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Abstract: The zinc oxide (ZnO) arrester is positioned on locomotive roof preventing other onboard 

electrical equipment from the harm caused by external and internal overvoltages. A number of 

locomotive arrester burnout and explosion accidents occur during traction supply network 

harmonic resonance causing train stoppages and power outages in the network. This study firstly 

carries out high-frequency tests to investigate the wide frequency band electrical characteristics of 

the locomotive arrester, explaining that the arrester is prone to fault during resonance. 

Consequently, a prognostics and health management (PHM) for locomotive arrester is proposed 

providing on online monitoring, fault warning and health assessment solutions, which is beneficial 

to the operation and maintenance of arresters in the future. The testing method and PHM scheme 

presented in this paper can be not only applied to the arrester, also readily expanded to other high-

voltage electrical equipment on the electric locomotive. 

Keywords: Arrester; Electric locomotive; Electrical characteristic; Harmonic resonance overvoltage; 

High-frequency test; Prognostics and health management; Zinc oxide valve plate 

 

1. Introduction 

The high-voltage electrical system of electric locomotive, consisting of pantographs, insulators, 

potential transformers, arresters, circuit breakers, and traction transformers, transfers electrical 

energy to the traction drive system to propel the train [1]. The arrester is positioned on locomotive 

roof to mitigate the increase in voltage of the safeguarded equipment [2], preventing them from the 

harm caused by external and internal overvoltages [3,4]. The zinc oxide (ZnO) valve plates are 

commonly used in locomotive arresters due to their superior pressure-sensitive features [5]. In recent 

years, as reported in some literature electric locomotives have experienced arrester burnout or 

explosion accidents during operation, especially when harmonic resonance of the traction supply 

network happens [6,7]. Such events have resulted in severe consequences, including train stoppages 

and power outages in the traction supply network, which have negatively impacted the safe and 

stable operation of the railway system. Therefore, it is crucial to carry out relevant studies for 

revealing the fault mechanism of locomotive arresters, and implementing specific health 

management measures, which should be beneficial for achieving the maintenance mode 

transformation from traditional planned maintenance to state maintenance and preventive 

maintenance. 

Existing studies mainly investigate the fault characteristics and mechanisms of arresters in the 

power grid when exposed to fundamental power frequency (50 Hz considered in this work) 

overvoltage or thunder impulse [8–11]. However, this is distinct from the situations of the locomotive 

arrester faults. References [12] and [13] indicate that electric locomotive arresters are at certain risk of 

burnout or explosion in the presence of high frequency harmonic resonance in the traction supply 

network. Moreover, studies based on some tests point out that the primary cause of locomotive 
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arrester faults is that the arrester is exposed to high-frequency and high-amplitude resonance 

overvoltage from the traction supply network for a relatively long duration [14]. This leads to an 

enormous increase in arrester leakage current so as to exacerbate heating and break the thermal 

equilibrium, resulting in heat accumulation. As a result, the thermal capacity limit of the arrester is 

surpassed. It should be noted that the frequency band of the resonant overvoltage in the traction 

supply network, typically ranging from several hundreds to several thousands hertz [15–17], is much 

higher than the counterpart of general overvoltages in the grid. Although this explanation of the 

locomotive arrester faults is reasonable, there is a lack of detailed tests about the electrical 

characteristics of the ZnO arrester operating under the high-frequency harmonic over-voltage, which 

will further reveal the arrester burnout and explosion mechanism. 

On the other hand, a combination of planned maintenance and post repair is currently adopted 

for locomotive arresters [18]. In practical engineering, there exists some inadequate or excessive 

maintenance. With the continuous advancements in sensor, microprocessor, and other technologies 

relevant to online monitoring, the prognostics and health management (PHM) is with increasing 

application prospect for realizing intelligent operation and maintenance of locomotive arresters 

[19,20]. 

Currently available techniques for evaluating the electrical equipment health status, which is 

the key information of the PHM, are primarily model-based and data-driven methodologies [21]. 

The model-based prediction methods rely on physical or mathematical model of the target, i.e., 

electrical equipment. This model is usually developed by analytical solutions which is based on a 

comprehensive understanding of the operation and fault mechanisms of the equipment. Under the 

prerequisite of reasonable and comprehensive modelling, this kind of methods exhibit robust 

specificity and high reliability. Nevertheless, the modelling is generally not a trivial task, and the 

model validation poses challenges. Furthermore, the model must be adjusted to follow the changes 

on the target. For example, the model of an arrester cannot be directly used for an insulator, even if 

they have certain similarities. Besides, the fact is that for different types of arresters the model still 

requires modification. This means limited adaptability and inadequate generalization capability. 

