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Abstract 

In order to ensure the safe operation of electromagnetic suspension (EMS) maglev trains, it is necessary to pay 

attention to the control loop performance of the suspension system. The suspension system with closed-loop 

control is tuned to achieve excellent performance at its early stage of operation. After running for a period of time, 

the control loop may encounter problems e.g., degraded operation, and paralysis may occur in severe cases. In 

order to quantify the control performance of the suspension system in an explicable manner, this paper proposed 

a data-driven control loop performance evaluation method based on fractal analysis, which does not require any 

external sensors and can be applied without data source restrictions such as dimension, volume and resolution. 

The control loop performances of such suspension systems were monitored, analysed, and evaluated by cross-

sectional study, based on the field data of a commercial operation line in the commissioning stage. Furthermore, 

the track condition was revealed by capturing performance changes of the suspension system running on different 

guideway girders. The results demonstrate that the proposed method enables early warning of the degeneration of 

the suspension systems and the track. 
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1. Introduction 

Among the recent advancements of transportation systems, the Maglev train has fast 

operational speed, high stability, good comfort, strong climbing ability, and environmental 

friendliness, thanks to the characteristics of no mechanical contact between the vehicle and the 

rails, and no wheel-rail adhesion. The commercial operation of the electro-magnetic suspension 

(EMS) type maglev trains requires high reliability and operating performance, since the EMS 

system of is nonlinear and open-loop unstable, which requires active control to achieve stable 

suspension. As the core component of the maglev train, the suspension controller is designed 

to track the given values of the suspension gap within allowable range, taking into consideration 

of the actual gap value fed back by the suspension gap sensor, the acceleration readings, and 

the current value through the electromagnet coil fed back by the current sensor. The calculated 

output control pulse is applied to control the on-off time of the chopper switch tube and thus 

adjust the coil current of the suspension electromagnet, to always keep the suspension gap close 

to the rated value with allowable fluctuations, to achieve stable suspension of the Maglev train. 

During the operation of the Maglev train, the performance of the suspension control loop 

can be significantly affected by external disturbances and the decrease of sensor sensitivity over 

time, which is necessary to be evaluated to ensure the safe and stable operation. Actually, high 

quality transport service of the Maglev train requires constant attention and close supervision 

to sustain excellent performance, as like as majority of industrial control loops. In 1989, Harris 

T.J. [1] proposed measures to apply the timing analysis tool to obtain feedback control 
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irrelevant quantities according to the regular operating data of the system and used it as a 

benchmark to evaluate the performance of the control loop, forming a new framework in the 

field of control loop performance monitoring. Based on the work of Harris T.J., scholars 

expanded the minimum variance benchmark and extended other forms of evaluation methods 

[2-5]. 

For the Maglev train suspension system, preliminary research mainly focused on dynamic 

stability [6-8], running smoothness [9-11] and advanced control algorithms [12-16]. In recent 

years, the performance analysis and evaluation methods of suspension control systems have 

begun to attract attention. Due to the complex structure and various influencing factors of the 

suspension control system in practice, it is difficult to establish an accurate mathematical model. 

However, data-driven analysis methods do not require accurate model information, and thus it 

is feasible to diagnose the control loop with improved measures for extracting performance 

metrics from the closed-loop process data of the suspension control system. Yu P.C. et al. [17] 

evaluated changes of the suspension quality under different working conditions by quantifying 

the fluctuation of the characteristic variables of the suspension system during train operation. 

Ding J.F. et al. [18] analysed the applicability of traditional performance evaluation methods 

in suspension control systems in two aspects: determinism and robustness. Song Y.F. et al. [19] 

introduced two commonly used classical index systems in the field of control loop performance 

evaluation into the electromagnetic suspension control system for the first time and carried out 

the data-driven control loop performance evaluation based on the measured data. Liu X. et al. 

[20] proposed to establish the ARMA model of the suspension control system and judged the 

performance and working state of the control system based on the minimum variance criterion 

and the maglev data. Xu Y.S. et al. [21] proposed real-time performance indicators based on 

data-driven stability performance monitoring and carried out real-time stability performance 

monitoring and evaluation of Maglev train’s suspension system. Liu X. et al. [22] used fuzzy 

comprehensive evaluation method for integrated evaluation of the maglev train suspension 

system, and the feasibility of the method was verified by experiments. 

