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Abstract

:

The influence of the control strategy of the power electronic converter obscures the fault characteristics of DC distribution networks. The existence of arc faults over an extended period of time poses a grave threat to the security of power grids and may result in electric shock, fire, and other catastrophes. In recent years, the method of fault localization based on the traveling wave method has been a popular topic of research in the field of DC distribution system protection. In this paper, the fault localization principle of the traveling wave method is described in depth, and the propagation characteristics of the traveling wave of fault current in the online mode network are deduced. We present a method for wave head calibration that combines empirical mode decomposition (EMD) and singular value decomposition (VMD). After the fault-traveling current signal has been subjected to EMD, the first eigenmode function is extracted and subjected to singular value decomposition (SVD). After SVD, the detail component can reflect the singularity of the signal. The point of the maximum value of the detail component signal corresponds to the moment when the faulty traveling wave head reaches the monitoring point. Finally, the DC distribution system is modeled based on the PSCAD/EMTDC simulation environment, and the fault location method is verified. The simulation results show that the method can effectively realize fault localization.
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1. Introduction


The vigorous development of new energy makes the traditional AC distribution network face challenges [1,2,3]. In contrast, the DC distribution form has better economy and security, and it can simultaneously meet the direct access of DC power sources and DC loads [4,5]. Currently, the DC power distribution system has been widely used in industrial, commercial, military, and other energy systems, and it will be the future trend of urban power distribution [6,7,8]. Affected by the natural environment and human factors, faults will inevitably occur on distribution lines, so accurate detection and localization of faults is an important prerequisite to achieving fault isolation and power supply restoration to ensure the safe and stable operation of power systems [9]. The occurrence of electric arc faults is accompanied by phenomena such as arc light and exothermic reactions, which will seriously threaten people’s lives and property if not handled in time [10,11].



At present, the research on protection methods for DC distribution networks is still in the exploratory stage. Fault localization methods are mainly divided into two main categories: passive fault localization methods and active fault localization methods [12].



Passive fault location methods can be categorized into the traveling wave, impedance, natural frequency, and artificial intelligence methods. The traveling wave method is more widely used in DC transmission systems. Researchers process the traveling wave signals using different signal processing methods, such as EMD, CEEMD, and VMD. Study [13] proposes a fault localization method based on the combination of improved variational modal decomposition (VMD) and a generalized S-transform, where the improved VMD algorithm is used to decompose the traveling wave signals in the time-frequency domain, and then the S-transform is used to locate the mutation points. Similarly, other scholars have made attempts at fault localization by the traveling wave method [14,15,16]. In addition, artificial intelligence algorithms have been applied to fault localization in recent years. Study [17] proposes an algorithm for an artificial neural network. Different fault points are set on the line, and the voltage difference between mode 1 and mode 0 voltages on the line at the corresponding fault distance is calculated and plotted as a sample for training. Such methods rely on a large amount of training data, and the richer the data, the more accurate the results. The fault location calculation method based on the line RL model is relatively simple and easy to implement, but the accuracy of the line parameters is required to be higher. Study [18] proposes to construct a release loop for the inductive energy of the line after the tripping of a DC circuit breaker. Then the loop equations are written to derive the ranging formula.



Active fault localization methods calculate the fault distance by attaching additional circuits to inject signals into the faulted line. Studies [19,20] all propose a non-iterative fault localization technique using power probes. Power components such as capacitors, reactors, and power supplies are utilized to form a circuit with the faulted line, and the RLC circuit equations are solved to obtain the location of the fault occurrence. In contrast to such methods of attaching additional circuits, study [21] utilizes a converter on the line as a probe. When a fault occurs on the line, the control strategy of the dual active bridge converter is changed so that it acts as a harmonic source, injecting harmonic currents into the faulted line. This method uses the converter on the line directly as a fault probe source, which saves hardware costs and has good economics but relies on the accuracy of the model.



