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Abstract

:

This paper proposes a method of fault line selection for a DC distribution network. Firstly, the 1-mode current is calculated using the measured currents of the positive and the negative line. Then, it is time reversed and further decomposed by wavelet technology. Secondly, the lossless mirror line network is established according to the parameters and the topology of the DC distribution network. Thirdly, it is presumed that several virtual current sources are employed at the locations where the corresponding observers are, and the values of these current sources are equal to the processed 1-mode currents. Fourthly, a fault is placed at every point of the lossless mirror line network the RMS value of every assumed fault current is calculated. During this process, the phase coefficient of every lossless mirror line is set to vary along with the length of the line obeying Gaussian distribution. Finally, the line with the peak value of the RMS values of the currents is selected as the fault line. The result of fault line selection is updated using the fewest observers that are set in advance according to the initial result. A DC distribution network is simulated in PSCAD/EMDTC to verify the correctness of the proposed method.
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1. Introduction


Nowadays, clean and sustainable sources of energy are in great demand. However, the integration of these resources into the AC grid faces many technological challenges. For example, the expensive converters that connect the grid with distributed generations may cause many harmonics [1]. The DC distribution network solves these problems well. It also improves energy efficiency and promotes the application of clean energy. In addition, the DC distributions of ring and mesh structures show high reliability. However, these distributions need complex fault protection and recognition schemes [2,3,4].



Fault line selection is a significant and complicated problem for the traditional AC distribution network, as well as for the DC distribution network. In AC distribution network with simple topologies, the transients-calculation-based methods are implemented for fault line selection, which utilizes the relationship between the measured transients and fault location. However, the actual distribution networks are of complicated structures and the approaches for fault line selection are mainly based on automation equipment such as feeder terminal unit (FTU), power management unit (PMU) and so on. With these devices, some effective algorithms are proposed for selecting the fault line [5,6,7]. However, in practice, it is impossible to install so many devices for a distribution network that contains many branches.



For a DC distribution network, the converters and distributed generations contain many automation devices, as well as the observers that record the currents and voltages [8,9]. As is shown in Figure 1, if a line fault occurs, the DC circuit breakers at the observers will operate quickly and there may exist a long-time black out for the system. As the nine observers are implemented at the DC side of the converters and there are no measurements employed at the branch nodes of the lines, the selection of fault lines can be based on the fault location method instead of the detection and cooperation of automation equipment.



The fault line selection method is mainly to solve two problems in this paper. First, it is necessary to find a proper component of DC fault transients for further calculation. Unlike the AC fault transients, whose primary energy is provided by the fundamental component, the DC fault transients mainly focus on DC components because they are distorted step signals generated from the fault point. Second, it is very important to distinguish the fault line from its neighboring healthy lines especially when fault occurs near the branch nodes where no observer is installed [10,11,12].



The traditional two fault location methods, namely the travelling-wave-based method and the transients-calculation-based method, cannot solve these two problems well. For the travelling-wave-based method, the precision of fault line selection depends on high sampling rates because the lines are extremely short in DC distribution network, which increases the investment of the system construction [13,14,15]. The transients-calculation-based method makes good use of the physical properties of the fault point. Specifically, the voltage of the fault point is the lowest and the currents of it are in phase with voltages [16,17,18]. However, the physical properties of the fault points near branch nodes are extremely similar, thus it is hard to extract a stable and inherent component at a specific frequency from distorted step signal for the purpose of calculation.



In the research of lightning fault location, the time reversal theory is applied well [19,20]. The lightning fault location is where the maximal electromagnetic energy is in the mirror space, and the fault point is calculated through at least three observers. In essence, the transmission of fault current equals to the spread of electromagnetic fields. Therefore, the fault is located in the mirror line and calculated through two or more observers. Based on the time reversal theory, the feasibility of fault location in the field of ultrahigh frequency is proved in reference [21,22,23]. This method is applied to the fault location of AC power networks by only using a single observer. In reference [24], the fault location of multi-terminal high-voltage direct current systems (VSC-MTDC) is calculated by employing the signals of high-frequency band from two or more observers. The former method needs high sampling rates, which the DC distribution network cannot provide. The latter method lacks the essential theory and the filtering algorithm based on frequency domain is not suitable for distorted step signals.



In this paper, the fault is ‘located’ in the established lossless mirror line network using the variable phase coefficient (VPC) and the feasibility of the theory is identified by using the transmission equation of the line. By employing the technology of wavelet decomposition, the fault line in the DC distribution network is selected by using band signals with multiple observers. Besides, the blind area near the branch node is effectively cut down.




2. Basic Theory for Fault Line Selection


2.1. Time Reversal and Complex Conjugate


The definition of Fourier transform is


I(w)=∫−∞∞i(t)e−jwtdt



(1)







The complex conjugate for (1) is I*(w), which is shown in (2).


I*(w)=[∫−∞∞i(t)e−jwtdt]*=∫−∞∞i*(t)ejwtdt



(2)







Through replacing t with −t, formula (2) can be translated into (3):


I*(w)=∫−∞∞i*(t)ejwtdt→t→−t∫−∞∞i*(−t)e−jwtd(−t)



(3)







Because i(t) is a real function, i*(t)=i(t). The latter part of (3) equals to ∫−∞∞i(−t)e−jwtd(−t), which is the Fourier transformation of i(−t). Therefore, the time reversal for a real signal means the conjugate of signal in the frequency domain.