The majority of the aforementioned approaches assumed Gaussian properties in the control 

loop of the suspension system. However, it might be inappropriate to presume that signals such 

as suspension gap and its acceleration are subject to Gaussian distributions, which often present 

fat-tail or multi-peak characteristics in real applications. In contrast to the existing methods, 

fractal measures enable to cope with the non-Gaussian problem and lead to a broader insight 

into the control loop. There are several ways to depict the fractal hypothesis, one of which is to 

obtain Hurst index, which measures time series persistence and reflects the hidden long-term 

trends in the time series. In 1951, British hydrologist Hurst H.E. [23] proposed to analyze and 

estimate the Hurst index by rescaled range analysis to describe time series correlations when 

studying the hydrological phenomenon of the river Nile. Mandelbort B.B. and Wallis J.R. [24] 

improved and developed the rescaled range method, making it one of the main methods to 

estimate Hurst index. In 2002, Chen Z. et al. [25] proposed to calculate the Hurst index by the 

detrended fluctuation method and proved the stability and reliability of the algorithm. In 2012, 

Srinivasan B. and Spinner T. [26] further evaluated the performance of control loops using 

detrended fluctuation analysis. In 2016, Das L. and Srinivasan B. [27] combined the Hurst index 

with the Mahalanobis distance to design a multiple-input multiple-output (MIMO) controller 

performance index for control loop performance evaluation. In 2017, Domanski P.D. and 

Lawrynczuk M. [28] evaluated the control performance using a fractal measurement method 

that employed the concept of a readjusted range R/S plot based on Hurst index estimation. Two 

years later, Domanski P.D. [29] investigated the robustness of fractal persistence measures to 

interference with different statistical properties, confirming that fractal measures can be applied 

as robust alternative to standard statistics. In 2021, Khosroshahi M. and Poshtan J. [30] 

proposed a performance evaluation index for multivariate control loops based on Hurst index. 
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The challenge lies in the need for more appropriate performance evaluation metrics for 

suspension systems. Notably, the dynamic nature of random signals such as suspension gap and 

vertical acceleration during Maglev train operation, which exhibit self-similarity, led us to 

employ fractal measures, specifically the Hurst index, as a representative metric for evaluating 

the performance of the suspension system's control loops. With the added complexity that 

fractal analysis, a powerful tool in various fields, remains underutilized in the domain of Maglev 

transportation systems. To address this gap, our paper pioneers the application of fractal 

analysis for the control loop performance assessment of Maglev train suspension systems. 

The method introduced in this paper demonstrates innovation across several key dimensions: 

1) Introduction of a data-driven control loop performance evaluation framework, leveraging 

fractal analysis, uniquely customized for Maglev trains. 2) Emphasis on leveraging real-time 

data shared by the suspension control system, effectively eliminating the requirement for 

supplementary sensors. 3) The proposed method offers a practical solution for controller 

debugging before the Maglev train enters commercial operation, and equally facilitates 

continuous controller monitoring post-operation. 

The rest of this paper is organized as follows. Section 2 briefly introduces control loop of 

electromagnetic suspension system. Section 3 details the performance evaluation method, 

including classical R/S analysis, Hurst index estimation method and the comprehensive index 

estimation method. Then, the proposed method is validated using field data by both cross-

sectional studies and longitudinal research, respectively, in Section 4. Finally, Section 5 

concludes this paper. 

2. Control Loop of Electromagnetic Suspension System 

To levitate an EMS Maglev train, a hierarchical, modular structure is commonly adopted 

[31]. The module is an independent unit that integrates functions of suspension, guidance and 

traction based on four suspension electromagnets. Two modules form a suspension frame 

though the connection of anti-roll beams and several frames form the suspension system of an 

EMS Maglev train. For instance, a five-frame EMS Maglev train is equipped with 10 

suspension modules, 20 sets of single-point suspension systems, as shown in Fig. 1. 
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Fig. 1. The configuration of suspension systems on an EMS Maglev train. (*Size not to scale). 

The modular design realizes the mechanical decoupling between electromagnets to a feasible 

extent, which enables the decentralized control strategy to be conducted on the suspension 

system over the whole vehicle. Therefore, the design of control loop for the overall suspension 
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system is simplified into the design of individual controllers for each single-point 

electromagnet. 

