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Abstract Aiming at the problems of complex fault propagation paths, insufficient diagnostic robustness and low 
accuracy of fault-tolerant control in electromechanical systems, this paper proposes a fault detection and 
compensatory control method integrating ISM model and adaptive filtering algorithm. Based on the ISM, we analyze 
the fault hierarchy and identify the key propagation paths, and propose the DDAF-FD algorithm to realize the online 
identification of faults. The state feedback fault-tolerant controller is designed to utilize the real-time diagnosis results 
to dynamically compensate the performance degradation caused by faults. Experiments show that DDAF-FD 
achieves optimal results in the diagnosis of four different migration tasks with an average accuracy as high as 98.98% 
compared with six comparison algorithms. The average control accuracy of the fault-tolerant control system based 
on fault compensation reaches 95.2%, and the research results verify the effectiveness of the method in fault 
diagnosis and fault-tolerant control of complex electromechanical systems. 
 
Index Terms electromechanical systems, fault detection, compensated control, ISM, DDAF-FD modeling 

I. Introduction 
The electromechanical system is an important part of the mechanized equipment system, which involves a number 
of typical electromechanical subsystems such as fuel, hydraulics, environmental control, fire prevention, etc. [1]. As 
the components work in harsh environments for a long time, they are very prone to failures, and serious failures 
may even threaten operational safety. Relying only on hardware to provide system redundancy, such as through 
the redundancy design of pumps and valves to improve safety, the volume, quality and cost of the system design, 
as well as the time for failure detection and maintenance will also increase [2]-[5]. Therefore, making the necessary 
analysis of the main links of the electromechanical system to locate the faults in time when they occur will greatly 
improve the task reliability and maintainability of the system [6], [7]. 

With the rapid development and popularization of information and communication technologies, sensors and 
other intelligent devices are embedded in electromechanical equipment to realize real-time and high-speed 
acquisition of massive, diversified, high-efficiency, and low-authenticity sensory data [8]-[10]. By analyzing these 
data through the establishment of an intelligent fault detection model, it is possible to predict in advance the 
abnormalities occurring in the operation of the equipment, find out the hidden dangers of the equipment, and realize 
the efficient fault diagnosis and monitoring of the electromechanical system, so as to ensure the safety of the 
electromechanical equipment [11]-[14]. In addition, in order to avoid falling into the local optimal solution, and at the 
same time to improve the accuracy of parameter identification of the myoelectric system control model, intelligent 
algorithms are used to construct the design of the control compensation method to compensate for the fault 
parameters effectively, and to improve the control accuracy of the system [15]-[17]. 

In order to ensure that the electromechanical equipment has good fault detection and fault isolation ability, 
improve the reliability and maintainability of electromechanical systems, a large number of scholars to carry out 
electromechanical system fault diagnosis method research. Literature [18] shows that advanced monitoring 
strategies are necessary for fault detection and maintenance of electromechanical systems in multi-fault complex 
scenarios, for which a data fusion scheme supported by deep learning is proposed to effectively improve the degree 
of data adaptivity in fault detection and condition detection of electromechanical systems. Literature [19] establishes 
a data analysis model based on genetic algorithms, which is integrated into the electromechanical system fault 
detection and isolation (FDI) method to predict early failures of electromechanical systems, which improves the 
safety of the system operation as well as reduces the cost of equipment maintenance. Literature [20] analyzed the 
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characteristics and quality of the output of the filter when applied to the task of fault detection and diagnosis of 
electromechanical systems, and solved the problem of robustness when modeling uncertainty causes faults. 
Literature [21] used higher order spectral multiple correlation techniques to identify and process electrification data 
of electromechanical systems and mathematical modeling to detect faults in system components, thus containing 
faults at a very early stage of development. Literature [22] used a Long Short-Term Memory (LSTM) neural network 
to acquire sensor time-series data for modeling analysis, and introduced a sliding window to speed up the efficiency 
of the model in processing time-series data, thus improving the performance of the proposed method for detecting 
and identifying the types of faults in electromechanical systems. The above study shows that the intelligent algorithm 
is suitable for large-scale and highly coupled problem solving in similar scenarios, and plays a high effectiveness in 
the fault diagnosis problem of electromechanical systems. 