2.2. Locate Fault Using Two Internal Observers


In this section, the feasibility of internal fault location that uses time reversal theory is proved in a single line. As shown in Figure 2a, the total length of the line is L, and the distributed resistance, conductivity, inductance and capacitance are indicated as R/G/L/C, respectively. Suppose a fault occurs at l1. An additional voltage source (uF) is generated and the measured voltages and currents at the ends of the line are recorded as uM/iM/uN/iN. The positive directions of these measurements are displayed in Figure 2a.



The process of mathematical proof for time-revered-based method is divided into five steps.



Step 1: calculate the theoretical values of the measurements in frequency domain in Figure 2a. Based on long-line equation, the theoretical values of measured voltage and current at end M can be calculated as follows:


{UM=UM+e−γl1+UM−eγl1IM=IM+e−γl1+IM−eγl1



(4)




where:


{UM+=(UF+IF1ZC)/2IM+=UM+/ZCUM−=(UF−IF1ZC)/2IM−=−UM−/ZCZC=(R+jwL)/(G+jwC)γ=(R+jwL)(G+jwC)=α+jβα={[(R2+w2L2)(G2+w2C2)]1/2−w2L2C2+RG}1/2/2β={[(R2+w2L2)(G2+w2C2)]1/2+w2L2C2−RG}1/2/2



(5)




UM+ and IM+ are the forward voltage and forward current, UM− and IM− are the backward voltage and backward current, ZC and γ are wave impedance and propagation coefficient of line, UF and IF1 are the voltage and current of a specific frequency at L1.



Step 2: establish the lossless mirror line. In reference [20], researchers established three mirror spaces in order to locate the lightning point: lossless mirror space, partial-loss mirror space and entire-loss mirror space. A lossless mirror line is constructed in this section as the work in reference [20]. As is shown in Figure 2b, the distributed resistance, conductivity, inductance and capacitance are 0/0/-L/-C for the lossless mirror line, respectively.



Step 3: establish the virtual current sources at the ends of the lossless mirror line. The source is derived from measurements (UM and IM), which is shown as follows:


IMset=UM/ZC+IM=(UF/ZC+IF1)e−γl1



(6)







Then, the source is time reversed and connected in parallel at the line end. Therefore, as is shown in Figure 2b, the source at end M is IMset*=UM*/ZC*+IM*=(UF*/ZC*+IF1*)e−γ*l1.



Step 4: suppose a fault occurs at the lossless mirror line and calculate the assumed fault current. In this step, the reflected current is ignored and the current IMZ* is calculated by using (7).


IMZ*=IMset*e−jβ0lZ



(7)




where, β0=wLC.



In fact, the fault resistance of the assumed fault is set as Z0=L/C, which equals to the wave impedance of the mirror line, hence the reflected current would not exist.



According to (7), the current INZ* is also obtained in a similar way, as is shown in (8).


INZ*=INset*e−jβ0(l−lZ)



(8)







Step 5: prove that the RMSs of all assumed fault currents reach the peak value at the actual fault point. The RMS value of fault current IZ* is:


|IZ*|=|IMZ*+INZ*|=|IMset*e−jβ0lZ+INset*e−jβ0(l−lZ)|=|(UF*/ZC*+IF1*)e−γ*l1e−jβ0lZ+(UF*/ZC*+IF2*)e−γ*(l−l1)e−jβ0(l−lZ)|



(9)







Let the parts of (9) to be as follows:


{(UF*/ZC*+IF1*)=|IM+*|ejθ1(UF*/ZC*+IF2*)=|IN+*|ejθ2











Formula (9) can be translated into (10):


|IZ*|=|e−αl1|IM+*|ej(βl1−β0lZ+θ1)+e−α(l−l1)|IM+*|ej[−βl1+β0lZ+θ2+l(β−β0)]|



(10)







Because the modulus for sum of the vectors gets its maximum as the vectors are in the same direction, equation (10) achieves its peak for βl1−β0lZ+θ1=− βl1+β0lZ+θ2++l(β−β0)+2nπ(n = 0, ±1, ±2 …), and the fault location is obtained as:


lZ=βl1/β0+(θ1−θ2)/2β0−nπ/β0+ l(β−β0)/2β0



(11)







Formula (11) is simplified under three conditions, which are introduced as follows:

	
Because the lossless mirror line and its parameters are created subjectively, the phase coefficient (β0) can be modified into β from (7) to (11). The fault location result is simplified as lZ=l1+(θ1−θ2)/(2β)−nπ/β.



	
The initial forward current are extracted for locating faults, so UF*/ZC*+IF1*=UF*/ZC*+IF2*=2IF1*, that causes θ1=θ2 in (11). Therefore, the fault location result is further simplified as lZ=l1−nπ/β.



In fact, θ1 is not equal to θ2 due to the reflections of currents, so multiple local extremum may exist in formula (10). However, these local extrema are a superposition of the reflected currents, whose amplitude are smaller than the initial forward currents. Therefore, the global extremum exists where θ1=θ2.



	
The practical filtered current is a band signal whose frequency band is [fL,fH].



