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Abstract

:

The MVB is a kind of widely used vehicle-level bus, which is crucial for the normal operation of trains. However, the MVB bus contains device node terminals and the topology is complex, which makes fault location difficult. The voltage waveform of the MVB physical layer can reflect the electrical characteristics and fault characteristics of a network in real time and has the value of assisting the diagnosis of MVB network faults. Based on the characteristics of the MVB physical-layer voltage waveform, this paper studies the optimal sampling rate and feature-extraction algorithm of the MVB voltage waveform and the combination of the data of the data-link layer to assign accurate timestamps to waveform data, and finally presents a design for an MVB dual-mode data-acquisition platform with multiple sampling rates/test conditions. Experimental results show that the proposed algorithm can accurately extract waveform feature information under the optimal sampling rate of 62.5 MHz, which makes the collection of MVB voltage waveform data more reliable and practical.
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1. Introduction


The Train Communication Network (TCN) is crucial for the normal operation of trains. Control information and monitoring information of trains are transmitted through the train communication network, so the TCN is a necessary condition to ensure the normal operation of trains [1,2,3]. The Multifunction Vehicle Bus (MVB) is the vehicle bus of the TCN, which is used for connecting programmable stations and simple sensors/actors [4,5,6]. Due to the large amount of on-board equipment, the diverse operating environment and the complex network topology, it is difficult for maintenance personnel to perform timely repairs of MVB network faults, which reduces the efficiency of train operation and maintenance, leading to an increase in operation and maintenance costs.



The communication data of the MVB exist in two main forms during transmission: physical-layer data and link-layer data. MVB devices generate digital link-layer data, and analog voltage waveform signals (i.e., physical-layer data) are generated through digital-to-analog conversion circuits [7,8]. Since the MVB waveforms are analog quantities generated by the conversion of digital data, the information carried by the physical-layer voltage waveform is much richer than the information carried by the link-layer data: the information in the physical-layer voltage waveform not only includes communication data, but also contains the physical features of the waveform itself [9]. These features can characterize different MVB fault modes and whether the device status is healthy or not, and this is exactly the information needed by an online diagnosis system [10,11]. Yang et al. [12] used stacked denoising autoencoders to automatically extract waveform features of the MVB physical layer and used these features to train deep neural networks to achieve MVB network fault-mode classification. Wang et al. [13] proposed a method for diagnosing and locating MVB network faults based on a weighted support vector machine. They extracted waveform features from the physical layer to characterize different MVB faults and used the WSVM sample weight distribution method of multi-hop edge approaching to deal with the different influences of samples located at different positions in the feature space on a support vector machine (SVM) hyperplane. Li et al. [14] proposed an MVB fault diagnosis method based on physical waveform features and ensemble pruning. They classified different MVB faults with a random-forest classifier and proposed an ensemble pruning method based on diversity indexes and a k-mean algorithm to reduce the number of decision trees and improve the ensemble performance. Wang et al. [15] proposed an MVB fault diagnostic method based on a support vector machine. By extracting the waveform features, fault diagnosis is transformed into a pattern-recognition problem, and an SVM-based classifier was trained for network fault classification and recognition. Li et al. [16] proposed a diagnostic method for MVB terminal faults based on multi-kernel learning support vector machines (MKLSVMs), which combined physical wave features and MKLSVMs to complete terminating fault diagnosis.



The above studies mainly extracted data features from the physical layer or the data-link layer of MVBs for fault diagnosis, and their methods perform well. The results show that waveform features are related to MVB faults and are crucial for fault diagnosis. However, these studies focused more on the theoretical research of MVB fault mechanisms and diagnosis rather than practical applications. Therefore, these studies need data of high quality. Taking the latest study based on MKLSVMs as an example, this study employs a sampling rate of 100 MHz to collect waveform data, which are then analyzed to achieve waveform feature extraction from the data. However, online MVB fault diagnosis requires short diagnostic cycles and real-time data analysis. The data generated by high-speed sampling will increase computational pressure and raise costs. Thus, it is important to acquire a proper sampling rate for applications.