Currently, robust tuning of controller parameters in electromechanical systems is an important strategy to improve 
system control performance and maintain stable operation of electromechanical systems. Literature [23] 
emphasizes that the motion trajectory tracking task is an important part of precision electromechanical systems, 
and for this reason analyzes the advantages and shortcomings of various feed-forward compensation strategies in 
different industrial environments to provide a comprehensive and reliable guide to improve the system's control 
capability. Literature [24] addresses the lack of robustness of offline feedforward compensation strategies against 
uncertainty disturbances, and proposes an iterative compensation (RIC) control framework for electromechanical 
systems, which can effectively predict the tracking error at the sampling moment in order to improve the stability 
and convergence of the motion control system. Literature [25] designed a friction compensation algorithm based on 
the mathematical model of the motion system, and combined it with a multi-loop controller, which can fully 
understand the motion force generated by unbalanced mass in the electromechanical system, and then realize the 
accurate tracking of the motion system. Literature [26] outlines the robustness of loop shaping methods and 
fractional order controller tuning rules for controller parameter tuning of electromechanical systems to provide stable 
operation and control of electromechanical systems in uncertain environments. Although the compensating control 
methods proposed in the above studies play an important role in improving the motion tracking performance of 
electromechanical systems, the tracking error of the system commands is large, and the enhancement of the system 
control accuracy is similarly limited, which is urgently in need of further research. 

In this paper, firstly, a brief overview of the electromechanical system is given, and the fault sources of the system 
are found based on the ISM theory. Secondly, under the framework of data-driven filtering and recursive least 
squares algorithm, the DDAF-FD algorithm is designed to realize the real-time accurate estimation of fault failure 
factors. Fault diagnosis experiments are conducted on the bearing failure dataset to explore the diagnostic accuracy 
of the DDAF-FD algorithm on different migration tasks. Comparison experiments are conducted between the DDAF-
FD algorithm and six control algorithms to investigate its performance stability. Finally, a fault-tolerant control system 
based on fault compensation is constructed to realize fault-tolerant control of electromechanical systems. 
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Figure 1: Electromechanical system structure 
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II. Fault detection in electromechanical systems based on adaptive filtering algorithms 
As a typical representative of the deep integration of mechanical and electrical engineering, mechatronic systems 
are widely used in industrial automation, aerospace, energy and other fields. Its core function relies on the 
synergistic operation of mechanical structure, electrical components and control system, but the aging of 
components, external interference and coupling failure under complex working conditions can easily lead to 
systematic failures, resulting in performance degradation or even catastrophic consequences. Traditional fault 
detection methods rely on a single sensor signal or fixed threshold judgment, which is difficult to cope with dynamic 
nonlinear fault propagation and multi-source uncertainty. In this paper, a fault detection model based on adaptive 
filtering algorithm is proposed to address the problems of complex fault propagation paths, high diagnostic accuracy 
and real-time requirements of electromechanical systems. 
 
II. A. ISM-based Fault Path Recognition for Electromechanical Systems 
II. A. 1) Overview of electromechanical systems 
A mechatronic system is a system that is a fusion of two fields, mechanical and electrical, designed to realize the 
synergy of mechanical motion and electrical control. Such systems often include multiple components such as 
mechanical structures, electrical components, sensors, actuators, control systems, etc., and their structure is shown 
in Figure 1. 

The following is a general overview of the electromechanical system: 
(1) Mechanical parts 
Mechanical structure: includes a variety of mechanical parts, such as gears, bearings, transmissions, etc., which 

are used to support and transmit mechanical movements. 
Actuators: Components responsible for performing mechanical actions, such as motors, cylinders, etc. 
(2) Electrical parts 
Electrical components: including switches, cables, power supplies, etc., constitute the basic components of the 

circuit system. 
Sensors: devices used to sense the environment and mechanical movement status, such as temperature sensors, 

pressure sensors, etc. 
Motor: device used to convert electrical energy into mechanical energy, one of the key components of the 

electromechanical system. 
(3) Control Module 
Controller: usually an electronic device used to monitor the feedback information from sensors and control the 

action of actuators to realize the automated control of the system. 
Programming and algorithms: electromechanical systems usually require some programming and algorithms to 

realize complex control strategies, such as PD control, fuzzy logic control, etc. 
(4) Communication module 
Communication interface: Used for information transfer between different components, for example, the 

mechanical part transmits sensor data to the control system, or the control system sends control commands to the 
actuator. 