Suppose |∫fLfHIZ*(f)df| achieves its peak at lZ=l1−nπ/β(n≠0), for any |IZ*(f)|,f∈[fL,fH], it can get the peak value at lZ=l1−nπ/β. Therefore, we can obtain (12):


nfL/βfL=nfL+Δf/βfL+Δf=⋯=nfL+(N−1)Δf/βfL+(N−1)Δf=nfH/βfH



(12)




where, N=(fH−fL)/Δf.








Since n is an integer, β must be finite discontinuous functions in (12). However, β is continuous function in fact. By reduction, there is only a fault location result, which is lZ=l1.




2.3. Locate Fault Using Two External Observers


When we locate the fault in a DC distribution network with multiple observers, many observers are not at the ends of the faulted line. As is shown in Figure 3, the measured currents (IM and IN) in these two situations are not appropriate for fault location at l3 according to the justification in the previous subsection. In this subsection, the fault location result is calculated using two external observers. The proof steps are the same as the last justification. The proof steps for the two situations in Figure 3 are separately introduced.



For the line fault in Figure 3a, the theoretical values of measured forward currents at end M and end N is first calculated as follows:


{IMf=[(UF+IFZC)e−γl3/(2ZC)−IF2]e−γl1INf=[(UF+IFZC)e−γl3/(2ZC)−IF1]e−γl2



(13)







Then, the lossless mirror line is established in the same way as Figure 2b. Meanwhile, the sources in Figure 2b are replaced with the conjugate currents in (13).



The RMS value of the assumed fault current is further calculated in (14).


|IZ*|=|IMZ*+INZ*|=|IMf*e−jβlZ+INf*e−jβ(l−lZ)|=|[(UF*/ZC*+IF*)e−γ*l3−2IF2*]e−γ*l1e−jβlZ+[(UF*/ZC*+IF*)e−γ*l3−2IF1*]e−γ*(l−l1)e−jβ(l−lZ)|



(14)







Formula (14) can also get the peak value only for lZ=l1 according to the process of selecting the peak value of (9).



For the line fault in Figure 3b, the theoretical values of measured forward currents at end M and end N is first calculated as follows:


{IMf=(UF+IFZC)e−γ(l+l3)/(2ZC)INf=(UF+IFZC)e−γl3/(2ZC)



(15)







Then the lossless mirror line and sources at the ends of the line are also established as is shown in Figure 2b. The RMS value of assumed fault current is calculated as follows:


|IZ*|=|IMZ*+INZ*|=|IMf*e−jβlZ+INset*e−jβ(l−lZ)|=|(UF*/ZC*+IF*)e−γ*(l+l3)e−jβlZ+(UF*/ZC*+IF*)e−γ*l3e−jβ(l−lZ)|=|UF*/ZC*+IF*||e−α(l+l3)ejβ(l+l3−lZ)+e−αl3ejβ(l3−l+lZ)|



(16)







Formula (16) gets the only peak value for lZ=l.



In conclusion, if a fault is located using two external observers, the two observers would recognize the fault as an internal fault between the external observers. The fault location result is at the branch node.




2.4. Locate Fault Using Multiple Observers


The DC distribution network contains many branch nodes. These branch nodes can be divided into two types: (1) the maximal branch node, whose number of connecting branches is the maximum of all; (2) the other branch node, whose number of connecting branches is less than that of the maximal branch node.



As is shown in Figure 4, the black lines are the single electrical lines, the red squares are the observers, and the green circle represents a line fault. According to the previous justification, the theoretical values of forward currents at all observers are calculated first and they are indicated as Ifoi(i=0,1,2⋯n). Second, the conjugate currents are calculated as Ifoi*. Third, the lossless mirror line network based on the circuit diagram is established in Figure 4. Finally, the assumed fault current in the lossless mirror line network is calculated, which is:


|IlZ*|=|∑i=1nIfoi*e−jβloi,lZ|=1n−1|∑i=2n(Ifo1*e−jβlo1,lZ+Ifoi*e−jβloi,lZ)+  ∑i=2n−1∑j=i+2n(Ifoi*e−jβloi,lZ+Ifoj*e−jβloj,lZ)|



(17)




where, loi,lZ represents the distance between Oi and the assumed fault location (lZ), which is also shown as the dotted line in Figure 4a.



An inequality can be derived from formula (17):


max{|IlZ*|}≤max{1n−1|∑i=2n(Ifo1*e−jβlo1,lZ+ Ifoi*e−jβloi,lZ)|} + max{1n−1|∑i=2n−1∑j=i+2n(Ifoi*e−jβloi,lZ+Ifoj*e−jβloj,lZ  )|}



(18)







The first part behind the inequality sign in (18) is max{1n−1|∑i=2n(Ifo1*e−jβlo1,lZ+ Ifoi*e−jβloi,lZ)|} and it locates the fault through O1 and On (n > 1), and its peak value appears at f1 according to the previous analysis of (9).



The second part behind the inequality sign in (18) is max{1n−1|∑i=2n−1∑j=i+2n(Ifoi*e−jβloi,lZ+Ifoj*e−jβloj,lZ  )|} and it locates the fault through the other observers that is exclusive of O1, and its peak values appear at branch node as well as l1 according to the previous analysis of (13) and (15).