This paper proposes a traveling wave-ranging scheme for arc faults in DC distribution networks. It is based on the combination of empirical modal decomposition (EMD) [22] and singular value decomposition (SVD) [23]. The empirical modal decomposition method is used to decompose the fault current traveling wave on the line and obtain a series of intrinsic modal functions (IMFs) to extract the highest frequency component. A Hankel matrix is constructed for the highest frequency component signal, and singular value decomposition (SVD) is performed. Then, calibrate the optimum point of the detail component, which corresponds to the arrival moment of the faulty traveling wave head. A bipolar ±10 kV distribution system is constructed based on the PSCAD simulation environment, and the accuracy of the proposed scheme is verified in MATLAB. The paper is structured as follows: the traveling wave ranging principle and traveling wave propagation characteristics are introduced in the second part. The third part introduces empirical modal decomposition and singular value decomposition and gives the wave head calibration and ranging scheme. A case study of the system is presented in Section 4. Finally, conclusions are drawn in Section 5.




2. Traveling Wave Characteristics in a DC Distribution System


2.1. Line Fault Characteristics


The post-fault network can be equated to a superposition of the pre-fault normal network and the fault component network, per the circuit theory principle of superposition [24]. Thus, the analysis procedure is streamlined.



In Figure 1,  F  represents the location of the fault,    X  M F     represents the distance from the M end to the fault point, and    X  F N     represents the distance from the fault point to the N end. The length of the line is  L . The values of    U f    and    U f ′    are equal in magnitude and are the voltages to the ground at the pre-fault point  F , but with opposite polarity.    U f ′    is the source of an additional excitation voltage in the fault-component network.



When a line fault occurs, the excitation voltage source is connected to the network in the fault component network. Affected by the distribution parameters of the transmission line, the fault traveling wave will start from the fault point and propagate along the line to both sides, and abrupt traveling wave signals can be detected at the measurement points [25].



As shown in Figure 2, the single-ended method of localization can be divided into two categories: one considers only the behavior of two reflections of the initial traveling wave between the M end and the faulty point; the other considers the first arrival of the initial traveling wave at the M end and the incident wave launched to the M end via the N end. The first single-end approach is employed in this research.    t 1    is the moment when the initial traveling wave leaves the fault point and propagates to the M end,    t 2    is the instant the faulty traveling wave is reflected by the M end and returns to the fault point, and    t 3    is the moment when the traveling wave reflected back from M has reflected back to M again through the fault point. The second captured traveling wave head is reflected twice. Consider that the speed of the traveling wave is a constant value  v . Then, the following equation can be derived:


         X  M F   = v (  t 1  − t )       3  X  M F   = v (  t 3  − t )        



(1)







Simplifying Equation (1) gives:


   X  M F   =  1 2  v (  t 3  −  t 1  )  



(2)
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Figure 2. Principle of single-end fault location method. ① The first traveling wave locating method. ② The second traveling wave locating method. 






Figure 2. Principle of single-end fault location method. ① The first traveling wave locating method. ② The second traveling wave locating method.



[image: Applsci 13 09132 g002]





The single-ended method has high real-time performance in calculating measurement results, but it relies on precise hardware equipment. If the wave head cannot be accurately captured, it will lead to significant calculation errors and positioning failures.



Secondly, it is necessary to model and analyze the corresponding lines. This article adopts the Bergeron model shown in Figure 3 to simplify the analysis process.    U M  ( s )  ,    U N  ( s )  ,    I M  ( s )  , and    I N  ( s )   represent the voltage and current at the M and N terminals of the line, respectively;    Z c    represents the line’s wave impedance.    B M  ( s )   and    B N  ( s )   are the Bergeron line’s equivalent voltage sources, which may be written as:


         B M  ( s ) =  e  − γ ( s ) l    F N  ( s )        B N  ( s ) =  e  − γ ( s ) l    F M  ( s )        



(3)







In the formula,    F M  ( s )   and    F N  ( s )   are the voltage forward waves at the M and N terminals of the line, respectively, and    e  − γ ( s ) l     is the transfer function of the line, where   γ ( s )   is the propagation coefficient and  l  is the length of the line.
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Figure 3. Bergeron model for DC transmission lines. 






Figure 3. Bergeron model for DC transmission lines.
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Due to capacitive and inductive coupling between the poles in bipolar DC transmission systems, if there is a ground fault at one pole, it will cause overvoltage at the other healthy pole, which will cause overcurrent. Phase mode transformation converts the line to two independent module domain lines to reduce the complexity of the fault analysis process [24]. The DC line model for each module domain is the same as the unipolar DC line model. The formula for phase mode change is:


           u 1  = (  u −  −  u +  ) /  2  ,      i 1  = (  i −  −  i +  ) /  2             u 0  = (  u −  +  u +  ) /  2       i 0  = (  i −  +  i +  ) /  2           



(4)







In the formula,    u 1    and    i 1    represents 1 mode voltage and current, respectively;    u 0    and    i 0    represents 0 mode voltage and current, respectively;    u +    is the positive voltage;    u −    is the negative voltage;    i +    is the positive current; and    i −    is the negative current.