Alternatively, based on the acquisition of monitoring signals associated with electrical 

equipment deterioration, the data-driven methods can evaluate the equipment operation state, warn 

its faults, and even forecast its remaining life based on some modern intelligent algorithms. Typically, 

there are mainly two approaches to implement a data-driven PHM system. First, the equipment 

health state is predicted by statistical method based on the fault probability distribution derived from 

a substantial quantity of operation and maintenance data [22]. However, all the data must conform 

to strict requirements of both sample size and temporal dimension. Besides, since it is with few links 

to the equipment operation principle, this approach generally fails to elucidate the events associated 

with the equipment faults. The second is state parameter monitoring based approach [23]. Operation 

state as well as residual life of the equipment can be evaluated through comparing the monitoring 

data with the failure thresholds which are typically come out of the insight to the equipment physical 

properties usually acquired from sufficient tests. This means that test data covering the entire 

equipment life cycle is required for understanding the ageing pattern or performance decline of the 

equipment. However, this is not always satisfied. On the whole, for the time being, research on PHM 

of electric locomotive high-voltage equipment is just in its infancy. Specifically, less attention has 

been paid on locomotive arrester PHM. 

As mentioned above, regarding the accidents of locomotive arrester burnout and explosion, this 

study simulates the high-frequency overvoltage of the traction supply network, which allows to 

investigate the wide frequency band electrical characteristics of the arrester, explaining that it is prone 

to fault during resonance. Subsequently, a PHM for locomotive arrester is proposed based on online 

monitoring design as well as fault warning and health evaluation algorithms, which is beneficial to 

the operation and maintenance of arresters in the future. 

The rest of this article is organized as follows. Section 2 presents a concise analysis of the static 

volt-ampere characteristics and equivalent circuit models of the arrester. Then high-frequency tests 

of a typical model of locomotive arrester as well as its ZnO valve plates are performed. The tested 
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results under fundamental and harmonic voltages as well as their combinations explain how the 

operational properties of arrester are affected by variations in voltage amplitude and frequency. A 

PHM method for locomotive arrester is proposed in Section 3 including an online monitoring scheme 

for acquiring and preprocessing relevant data, and the fault warning and health assessment 

algorithms. Section 4 draws the conclusion. 

2. Electrical Characteristics of Locomotive Arrester Based on High-frequency Tests 

2.1. Equivalent Circuit Model of ZnO Arrester 

The primary element of the arrester valve plate is ZnO, with some auxiliary additives such as 

Bi2O3, Sb2O3, MnO2, Cr2O3, and other elements in tiny quantities [24]. The static volt-ampere 

characteristics of a ZnO arrester can be assessed by monitoring the variations in voltage and leakage 

current. Its power loss characteristics can refer to the standard model of solid dielectric loss. 

The volt-ampere characteristics of the ZnO valve plate, depicted in Figure 1a, can be divided 

into three regions [25]. Region I known as the high voltage region or pre-breakdown zone, is 

characterized by a significantly high resistance, which can reach several hundred megaohms. Within 

this region, there exists a nearly linear correlation between the voltage and the leakage current. 

Moreover, the leakage current remains at a level of only a few microamperes. Thus, this area is also 

referred to as the linear region. Region II is called the breakdown region, where the volt-ampere 

characteristics of the ZnO valve plate generally exhibit nonlinear changes, hence it is also referred to 

as the nonlinear region. Region III is recognized as the high current area, where the non-linear 

properties of the volt-ampere characteristics vanish. The ZnO valve plate exhibits a reduced 

impedance, resembling a linear resistor. 
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Figure 1. Electrical characteristics of zinc oxide valve plates. (a) static volt-ampere characteristics; (b) 

solid dielectric loss circuit model; (c) simplified circuit model. 

Figure 1b depicts a three branches parallel equivalent circuit model utilized for describing solid 

dielectric losses. In this model, u and i represent the voltage applied to the arrester and the resulted 

leakage current. The capacitor C stands for the branch responsible for instantaneous charging current 

(ic) caused by lossless polarization. The resistor r and capacitor ΔC are connected in series forming 

the absorption current (ia) branch which is induced by lossy polarization. The conduction current (ig) 

branch is represented by the resistance R. 

When an ac voltage is applied, the current in the dielectric equivalent circuit can be separated 

into active and reactive components [2]. This allows to create a simplified equivalent circuit model, 

as depicted in Figure 1c. The leakage current, denoted as I , that is produced by the voltage phasor 

U  at any given frequency can be separated into resistive component RI and capacitive component 

CI . These components can be represented by their equivalent circuit models, which are a resistor Rp 

and a capacitor Cp, respectively. 
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2.2. Test Scheme Design 

The experimental circuit for testing the locomotive arrester as well as its ZnO valve plates under 

a wide frequency band is designed as shown in Figure 2a. A programable power source is used to 

provide voltage excitation in the range of 0-5000 Hz. This voltage excitation is applied on the tested 

object, i.e., the arrester or valve plate, after an amplification step through a boost transformer with a 

turn ratio of 400 V : 200 kV (at 50 Hz). A resistance-capacitance (R-C) voltage divider, with a rated 

voltage of 100kV as well as a transformation ratio of 12775 : 1, is employed for voltage measurement. 