The control loop of each single-point suspension system of an EMS Maglev train consists 

of sensors, electromagnets, suspension controller, choppers, power supply and other equipment. 

The control goal of each single-point suspension system is to keep the suspension gap within 

an allowable error range of the set value under the influence of various disturbances. From the 

perspective of running safety and ride comfort, it is expected that the suspension control loop 

can provide means to follow track alignment and irregularity on the track surface in form of 

low-frequency long-wave, while not being affected by the irregularities in form of high-

frequency short wave. 

Generally, a single-point suspension system is mainly composed of electromagnets, sensors, 

suspension controllers, choppers, and other units, of which the suspension controller is the core 

part of the whole system. The sensors feedback the measured air gap between the electromagnet 

and the track, the acceleration of the electromagnet, the current of the coil winding and other 

signals to the controller. 

The suspension sensor plays a pivotal role in the suspension control system and is primarily 

comprised of four integral components: a probe coil, analogy circuitry, digital circuitry, and an 

accelerometer. Positioned at the end of the electromagnet, the suspension sensor serves the 

crucial function of detecting the gap between the electromagnet pole plate and the track pole 

surface, alongside measuring the vertical acceleration of the electromagnet. It then transmits 

the measurement signal to the suspension controller. Additionally, current sensors are employed 

to gauge the excitation current of suspension electromagnets, serving as a critical feedback 

parameter in the feedback control system. Based on continuously measured data from sensors, 

the current of the coil winding can be adjusted in time by the suspension controller to maintain 

an appropriate air gap, so as to realize the stable suspension of the Maglev train. 

3. Control Loop Performance Indices 

Most of the random signal sequences in reality are non-stationary, and some of the signal 

have obvious self-similarity or long-correlation characteristics. Self-similarity reflects the 

correlation between the local and global signals and is an important feature of fractal measure, 

which can be described by Hurst index. 

3.1. Hurst index estimation method 

3.1.1. Hurst index 

In fractal analysis, if the time series y has self-similarity, it can be judged by Hurst index 

[23], which is defined as follows: 

                                                        

(1)

 
where a is the scaling factor on the x-axis, aα is the scaling factor on the y-axis, and α is the 

self-similarity parameter. 

Denote the scaling factor on the x-axis and y-axis as Mx and My, respectively, then the self-

similarity parameter α is known as Hurst index: 

                                                              

(2)
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3.1.2. R/S analysis 

As a classical method for Hurst index estimation, the R/S analysis was originally proposed 

by British hydrologist Hurst H.E. [23] when undertaking the Nile dam project. Since then, the 

R/S analysis has been extensively used in the time series analysis, whose basic contents are as 

follows: 

Step 1: Divide the second-order self-similar random time series X={X(1), ..., X(n)} into K data 

packets with length m, and then calculate Zmax: 

                      (3) 

where Zmax is the cumulative maximum deviation from the mean in each packet, XK(i) 

is the ith data of each packet and KX  is the mean value of each packet. 

Step 2: Calculate the cumulative minimum deviation from the mean value within each group: 

                     (4) 

The range within each group is defined as: 

                                                  (5) 

Step 3: Obtain the sample variance for each group by: 

                                        (6) 

Step 4: For the sequences X={X(i), i=1,2, 3, ..., n} with self-similarity, there is: 

                                                    (7) 

where C and H are all constants. Taking logarithms on both sides of (7), the following 

equation can be established: 

                                  (8) 

Step 4: Setting logm and log(E(R(m)/S(m)) as the x-coordinate and y-coordinate, respectively, 

the slope of the line α can be calculated using least squares for linear fitting. 

Since α=H, the estimate of Hurst index is obtained as what follows: 

log( ( ( ) / ( )) log

log

E R m S m C

m


−
=                                                 (9) 

3.1.3. Signal processing 

The time series is often segmented to calculate Hurst index in each period by truncation 

method to study the local characteristics, but the truncation process is usually accompanied by 

spectrum leakage. Spectrum leakage refers to the mutual influence between various spectral 

lines in the signal spectrum, which makes the measurement result deviate from the actual value. 