This research is based on MVB physical-layer voltage waveform data, and an MVB voltage waveform digitization algorithm was written to achieve frame data extraction and waveform feature extraction of MVB communication data, simplifying the effective information. By setting different sampling rates, a proper sampling rate for applications has been determined in experiments and the algorithm has been proved to be effective.




2. The MVB Voltage Waveform Digitalization Algorithm


2.1. The MVB Bus and Its Data Characteristics


The MVB bus is a vehicle-level bus of the TCN, and the equipment mounted on the bus includes a traction system, an air conditioning system, a door system, etc. Therefore, the MVB bus is responsible for information transmission and communication between important devices in a car. The MVB bus is equipped with redundant lines, which are divided into supervisory lines and trust lines, both of which transmit the same information at the same time for the receiver to verify the reliability of communication data. The MVB bus has a transmission rate of 1.5 Mbit/s and transmits content using Manchester encoding.



The MVB bus topology is shown in Figure 1. The media of the MVB network are mainly selected according to the communication transmission distance, including ESD (<20 m), EMD (<200 m) and OGF (<2000 m). This research chose an MVB based on EMD media. Since the EMD is the mainstream transmission medium, it is the most representative.



Based on the EMD, voltage signals are used to transmit information between MVB devices, and link-layer data are used for internal analysis and processing of devices. Data at the data-link layer exist in binary form, while voltage signals at the physical layer transmit information by Manchester encoding. In addition, there are non-data symbols in the transmission process as delimiter bits. Figure 2 shows the encoding format of data and non-data symbols. One of the characteristics of Manchester coding is that there is a transition edge in the middle of the bit cell, which expresses the meaning of the data and is also a clock synchronization signal. With the help of this clock synchronization feature, each data bit can be located in the decoding process, avoiding error accumulation.



The MVB network polls MVB devices to access different kinds of information. The polling master is the MVB master device and the information sent out is called the master frame, while the polled device is called the slave device and the information sent out is called the slave frame. MVB frame formats are shown in Figure 3.



In addition, physical-layer waveform data have waveform features; IEC61375-3-1 [4] defines MVB physical-layer voltage waveforms in terms of a variety of features, and a software algorithm is used to extract the following features:




	
Steady-state amplitude: The steady-state amplitude of the MVB physical-layer waveform shall be at least ±1.5 V when connected to the heavy test circuit and at most ±5.5 V when connected to the light test circuit;



	
Overshoot: The overshoot of the waveform, defined as the ratio of the difference between the maximum value of the waveform and the steady-state amplitude to the steady-state amplitude, shall not exceed 10%;



	
Positive and negative steady-state amplitude difference: Defined as the difference between the positive steady-state amplitude and the negative steady-state amplitude in two consecutive pulses, it shall not exceed 0.1 V;



	
Slew rate: The slew rate of the waveform, defined as the rate of change of the waveform within 100 ns of the zero crossing, shall be more than 15 mV/ns;



	
Edge distortion: The edge distortion, defined as the time difference between the idealized and the actual zero crossing, shall not exceed 2% of one bit time.



	
A diagram of waveform features is shown in Figure 4.









2.2. MVB Voltage Waveform Digitalization Algorithm Extraction Algorithm


The reason why MVB network dual-mode data are extracted is that link-layer data are only used for MVB device communication and do not contain specific network status information, which results in MVB diagnostic devices/software based on data-link-layer data having almost no effect on the diagnosis of MVB physical-layer faults, and the detection and location of specific faults still requires a lot of manpower and resources. However, the physical-layer voltage waveform exists in the transmission media between devices and is affected by the electrical characteristics of the train network and the status of the devices, so the waveforms could be applied to diagnose MVB network faults. The environment for compiling the algorithm is MATLAB.



MVB physical-layer voltage waveform data need to undergo several steps, including decoding, feature extraction, anomaly detection and synchronization with link-layer data. A flow chart of the digitalization algorithm is shown in Figure 5.