A current sensor, with a rated measurement range 0-100 mA and a ±0.05% precision, is used for the 

leakage current acquisition. A digital scope and a host PC with electrical analyzing software carry 

out the data sampling and analyzing tasks. According to this design, the experimental circuit is 

established in the high voltage laboratory as shown in Figure 2b. As shown in Figure 3, the YH10WT-

42/105 arrester with its ZnO valve plates, a typical arrester model of Chinese electrical locomotives, 

is adopted as the tested object. Detailed parameters of the tested locomotive arrester are given in 

Table 1. By respectively applying fundamental voltage, harmonic voltage, and combination voltage 

on the arrester and valve plates, three sets of tests are carried out as presented in following 

subsections. 

  
(a) (b) 

Figure 2. Experimental circuit for testing the arrester and its valve plates. (a) design of the circuit; (b) 

photo of the built circuit. 

(a) (b)  

Figure 3. Testing objects. (a) YH10WT-42/105 locomotive arrester; (b) ZnO valve plates of the arrester. 

Table 1. Technical parameters of YH10WT-42/105 arrester. 

Parameter Value 

Rated voltage (kV) 42 

Continuous operating voltage (kV) 34 

Nominal discharge current (A) 10 

Residual voltage of lightning impulse current ≤ (kV) 105 

Residual voltage of steep wave impulse voltage ≤ (kV) 118 

Residual voltage of operating impulse current ≤ (kV) 89 

DC reference voltage (1 mA) ≥ (kV) 58 

AC reference voltage ≥ (kV) 42 
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2 ms square wave current capacity (A) 800 

High current withstand capability (kA) 100 

2.3. Test 1: Electrical Characteristics of Arrester under Fundamental Voltage 

First, 0-55 kV fundamental voltage is applied on the arrester for obtaining its electrical 

characteristics. The tested results of Figure 4 demonstrates that when the voltage applied less than 

rated voltage (42 kV), the leakage current is very small (less than 0.8 mA) and keeps a linear 

correlation with the voltage, indicating that the arrester operates within the linear range (see Region 

Ⅰof Figure 1a). When exceeding the rated voltage, the arrester operation turns to the nonlinear range 

(see Region Ⅱ of Figure 1a), causing a rapid increase in leakage current. This effect becomes more 

evident when the leakage current exceeds 1 mA (requiring 45.7 kV voltage) corresponding to 30 W 

active power. It is obvious that the resistive component of leakage current and the active power are 

with similar tendencies to the leakage current. At the voltage value of 46.7 kV, the resistive leakage 

current reaches 1mA. By observing and comparing the two zooming in parts of Figure 4, it is found 

that the resistive component of the leakage current is much smaller than the total leakage current in 

the linear region (lower applied voltage), while it becomes the dominant component when turns to 

the nonlinear region (higher applied voltage). This means that increasing the voltage applied on the 

arrester will result in a considerable heat generation which is also reflected by the nonlinear increase 

of the active power (red line in Figure 4). 
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Figure 4. Tested results of arrester leakage current, resistive component of leakage current, active 

power varying along with the applied voltage. 

Figure 5a demonstrates a decrease in the equivalent resistance of the arrester as the applied 

voltage increases. When the voltage is below the rated voltage of the contact supply network (27.5 

kV for Chinese cases), the equivalent resistance value is greater than 900 MΩ. At continuous 

operating voltage (34 kV), the value is 600 MΩ. For the rated voltage (42 kV), this value decreases to 

200 MΩ. Keeping increase the voltage, it will further decrease to below 100 MΩ. It should be noted 

that within the low voltage range, the measured results exhibit a significant fluctuation due to the 

limited sensor precision for very small leakage current signal. However, it is remedied by the fitting 

curve. A similar varying tendency of the ratio of equivalent resistance (Rp) to equivalent capacitive 

reactance (1/jωCp) of the simplified arrester loss model (refer to Figure 1c) is shown in Figure 5b. It 

can be assumed that although the equivalent resistance apparently decreases along with the voltage 
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increase, the equivalent reactance value keeps stable. Specifically, as the arrester operation turns to 

the nonlinear region, the ratio goes below 1 meaning that the ratio can be chosen as an index for PHM 

purposes. 
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Figure 5. Tested results of equivalent circuit parameters varying along with the applied voltage. (a) 

equivalent resistance; (b) ratio of equivalent resistance to equivalent reactance. 