In order to reduce the spectral leakage, various interception functions can be used to truncate 

the signal, and the truncation function is called the window function, referred to as window 

[32]. The window function could be selected in consideration of signal feature and processing 

requirements of the analyzed signal. Signal processing with Hamming window has the 

advantage of small sidelobe amplitude, thus is widely used for time series analysis. 
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In this paper, the R/S analysis and the signal processing through Hamming window were 

adopted to estimate Hurst index α. 

3.2. Comprehensive index estimation method 

3.2.1. Generalized Hurst index 

In order to conduct the performance evaluation in the univariate case, the estimated Hurst 

index α was converted into a generalized Hurst index η. Under conditions where the signal is 

close to Gaussian white noises, the generalized Hurst index is defined as follows [26]: 

 
/ 0.5 0.5

1.5 0.5

if

if

 


 


= 

− 
     (10) 

In (10), the range of η is 0~1. When η is closer to 1, the better performance of the control 

loop; the closer the η to 0, the worse the performance of the control loop. 

3.2.2. Entropy weight method 

In the case of multiple data groups with distinct features, information entropy can be used to 

calculate the entropy weight of each individual generalized Hurst index η, to obtain the well-

founded index weights. Based on the entropy weight method [33], the comprehensive 

evaluation method in case of multiple indices was presented, with calculation steps for its 

empowerment are as follows: 

Step 1: Given a group of data sets with k features X1, X2, ..., Xk, and each data set containing n 

data samples Xi={Xij, j=1,2, 3, ..., n} (i=1,2, 3, ..., k), calculate the normalized value 

Y={Yij, i=1,2, 3, ..., k, j=1,2, 3, ..., n} as follows: 

 𝑌𝑖𝑗 =
𝑋𝑖𝑗−𝑚𝑖𝑛(𝑿𝑖)

𝑚𝑎𝑥(𝑿𝑖)−𝑚𝑖𝑛(𝑿𝑖)
, (𝑖 = 1,2, … , 𝑘;  𝑗 = 1,2, … , 𝑛) (11) 

where Xij
 is the attribute value of the ith feature of the jth data sample, min(Xi) is the 

minimum value of the attribute value of the ith feature among all data samples while 

max(Xi) is the maximum value. 

Step 2: Calculate the proportion of the attribute value of the jth data sample in the data set with 

the ith feature: 

                            (12) 

If , then the following equation satisfies: 

                                                       (13) 

Step 3: Get the information entropy of each feature as follows: 

−                                    (14) 

Step 4: Calculate the weight for each feature according to information entropy: 

 𝑊𝑖 =
1−𝐸𝑖

𝑘−∑ 𝐸𝑖
𝑘
𝑖=1

, (𝑖 = 1,2, … , 𝑘) (15) 

where sum of the weight vector of the extracted n-dimensional feature index W={Wi, 

i=1,2, 3, ..., k} is equal to 1. 
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Step 5: According to the weight in (15), finally obtain the comprehensive index: 

                                                             (16) 

where ηi (i=1,2, 3, ..., k) is the generalized Hurst index corresponding to the ith feature. 

4. Performance Evaluation Based on Comprehensive Index 

In Section 3, estimation methods for the Hurst index and the comprehensive index were 

introduced. In this section, the proposed method will be applied to implement the control loop 

performance evaluation of the electromagnetic suspension system. 

4.1. Data acquisition and preprocessing 

Based on the data collected from a commercial Maglev line in the commissioning stage, the 

performance evaluation method was tested and validated in the real-world application. In this 

paper, the object of study is a five-frame low-speed EMS Maglev train with 20 single-point 

suspension systems, as shown in Fig. 2. There are 20 control loops corresponding to 20 single-

point suspension systems over the whole car, denoted by #1~#20. 

 

Controller of the 
single-point 

suspension system

Suspension control loops on the low-speed EMS Maglev train  

Fig. 2. A visual representation of suspension control loop on the low-speed EMS Maglev train. 

The chosen model for the suspension sensors is CF-ZJ-SZ-03B, characterized by a rated 

measurement gap of 8 mm and a measurement range spanning from 0 mm to 20 mm. Within 

this range, the maximum output error is ±0.2 mm, and the resolution is 60 µm. In terms of 

acceleration measurement, the range extends from -5 g to +5 g, with a maximum error of ±0.125 

g and a resolution of 0.05 g within this range. Fig. 3 provides an illustration of the suspension 

sensor. The current sensor model in use is LA 205-S/SP1, with a primary nominal current rating 

of 200 A. The primary current measurement range spans from 0 A to ±300 A, featuring a 

linearity error of less than 0.1%. Additionally, it offers an operational temperature range from 

-10 °C to +85 °C. 
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Fig. 3. A visual representation of the suspension sensor. 