Given the above analysis, the first and second parts achieve their peaks at the same point (f1). Therefore, the inequality is changed into equality as lZ=f1, and |IlZ*| in (12) achieves its peak value at f1.



In conclusion, only one result is required, when the fault can be located using multiple observers.




2.5. Fault Line Selection with Variable Phase Coefficient


The fault line can be selected through the peak value of RMS values for all assumed fault currents. However, as is shown in Figure 1, if a fault occurs near the branch node and the measured signals of the observers are similar, blind area exists for fault line selection. In order to conquer this problem, the variable phase coefficient is employed for lossless mirror line network.



The phase coefficient for the lossless mirror line in the previous justification is invariable. In this process, suppose the inductance and capacitance are different of every point in the lossless mirror line in Figure 2b. This causes that the phase coefficient β0 to be variable and it changes with the length of line. The RMS value of assumed fault current is rewritten as follows:


|IZ*|=|e−αl1|IM+*|ej[βl1−∫0lZβ(lx)dlx+θ1]+e−α(l−l1)|IN+*|ej[β(l−l1)−∫l−lZlβ(lx)d(lx)+θ2]|



(19)




where, 0≤lZ≤l. As identified in the subsection, the fault location can be obtained when


2βl1=βl−∫0lβ0(lx)dlx+2∫0lZβ0(lx)dlx



(20)







Let βl=∫0lβ0(lx)dlx, formula (20) is simplified as βl1=∫0lZβ0(lx)dlx. A function of β0(lx) is defined as is shown in Figure 5, and the area of shaded part S1 equals to that of S2. When the range of fault location is 0≤l1≤lm and ln≤l1≤l, the calculated fault location lZ appears between lm and ln; and when the range of fault location is lm≤l1≤ln, the calculated fault location is also within this range. Through this operation, if a fault occurs near the ends of the line, the calculated fault location could be obtained at the middle range of the line, which enhances the reliability of fault line selection.





3. Fault Line Selection Algorithm


3.1. Basic Introduction for Wavelet Decompsition


The additional source after a DC line fault is a voltage source of step signal, hence the transients at the observers are distorted step signals. The filtering technology of a frequency domain causes the Gibbs effect when decomposing the step signals, but for wavelet composition, it can filter well due to the nature of time-frequency domain. The expansion of wavelet decomposition is as follows:


s(m)=∑kCj0,kφj0,k(m)+∑j>j0∑kdj,k∅j,k(m)



(21)




where, φj0,k(m) is the wavelet function, and ∅j,k(m) is the scaling function. Their coefficients are calculated using (22):


Cj0,k=⟨s(m)⟩,φj0,k(m),dj,k=⟨s(m),∅j,k(m)⟩



(22)







The Fourier transform is a pure frequency-domain-based method and thus not applicable in the time domain. However, the traveling wave is a function not only of time but also of frequency. That is to say, the Fourier transform-based method cannot describe the modulus of the traveling wave and the time when the wave arrives at the measuring point. In other words, an analysis method that deals with both frequency and time is required to solve this problem [25,26]. As is shown in Figure 6a, it gives the diagram of one-dimensional wavelet decomposition; ‘cA’ is the component after an equivalent low-pass filtering for signal and ‘cD’ is the component after a high-pass filtering. fs represents the sampling frequency, and frequency band of each component is displayed in the figure. The measured 1-mode current at observer 1 is decomposed with the Haar wavelet function, the first, second and third forward current can be shown clearly in the red dotted box as shown in Figure 6b.



Therefore, the initial forward current can be detected effectively with wavelet decomposition, which can be used for the calculation in Section 2.2.




3.2. Time-Domain Fault Line Selection Algorithm


The practical method for fault line selection is introduced in this section. The steps of the algorithm are represented in detail.



Step 1: record the basic information of the DC network, including the topology of the network and the parameters of each line.



Step 2: the recorder at each observer stores the currents. The start time of the recorded transient currents can be any time in the normal operation of the system and the stop time of the recorded currents is the time when the DC breaker starts to open, which means that the proposed method should not know the precise time of fault occurrence.



Step 3: calculate the 1-mode observed currents (ioi1) by using (23).


ioi1=(ioiP−ioiN)/2



(23)




where, Oi is the ith observer. ioiP and ioiN are the recorded positive-pole and negative-pole currents at Oi.



Then the 1-mode currents are decomposed based on the ‘dmey’ wavelet function. The level for wavelet can be four, and the component at level 1 is (‘cD1’ in Figure 6) selected for further calculation. The decomposed current is indicated as ioi_WP1.



Step 4: the decomposed 1-mode currents at all observers are time reversed and then they are used for calculating the RMS of assumed current in the mirror line. The formula in time domain is:


|ilZ*|=|∑i=1nmaxioi_WP1(T−t−∫oilZβ0(lx)dlx/w)|



(24)




where, T is the recording period, ∫oilZβ0(lx)dlx/w represents the time delay from Oi to the assumed fault location.



There are many functions for the variable phase coefficient to choose. In this paper, we use Gaussian distribution, which is defined as follows:


β0(lx)=aexp[−(lx−l/4)22(l/2)2]



(25)




where, the parameter ‘a’ is calculated through βl=∫0lβ0(lx)dlx. l is the length for each line, so the parameter ‘a’ is different.



The peak value of formula (24) is obtained, thus the faulted line is selected.