Based on the aforementioned model simplification, the voltage and current changes brought on by the initial propagation of the fault traveling wave from the fault point to the protection are examined for intra-area faults in DC lines and intra-area terminal faults, respectively.




2.2. Analysis of Faults Characteristics


In a two-terminal DC distribution system, if a fault occurs, an additional fault port will be added at the fault point. Using the above simplification method, a simplified 1-mode network model of the faulted line can be obtained, as shown in Figure 4. Where a single-pole ground fault occurs at point  F ,    R f    is the fault transition resistance,    U  f 1  ′    is the fault additional excitation power, and    U  F 1     is the fault point voltage.



The model contains three Bergeron equivalent voltage sources whose values are determined by the forward-traveling wave generated by the faulty port circuit and the transfer function of the line. Before the fault traveling wave propagates to both ends of the line and reflects,    B  f M 1     and    B  f N 1     is both zero. Since this chapter only considers the voltage and current changes caused by the first traveling wave of the fault arriving at the protection and does not consider the reflexive behavior after that, only the initial excitation state of the fault needs to be taken into account in the calculation. Further, the model of Figure 4 can be simplified, as shown in Figure 5.



   U  R 1     and    I  R 1     represent the 1-mode component of the fault voltage and current measured at the protection installation site.



The boundary conditions of the phase domain are [26]:


         U  f +   = −  U f  +  I  f +    R f         I  f −   = 0        



(5)







   U f   ,    U  f +    ,    I  f +     and    I  f −     respectively the DC voltage value at the fault point before the fault, the voltage at the positive fault point, the current at the positive fault point, and the current at the negative fault point.



Furthermore, according to the domain network structure, it can be seen that:


         I  f 1   = −   2  U  F 1      Z  c 1            I  f 0   = −   2  U  F 0      Z  c 0            



(6)







By combining Equations (5) and (6), the complex frequency domain expression of the fault point voltage can be obtained:


   U  F 1   ( s ) =   −  2   Z  c 1      Z  c 1   +  Z  c 0   + 4  R f       U  f 1  ′   s   



(7)







Furthermore, the equivalent voltage source of the 1-mode line Bergeron is:


   B  M f 1   = 2  e  − γ ( s )   l ⋅  U  F 1   ( s )  



(8)







Based on the network structure of the port where the protection is located, calculate the expression of the mode domain voltage and current fault components obtained from the protection measurement using the following formula:


   U  R 1   ( s ) =    Z M  + s  L  M N      Z M  + s  L  M N   +  Z  c 1     ⋅  B  M f 1   ( s )  



(9)






   I  R 1   ( s ) =   −  B  M f 1   ( s )    Z M  + s  L  M N   +  Z  c 1      



(10)







By solving the Laplace inverse transformation for (9) and (10), the time-domain analytical expressions corresponding to modulus voltage and current can be obtained.



Using the same analysis method, obtain the complex frequency domain and time domain analytical expressions of 0 mode voltage and current. Finally, the time-domain solutions of phase-domain voltage and current fault components are calculated using phase-mode inverse transformation.




2.3. Arc Fault Characterization of DC Systems


Arc faults in DC systems can be categorized into series arc faults and parallel arc faults. In this paper, only parallel arc faults are considered. When a parallel arc fault occurs, the arc is directly connected to the earth or connected to the earth through the medium. The arc resistance is affected by some factors, such as arc voltage, arc current, and gap length.



To simulate the arc fault, the Cassie model was used to simulate the dynamic behavior of the arc burning [27]. Arc resistance is affected by the energy relationship between the arc voltage and arc current.



The heat balance equation for the arc is shown in Equation (11).  Q  is the energy stored in the arc.  P  is the dissipated power.  u  and  i  are the arc voltage and arc current, respectively.


    d Q   d t   = u ⋅ i − P  



(11)







Equation (11) can be changed to quantify the relationship between the rate of change of arc unit conductivity and the change of arc power.


    d ln g   d t   =  1   τ c    (    u 2     E 2    − 1 )  



(12)







Equation (13) represents the arc resistance for the Cassie model, where    τ c    is the time constant and  E  is the arc voltage gradient.