Bus system: provides standardized interfaces for communication between different components. 
(5) Maintenance and monitoring system 
Monitoring system: used to monitor the performance, status and faults of the electromechanical system. 
Maintenance system: Includes regular maintenance, fault diagnosis and repair to ensure stable operation of the 

system over a long period of time. 
 

II. A. 2) ISM principles 
Every system consists of two or more elements that are interconnected and interact with each other to form a 
complete system. The elements of a system form a special structure and sequence through their relationships with 
each other, under some kind of synergistic control, which enables the whole system to function properly. In the field 
of contemporary systems engineering, ISM is a fundamental and unique approach. This new research idea 
originated from the study of problems related to complex socio-economic systems, and it has been remarkably 
effective in dealing with the analysis of systems with multivariate, complex relationships and complex structures. 
After a long period of application and improvement, together with the development of modern computer technology, 
the method has become quite mature in the industrial field. Failures occurring in complex electromechanical 
systems usually originate from the failure of one system element, which in turn triggers the failure of a chain of 
system elements. The rapid propagation of such related faults eventually leads to the collapse of the whole system. 
In this paper, based on the analysis of fault mechanisms, we construct an adjacency matrix and use the interpreted 
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structural modeling method to build a fault transmission model, which is used to find the fault sources of the system, 
clarify the root causes and main paths of fault transmission, and thus identify the critical fault transmission paths. 

The workflow of ISM usually includes the following steps, and its specific process is shown in Fig. 2. 
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Figure 2: ISM workflow 

(1) The team that performs ISM usually consists of three components: experts, coordinators, and participants; 
(2) Identify the key problem and select the key elements affecting the problem; identify the binary relationships 

between the elements: imagine that a system contains  2n n   elements, then there are two elements iS  as well 
as jS  in a relationship referred to as ijR  (shorthand for R ), and there are three scenarios: iS  has some binary 
relation  i jR S RS ; There is no binary relation iS  to jS   i jR S RS ; Uncertainty about the relationship between iS  
and jS   i jR S RS  

(3) Determine the binary relationship between the factors; 
(4) Constructing the adjacency matrix and reachability matrix from the binary relationship between the factors; 
(5) By analyzing the reachable matrices, the structure of multiple recursive directed graphs is derived and the 

corresponding interpretations are given. 
 

II. B. Data-Driven Adaptive Fault Diagnosis for Electromechanical Systems 
II. B. 1) System identification 
In order to adaptively recognize the electromechanical system matrix  A k  and the input matrix  B k , the DDAF-
FD algorithm in this paper can be obtained as follows 

        1 Ty k k X k Fw k     (1) 

where 2 2( ) nX k    denotes the unknown parameter vector satisfying 

  1 2 1 1 2 1( ) ( ), ( ), , ( ), ( ), ( ), , ( )n nX k a k a k a k b k b k b k       (2) 

2 2( ) nk     represents the known I/O data vector that satisfies the 

  ( ) ( ), ( 1), , ( ), ( ), ( 1), , ( )k y k y k y k n u k u k u k n        (3) 

For Eqs. (2)-(3), the parameter identification can be performed by the DDAF-FD algorithm, i.e. 

   1
( ) ( 1) ( ) ( ) ( 1) ( )T T

I I IK k P k k FSF k P k k


       (4) 

    ( ) ( ) ( ) 1T
I I IP k I K k k P k     (5) 

    ( 1) ( ) ( ) ( 1) ( ) ( )T
IX k X k K k y k k X k      (6) 

where I  is the unit array. 
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With the DDAF-FD algorithm of Eqs. (4) to (6),  ( )A k  and  ( )B k  can be easily obtained from the unknown 
parameter estimation vectors to identify the parameters in the system. 