Step 5: the more observed currents are being taken into computation, the more effects caused by injection currents from AC side are, so that the peak value selected in previous step is not precise. Therefore, it is necessary to reduce the number of calculated observed currents.



Step 6: the lines connected to the fault line are known based on the topology of the network, as is shown in Figure 7. The authors can choose the observers that are inter-connected with the fault line and its neighboring lines for further calculation based on (24). Finally, the result of selection of the fault line is updated with fewer observers.





4. Simulated Case Study


4.1. Simulation Model


A simulation model is established in PSCAD/EMDTC to test the capability of the proposed method and the calculation procedure is implemented in MATLAB. As is shown in Figure 1, the DC distribution network has 13 cables and 5 branch nodes. The frequency-dependent cable model is used the parameters are listed in Appendix A, and the length of each cable is 8 km. Two terminals of the network are connected to the AC system through two-level voltage source converter station. The rated voltages for the AC and DC system are 110 kV and 10 kV, respectively. Besides, the distributed sources are connected to the DC lines by their own converters. Different converters adopt different control strategies and carrier frequencies; thus the harmonic is abundant and complicated.



The fault occurrence time is set at 2.6 s in this simulation and the observers record the currents from 2.597 s to 2.603 s with the sampling frequency of 100 kHz.



Suppose a positive-line-to-ground fault (PLG) occurs at line 5 7.8 km from branch node (T2) with fault resistance of 0 Ω, Figure 8a shows the RMSs of all assumed fault currents through using all measured currents. The first RMS value of assumed fault current of line 1 corresponds to the origin of Figure 8. Both of the RMS values of the assumed fault currents of line 2 and line 3 correspond to horizontal axis of 8 km in Figure 8. By this analogy, the RMS values for all assumed fault currents of the lossless mirror line network are displayed in Figure 8. The spacing of the horizontal axis is 0.1 km and the peak value appears at line 5.



Table 1 gives the fewest observers that are needed for fault line selection. For example, the lines connected to line 5 are line 3, line 4, line 6, line 7 and line 8. In order to ensure the selectivity, the observers 2–6 are selected for selecting fault line.



Figure 8b gives the fault line selection results with 5 observers. Because line 1, line 10, line 11, line 12 and line 13 are outside the fault location area of the observers, the RMS values of these lines are invariable, which responds to the analysis in in Section 2.4.



Because fewer observers bring fewer harmonics, the jitter of wave (specifically the jitter near the peak) in Figure 8b is smaller than that in Figure 8a, and the gradient at peak value is larger than that in Figure 8a. In addition, the peak value moves towards the middle of line 5 due to the contributions of variable phase coefficient.




4.2. Different Fault Types and Resistances


In this section, different fault types and fault resistances for different fault locations are simulated for comparison. The fault types are single-line-to-ground fault (SLG), line-to-line fault (LL) and line-to-line-to-ground fault (LLG). The maximal fault resistance is considered as 100 Ω in this paper.



As is shown in Figure 9, the results of fault line selection for a fault occurrence at the middle of line 8 are given, where the variable phase coefficient does not affect the fault location results. Consequently, the peak value appears at the middle of the line.



As is shown in Figure 9a,b, because the higher the fault resistance is, the lower the mutations of measured currents are, the peak value drops as the fault resistance increases. For a LL fault and LLG fault with the same fault resistance, the mutation of LL fault is larger than that of LLG fault so the peak value is higher in Figure 9c than that in Figure 9d. In addition, the shapes of waveforms in Figure 9 are similar. In terms of energy production, the fault occurrence at a specific location generates electromagnetic energy, whatever the fault types and resistances are, and the proposed method is to find the maximal energy point. Therefore, fault types and resistances do not affect the method.



Suppose an SLG fault with fault resistance of 0 Ω occurs at different points of each line and the faults are simulated at 2.5%, 50% and 97.5% of each line, the results of fault location are given in Table 2. The results of fault location are closer to the middle of the line due to the contributes of VPC. The fault line is selected accurately no matter where the fault location is. However, if a fault occurs at branch nodes, the fault location results have errors (as is shown in Table 2) since the results should be at the branch nodes. Therefore, the fault line repair should include the terminals of the line.




4.3. Different Wavelet Functions and Sampling Frequencies


Theoretically, the results in Table 2 could be the same in each column. The main errors of fault location are caused by filtering technology. The selection of wavelet functions and sampling frequencies affect the wavelet-based filtering technology. In this section, the results of fault location are simulated and compared in different cases.



The results of fault location based on four wavelet functions are compared by combining Table 2 and Table 3. The properties of these four wavelet functions are in Table A2 in Appendix B.



The results of fault line selections are accurately based on different wavelet functions and it enhances the applicability of this method. The mean variances of results of the fault locations are calculated and displayed in these tables. The results of fault locations occurring at the middle of different lines are the most stable, while the results have greater changes for the faults occurring near the branch nodes. The fault location results change the most for fault occurring at 2.5% of length of the line, because there are twelve 2.5%-faults occuring near the branch nodes, while there are only five 97.5%-faults occuring near the branch nodes.