To investigate the volt-ampere properties of arresters when subjected to high-order harmonic 

voltages of the traction supply network, 7th (350 Hz) to the 67th (3350 Hz) harmonic voltages are 

applied on the arrester. Figure 6a demonstrates a linear correlation between voltage and leakage 

current at various frequencies when the voltage applied is below 42kV. It is apparent that for a same 

voltage amplitude, the leakage current increases along with the voltage frequency increase, e.g., the 

leakage current is 3.5 mA for 30kV, 7th harmonic voltage, 5.5 mA and 7.3 mA for the 11th and the 

15th harmonics respectively with the same amplitude. The main reason is that referring to the circuit 

model of Figure 1c the equivalent resistance value of the arrester is extreme large within the low 

voltage range, so that the equivalent capacitive reactance, which is a frequency dependent quantity, 

dominates the arrester equivalent impedance. The very small values of resistive component of the 

leakage current of Figure 6b also proves this opinion. However, it looks strange that the resistive 

current, commonly seen as frequency independent, still increases with the voltage frequency which 

is similar to the total leakage current. This can be explained by the equivalent circuit mode of Figure 

1b, where a polarization branch exists. Particularly, under the low voltage range, the polarization 

resistance is the dominant component of the equivalent resistance of the arrester. Obviously, the 

polarization branch, consisting of a resistor and a capacitor connected in series, is frequency 

dependent. 

It should be noted that the tested results obtained in this set of tests just show the arrester linear 

properties under harmonic voltages. This owes to the limited transformation ratio of the boost 

transformer in high frequency range. The tested arrester consists of fourteen ZnO valve plates, so that 

less harmonic voltage can lead a single valve plate operating in its nonlinear region. Thus, the single 

ZnO valve plate of the arrester is chosen as the tested object for following high frequency tests. 
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Figure 6. Tested volt-ampere characteristics of arrester under harmonic voltages. (a) leakage current; 

(b) resistive component of leakage current. 

2.4 Test 2: Valve Plate Electrical Characteristics under Harmonic Voltages 

Harmonic voltages from 7th to 67th are applied on the ZnO valve plate. As shown in Figure 7a, 

the leakage current of the valve plate exhibits a linear correlation with the voltage under 4000 V 

regardless of the frequency. Exceeding 4000 V, the leakage current shows a nonlinear increase. The 

equivalent resistance given in Figure 7b remains constant under low voltage range for each frequency, 

while it shows a negative correlation with the frequency. In fact, this is consistent to the arrester 

property within linear region shown in Figure 6. It is noteworthy that with the increase of the applied 

voltage the equivalent resistance reduces nonlinearly, and tends to be frequency independent. This 

evidence that as voltage increase the valve plate enters nonlinear operation region with a rapid 

increase in its conductance, i.e., the equivalent resistance R representing the conductance branch of 

the circuit model of Figure 1b becomes the dominant. In other word, it is proved that a high electric 

field intensity leads to an increase in conductivity of the valve plate material. Specifically, the 

equivalent resistance goes below 300 kΩ when the voltage close to 4500 V except the 7th harmonic. 

As results, the nonlinearities of the resistive current and the active power are given in Figures 7c and 

7d which are similar to what were found by arrester fundamental tests (see Figure 4). 
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(c) (d) 

Figure 7. Tested electrical characteristics of ZnO valve plate under harmonic voltages. (a) leakage 

current; (b) equivalent resistance; (c) resistive component of leakage current; (d) active power. 

So far, the tests prove that no matter what frequency, an overvoltage with high enough 

amplitude leads the arrester, or say the ZnO valve plate, entering its nonlinear operation region; 

while the influence of frequency is only significant in the low voltage range, i.e., linear region. The 

reason is that the electrical properties of ZnO dielectric mainly depend on its capacitance effect under 

lower voltage range; yet, it is dominated by the conductive effect in the nonlinear region since the 

rapidly increased conductivity under the higher voltage. However, according operation experience, 

the fact is that the fundamental voltage of traction supply network is generally stable (around the 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 September 2024 doi:10.20944/preprints202409.0555.v1

https://doi.org/10.20944/preprints202409.0555.v1


 8 

 

rated 27.5 kV) even if a resonance happens, and it is difficult to each high frequency harmonic voltage 

to exceeds 15 kV during the resonance [16,17]. It is to say that both fundamental voltage and harmonic 

voltage of the traction supply network have not reached the value that would cause the arrester 

entering its nonlinear operation region. This is not enough to support the claim that under continuous 

harmonic overvoltage, the arrester operates in nonlinear region, resulting in its (resistive) leakage 

current rapid increase, then heat accumulation. However, it should be considered that in actual 

operation, especially during the resonance, the voltage applied on the arrester simultaneously 

includes fundamental and large amount of harmonic components. Consequently, the next set of tests 

is carried out for investigating the electrical characteristics of ZnO valve plate under combination 

voltage, i.e., fundamental superposed by multiple harmonics. 