2.2.1. Decoding


The electrical characteristics of MVB on-board devices vary, and the working environment is complex, so the voltage waveform of the MVB physical layer is not an ideal square-wave signal, which leads to unnecessary interference. In order to facilitate the decoding of the MVB voltage waveform, preprocessing of the waveform data is first carried out. The transmission rate, fmvb, of the MVB bus is 1.5 Mbit/s, and the sampling rate of the physical-layer waveform is assumed to be fs. In other words, a single bit in Figure 4 has sbit sampling points in the actual sampling waveform. Here is the equation.


sbit = fs/fmvb



(1)







After determining the width of the bit, the waveform signal will be adjusted to a square wave that is easy to handle. IEC61375-3-1 mentions that the steady-state amplitude of the high-level voltage of the MVB bus under light load conditions does not exceed ±5.5 V; the steady-state amplitude of the high-level voltage under heavy load conditions is not less than ±1.5 V; and the minimum receiving threshold of MVB equipment is (−0.2 V, +0.2 V). Therefore, three intervals can be set: (−∞, −0.2 V), (−0.2 V, +0.2 V), (+0.2 V, +∞), and the waveform signal is converted into a unified amplitude of −1/0/1, similar to a digital quantity. The 0 value represents that the MVB bus is in a silent state; when the MVB bus is active, 1 represents a high level and −1 represents a low level.



The preprocessed data become a string of arrays containing only −1/0/1, and the mutual transformation of these three numbers represents that there is an edge in the MVB physical-layer voltage waveform. The time index of all the edges can be obtained by using the algorithm for detecting numerical abrupt changes. In addition, at the physical layer, the signal of data transmission starts from 0 V to a high level, lasts for 0.5 bits, and ends with the non-data symbols “NL” and “NH”. This indicates that each frame starts with a change from 0 to 1 and ends with a change from 1 to 0, so the parity order in which the array mutates can indicate the direction of a waveform edge.



As the bit time of the MVB frames is about 666.7 ns, it can be used as a basic unit of time intervals. At the same time, MVB frames consist of four kinds of data or symbols, leading to different intervals between edges. For example, the different intervals of the start delimiter are shown in Figure 6. Thus, we can decode waveforms with the information of edges.



Here is the whole process of decoding:




	
Data preprocessing, and waveforms are turned into digital quantities;



	
Detection of the position of edges;



	
Decoding of the bits according to Table 1.









2.2.2. Feature Extraction


In Section 2.1, five waveform features of the MVB physical layer are described, which can be associated with the time indexes of the edges. In Section 2.2.1, it was described that all time indexes of numerical abrupt changes will be captured. Thus, the corresponding actual waveform edges will be captured, and they are the reference points used to calculate the steady-state amplitude, slew rate, edge distortion and other waveform features.



	
Steady-state amplitude: Actually, the waveform between two adjacent edges is a pulse. With the waveform function, steady-state amplitudes of every pulse can be calculated.



	
Overshoot: Within a pulse, the ratio of the maximum amplitude to the steady-state amplitude is the overshoot.



	
Positive and negative steady-state amplitude difference: Between three continuous edges, for example, the first bit cell in Figure 6b, there are positive and negative steady-state amplitudes. Their difference value is the target feature.



	
Edge distortion: An extraction diagram of edge distortion is shown in Figure 7. The slope of the voltage waveform edge is rapid and the duration is short. Here are the steps to obtain edge distortion:




	
Obtain the adjacent sampling points (green spots in Figure 7) of the waveform edge;



	
Fit the sampling points with a linear curve (red line) to replace the actual waveform;



	
Calculate the actual zero-crossing point (orange spots) of the curve;



	
Repeat steps 1–3 for the next waveform edge;



	
The interval can be obtained based on the adjacent estimated zero-crossing points, and the edge distortion is the ratio of the interval to 666.7 ns.








	
Slew rate: The algorithmic approach to calculating the slew rate is to find the first point more than 100 ns away from the actual zero-crossing point, divide its amplitude by the time interval (100 ns) and obtain the slew rate.







2.2.3. Anomaly Detection


As shown in Figure 3, data frames have a fixed format and length. The format of a data frame can be checked during the decoding process:



Any frame that does not contain a master/slave start delimiter at the start of the data frame or does not contain an end delimiter at the end is detected as a data-frame format error.