The results of fault locations based on different frequencies are listed in Table 2 and Table 4 (100 kHz). The theoretical values of fault locations change from 2.5%, 50% and 97.5% to 8%, 50% and 92% by using VPC, therefore the results of fault locations are closer to the theoretical values with the increase of sampling frequencies. However, the mean variance of results is the lowest as the frequency is 125 kHz. Therefore, it is not necessary to utilize high sampling frequency to locate the fault line.



Besides, as is shown in Table 2, Table 3 and Table 4, the fault line connecting to the branch nodes is still selected, which promises the accuracy of the method, although the results of fault locations for faults occurring at branch nodes are irregular.




4.4. Comparison With Tavelling-Wave-Based Method


The travelling-wave-based method has been applied into the fault location in multi-terminal HVDC systems [11,13,14,15]. The fault location can be located by using at least two observers. Therefore, the fault location results can be calculated and obtained for n (n − 1)/2 (n is the number of the observers) times. Furthermore, the correct fault location and the fault line can be eventually analysed by using the different fault location results. In reference [10], the fault line protection strategy uses redundant criteria to select and isolate the fault line.



In this subsection, the fault location is calculated for 36 times by using any two of the nine observers in Figure 1 based on the travelling-wave-based method. Then, the correct fault line is selected due to the most frequent results of the 36 results of fault line selection.



The detailed fault line selection process is introduced as follows.



Firstly, the complex continuous wavelet transform are applied for analysing the nine 1-mode currents that are measured by the nine observers in Figure 1. The length of scales of the complex gaussian wavelets is 64. The modulus of wavelet coefficients at scale 32 of 1-mode currents are shown in Figure 10. The wavelet modulus maximum is marked on the line with red circles and its corresponding time is the arrival moment of initial travelling wave.



Secondly, the fault location is calculated by using (26), li,fault is the distance between calculated fault location and observer Oi, li,j is the distance between observer Oi and Oj, vcable is the velocity of travelling wave of the cable, and ti and tj are the detected arrival times for observers Oi and Oj, respectively.


li,fault=[li,j−vcable(tj−ti)]/2



(26)







Thirdly, the results of fault line selection are shown in Table 5. The results show that the fault location occurs at the line, including at the terminals of the line. The symbol ‘×’ represents the fault location result is out of the length of the line due to the wrong detection of the initial travelling wave. The detected initial travelling wave can be easily affected by the other reflections waves because there are many terminals in DC distribution network. As is shown in Table 5, a quarter of the results of calculations show that the fault line is L5, so L5 is regarded as the fault line.



Finally, the fault line is calculated by using the fewest obvers in Table 1. The results are shown in the yellow part in Table 5. Three fifths of the results of the calculation show that the fault line is still L5, so it is the final selection result.



Suppose an SLG fault with fault resistance of 0 Ω occurs at different points of each line and the faults are simulated at 2.5%, 50% and 97.5% of each line, the results of fault line selection by using travelling-wave-based method are given in Table 6. When the fault occurs near the terminals, the initial travelling wave will be affected severely by the reflections, so there are many errors of fault line selection at 97.5% of each line. This indicates that the proposed method has advantages over the travelling-wave-based method by comparing Table 2 and Table 6.





5. Conclusions


This paper proposes a fault line selection method for a DC distribution network. The theoretical justification indicates that the fault line can be selected accurately using the VPC with multiple observers. The case studies show that the fault types and fault resistances do not affect the results of the method. Moreover, different wavelet functions do not affect the accuracy of results of fault line selection, which enhances the applicability of the method. The sampling frequency of the proposed method is much lower, but the accuracy of the proposed method is much more than that of the travelling-wave-based method. In addition, the proper sampling frequency contributes to the stability of the results of fault line selection for the proposed method.



The future research work is as follows: the blind area near the branches needs to be decreased further; the sampling frequency of the method needs to be optimized for maximizing the stability of the method. Further, this method can be applied to many other complex distributions.
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Appendix A


The structure of the cable is shown in Figure A1 and the electrical properties are shown in Table A1.
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Figure A1. Geometric parameters of dc cable. 
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Table A1. Electrical properties for cable.
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Para.

	
Resistivity

/(ohm × m)

	
Relative Permeability

	
Relative Permittivity




	
Layout

	






	
Conductor1

	
2.82 × 10−8

	
1.00

	




	
Insulator1

	

	
1.00

	
4.10




	
Conductor2

	
1.86 × 10−8

	
1.00

	




	
Insulator2

	

	
1.00

	
2.30




	
Ground

	
100.00

	
1.00
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Table A2. Properties of different wavelet functions.
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Wavelet.

	
Db4

	
Coif4

	
Rbio2.8

	
Dmey




	
Property

	






	
Orthogonal

	
yes

	
yes

	
no

	
yes




	
Biorthogonal

	
yes

	
yes

	
yes

	
yes




	
Symmetry

	
far from

	
near from

	

	