   R  a r c   =  e   1   τ c      ∫  ( 1 −    u 2     E 2    ) d t       



(13)









3. Fault Location Method Based on EMD-SVD


Hilbert Huang (HHT) is a signal processing method based on instantaneous frequency characteristics, proposed by N.E. Huang et al., which can accurately describe the characteristics of signal frequency in the time domain [28].



3.1. Traveling Wave Decomposition with EMD


The EMD process uses mathematical methods to construct an envelope, which envelopes all of the data in the signal   X ( t )  . The envelope is then computed by subtracting the average from the original signal and subtracting the residual component. The mean of the envelope is then calculated, and the mean is subtracted from the original signal to obtain the residual component    c 1  ( t )  .


   c 1  ( t ) = X ( t ) −  s 1  ( t )  



(14)







If    c 1  ( t )   meets the conditions defined by the IMF, then it is taken as the first component. If it does not meet the conditions defined by the IMF, then use it as the original signal and repeat steps 1 and 2 until the first component is obtained.


   c  1 k   ( t ) =  c  1 ( k − 1 )   ( t ) −  s  1 ( k − 1 )   ( t )  



(15)







After separating   X ( t )  , the remaining signal is obtained. Repeat the above steps to obtain the 2, 3, 4, ... nth IMF components in sequence. If the function obtained from the last decomposition meets the IMF definition, the loop ends. The above decomposition process can be simplified, as shown in Figure 6.



In the EMD process, the IMF components are extracted in order from high frequency to low frequency.   i m  f 1  ( t )   is the signal with the highest frequency;    r n  ( t )   is the signal with the lowest frequency and represents the average trend of the signal. This set of IMF components is all single-component signals, i.e., each moment contains only one frequency component.



For any time-series signal   X ( t )  , define its Hilbert transform   Y ( t )   as [28]:


  Y ( t ) =  1 π  P    ∫  − ∞   + ∞      X ( δ )   t − δ      d δ  



(16)







Its inverse transformation is:


  X ( t ) =  1 π  P    ∫  − ∞   + ∞      Y ( δ )   t − δ      d δ  



(17)







In the formula,  P  represents the principal value, and  t  represents time.   X ( t )   and   Y ( t )   are mutually complex conjugates. The expression of the analytic signal   Z ( t )   is:


  Z ( t ) = X ( t ) + j Y ( t ) = A ( t )  e  j θ ( t )    



(18)







Among them:


        A ( t ) =    X 2  ( t ) +  Y 2  ( t )         θ ( t ) = arctan   Y ( t )   X ( t )          



(19)







In the formula,   A ( t )   represents the instantaneous amplitude and   θ ( t )   represents the instantaneous phase. Given the phase, the instantaneous frequency can be calculated utilizing the following formula:


  f ( t ) =  1  2 π     d θ ( t )   d t    



(20)







Often, the instantaneous phase and instantaneous frequency obtained by directly performing the Hilbert transform on the signal will have meaningless negative values because most signals do not only contain one vibration mode but are composed of multiple complex waves superimposed (the signal is locally asymmetric to the zero means). The premise of performing the Hilbert transform is to perform EMD on the signal to obtain a series of stable IMF with only one vibration mode. The accuracy of the time synchronization when the traveling wave head reaches the measurement point seriously affects the accuracy of the traveling wave method for distance measurement. When the fault traveling wave propagates to the measurement point, the signal detected by the measuring point shows a high-frequency mutation, and the mutation point marks the arrival time of the fault traveling wave. The characteristic of high-frequency sudden changes in the time-frequency map of the traveling wave signal head allows the time corresponding to the first frequency sudden change point in the instantaneous frequency map to be regarded as the time when the fault traveling wave head reaches the measurement point.



The first intrinsic modal function (  i m  f 1  ( t )  ) of the signal EMD is the component with the highest frequency and has a high temporal resolution. Therefore, the moment when the faulty wave head arrives at the measurement point can be determined by the mutation point in the time-domain plot of this component.




3.2. Traveling Wave Head Calibration with SVD


Singular value decomposition (SVD) is a mathematical method of orthogonal transformation, as shown in Equation (21). Where A is an arbitrary real matrix,  U  and  V  are orthogonal matrices of order m and n, respectively, and matrix  S  is a diagonal matrix whose diagonal elements are composed of singular values, Through SVD, matrix  A  can be decomposed into a superposition of a principal component and several detail components, with each singular value corresponding to a component. This decomposition ensures that the phase of each component is the same.