2.5 Test 3: Valve Plate Electrical Characteristics under Voltage Combination of Fundamental and Harmonics 

The last set of tests consider six combination voltages which are divided into three groups as 

shown in Table 2. In each group, the fundamental as well as four harmonics are set to same 

amplitudes in root-mean-square (RMS). The fundamental voltage values of 2000 V, 2500 V and 3000V 

are related to one-fourteenth of the traction supply network voltage (27.5 kV), continuous operating 

voltage (34 kV), and rated voltage (42 kV). By controlling phase angles of the harmonics, different 

peak values of the combination voltage waveforms are obtained as shown in Figure 8.  

By comparing the results of group 1-1 and group 1-2 given in Table 2, it is found that for a same 

fundamental voltage of 2000 V linking to 28 kV for a whole arrester, the equivalent resistance of the 

valve plate decreases by 56%, and its active power generated by the fundamental voltage increased 

to over 2.5 times which are attributed to the 20% increase in the peaks of the combination voltages. 

Additionally, the total active power, i.e., lose, increases by 77%. This indicates that in traction supply 

network a severely distorted voltage, with relatively high peak value, consisting of a normal 

fundamental and relatively high amount of harmonic components, which is generally appears during 

the resonance, can lead the arrester to enter its nonlinear operation region generating considerable 

leakage current as well as heat. Similar results of the rest groups of the tests also support the 

conclusion. In fact, high peak value of the combination voltage means high electric field intensity 

which is the incentive leading the increase in conductivity of the valve plate material. 

To sum up, according to the study provided in this section, it is proved that: i) in nonlinear 

region a small voltage increase will generates a rapid increase in arrester leakage current especially 

its active component which is the excitation of heat; ii) a high enough voltage regardless of its 

frequency can lead to the arrester nonlinearity; iii) resonance voltage of the traction supply network, 

which can also provide a high amplitude of electric field intensity, may lead to the nonlinearity as 

well. Another important information is that the resonance can last for a relatively long time making 

it possible for heat accumulation. Such findings not only explain the locomotive faults, also provide 

valuable reference for designing arrester monitoring plan. 
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Figure 8. Combination voltages applied on the ZnO valve plate. (a) group 1-1; (b) group 1-2; (c) group 

2-1; (d) group 2-2; (e) group 3-1; (f) group 3-2. 

Table 2. Set up of the six combination voltages and associate results. 

Test 

grou

p 

Fundament

al Voltage 

Harmonic voltage Peak 

value 

of 

combi

n-

ation 

voltag

e (V) 

Fundamen

tal 

equivalent 

resistance 

(MΩ) 

Fundamen

tal 

active 

power 

(W) 

Tota

l 

activ

e 

pow

er 

(W) 

750Hz 950Hz 1150Hz 1350Hz 

RM

S 

(V) 

Pha

se(°) 

RM

S 

(V) 

Pha

se(°) 

RM

S 

(V) 

Pha

se(°) 

RM

S 

(V) 

Pha

se(°) 

RM

S 

(V) 

Pha

se(°) 

1-1 
200

0 
0 389 0 235 180 215 0 190 180 3500 61.4 0.0669 0.141 

1-2 
200

0 0 389 0 235 0 215 0 190 0 4200 27.0 0.151 0.249 

2-1 
250

0 0 485 0 300 180 270 0 240 180 4351 22.5 0.282 0.429 

2-2 
250

0 0 485 0 300 0 270 0 240 0 4931 12.4 0.506 0.735 

3-1 
300

0 0 540 0 330 180 310 0 273 180 5000 6.30 1.47 2.00 

3-2 
300

0 0 540 0 330 0 310 0 273 0 5394 3.90 3.32 2.95 

3. PHM Design for Locomotive Arrest 

3.1 PHM Architecture Design and Parameter Indicators 

In response to enhance the locomotive arrester application and maintenance, a PHM system 

based on operation status online monitoring and health assessment algorithms is proposed. The 

configuration of the locomotive arrester PHM system is given in Figure 9, where the system is 

physically divided into three parts, i.e., the sensors, the monitoring terminal and the host PC with 

data analysis software. From the functional perspective, it is a three-layer system:  

i) Data acquisition layer (see green blocks in Figure 9). A voltage sensor is utilized to measure 

the secondary voltage of the locomotive line-side potential transformer, i.e., acquiring the voltage 

signal applied on the arrester. The arrester leakage current is measured by a small range Hall current 

sensor. Additionally, a Rogowski coil is adopted to detect the extremely large leakage current when 
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the arrester acting so as to count the arrester actions. Then all the measured analogue signals are 

conditioned and A/D converted. 

ii) Data processing layer (see orange blocks in Figure 9). The basic architecture of this layer is 

formed by an FPGA chip and an ARM chip. The former is mainly responsible for the calculations of 

discrete Fourier transform (DFT), RMS and abnormal event judgment. The later accounts for 

operating status display and data communication with the host PC. 

iii) Data analysis layer (see blue blocks in Figure 9). This is the top layer that executes fault 

warning and health assessment based on data processing results and relevant algorithms. 