	
Compact support

	
yes

	
yes

	
yes

	
yes




	
Orthogonal

	
yes

	
yes

	
no
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Figure 1. Single line diagram for DC distribution network. 
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Figure 2. Justification for fault location that uses time reversal theory with two internal observers: (a) the additional network after fault occurrence; (b) calculate the current of assumed fault along the lossless mirror line. 
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Figure 3. Additional network after fault occurrence with two external observers: (a) the connection of fault and health line is between the two observers; (b) the fault line connects to the terminals of the health line. 
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Figure 4. Fault location with multiple observers: (a) the maximal branch node; (b) the other branch node. 
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Figure 5. Phase coefficient versus to length of line. 
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Figure 6. Introduction of wavelet decomposition: (a)Schematic diagram of one-dimensional wavelet decomposition; (b). wavelet decomposition for 1-mode current that measured by observer 1. 
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Figure 7. Fault line selection with fewer observers. 
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Figure 8. Results of fault line selection for different observers: (a) using all observers; (b) using observer 2–6. 
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Figure 9. Results of fault line selection for different fault types and resistances: (a) SLG fault with resistance of 0 Ω; (b) SLG fault with resistance of 100 Ω; (c) LL fault with resistance of 30 Ω; (d) LLG fault with resistance of 30 Ω. 
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Figure 10. Modulus of wavelet coefficients of 1-mode currents that are measured by the nine observers. 
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Table 1. Fewest observers for selecting fault line.
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	Faulted Line
	Observers
	Faulted Line
	Observers
	Faulted Line
	Observers





	L1
	1 2 3
	L6
	3 4 5 6
	L11
	6 7 8 9



	L2
	1 2 3
	L7
	3 4 5 6
	L12
	6 7 8



	L3
	1 2 3 4
	L8
	3 4 5 6 7
	L13
	6 7 8 9



	L4
	2 3 4
	L9
	4 6 7
	
	



	L5
	2 3 4 5 6
	L10
	4 6 7 8 9
	
	










[image: Table]





Table 2. Results of different fault locations for different fault lines.
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Fault Location/%

	
2.50

	
50.00

	
97.50

	
Branch Node




	
Faulted Line

	






	
L1

	
21.25

	
47.50

	
92.50

	
97.50 (T1)




	
L2

	
6.25

	
51.25

	
78.75

	




	
L3

	
10.00

	
50.00

	
85.00

	




	
L4

	
6.25

	
47.50

	
77.50

	
5.00 (T2)




	
L5

	
13.75

	
50.00

	
86.25

	




	
L6

	
6.25

	
50.00

	
76.25

	




	
L7

	
6.25

	
51.25

	
76.25

	




	
L8

	
16.25

	
50.00

	
90.00

	
1.25 (T3)




	
L9

	
6.25

	
48.75

	
77.50

	
1.25 (T4)




	
L10

	
13.75

	
50.00

	
86.25

	
95.00 (T5)




	
L11

	
76.25

	
51.25

	
76.25

	




	
L12

	
76.25

	
51.25

	
76.25

	




	
L13

	
6.25

	
51.25

	
78.75

	




	
Mean-variance

	
25.26

	
1.35

	
5.83
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Table 3. Results of different fault location for different fault lines based on different wavelet functions.
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Wavelet Function

	
Db4

	
Coif4

	
Rbio2.8




	

	
Fault Location/%

	
2.50

	
50.00

	
97.50

	
Branch Node

	
2.50

	
50.00

	
97.50

	
Branch Node

	
2.50

	
50.00

	
97.50

	
Branch Node




	
Faulted Line

	






	
L1

	
21.25

	
47.50

	
92.50

	
97.50 (T1)

	
21.25

	
47.50

	
92.50

	

	
21.25

	
47.50

	
92.50

	
97.50 (T1)




	
L2

	
6.25

	
51.25

	
78.75

	

	
6.25

	
51.25

	
78.75

	

	
6.25

	
51.25

	
78.75

	




	
L3

	
21.25

	
50.00

	
76.25

	

	
37.50

	
50.00

	
61.25

	
1.25 (T1)

	
37.50

	
50.00

	
61.25

	




	
L4

	
6.25

	
47.50

	
78.75

	
5.00 (T2)

	
6.25

	
47.50

	
77.50

	
30.00 (T2)

	
6.25

	
63.75

	
78.75

	
5.00 (T2)




	
L5

	
21.25

	
50.00

	
76.25

	

	
37.50

	
50.00

	
90.00

	

	
6.25

	
50.00

	
90.00

	




	
L6

	
6.25

	
50.00

	
76.25

	
1.25 (T3)

	
6.25

	
50.00

	
76.25

	

	
6.25

	
51.25

	
76.25

	
1.25 (T3)




	
L7

	
6.25

	
51.25

	
76.25

	

	
6.25

	
51.25

	
76.25

	

	
6.25

	
51.25

	
76.25

	




	
L8

	
23.75

	
50.00

	
78.75

	

	
13.75

	
50.00

	
92.50

	
13.75 (T3)

	
13.75

	
50.00

	
92.50

	




	
L9

	
6.25

	
47.50

	
78.75

	
5.00 (T4)

	
6.25

	
47.50

	
77.50

	
28.75 (T4)

	
6.25

	
47.50

	
77.50

	
5.00 (T4)




	
L10

	
23.75

	
50.00

	
76.25

	

	
38.75

	
50.00

	
62.50

	
86.25 (T5)

	
38.75

	
50.00

	
23.75

	




	
L11

	
40.00

	
51.25

	
76.25

	
1.25 (T5)

	
76.25

	
51.25

	
76.25

	

	
76.25

	
51.25

	
76.25

	
1.25 (T5)




	
L12

	
40.00

	
51.25

	
76.25

	