The sensors used in each control loop have sampling frequency 1 kHz, however, data at 10 

Hz were logged to save storage space. The measurement quantities, including air gap, current 

and acceleration, were recorded for 2800 s to evaluate the control loop performance herein. It's 

worth noting that every control loop encompasses a significant amount of uncertainty, which 

mainly include sensor accuracy, modeling mismatch, external disturbances, dynamic variations, 

communication delays and component variability. During the train's operation, the 

characteristics of these sources of uncertainty are integrated into the on-site measurement data. 

Taking suspension control loop #15 for illustration, time series of measurement data are 

shown in Fig. 4. 

 

Fig. 4. Operation status of the suspension system corresponding to control loop #15. 

In Fig. 4, the right axis represents the distance from the starting point. It is found that the 

Maglev train experienced several working conditions during the timespan such as acceleration, 

deceleration, and standstill. For clarity, the time intervals when the Maglev train was at 0 Km/h 

were ignored. To gain an insight into the influence of working conditions on the control loop 
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performance, the total duration of 2800s is segmented into 20 equal intervals of time that is 

denoted by t1~t20. The duration of each period of time is 100s, for instance, t1 and t2 referring 

to [0.1s, 100.0s] and [100.1s, 200.0s], respectively. 

4.2. Performance evaluation of single control loop in multiple time periods 

With regard to the control loop #15, the probability density functions (PDFs) of the air gap, 

current, and acceleration signals in the 20 time periods can be smoothed by using kernel density 

estimation (KDE), which are displayed in Fig. 5. According to Fig.4a and b, the shape of PDF 

in t12 is steeper than that in other time periods. 

a) 

 
b) 
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c) 

 

Fig. 5. PDFs of three signals in control loop #15. (a) air gap; (b) current; (c) acceleration. 

As to the obtained PDFs in Fig. 5, the corresponding kurtoses are calculated, as listed in 

Table 1. In Table 1, the kurtoses of distribution curves of the air gap signal in t12, the current 

signal in t2 and the acceleration signal in t9 are larger than the others. 

Table 1. Kurtoses of the distribution curves of three signals of control loop #15. 

Time interval t1 t2 t3 t4 t5 t6 t7 t8 t9 t10 

Air gap 

Current 

Acceleration 

7.90 

3.84 

3.16 

5.74 

7.11 

5.32 

4.27 

4.20 

4.96 

3.84 

4.36 

3.88 

4.95 

5.64 

5.43 

6.45 

6.26 

4.09 

5.54 

4.08 

4.70 

4.32 

5.06 

3.85 

4.91 

6.23 

7.61 

3.35 

4.85 

4.26 

Time interval t11 t12 t13 t14 t15 t16 t17 t18 t19 t20 

Air gap 

Current 

Acceleration 

4.46 

4.11 

3.17 

8.80 

6.84 

3.58 

5.68 

5.17 

3.37 

3.40 

3.74 

4.27 

3.95 

4.31 

6.14 

3.46 

4.37 

3.90 

4.96 

4.43 

5.75 

3.31 

3.95 

4.66 

5.20 

3.86 

3.28 

4.38 

3.79 

6.52 

 

In order to capture the changes in the real-time suspension state, the collected data were 

estimated by the generalized Hurst index, in addition to evaluating the performance of the 

control loop from the perspective of kurtosis. Based on the generalized Hurst index estimates 

and the related weights, the comprehensive index estimate in each time period is obtained, as 

listed in Table 2. 

According to Table 2, it can be found that the comprehensive index estimates in the time 

periods t12, t1, t20 and t16 are comparatively larger, which indicates that the control loop 

performances in these time periods are satisfactory, and the control loop performance in the 

12th period is the best. On the contrary, the comprehensive index estimates in t3, t10, t18 and 

t2 are comparatively small, indicating that the control loop performance in these time periods 

are worse off. 

Table 2. Comprehensive index estimations of control loop #15 in 20 time periods. 