Leakage current 
sensors

Rogowski  coils

Power  supply

Voltage sensor

1.2V 3V 5V ±12V 24V

Host PC with software

Display and 
Storage
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data
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Conditioning 
circuits
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Power Analog data Digital data

 

Figure 9. Configuration of the proposed locomotive arrester PHM. 

For the purposes of locomotive arrester PHM, the following technical indicators are designed:  

1. Considering the characteristics of harmonic overvoltage on the traction supply network, 100-

order harmonic analyzing ability is required. Thus, the voltage sensor and the leakage current 

sensor need a bandwidth over 5000 Hz.  

2. According to the features of various transients, e.g., lightning impulse, the onboard vacuum 

circuit breaker open/close, the pantograph goes up/down, etc., the Rogowski coil requires a more 

than 1 MHz bandwidth. 

3. To address the spectrum analysis demand, the A/D conversion stage is designed with a sampling 

rate ≥ 20 kHz, a resolution of 16bits and an accuracy ≤ 1%.  

4. To ensure real-time performance, it is demanded to meet the computational ability that 

completing continuously ten power frequency cycles’ calculation of the RMS, peak value, and 

100-order DFT within 1 second. 

3.2 Fault Warning Method 

Based on the test results above, a set of fault warning criteria for the locomotive arrester is 

designed as follows. 

Arrester fundamental equivalent resistance warning 

According to the results of Figure 4 and Figure 5a, to ensure the stable operation of the arrester, 

the threshold is set to 600 MΩ for fundamental equivalent resistance. Under a normal supply voltage, 

if the value of this index below the threshold value for a relatively long time, it is assumed that the 

arrester is severely aged and needs to be repaired or replaced in a timely manner. 

Ratio of fundamental equivalent resistance to equivalent reactance for warning  
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According to the results of Figure 4 and Figure 5b, once the arrester operates in its nonlinear 

region, the ratio of the fundamental equivalent resistance to equivalent capacitive reactance will drop 

below 1. Therefore, this value is set as a threshold for this ratio. If the ratio falls below 1, a warning 

will be generated, since the arrester nonlinear operation, implying drastic heat generation, is not 

desirable.  

Arrester active power warning 

According to the results of Figure 4, the value of 30 W is set as the active power threshold since 

over this value the arrester becomes nonlinear. On the basis of the DFT solutions of the measured 

voltage and current, a total active power can be calculated by summing up every harmonic active 

power. Then the mean active power is defined as the mean of total active power of ten continuous 

cycles. 

To sum up, a fault warning logic for the locomotive arrester is developed as shown in Figure 10. 

Online monitoring

voltage and leakage current

Calculate fundamental 

resistance-reactance ratio 

Calculate fundamental 

resistance

   600 MΩ   1

Arrester warning

  30 W

Calculate mean active power

( )
100

_ _

1

1

10
mean ave n ave n

n

P U I
=

= 

 

Figure 10. Locomotive arrester fault warning logic. 

3.3 Health Assessment Method 

3.3.1 Health Status Indicators 

To start with the health assessment task, it is essential to choose a series of indicators identifying 

the arrester health status. By synthetically considering the test results above, the description of 

common arrester defects in [27] (see Table A1 in Appendix A), as well as other relevant standard, e.g. 

reference [28], ten identifiers are selected for indicating the arrester health status as given in Table 3. 

The ten identifiers, consisting of online monitoring electrical parameter (I1), offline detection electrical 

parameters (I2~I5), and basic information of the arrester (I6~I10), are classified into five levels: "good", 

"normal", "attention", "abnormal", and "fault". 

Table 3. Health status indicators of the arrester. 