Before the CRC check, the length of the data frame is checked. Except for five specified lengths, data frames of other lengths are judged as data-frame format errors.



As the data frame contains a CRC check sequence (cyclic redundancy check; Figure 3), the CRC verification algorithm can be used to check whether the decoding is correct and analyze the reliability of the data in fault detection. IEC61375-3-1 provides the CRC check code, which is represented in Equation (2).




G(x) = x7 + x6 + x5 + x2 + 1,



(2)





The address and F code in the frame are the sequences to be checked. They are divided according to Equation (2) modulo 2 to obtain the remainder. After the remainder is filled up to 7 digits with “0”, the parity check code of the sequence to be checked is added at the end, and, finally, the complement is taken as the final CRC sequence.



When the CRC sequence is inconsistent with the original CRC check sequence of the data frame, the algorithm determines it as a CRC check error.



The waveform feature parameters extracted in Section 2.2.2 have a specified range requirement, based on which it can be determined that there is a fault in the electrical parameters of the data frame.




2.2.4. Data Synchronization


The experimental part of this study collected MVB communication data from multiple MVB cards’ communication processes, using an MVB protocol analyzer to save link-layer data and an oscilloscope to record MVB physical-layer voltage waveforms. The protocol analyzer records data types as digital quantities, so the data storage pressure is small, and the single recording duration can reach tens to hundreds of seconds. However, the physical-layer voltage waveform consists of analog data with a sampling rate of tens of MHz, the data storage pressure is high, and it can only record tens of ms. The data frames recorded by the protocol analyzer all carry timestamp information, while the data collected by the oscilloscope usually do not. In order to provide accurate timestamp information for the physical-layer voltage waveform, this study matches segments of physical-layer data with link-layer data.



Here are the synchronization procedures:




	
The first data frame of the physical-layer data is compared with the link-layer data to obtain all indexes of the same data frames.



	
Using ones of these indexes as the synchronization starting point, the data frames of the physical layer are compared one by one with the data-link-layer data (data frames that are abnormal in Section 2.2.3 will be skipped).



	
When all data synchronization is completed, it can be considered that dual-modal data synchronization is completed and that an accurate timestamp for the physical-layer data is obtained. Otherwise, procedure 2 is repeated.










2.3. Requirements of the Digitalization Algorithm


The digitalization algorithm requires two inputs: one consists of the decoded data frames obtained by the protocol analyzer, and the other is the original MVB voltage waveform. The duration of voltage waveform acquisition must be shorter than the duration of data acquisition by the protocol analyzer and can only be acquired after the protocol analyzer starts collecting data. Additionally, the waveform should not contain any significant interference or noise.





3. Experimental Results


3.1. Experimental Platform


In this study, a CPCI chassis equipped with multiple MVB cards was used as the MVB network simulation platform, and then an MVB protocol analyzer and multi-channel oscilloscope were used to capture the data of the MVB link layer and the voltage waveform data of the physical layer. A picture of the MVB network simulation platform is shown in Figure 8.



Here are the technical parameters of the equipment shown in Figure 8. Three CPCI MVB cards (class 4 devices according to IEC 61375-3-1 2012) are inserted in the CPCI chassis, all of which possess bus administrator (BA) capability, enabling them to independently manage MVB communication activities. The MSO44 Tektronix oscilloscope, equipped with a maximum sampling rate of 6.25 GHz and an input bandwidth of 200 MHz, achieves voltage measurements on MVB dual lines and electrical isolation of the input through two PINTECH N1008B differential probes. The bus analyzer uses the MVB protocol analyzer RB-MVB/AN02 produced by AMIT (assembled together with the differential probes). It can intercept and analyze MVB communication messages without affecting the normal communication activities. The protocol analyzer also transmits the analysis results to a PC via Ethernet.



Since the sampling rate of the physical-layer voltage waveform is limited by both data accuracy and storage analysis cost, it is necessary to optimize the sampling rate of the physical-layer voltage waveform. The sampling rate should be reduced as much as possible without significantly affecting the data content. In the experiment, multiple sampling rates were used to capture MVB physical-layer voltage waveform data, and the ideal sampling rate was determined according to the data quality.