	
76.25

	
51.25

	
76.25

	

	
76.25

	
51.25

	
76.25

	




	
L13

	
6.25

	
51.25

	
78.75

	

	
6.25

	
51.25

	
78.75

	

	
6.25

	
51.25

	
78.75

	




	
Mean-variance

	
12.56

	
1.48

	
4.39

	

	
25.80

	
1.48

	
9.57

	

	
26.10

	
3.99

	
17.58
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Table 4. Results of different fault location for different fault lines based on different sampling frequencies.
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Wavelet Function

	
Db4

	
Coif4

	
Rbio2.8




	

	
Fault Location/%

	
2.50

	
50.00

	
97.50

	
Branch

Node

	
2.50

	
50.00

	
97.50

	
Branch

Node

	
2.50

	
50.00

	
97.50

	
Branch

Node




	
Faulted Line

	






	
L1

	
15.00

	
51.25

	
88.75

	

	
17.50

	
50.00

	
83.75

	

	
23.750

	
51.250

	
92.500

	
97.50 (T1)




	
L2

	
10.00

	
47.50

	
85.00

	

	
15.00

	
48.75

	
81.25

	

	
13.750

	
47.500

	
76.250

	




	
L3

	
11.25

	
50.00

	
87.50

	
2.50 (T1)

	
17.50

	
50.00

	
83.75

	
2.50 (T1)

	
5.000

	
48.750

	
85.000

	




	
L4

	
5.00

	
47.50

	
85.00

	
95.00 (T2)

	
13.75

	
48.75

	
78.75

	
40.00 (T2)

	
13.750

	
47.500

	
77.500

	
11.25 (T2)




	
L5

	
11.25

	
50.00

	
87.50

	

	
15.00

	
50.00

	
83.75

	

	
13.750

	
50.000

	
85.000

	




	
L6

	
10.00

	
47.50

	
85.00

	

	
15.00

	
48.75

	
80.00

	

	
13.750

	
46.250

	
75.000

	
1.25 (T3)




	
L7

	
10.00

	
48.75

	
85.00

	

	
15.00

	
48.75

	
80.00

	

	
13.750

	
46.250

	
75.000

	




	
L8

	
15.00

	
50.00

	
73.75

	
5.00 (T3)

	
17.50

	
50.00

	
83.75

	
10.00 (T3)

	
13.750

	
50.000

	
92.500

	




	
L9

	
5.00

	
47.50

	
83.75

	

	
13.75

	
48.75

	
78.75

	
30.00 (T4)

	
13.750

	
47.500

	
77.500

	




	
L10

	
11.25

	
50.00

	
87.50

	
2.50 (T4)

	
17.50

	
50.00

	
82.50

	
92.50 (T5)

	
16.250

	
51.250

	
90.000

	
10.00 (T4)




	
L11

	
10.00

	
48.75

	
85.00

	
95.00 (T5)

	
16.25

	
48.75

	
80.00

	

	
6.250

	
45.000

	
72.500

	
1.25 (T5)




	
L12

	
10.00

	
48.75

	
85.00

	

	
16.25

	
48.75

	
80.00

	

	
6.250

	
45.000

	
71.250

	




	
L13

	
10.00

	
47.50

	
85.00

	

	
15.00

	
48.75

	
80.00

	

	
6.250

	
46.250

	
75.000

	




	
Mean-variance

	
2.94

	
1.30

	
3.66

	

	
1.40

	
0.63

	
1.98

	

	
5.200

	
2.188

	
7.610

	











[image: Table]





Table 5. Results of fault line selection by using any two observers.
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Oj

	
O2

	
O3

	
O4

	
O5

	
O6

	
O7

	
O8

	
O9




	
Oi

	






	
O1

	
L1

	
L4

	
L5

	
L5

	
L5

	
L3

	
L3

	
L3




	
O2

	

	
L4

	
L5

	
L5

	
L5

	
L3

	
L3

	
L3




	
O3

	

	

	
L5

	
L5

	
L5

	
L4

	
L4

	
L4




	
O4

	

	

	

	
L6

	
L6

	
×

	
×

	
×




	
O5

	

	

	

	

	
L7

	
×

	
×

	
×




	
O6

	

	

	

	

	

	
×

	
×

	
×




	
O7

	

	

	

	

	

	

	
L11

	
L11




	
O8

	

	

	

	

	

	

	

	
L12
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Table 6. Results of fault line selection for different fault locations at different fault lines.
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Fault Location/%

	
2.50

	
50.00

	
97.50

	
Branch Node




	
Faulted Line

	






	
L1

	
L1

	
L1

	
L1

	
L1




	
L2

	
L2

	
L2

	
L2

	




	
L3

	
L3

	
L3

	
L3

	




	
L4

	
L4

	
L4

	
L3

	
L4




	
L5

	
L5

	
L5

	
L5

	
L6




	
L6

	
L6

	
L6

	
L8

	




	
L7

	
L7

	
L7

	
L8

	




	
L8

	
L8

	
L8

	
L8

	




	
L9

	
L9

	
L9

	
L10

	
L9




	
L10

	
L10

	
L10

	
L10

	




	
L11

	
L11

	
L11

	
L10

	
L11




	
L12

	
L12

	
L12

	
L10

	




	
L13

	
L13

	
L13

	
L13
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