Identifie

r 
Evaluation Parameters Good Normal 

Attentio

n 

Abnorma

l 
Fault 

I1 Fundamental leakage current / mA < 0.5 0.5 - 1 1 - 1.5 1.5 - 5 > 5 

I2 DC U1mA /kV > 63.8 58 - 63.8 52.3 - 58 46.4 - 52.3 < 46.4 

I3 
Leakage current under 0.75 U1mA / 

uA 
10 - 30 30 - 50 50 - 70 70 - 100 > 100 
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I4 Reference voltage / kV > 46.2 42 - 46.2 37.8 - 42 33.6 - 37.8 < 33.6 

I5 Base insulation resistance / kMΩ > 1.2 1 - 1.2 0.8 - 1 0.6 - 0.8 < 0.6 

I6 Arrester service life / year 0 - 1 1 - 3 3 - 6 6 - 12 > 12 

I7 
Combination of insulation jacket and 

flange 
0.8 - 1 0.6 - 0.8 0.5 - 0.6 0.3 - 0.5 0 - 0.3 

I8 
External insulation anti-pollution 

capability 
0.8 - 1 0.6 - 0.8 0.5 - 0.6 0.3 - 0.5 0 - 0.3 

I9 UV imaging detection 0.8 - 1 0.6 - 0.8 0.5 - 0.6 0.3 - 0.5 0 - 0.3 

I10 External insulation surface condition  0.8 - 1 0.6 - 0.8 0.5 - 0.6 0.3 - 0.5 0 - 0.3 

3.3.2 Evaluation Weight Analysis 

To address the health assessment demand, the analytic hierarchy process (AHP) and entropy 

weight method are utilized to determine subjective weight and objective weight respectively. At last, 

they are combined using the geometric mean method. 

AHP 

Step 1: Taken into account the ten identifiers of Table 3, an evaluation index set is defined as {I1, 

I2, ..., I10}. All the elements are weighted by the 9-level scaling method [29] yielding a 10 × 10 judgment 

matrix A(I) = (aij), as given in Equation 1, representing the relative importance of the ten identifiers to 

the arrester health status.  

1 3 3 3 3 4 4 4 4 5

1/3 1 2 1 3 3 3 3 3 4

1/3 1/2 1 1/2 1 1 1 2 2 3

1/3 1 2 1 2 2 3 3 3 3

1/3 1/3 1 1/2 1 2 2 2 2 3
A(I)

1/4 1/3 1 1/2 1/2 1 1 2 2 3

1/4 1/3 1 1/3 1/2 1 1 1 1 2

1/4 1/3 1/2 1/3 1/2 1/2 1 1 1 2

1/4 1/3 1/2 1/3 1/2 1/2 1 1 1 2

1/5 1/4 1/3 1/3 1/3 1/3 1/2 1/2 1/2 1

 
 
 
 




= 






 













 

(1) 

Step 2: The maximum eigenvalue λmax of A(I) is calculated at 10.2993. Then consistency check of 

the matrix A(I) is carried out by Equation 2 [30]: 

max

1

n

nCR
RI

 −

−=  (2) 

For this case, n = 10, the mean random consistency index (RI) is set to 1.49. The result of consistency 

ratio (CR) is obtained at 0.02232 which is less than 0.1, i.e., the consistency check is passed. 

Step 3: The subjective weights of the ten identifiers are obtained through Equation 3: 

1_

1
1

1 n
ij

i n
j kjk

a
w

n a=
=

= 


 (3) 

where, n = 10 in this case and w1_i is the subjective weight of the identifier Ii (i = 1, 2, …10). As a result, 

the subjective weight set W1 = [w1-1, w1-2, ..., w1-10] of the arrester health status identifiers is acquired: 

 1W (I) 0.264 0.158 0.082 0.14 0.092 0.074 0.058 0.05 0.05 0.032=  (4) 

Entropy weight method 

Step 1: Based on offline tests and online monitoring, 5 data sets of the identifiers are adopted as 

an example for calculating the objective weights. So that, a 5 × 10 original index matrix X(I)=(xij) is 

established as given in Equation 5. 
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0.48 64.5 22 47.3 1.43 2 0.84 0.88 0.86 0.84

0.45 66.8 20 49.1 1.34 2 0.92 0.86 0.90 0.86

X(I) 0.47 65.2 19 48.2 1.32 3 0.86 0.92 0.94 0.92

0.46 66.5 17 48.5 1.40 1 0.90 0.94 0.92 0.88

0.49 64.3 24 46.7 1.37 2 0.94 0.88 0.88 0.84

 
 
 
 =
 
 
  

 
(5) 

Step 2: The X(I) needs to be normalized. Since the larger values of I2, I4, I5 and I7~I10, the higher 

health score of the arrester is, Equation 6 is used to normalize them. On the contrary, I1, I3 and I6 are 

normalized by Equation 7 because of their negative correlation to the health score [31]. As a result, 

the normalized matrix B(I) is obtained as presented in Equation 8. 

min( )

max( ) min( )

ij j

ij

j j

x x
b

x x

−
=

−
 (6) 

max( )

max( ) min( )

j ij

ij

j j

x x
b

x x

−
=

−  
(7) 

0.250 0.080 0.286 0.250 1.000 0.500 0.001 0.250 0.001 0.001

1.000 1.000 0.571 1.000 0.182 0.500 0.800 0.001 0.500 0.250

B(I) 0.500 0.360 0.714 0.625 0.001 0.001 0.200 0.750 1.000 1.000

0.750 0.880 1.000 0.750 0.727 1.000 0.600 1.000 0.750

=

0.500

0.001 0.001 0.001 0.001 0.455 0.500 1.000 0.250 0.250 0.001

 
 
 
 
 
 
  

 
(8) 

Step 3: According to entropy weight method, the objective weight can be calculated by Equations 

9, 10, and 11 [32]. 