The MVB network simulation platform has normal and fault conditions. The latter sequentially injects impedance mismatch, short-circuit and open-circuit faults. The structure of the MVB terminator using the EMD medium is shown in Figure 9. The role of the terminal resistor is to absorb energy at the end of the MVB network, reduce the degree of voltage signal reflection and reduce communication interference. In addition, the impedance characteristics of the terminal resistor are specific values. Changing the resistance value of the terminal resistor may cause different degrees of signal reflection, causing distortion in the MVB waveform. Based on determining the sampling rate of the MVB physical-layer voltage waveform, dual-modal data under different conditions of the MVB are collected and processed using a feature-extraction algorithm.




3.2. Sampling Data at Different Sampling Rates


The first stage of the experiment was the analysis and comparison of sample numbers under multiple sampling rates. Due to the specifications of the oscilloscope, the sampling rates of the physical-layer voltage waveform involved in the comparison were 6.25 MHz, 12.5 MHz, 31.25 MHz, 62.5 MHz and 125 MHz. Figure 10 and Table 2 present the waveforms and information extracted at different sampling rates.



We obtained several indicators from Table 2:




	
“Package loss”: This is obtained by calculating he percentage of data frames during the sampling period for which correct decoding information could not be obtained, measured against all data frames during the sampling period. It serves as a metric to assess the reliability of information transmission.



	
“Timestamp” represents the starting point of the waveform collected. The numbers represent the sequence of data frames collected at the link layer.



	
“Scores”: These represent the similarity between waveform features at the corresponding sampling rate and the waveform at a 125 MHz sampling rate. They are obtained by calculating the ratios of the waveform features at the corresponding sampling rate to those at a 125 MHz sampling rate (with the “Average edge distortion” inverted).



	
The description and the calculation procedures for the remaining variables can be found in Section 2.2.2 on feature extraction.









3.3. Sampling Data under Different Working Conditions


This stage of the experiment included the normal condition and terminator short-circuit/open-circuit/abnormal resistance faults. According to IEC 61375-3-1, the resistance value of the terminator was 120 Ω. The abnormal resistance value was 90 Ω. The sampling rate was 62.5 MHz. Figure 11 presents how these conditions are generated. Figure 12 and Table 3 present the waveforms and information extracted under different conditions.



The terminators are resistors installed at the end of the MVB network with a fixed resistance value. Since the signals generated in the bus carry energy, if there is no load to absorb this energy, reflection signals will occur at the terminal, affecting the normal transmission of signals. Similarly, when the terminal resistance value does not match, reflection signals will also occur at the terminal.





4. Discussion


4.1. Analysis of Data Sampled at Different Sampling Rates


As shown in Figure 10a, at a sampling rate of 6.25 MHz, the waveform of the MVB physical layer barely exhibits the characteristics of pulse waveforms. The excessively low sampling rate leads to severe distortion of the MVB waveforms. Pulses occupying 0.5 BT in the waveforms do not display a steady state. The severe distortion is not only reflected in the waveform images but also in the CRC results of the MVB frames. Most of the results are wrong, which means the frames are erroneous. However, under normal test conditions, all frames output by the MVB device are error-free, which makes the decoding results at this sampling rate unreliable. Therefore, the sampling rate of 6.25 MHz is not applicable to this study.



As shown in Figure 3, there is a significant difference in the average edge distortion under different sampling rates. The average edge distortion corresponding to 62.5 MHz and 125 MHz is the same, which is more credible, while the average edge distortion under the sampling rates of 12.5 MHz and 31.25 MHz is significantly lower. The definition of edge distortion is the time difference between the idealized and the actual zero crossing The MVB conformance test requires that the edge distortion does not exceed 2%. As shown in Figure 7, the falling edge and the rising edge in the MVB waveform usually last for a short time, and it is extremely difficult to directly collect the actual zero crossing, so the feature-extraction algorithm fits several sampling points along a straight line to approximate the actual zero crossing. However, a lower sampling rate (31.25 MHz and below) is not enough to capture enough data to fit the waveform, and only data within the edge can be used for fitting, causing the estimated actual zero crossing to deviate from the true value, resulting in a difference in the extracted average edge distortion.



