning and preprocessing: This module selects data sets and specific features related to this study, deletes meaningless features and specific values, interpolates blank values as appropriate, and finally normalizes the data set;
(2) the first mock exam: the module will use the data set in the previous module, cluster the data set with various feature combinations, and compare the clustering results to get the best result.
(3) the first mock exam is to link the working condition with the attenuation of the stack. This module also takes advantage of the original data set after the first module is processed, and finds out the voltage under the reference current in the steady state working condition, and takes it as the basis for judging the attenuation of the performance. After that, the classification result and the specific attenuation of the operation classification module are combined to get a quantitative relationship method, and the influence of the harmful conditions on the degradation of the stack is obtained.
(4) Residual life prediction: This module is the collection of all previous research work. This module uses neural network to generate different weights from the classification results of the working condition classification module and obtain the sensory characteristics of each working condition, and then uses deep learning network to integrate the results obtained by each module to obtain a residual life prediction network model with good generalization ability and obtain the most accurate prediction results.
4.4 [bookmark: _Toc99629433] Expected research results
(1) The data of PEMFC real vehicle are accurately classified according to working conditions, and a set of the most accurate classification characteristics of PEMFC real vehicle working conditions are given.
(2) The influence of various working conditions on the attenuation of PEMFC stack is shown in a quantitative form.
(3) Using the deep learning network, we can accurately predict the remaining service life of the PEMFC stack of the vehicle in the actual operation state, so as to provide a basis for reactor replacement and other operations in practical application.
4.5 [bookmark: _Toc99629434] Innovation
(1) In the past, the research of PEMFC fuel cell is to build the stack in the laboratory, and then simulate the parameters of the stack under various conditions. This study uses the data of many real PEMFC fuel cell vehicles, processes the data by using machine learning, compares multiple groups of classification features, and provides a set of accurate classification features of PEMFC real vehicle stack working conditions.
(2) An evaluation method of the relationship between operating conditions and stack attenuation is obtained, and the influence of various operating conditions on point degradation is obtained.
(3) Combining the working condition characteristics and sensory characteristics, the deep learning algorithm is used to process the data set, and finally a network model which can accurately predict the remaining service life of PEMFC stack is obtained.
5. [bookmark: _Toc99629435]Gantt Chart
The Gantt chart of the Prediction of Remaining Useful Life of Proton Exchange Membrane Fuel Cells is shown below. It contains a total of six tasks and the construction period is about three months. 
 
[bookmark: OLE_LINK1]Fig. 1 The Gannt Chart 
6. [bookmark: _Toc99629436]Conclusion
In this study, the data of several real running PEMFC fuel cell vehicles are used. The data are processed by machine learning, and multiple groups of classification features are compared to provide a set of accurate classification features of PEMFC real vehicle stack working conditions. An evaluation method of the relationship between operating conditions and stack attenuation is obtained, and the influence of various working conditions on point degradation is obtained. Finally, the working condition characteristics and sensory characteristics are fused, and the deep learning algorithm is used to process the data set. Finally, the network model which can accurately predict the remaining service life of PEMFC stack is obtained. Help manufacturers shut down the maintenance system before the stack of PEMFC fuel cell vehicle is scrapped, or replace the stack, so as to prevent the danger caused by the failure of the stack during driving. It is of great significance to promote the commercial application of proton exchange membrane fuel cell.
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