Time 

interval 
t1 t2 t3 t4 t5 t6 t7 t8 t9 t10 

γ 0.449 0.414 0.408 0.424 0.432 0.426 0.427 0.424 0.426 0.412 

Time 

interval 
t11 t12 t13 t14 t15 t16 t17 t18 t19 t20 

γ 0.421 0.469 0.425 0.423 0.435 0.441 0.414 0.412 0.429 0.441 
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In order to visualize the evaluation results above, the comprehensive indices of control loop 

#15 in 20 time periods illustrated as color contour alongside the track beam in Fig. 6. The darker 

color indicates the larger comprehensive index, i.e., a superior performance of the suspension 

control loop. It can be found that the performance of control loop #15 in s12 is superior, while 

the inferior performance occurs in s3. 

Train running direction

       5              4              3              2              1

s1 s2 s3 s4 s5 s6 s7 s8 s9 s10 s11 s12 s13 s14 s15 s16 s17 s18 s19 s20

 

Fig. 6. Illustration of performances of control loop #15 in 20 sections based on the comprehensive index 

estimation. (*Size not to scale). 

4.3. Performance evaluation of multiple control loops in single time periods 

To investigate the performances among different control loops, the differences in the aspect 

of generalized Hurst index can be visually represented by radar charts. Taking 20 control loops 

in t6 for illustration, the estimated generalized Hurst indices for the air gap, current and 

acceleration signals, denoted by ηs, ηi and ηa, are displayed in graphical format, as shown in 

Fig. 7. It is found that the estimated generalized Hurst indices of current and acceleration signals 

of the control loops within suspension frame #1 are the largest, whereas those within suspension 

frame #5 are the smallest. Moreover, the total of five suspension frames that is composed of 

four suspension control loops behave differently in the aspect of equilibrium level. 

a) b) c) 

   
d) e) 

  

Fig. 7. Generalized Hurst index estimation of three signals in different control loops. (a) suspension frame #1; 

(b) suspension frame #2; (c) suspension frame #3; (d) suspension frame #4; (e) suspension frame #5. 

In addition to the generalized Hurst index estimation of three signals, the relevant weight of 

each index can be obtained by the entropy method, whereupon the estimations of 

comprehensive index for the total of 20 control loops in a certain period are obtained. In Fig. 8, 
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the result is displayed in form of the heatmap, in which the specific comprehensive index 

estimation of each suspension control loop was marked with color gradient. 
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Fig. 8. Illustration of the comprehensive index estimations for 20 control loops during t6. (*Size not to scale). 

In Fig. 8, it can be found that the comprehensive index estimations of control loops #3, #2, 

#4 and #1 are relatively large, namely the performances of these suspension control loops are 

better, which are consistent with the results obtained above. The estimated values of the 

comprehensive index of control loops #9, #13, #10 and #17 are relatively small, which indicates 

that these suspension control loops have relatively poor performances. Comparatively, it is 

concluded that the control loop performance of suspension frame #1 is the best while the control 

loops within suspension frame #5 have the worst performances in a single time period t6. 

In like manner, the performance evaluation of multiple control loops during the other single 

time periods could be implemented. 

4.4. Performance evaluation of multiple control loops in multiple time periods 

To evaluate the performance of the suspension system and the condition of track beam across 

the board, indices of 20 control loops in 20 time periods are discussed as well. Based on the air 

gap, current and acceleration signals of the total of 20 control loops, the generalized Hurst index 

are estimated. Further, the weights of estimated values of the generalized Hurst index of the air 

gap, current and acceleration signals can be obtained by using entropy weight method. 

Afterwards, the estimated values of the comprehensive index of 20 suspension control loops in 

20 time periods are calculated, which is shown in Fig. 9a. The x-axis is the time period, and the 

y-axis represents the numbering of control loops. 
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Fig. 9. Heatmaps of the estimated comprehensive indices and statistical values. (a) 20 control loops in 20 time 

periods; (b) control loops; (c) suspension frames; (d) time periods. 

Based on the individual index in Fig. 9a, the average value and standard deviation of the 

comprehensive index estimation of each control loop over the 20 time periods are calculated, 

as shown in Fig. 9b. As can be seen from Fig. 9b, the mean value corresponding to control loop 

#16 is the largest while that of control loop #10 is the smallest, which indicates that the 

performance of control loop #16 is the best and the performance of control loop #10 is the 

worst. The standard deviation corresponding to control loop #16 is the smallest while that of 

control loop #10 is the largest, which indicates that control loop #16 in 20 time periods achieves 

consistency in performance, whereas the performance of control loop #10 varies largely. 