  A = U S  V T  =   ∑  i = 1  k    A i     



(21)







Given a discrete signal   X = [ x ( 1 ) , x ( 2 ) , … , x ( N ) ]  , if it is constructed into a Hankel matrix, SVD can be used to achieve singularity detection of the signal, that is, to detect sudden changes in the signal itself or its derivative at a certain moment. The Hankel matrix form is:


  A =       x ( 1 )     x ( 2 )     …     x ( m )       x ( 2 )     x ( 3 )     …     x ( m + 1 )       …     …     …     …       x ( n )     x ( n + 1 )     …     x ( N )        



(22)







Construct signal  X  as a Hankel matrix and perform SVD, where the  A  matrix can be represented as:


  A =   ∑  i = 1  k          x i  ( 1 )      x i  ( 2 )     …      x i  ( m )        x i  ( 2 )      x i  ( 3 )     …      x i  ( m + 1 )       …     …     …     …        x i  ( n )      x i  ( n + 1 )     …      x i  ( N )          



(23)







Through Equation (23), signal reconstruction can be performed on each SVD component:    X i  =    x i  ( 1 ) ,  x i  ( 2 ) , … ,  x i  ( n ) ,  x i  ( n + 1 ) , … ,  x i  ( N )   , i ∈ ( 1 , k )  . The elements in    X i    are the combination of the elements of the first column and the last row in the matrix    A i   .



The    X 1    component is the main component of the original signal  X , which approximates the original signal; the    X i    component is the detail component of the signal  X , which can detect the signal itself and the singularity of a certain order derivative of the signal. If we take the mode value of the first detail component, the moment corresponding to the mode maximum point is the moment of signal mutation.



The traveling wave method for distance measurement relies on accurate measurement of the time when the fault traveling wave head reaches the monitoring point. When a fault occurs in a certain part of a DC transmission line, the initial fault traveling wave propagates from the fault point to the monitoring points at both ends of the line. The voltage and current signals detected by the monitoring points show high-frequency mutations in the time-frequency map, and the mutation point marks the time when the fault traveling wave reaches the detection point. Due to the high-frequency mutation of the traveling wave signal head in the time-frequency map, the time corresponding to the first frequency mutation point in the instantaneous frequency graph can be considered the time when the fault traveling wave head reaches the monitoring point.



From the analysis in Section 3.1, it is known that the first eigenmode function of the signal EMD is the highest frequency component with high temporal resolution. Therefore, the time at which the faulty traveling wave head arrives at the monitoring point can be determined by the mutation point in the time-frequency diagram of the   i m  f 1  ( t )   component.



The locating steps in this paper are as follows: EMD is performed on the fault current signal; the highest frequency component   i m  f 1  ( t )   is taken and its Hankel matrix is constructed; the constructed Hankel matrix is decomposed into two layers of singular values, the first one being the main component and the second one being the detail component; the detail component detects the singularity of the   i m  f 1  ( t )   component itself. Take the mode value of the detail component; the maximum value of the mode value is the first mutation point of the   i m  f 1  ( t )   component, and the corresponding time is the time when the initial traveling wave head reaches the monitoring point for the first time; the second maximum value of the mode value corresponds to the time when the initial traveling wave is reflected back to the monitoring point again by the fault point; in this way, we can realize the calibration of the wave head of the faulty traveling wave. At last, the time required is substituted into the distance measurement formula in Equation (2) to obtain the distance measurement results. The locating process described above can be represented by Figure 7.





4. Case Study


4.1. DC Distribution Network Modeling


Based on the PSCAD simulation platform, the simulation model of the double-ended DC distribution network shown in Figure 8 is established.



The length of the line is 20 km using an XLPE cable, and the line voltage is ±10 kV. MMC (modular multilevel converter) is used for both the sender-end rectifier and the receiver-end inverter. The fault type is set as DC arc fault. The simulation duration is 3.5 s, and the fault occurs at a moment of 3 s with a duration of 0.1 s. The simulation sampling frequency is 1 MHz.