 
II. B. 2) Joint state-parameter estimation 
Rewrite the system as 

 
 ( 1) ( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )
a

b

x k A k x k B k u k k k Fw k

y k Cx k k k v k




     


   


 (7) 

where 1( ) nx k   , 1( ) nu k   , 1( ) n
a k   ,  ( )A k ,  ( 1) ( 1)( ) n nB k    , ( )b k  , 1( ) nw k   , ( )v k  . When 

both actuator and sensor failures occur in the system, the system input ( )u k  will deviate from the desired value, 

while the measured value ( )y k  will also deviate from the desired value. ( ) ( )a k k  denotes the actuator fault 

term and ( ) ( )b k k  denotes the sensor fault term, where 0 ( ) 1k  , 0 ( ) 1k  ,   is the actuator failure 
factor,   is the sensor failure factor, which is 0-1 in the case of actuator and sensor failures (e.g., loss of gain), 

and ( )y k  is the value of the output of the system with measurement noise. ( ) ( ) ( )a k B k u k  , ( ) ( )b k Cx k  , 

so that 
( )

( )
( )

k
f k

k



 

  
 

, 1 ( 1) 1( ) [ ( ),0 ]a nk k     , 2 1 1( ) [0 , ( )]bk k  , then equation (7) can be written as 

 
 

1

2

( 1) ( ) ( ) ( ) ( ) ( ) ( ) ( )

( 1) ( 1) ( 1) ( 1) ( 1)

x k A k x k B k u k k f k Fw k

y k Cx k k f k v k

     


       



 (8) 

The proposed DDAF-FD algorithm is divided into 3 parts according to the recursive sequence listed below. 

  ( 1) ( ) ( ) ( ) ( )
T

P k A k P k A k Q k     (9) 

     
1( 1) ( ) ( ) ( ) ( ) ( ) ( )x k A k x k B k u k k f k


      (10) 

   1
( 1) ( 1) ( 1) ( )T T

EK k P k C CP k C R k
       (11) 

  1( 1) ( 1) ( 1)n EP k I K k C P k
      (12) 

Eqs. (9) to (12) are part of the Kalman filtering for the covariance matrix ( 1)P k   and the state estimation gain 

matrix ( 1)EK k  , which can be used to calculate the auxiliary variables ( 1)G k  , ( 1)O k  , ( 1)H k  , ( 1)S k   and 

the parameter estimation gain matrix ( 1)k  . 

 
  

 
1

1 1 2

( 1) ( 1) ( ) ( )

( 1) ( ) ( 1) ( 1)

n E

n E E

G k I K k C A k G k

I K k C k K k k





   

    
 (13) 

 
1 2( 1) ( ) ( ) ( ) ( 1)O k CA k G k C k k     (14) 

   1

( 1) ( 1) ( ) ( 1) ( ) ( 1)T TH k CP k C R k O k S k O k


          (15) 

 ( 1) ( ) ( 1) ( 1)TS k S k O k H k     (16) 

 1 1( 1) ( ) ( ) ( 1) ( 1) ( 1) ( )TS k S k S k O k H k O k S k         (17) 

Recursions (13)-(17) are inspired by recursive least squares estimation with exponential forgetting factors to 
compute the parameter estimation gain matrix ( 1)k   and auxiliary variables ( 1)G k  , where (0,1) . 

  
2( 1) ( 1) ( 1) ( ) ( )y k y k Cx k k f k


       (18) 

  ( 1) ( ) ( 1) ( 1)f k f k k y k      (19) 
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 

 

( 1) ( 1) ( 1) ( 1)

( 1) ( 1) ( )

Ex k x k K k y k

G k f k f k


     

     


 (20) 

The recursive update equations (18)-(20) are adaptive Kalman filters, ( )x k ,  ( )f k  updated at each moment k , 
are used to compute the residuals ( 1)y k  , to estimate the fault parameters (update equation (19)) and the state 
( Update Eq. (20)). 