1

ij

ij m

iji

b
h

b
=

=


 (9) 

1
ln( )

ln

m

ij iji
j

h h
E

m

== −
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(10) 

2_

1

1 j

i n

jj

E
w

n E
=

−
=

−
 (11) 

where, m=5, n = 10 in this case, Ej is the entropy value and w2_i is the objective weight of the identifier 

Ii (i = 1, 2, …10). Consequently, the objective weight set W2(I) = [w2-1, w2-2, ..., w2-10] is obtained:
 

 2W (I)  0.087 0.125 0.081 0.084 0.097 0.073 0.091 0.104 0.087 0.172 =  (12) 

Combination weight 

Comprehensively considering the subjective factors (W1) and the objective factors (W2), the 

combination weight set W = [w1, w2, ..., w10] can be calculated by Equation 13. 

1_ 2_

1_ 2_1

j j

i n

j jj

w w
w

w w
=


=

  
(13) 

 W  0.162 0.150 0.087 0.116 0.101 0.079 0.078 0.077 0.071 0.079 =  (14) 

In the end, each identifier is scored in range of 0-100 based on the limits presented in Table 3. 

The overall health score of the arrester is defined as the sum of products of score and weight of all 

the identifiers . 
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Finally, based on the design of the monitoring system as well as health assessment algorithms, 

a locomotive arrester PHM system is developed. Its online monitoring hardware equipment and 

analysis software are demonstrated in Appendixes B and C respectively. 

4. Conclusions 

In response to the situation that the locomotive arrester experienced burnout or explosion during 

traction supply network harmonic resonance, this study firstly carries out a series of high-frequency 

tests investigating the performance of the arrester under wide frequency band overvoltage; then 

proposes a PHM method for the arrester. The test results indicate that normal fundamental supply 

voltage superposed by high order harmonics can lead to arrester nonlinearity causing a sharp 

increase in heating power. Based on the grasp of the arrester electrical characteristics from the tests, 

the PHM provides online monitoring, fault warning and health assessment solutions. The testing 

method and PHM scheme presented in this paper can be not only applied to the arrester, also readily 

expanded to other high-voltage electrical equipment on the electric locomotive. 
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Appendix A 

Table A1 shows the description of arrester defect types, defect diagnosis indicators and 

corresponding changes in the standard [27]. 

Table A1. Typical defects of locomotive arrester. 

Arrester defects Defect diagnosis indicators Diagnostic key points 

Internal moisture 

Leakage current under dc U1mA and 

0.75 U1mA, and its resistive component 

under the voltage of traction supply 

network, temperature, insulation 

resistance 

Resistive component of leakage current 

increases, dc U1mA reference voltage 

decreases, the leakage current under 0.75 

U1mA increases, relative temperature 

difference larger than 1K 

Insulation aging 

Leakage current under dc U1mA and 

0.75 U1mA, and its resistive component 

under the voltage of traction supply 

network, temperature, high frequency 

partial discharge 

Resistive component of leakage current 

increases, dc U1mA reference voltage 

decreases, the leakage current under 0.75 

U1mA increases, relative temperature 

difference larger than 1K 

External 

insulation 

pollution/aging 

Leakage current and its resistive 

component under the voltage of 

traction supply network, Temperature 

Leakage current and its resistive 

component increase apparently 

Abnormal 

discharge 

UV imaging detection, external 

insulation anti pollution capability 
Determine the source of discharge 

Appendix B 
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Figure B1 shows the developed locomotive arrester online monitoring system.  
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with software
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siginal port

 

Figure B1. Photo of developed locomotive arrester online monitoring system. 

Appendix C 

Figures C1 and C2 show the architecture and functional design of the locomotive arrester PHM 

software respectively.  
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Figure C1. Architecture of locomotive arrester PHM software. 
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Figure C2. Functional design of locomotive arrester PHM software. 

Figures C3 and C4 demonstrate the arrester health status online monitoring interface and health 

status assessment interface respectively. 
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Figure C3. Online monitoring interface of arrester health status. 
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Figure C4. Arrester health status assessment interface. 
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