In the system, the block diagram of the converter control strategy is shown in Figure 9. The inverter at the receiving-end operates in a constant DC voltage and constant reactive power control mode, controlling the DC voltage of the system based on the voltage value provided by the DC distribution system, providing a voltage reference value for the entire DC distribution network and providing reactive power support to the AC side when required. The sending-end rectifier uses constant active and reactive power control to control the flow of power. This control strategy regulates both the distribution system power and the DC voltage.



In the locating algorithm, the traveling wave velocity is fixed using XLPE cable as the reference wave velocity    v 0   (   v 0  =  C 0  /   (  ε r   μ r  )   ) = 1.9781 ×   10  8    m/s, where    C 0    is the speed of light.    ε r    and    μ r    are the relative dielectric constant and relative magnetic conductivity of XLPE, the insulation material for DC cables,    ε r  = 2.3  ,    μ r  = 1  ).




4.2. Locating Results


Analyze the positive current data within 0.002 s before and after the fault occurred at the sending-end detection point. As depicted in Figure 10, the system is in stable operation prior to the occurrence of a fault; following the occurrence of a fault, the high-frequency fault traveling wave signal propagates along the line to the sending end, and the current at the monitoring point at the sending end experiences a sudden change.



As shown in Figure 11, EMD is conducted on the positive sender current signal to get the   i m  f 1  ( t )   component with the highest frequency in the IMF cluster. The current amplitude tends to decrease with the propagation of the faulty traveling current on the line and the fold-reflection behavior.



From the analysis in Chapter III, it can be seen that SVD can detect the singularities of the signal itself and its derivatives. In order to obtain the mutation points of the   i m  f 1  ( t )   component, two layers of singular value decomposition are used in this paper. The main component reflects the main frame of the signal, and the detail component can detect the mutation points of the signal itself. As shown in Figure 12, the detail component’s maximum modulus point corresponds to the component’s mutation point.



Take the modulus value of the svd2 component, as shown in Figure 13, where ① is the first modulus maximum point, and its corresponding time represents the time when the initial fault traveling wave current propagates from the fault point to the sending-end monitoring point, and ② is the second modulus maximum point, and its corresponding time represents the time when the initial fault traveling wave current returns to the monitoring point after being refracted twice by the sending-end bus and the fault point. The distance from the fault point to the monitoring point at the sending end can be obtained by substituting the two time points into the ranging formula to achieve fault location.



Based on the above ranging scheme, several groups of different fault locations were set up for the experiments. Table 1 and Table 2 show the results of single-end ranging experiments with faults set near the line midpoint and at the end of the line, respectively.



In Table 1, X is the actual fault point, and the initial fault traveling wave propagates to the sending-end measurement point for the first time along the line at TM1 time; After two refractions of the bus and fault point, it reaches the sending-end measurement point again at TM2 time. XM is the distance calculation result from the fault position to the sending-end monitoring point, and XR is the ranging error.



In addition, the ranging errors for more fault points are shown as a scatter plot in Figure 14. The error range over the entire line is between 0.055% and 1.157%. Obviously, the proposed locating scheme did not fail when the fault occurred close to the end of the line.




4.3. Effect of Transition Resistance


The effectiveness of the proposed scheme is verified in different transition resistance cases, respectively.



As shown in Figure 15, in the case of a low transition resistance, the amplitude of the wave head is large and easy to identify; with the increase of the transition resistance, the peak value of the wave head gradually decreases, the reflected wave head is difficult to identify, and the single-ended method of traveling wave ranging scheme faces failure. So, for high-resistance faults, the traveling wave method faces challenges.




4.4. Comparative Study of Different Signal Processing Methods


Currently, there are many methods for processing faulty traveling wave signals in the time-frequency domain. For example, EMD is used in this paper, as well as CEEMD, CEEMDAN, VMD, etc. EMD algorithms may suffer from end-point effects as well as modal aliasing when decomposing time-domain signals. Many scholars have further improved on the basis of EMD to solve the possible problems of EMD. To address this, we conducted a comparative study of the above algorithms for fault localization.



As shown in Figure 16, CEEMD and CEEMDAN add Gaussian white noise to the original signal to resolve the modal aliasing phenomenon of EMD; however, the high-frequency Gaussian white noise still remains in the intrinsic mode function of the signal, resulting in a large fluctuation of the   i m  f 1  ( t )   component and making it difficult to locate the second peak point. Unlike EMD, the VMD method constrains the bandwidth of the eigenmode functions so that the frequency of each eigenmode function is around a center frequency, similar to a band-pass filter; however, this method also affects the identification of the wave head. In addition, the signal is decomposed by different methods, and the EMD decomposition has a much better advantage in terms of wave amplitude than the other methods.