Among other feature parameters, there is little difference in the average steady-state amplitude and the average overshoot, while there is a significant difference in the average slew rate. The average slew rate is obtained by calculating the average change speed near 100 ns of the zero crossing. However, just like the actual zero crossing, it is difficult to accurately obtain the value of 100 ns under low sampling, and only sampling points near 100 ns can be selected instead. For example, the sampling interval of a 12.5 MHz sampling rate reaches 80 ns, and the interval to calculate the slew rate may reach 160 ns—far more than 100 ns.



According to the comparison of waveform feature quality at various sampling rates, 62.5 MHz can be regarded as a better sampling rate. Compared with sampling data at lower rates, it can obtain higher-quality waveform features; compared with 125 MHz, the amount of data generated in the same time is halved, reducing data storage costs and computational analysis pressure.




4.2. Performance of the Algorithm under Different Conditions


Under different conditions, there is a significant difference in steady-state amplitude, and the overshoot is also different.



When the terminator is replaced with a 90 Ω resistor and the terminator is removed, the steady-state amplitude changes slightly; after the line impedance characteristics change, the reflected signal is enhanced. There is also a slight change in overshoot under these two conditions, but it does not affect the decoding and synchronization process of the MVB physical-layer waveform.



However, when the terminator is short-circuited, a strong reflected signal can be seen in Figure 12d, and the steady-state amplitude of the voltage waveform drops rapidly, with an overshoot exceeding 600%. In such extremely harsh conditions, signals with an amplitude less than 1.5 V will not be recognized by MVB devices, causing abnormal MVB network communication. Therefore, the protocol analyzer cannot collect link-layer data, but the voltage waveform digitization algorithm can adjust the threshold to capture frame data.



Through normal operating conditions and fault-condition tests of the MVB voltage waveform digitization algorithm, the experimental results show that this algorithm can achieve waveform feature extraction and data decoding functions.




4.3. Comparison with Other Studies


Table 4 presents a comparison with other studies. The sampling rate in this study was much lower than in other studies. Additionally, both physical-layer and link-layer data were collected, and time synchronization was achieved. Therefore, this algorithm can be applied in data-acquisition devices that initiate physical-layer waveform capture through a protocol analyzer, which indirectly increases the density of relevant information. But compared to other studies, the number of waveform features of this algorithm is less, which needs further improvement.





5. Conclusions


In order to collect and analyze MVB data more practically, an MVB voltage waveform digitization algorithm was developed, and a sampling rate for physical-layer waveforms was obtained. This algorithm is based on the edge of the voltage signal to realize the decoding of the MVB physical-layer voltage waveform, data-frame verification, and synchronization of physical-layer data and link-layer data. And, according to the position of the edge and the curve fitting method used to determine the actual zero crossing of the waveform so as to obtain four waveform features of the MVB voltage waveform—steady-state amplitude, slew rate, edge distortion, and overshoot—through experiments, the sampling rate of the MVB physical-layer voltage waveform was determined. The experimental results show that 62.5 MHz is the best sampling rate, which can balance lower data volume and higher data quality; whether under normal operating conditions or fault conditions, the MVB voltage waveform digitization algorithm can better realize waveform decoding, anomaly detection and feature-extraction functions.



Compared to previous data-acquisition methods (125 MHz), the sampling rate determined in the study was 50% lower. However, in terms of comprehensive waveform features extracted by the digitalization algorithm, the accuracy was only reduced by 1.7%, and there was almost no difference in waveform features.



However, in extreme fault conditions, such as terminal resistance short circuit, the data-link layer cannot obtain enough valid frame data, which results in the synchronization of this algorithm being unable to handle them.



Additionally, the algorithm’s capability to extract waveform characteristics is limited and cannot fully represent the waveform’s state.