III. Experimental analysis of fault diagnosis and compensatory control of complex 
electromechanical systems 

III. A. Introduction to the data set 
In this section, fault diagnosis experiments of complex electromechanical systems are conducted to evaluate the 
performance level of the DDAF-FD fault diagnosis model. The experimental data is obtained from the public bearing 
experimental dataset (Bearing Failure Dataset), which is collected from the bearing test equipment and includes 
both artificially simulated and real damage failure data. The equipment from which the data were collected consisted 
of an electric motor, torque measuring shaft, rolling bearing, flywheel and load motor. The raw vibration signals are 
collected by accelerometers mounted on the bearing box with a sampling frequency of 64 kHz. Bearing failures are 
categorized according to the bearing damage components, degree, combination and characteristics. In this 
experiment, using the real damage fault data in this dataset, which contains 13 types of fault information, the raw 
vibration signal waveforms and frequency domain waveforms of the No. 1 bearing fault under four different migration 
tasks are shown in Fig. 3. Fig. 3 (a~d) shows the frequency domain and time domain signal waveforms of fault No. 
1 at migration tasks 0, 1, 2 and 3, respectively. 

 

(a)Migration Task 0     (b)Migration Task 1 

 

(c)Migration Task 2   (d)Migration Task 3 

Figure 3: Waveform of 1 kind of fault under different tasks 
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III. B. Troubleshooting results 
III. B. 1) Accuracy 
The diagnostic results of DDAF-FD and the six comparison algorithms on the bearing failure dataset are shown in 
Figure 4 and Table 1. Compared with the other algorithms, DDAF-FD achieves optimal results on the diagnosis of 
four different migration tasks, with an average accuracy of 98.98%, which is 3.35% higher than DSAN, which is the 
best performer among the comparison algorithms. 

 

Figure 4: Comparison of diagnostic accuracy results of different methods 

Table 1: Description of bearing health status (%) 

Algorithm Migration Task 0 Migration Task 1 Migration Task 2 Migration Task 3 Average 

ResNet-18 80.57±2.53 78.23±1.76 81.44±2.44 80.97±1.96 80.30 

ResNet-34 81.43±1.59 79.04±2.04 82.58±1.64 81.53±2.77 81.15 

ResNet-50 82.49±1.05 80.56±1.11 83.95±1.22 82.41±1.45 82.35 

DAN 93.05±1.32 92.01±1.26 94.11±1.37 93.55±1.35 93.18 

JAN 94.13±1.01 93.33±2.05 95.07±1.42 94.37±1.15 94.23 

DSAN 95.66±0.82 94.22±0.94 96.72±0.68 95.93±0.59 95.63 

DDAF-FD 98.79±0.12 98.97±0.23 99.23±0.11 98.92±0.34 98.98 

 
III. B. 2) Stability 
Accuracy and stability is the ultimate goal of fault diagnosis, good stability and accuracy is an important evaluation 
of fault diagnosis methods. Accurate and timely judgment of electrical instrumentation faults in order to maintain 
and repair in the shortest possible time. The stability of different algorithms in fault diagnosis is shown in Figure 5. 

From Fig. 5, it can be seen that the fault diagnosis using the DDAF-FD algorithm is the most stable, which can 
maintain more than 95% stability at different times, while the DSAN algorithm, which has the best performance 
among the control algorithms, shows large fluctuations in 15s, 20s and 30s. The experiment proves that using 
adaptive filtering algorithm combined with recursive analysis theory to comprehensively judge the feature filtering 
can obtain better fault diagnosis performance and strong robustness. 

 

Figure 5: Stability of fault diagnosis with different algorithms 
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IV. Fault-tolerant control based on fault compensation 
IV. A. System design 
Existing fault-tolerant control strategies are often designed based on exact mathematical models, which are not 
robust enough to parameter uptake and structural changes. In order to improve the problem, this paper proposes a 
fault-tolerant control system design based on fault compensation. 

Under the premise that the controller structure remains unchanged, the fault detection and diagnosis results make 
the faulty system operating state close to the normal system operating state. 