5. Conclusions


In this paper, based on a single-ended traveling wave locating principle, a combined EMD-SVD method is proposed to realize the calibration of the fault traveling wave head. A ±10 kV DC distribution network model is built in PSCAD V4.6 simulation software, and the reliability and accuracy of the algorithm are verified in MATLAB R2021b.



The locating results show that the scheme can well extract the high-frequency fault traveling wave signal and calibrate the arrival moment of the traveling wave head, and the ranging error range of the whole line is between 0.055% and 1.157%, which has a high ranging accuracy. In addition, in a comparative study with other schemes, it was found that the high-frequency signal extracted by EMD is smoother and has a larger wave amplitude, and there are obvious wave peaks only at the mutation points, which is more conducive to the realization of fault localization. However, facing the challenge of high resistance, when the transition resistance is large, the wave amplitude decreases sharply, and it may not be able to identify the wave head and the localization failure.



The following factors primarily affect the accuracy of the proposed scheme in this paper:




	(1)

	
Wave velocity. The article uses the empirical wave speed and substitutes it into the ranging formula to calculate the fault distance. However, in reality, traveling wave propagation in the line does not propagate at a fixed wave speed, and the use of a fixed wave speed to calculate will inevitably cause a certain error.




	(2)

	
The algorithm itself. The EMD algorithm, in the process of decomposition of the signal, may appear to have modal aliasing and an endpoint effect. The EMD decomposition process is from high-frequency to low-frequency decomposition, the highest frequency component priority separation. In this paper, we use the highest frequency component of EMD and focus more on the abruptness of the signal. The degree of influence of the algorithm is minimized. However, further improvement of the algorithm may improve the accuracy of the experimental results.









Finally, although the traveling wave method has the phenomenon of sensitivity to transition resistance, it has received attention for its higher accuracy and faster speed. The study in this paper verifies the feasibility of the traveling wave method for use in DC distribution networks as well as its ranging accuracy. In view of the influencing factors, we will focus on the influence of traveling wave speed, improve the application of the EMD algorithm in traveling wave ranging in subsequent research, and promote the development of hardware platforms.
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Figure 1. Post-fault network decomposition. (a) Post-fault network. (b) Normal network. (c) Fault component network. 
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Figure 4. A simplified model of a double terminal DC system line under fault conditions. 
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Figure 5. Minimalist computational model. 
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Figure 6. EMD decomposition diagram. 
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Figure 7. Traveling wave fault location process based on EMD-SVD. 
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Figure 8. The topological structure of the simulation model. 
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Figure 9. Schematic diagram of the converter control strategy. (a) Schematic diagram of the control strategy at the delivery end. (b) Schematic diagram of the control strategy at the receiving end. 
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Figure 10. Positive current at the sending end. 






Figure 10. Positive current at the sending end.



[image: Applsci 13 09132 g010]







[image: Applsci 13 09132 g011 550] 





Figure 11. Component. 
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Figure 12. Component and its svd2 component. 
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Figure 13. Modulus of svd2 components. ① First maximum value. ② Second maximum value. 
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Figure 14. Scatterplot of locating error. 






Figure 14. Scatterplot of locating error.



[image: Applsci 13 09132 g014]







[image: Applsci 13 09132 g015 550] 





Figure 15. Schematic of SVD detail components with different transition resistances. 
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Figure 16. Wave head identification with different signal processing methods. (a) Full view. (b) Expanded view. 
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Table 1. Distance measurement results of fault location near the midpoint of the line.
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	X/km
	TM1/s
	TN2/s
	XM/km
	XR/%





	5 km from M end,

15 km from N end
	3.000024
	3.000076
	5.143060
	0.715



	10 km from M end,

10 km from N end
	3.000051
	3.000153
	10.088310
	0.442



	15 km from M end,

5 km from N end
	3.000076
	3.000230
	15.231370
	1.157
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Table 2. Distance measurement results of fault location at the end of the line.
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	X/km
	TM1/s
	TN2/s
	XM/km
	XR/%





	1 km from M end,

19 km from N end
	3.000004
	3.000014
	0.989050
	0.055



	19 km from M end,

1 km from N end
	3.000097
	3.000291
	19.187570
	0.938
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