Further improvement of the algorithm’s feature extraction and synchronization strategy is needed. In addition, only limited types of faults could be generated in the experiment. Diverse fault data will be helpful to improve the ability of the MVB voltage waveform digitization algorithm to handle different faults.
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Figure 1. Topology of MVB. 
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Figure 2. The encoding format of data and non-data symbols: (a) non-data symbol encoding; (b) ”0” and “1” data encoding. 
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Figure 3. MVB frame formats: (a) format of master frame; (b) format of slave frame. 
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Figure 4. Features of MVB waveforms. 
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Figure 5. Flow chart of the digitalization algorithm. 
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Figure 6. Start delimiter of master frame (a) and slave frame (b). 
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Figure 7. Diagram of the edge distortion and the fitted curve. 
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Figure 8. MVB network simulation platform. 
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Figure 9. Diagram of terminator using EMD. 
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Figure 10. (a) Waveform at 6.25 MHz. (b) Waveform at 12.5 MHz. (c) Waveform at 31.25 MHz. (d) Waveform at 62.5 MHz. (e) Waveform at 125 MHz. 






Figure 10. (a) Waveform at 6.25 MHz. (b) Waveform at 12.5 MHz. (c) Waveform at 31.25 MHz. (d) Waveform at 62.5 MHz. (e) Waveform at 125 MHz.



[image: Applsci 13 13128 g010]







[image: Applsci 13 13128 g011] 





Figure 11. Sampling data under different working conditions. 
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Figure 12. (a) Waveform without fault. (b) Waveform with 90 Ω terminator. (c) Waveform in open-circuit condition. (d) Waveform in short-circuit condition. 
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Table 1. Decoding table according to the information of edges.






Table 1. Decoding table according to the information of edges.





	Parity Order of Edges
	Interval of Edges
	Position of Edges
	Decoding Result





	Even number
	0.5 BT
	Middle of bit cell
	None



	Even number
	0.5 BT
	Edge of bit cell
	“1”



	Even number
	1.0 BT
	Middle of bit cell
	“1”



	Even number
	1.0 BT
	Edge of bit cell
	“NL”



	Even number
	1.5 BT
	Middle of bit cell
	“NL”



	Even number
	1.5 BT
	Edge of bit cell
	“1” + “NL”



	Odd number
	0.5 BT
	Middle of bit cell
	None



	Odd number
	0.5 BT
	Edge of bit cell
	“0”



	Odd number
	1.0 BT
	Middle of bit cell
	“0”



	Odd number
	1.0 BT
	Edge of bit cell
	“NH”



	Odd number
	1.5 BT
	Middle of bit cell
	“NH”



	Odd number
	1.5 BT
	Edge of bit cell
	“0” + “NH”










 





Table 2. Waveform features of tested sampling rates.
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	Sampling Rate/MHz
	Package Loss Rate/%
	Average

State Amplitude/V
	Average Slew Rate/(mV·ns−1)
	Average Overshoot/%
	Average

Edge Distortion/%
	Time Stamp
	Score





	12.5
	0
	1.81
	22.98
	95
	1.06
	4507
	70.9



	31.25
	0
	1.795
	28.43
	91.68
	0.4
	4307
	81.6



	62.5
	0
	1.84
	32.5
	94.4
	0.2
	4735
	98.3



	125
	0
	1.845
	34.48
	94.9
	0.2
	2689
	100










 





Table 3. Waveform features under different conditions.
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	Features
	Normal Condition
	Abnormal Resistance
	Open Circuit
	Short Circuit





	Package loss rate/%
	0
	0
	0
	18.5



	Average

State amplitude/V
	2.34
	2.07
	2.54
	0.31



	Average slew rate/(mV·ns−1)
	22.30
	19.60
	24.79
	6.07



	Average overshoot/%
	14.8
	8
	25
	674



	Average

Edge distortion/%
	0.54
	0.48
	0.53
	1.36



	Timestamp
	1969
	2753
	3378
	none










 





Table 4. Comparison with other studies in terms of data acquisition and processing.
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	Studies
	This Study
	Study Based on SVM [13]
	Study Based on MKLSVM [16]





	Sampling rate/MHZ
	62.5
	125
	100



	Data types
	Physical-layer waveform

and link-layer data
	Physical-layer waveform
	Physical-layer waveform



	Waveform features
	4
	6
	7
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
fitted curve(with high sampling rate)