Moreover, performance of the suspension frame can be evaluated by counting the average 

value and standard deviation of mean values of the related four control loops, denoted by MM 

and SM. For instance, the MM for suspension frame #1 is calculated by averaging mean values 

of performance indices for control loops #1, #2, #3, and #4; the SM for suspension frame #1 is 

calculated by calculating the standard deviation of mean values of performance indices for 

control loops #1, #2, #3, and #4. Likewise, performance of the suspension frame can be also 

evaluated by counting the average value of standard deviations of the related four control loops, 

denoted by MS. For example, the MS for suspension frame #1 is calculated by averaging 

standard deviations of performance indices for control loops #1, #2, #3, and #4. The three 

groups of statistical value, i.e., MM, SM and MS, are listed according to different suspension 

frames, as shown in Fig. 9c. 

It can be seen from Fig. 9c that the MM of suspension frame #1 is the largest and the MM of 

suspension frame #5 is the smallest, which reveals that the performance of suspension frame 

#1 is the best while that within suspension frame #5 is the worst. The SM of suspension frame 

#4 is the largest, and the SM of suspension frame #5 is the smallest, which shows that the 

inconsistency of the control loop performances within suspension frame #4 is the largest, and 

that within suspension frame #5 is the smallest. The MS of suspension frame #5 is the largest 

and the MS of suspension frame #2 is the smallest, which reveals that control loops within 

suspension frame #5 represent the largest performance difference in each period, whereas 

performances of control loops within suspension frame #2 in each period are not much different. 

Taken together, it can be concluded that performances of the control loops within suspension 

frame #5 are inferior to the others which requires further analysis, in view of the same running 

speed and track condition. In addition, detailed statistical analysis of individual indices in Fig. 

9 (a) can be made from another perspective. Specifically, the mean and standard deviation of 

the comprehensive index estimations for each time period are obtained, as shown in Fig. 9d. 
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According to Fig. 9d, the mean value of control loops in t12 is the largest, and the mean 

value of control loops in t3 is the smallest, which demonstrates that the average control loop 

performance in t12 is the best, and that in t3 is the worst. The standard deviation of control 

loops in t5 is the smallest, and the standard deviation of control loops in t6 is the largest, which 

indicates that performances of the total of 20 control loops in t5 are not much different, and that 

in t6 has the largest variation. Since the average performance over 20 control loops in t3 is the 

worst, factors such as the track condition in the 3rd time period need to be further analyzed. 

4.5. Comparative analysis of performance evaluation methods 

According to the fuzzy comprehensive evaluation method [24], the evaluation result vectors 

are obtained from the data of control loops # 10 and # 16 in section t1-t12, as shown below: 

                                           

                                   (17) 

The evaluation results calculated by the fuzzy comprehensive evaluation method are 

uniformly marked as "excellent", aligning with the trend observed through fractal analysis. 

Nevertheless, the application of the fractal analysis method reveals that control loop #10 

outperforms control loop #16, providing a more distinct quantitative evaluation of various 

control loops. Furthermore, as the fractal analysis method operates independently of a weight 

matrix, the resulting evaluations maintain a relatively high level of objectivity. 

5. Conclusion 

In this paper, the fractal analysis was introduced to evaluate the control loop performance of 

the electromagnetic suspension system on Maglev trains. Firstly, the structure of suspension 

control loops and the classic estimation methods of Hurst index, R/S analysis method were 

briefly introduced; and then the estimated value of Hurst index was converted into a generalized 

Hurst index, to evaluate the control loop performance for each unidimensional feature. 

Subsequently, a comprehensive index was presented to evaluate the performance, by properly 

weighting multiple generalized Hurst indices. At last, the effectivity of the proposed method 

was verified in a real-world case study based on the field data of a commercial operation line 

in the commissioning stage. 

To sum up, the proposed method has been proved to make risk of the degeneration of the 

suspension system and track tangible by resorting to early-warning tactics, thus has good 

practical application values. The effectiveness of this method is intricately tied to the selection 

of the time period's size, making the ongoing exploration of optimal time period size selection 

a critical challenge. 
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