Let the dynamic equation in the normal system operation state be: 

 
( ) ( ) ( )

( ) ( )

Z x A x B x

W x C x

 


 


 (21) 

where ( )x  denotes the state vector; ( )W x  denotes the measurement vector; ( )x  denotes the control vector; 
and A , B , C  are the system parameters. 

The state feedback fault compensation process is shown in Fig. 6, which is utilized to improve the system fault 
compensation capability. 

C

R

 Z x A B  V β α W

 

Figure 6: State feedback fault compensation 

The dynamic equation of the closed-loop feedback system is: 

 
( ) ( ) ( ) ( )

( ) ( )

Z x A BR x v x

W x C x

 


  


 (22) 

Where: ( ) ( ) ( )v x x R x   . 
The dynamic equations for the faulty system operating state are: 

 
( ) ( ) ( ) ( )

( ) ( )
i i i i i i i

i i i

Z x A B R x B v x

W x C x




  


 (23) 

In order to make the system performance close to the normal system performance, Equation (24) needs to be 
followed: 

 i i iA BR A B R    (24) 

The feedback array of the faulty system that needs to modify the state based on the above equation can be: 

  1 1
i i i iR B A A B BR     (25) 

Full fault compensation can be achieved by continuously adjusting Eq. (25), and fault-tolerant control can be 
realized in this respect. 

 
IV. B. Level of performance 
The fault tolerant control system based on time series analysis is tested against the fault compensated based fault 
tolerant control system and the results of the comparison between the fault tolerant control system based on time 
series analysis and the control accuracy of the proposed system are shown in Table 2. Analyzing the data in Table 
2, it can be seen that the highest control accuracy of the time series analysis based system is 57% and the highest 
control accuracy of the proposed system is 98% when targeting inner loop faults; For the outer ring fault, the highest 
control accuracy of the time series analysis-based system is 62%, and the highest control accuracy of the proposed 
system is 97%; for the roller fault, the highest control accuracy of the time series analysis-based system is 44%, 
and the highest control accuracy of the proposed system is 95%. 
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The above data show that no matter which kind of fault appears, the control accuracy of fault compensation-
based fault-tolerant control system is higher, and the average control accuracy reaches 95.2%, which confirms the 
reasonableness of the fault compensation-based fault-tolerant control system design for rolling bearing faults. 

Table 2: Comparative analysis of control accuracy of the two systems 

Time/s 
Time series based analysis system The proposed system 

Inner ring Outer ring Roller Inner ring Outer ring Roller 

3 0.51 0.58 0.44 0.96 0.97 0.93 

6 0.54 0.56 0.42 0.94 0.96 0.91 

9 0.57 0.62 0.39 0.97 0.96 0.94 

12 0.52 0.59 0.38 0.96 0.95 0.95 

15 0.53 0.57 0.36 0.98 0.96 0.93 

18 0.49 0.61 0.35 0.95 0.97 0.94 

 

V. Conclusion 
In this paper, we design a fault detection and compensation control method for electromechanical systems based 
on adaptive filtering algorithm, and select the bearing fault dataset to carry out fault diagnosis experiments for 
complex electromechanical systems to explore the effectiveness of the proposed method. 

DDAF-FD achieves optimal results on the diagnosis of four different migration tasks compared with six 
comparison algorithms, with an average accuracy of 98.98%, which is 3.35% higher than DSAN, the best performing 
control algorithm. Fault diagnosis using the DDAF-FD algorithm is the most stable, able to maintain more than 95% 
stability at different times, while the DSAN algorithm, which performs optimally among the control algorithms, shows 
large fluctuations at 15s, 20s and 30s. The experiment proves that using adaptive filtering algorithm combined with 
recursive analysis theory to comprehensively judge the feature filtering can obtain better fault diagnosis 
performance and strong robustness. 

The fault tolerant control system based on time series analysis is compared and tested with the fault tolerant 
control system based on fault compensation, no matter which kind of fault appears, the control accuracy of the fault 
tolerant control system based on fault compensation is higher, and the average control accuracy reaches 95.2%, 
which confirms the reasonableness of the design of fault tolerant control system based on fault compensation of 
the fault tolerant control system of the rolling bearings. 
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