WM it cavewith low sampling )

T

"'f’ff,:s' TN eady-state ampliitude:

(+1.5V,45.5V)

time [ns]





media/file4.png
TxS/RxS 1

h

— «1.0BT — N 0BT

Il

(a)

TxS/RxS |

HIGH

LOW

Lo

-
-
[E—
-
-

f_t

n O
o)

o9)
—

'

=

(b)

=

=)
L%_L

=

i





media/file18.png
device device device

EMD
terminator || [ [ " [T10) 11T ——T| ...... terminator

|||——l_l—





media/file21.jpg
Oscilloscope:

==

o
) [mms]

]

/)

VB

=}

o

Normal condition
21200 resistor.

Abnormal esistance:
2900 resistor.

Open-cireuit:
without resistor and
the circuit is open

Shortcircut:
without resistor and
the ciruit i short-
circuited,





media/file3.jpg
NH" ) gt i MLy 0BT TSRS

G
Low

TXSRAS. '






media/file22.png
Oscilloscope N
— Normal condition:

a 120Q) resistor.

® Abnormal resistance:

OO

device device

G% a 90Q) resistor.
rormi | o 1 EMD o - ‘| MVB - m - - Open-circuit:
crminator ° Y (1° i ) PIUtUCOIE ° ° without resistor and
LE I' J»] ]' (L analyzer L) [' I:i ]' the circuit is open.
= = RJ45 = Short-circuit:

without resistor and
the circuit is short-
~— circuited.






media/file19.jpg
e e T e
sy

LR ]
PR

2

a0t

ot

3

Aotnp

et e e e v

Aetapn

[





media/file7.jpg
(U V)

‘The range of waveforms that
comply with IEC61375.

<10% of steady-state amplitude

[edge disort

+10

steady-sate amplitude
(H15V,+5.5V)

1slew rate>15mV/ns.

0.5 BT or 1O BT or 1.5 BT

time [ns]






media/file10.png
MVB device

Terminator

8

MVB Bus Oscillscope
o |
Protocol
analyzer
Data link layer data:

> CRC

l

Anomaly

—> Decoding
LY |
Physical layer data Feature
extraction
Synchronization

detection

1HLOHLOO00...

Frame information






media/file14.png
fitted curve(with high sampling rate)

(Up-U) [‘V] / fitted curve(with low sampling rate)

+5.5 F----h~a oz mmmm o mm oo I

edge distortign _
41 steady-state ampltitude

+1.5 (+1.5V, +5.5V)

” time [ns]





media/file11.jpg
NSRS
High|

'
0SBTSWBit, «jx 1 apn

TN RS 4

High






media/file6.png
| Master Frame Format R

Check Sequence

1+8 bits 4 bits 12 bits 8 bits 2 bits
Frame Data

(a)

| Slave Frame Format R

1+8 bits 16/32/64/128/256 bits 2 bits
(b)





media/file15.jpg





nav.xhtml


  applsci-13-13128


  
    		
      applsci-13-13128
    


  




  





media/file16.png





media/file2.png
ESD segment

4
-

node

_ [——
I
J

terminator
connectors /é. terminator
b EMD segment
connectors —
terminator y 1
active star coupler : :
' repeater ;
E M : transmitter/repeater T
2% NS
L S
segment

fibre pair





media/file20.png
0000000
i -6

0000000
: 6






media/file23.jpg
Voluge

(d)

Times. x10¢ Timels 10
@ (b)
B
B
It
24 rl
B
a
. . . e
Time's «10% Time's x10*





media/file5.jpg
e Master Frame Format |

18bits

@

P Stave Frame Format .

1+8bits 1673264128256 bits 2bits
®)





media/file24.png
(c)






media/file1.jpg
ESD segment

teminator

emminator

EMD segment

S |-

activesarcoupler

emminaor
T
A9
oGF
B (Ea5 segment

% fbre pair





media/file12.png
g : 8
& 0 ” | “()”

| S | l I 2 1 3 | 4 I 5 I 6 I
TxS/RxS 1 - i | Start‘B1t 1 “NH | i 1) : “n” ' “NH” I “NL” : “0” I
i