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Abstract

:

Power distribution networks are vulnerable to different faults, which compromise the grid performance and need to be managed effectively. Automatic and accurate fault detection and location are key components of effective fault management. This paper proposes a new framework for fault detection and location for smart distribution networks that are equipped with data loggers. The framework supports networks with mixed overhead lines and underground cables. The proposed framework consists of area detection, faulty section identification, and high impedance fault location. Firstly, the faulty zone and section are detected based on the operation of over-current relays and digital fault recorders. Then, by comparing the recorded traveling times at both ends of lines, which are related to the protection zone, the faulty line is identified. In the last step, the location of the fault is estimated based on discrete wavelet transform. The proposed method is tested on a 20 kV 13 node network, which is composed of overhead lines and underground cables. The method is tested in both balanced and unbalanced configurations. The obtained results confirm the advantages of the proposed method compared with the current state-of-the art.
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1. Introduction


Power distribution networks are vulnerable to different faults. This is mainly due to conditions such as a harsh working environment, operating conditions, and system aging. Such faults can compromise the security of electricity supply and the reliability in our cities [1]. Fast automatic fault location is important in the process of power restoration and repair. After faults have been located and isolated, restoration plans are designed to maximize the re-energized loads [2,3].



Methods for automatic fault location in distribution networks can be categorized into two groups: (1) conventional automatic methods and (2) methods based on artificial intelligence [4]. The first is represented by impedance based methods [1,5,6], traveling wave methods [7,8,9], etc. The second is represented by intelligence methods, such as artificial neural networks (ANN) [10], support vector machines (SVM) [11], fuzzy logic [12,13,14], genetic algorithms (GA) [15,16], the matching approach [17], etc. The performance of intelligence methods is highly dependable on the training data [8]. Moreover, any network configuration changes require new data acquisition and update of the algorithm. The traveling wave method has a better performance in multi-branched radial topologies compared with the impedance based method [18].



The current fault location practice in distribution systems consists of network switching, subscriber notification to the dispatching center, use of protective and smart equipment, and deployment of fault indicators on the network and substations. Fault location is challenging for distribution networks because feeders are distributed over wide branched areas composed of several overhead lines and underground cables.



Fault location has been extensively studied, and different methods have been proposed, which can be classified into four main categories according to [19]. One of the main categories is the measurement based methods, which can be classified into three important groups: (1) power frequency signals [1,5,6,20,21,22], (2) high frequency signals [7,8,9,23,24], and (3) artificial intelligence [10,11,12,13,14,15,16,17].



Among shunt faults, high impedance (HI) faults are the most critical. When a high impedance fault occurs, the voltage and current levels in power systems do not increase significantly [7,25]. On the other hand, the HI faults may not be detected by the relay protection. Therefore, different methods have been proposed [1,7,9,25,26,27]. Fault location and parameters can be estimated within the first cycles after fault occurrence [9]. In the traveling wave method, Discrete wavelet transform (DWT) based multi-resolution analysis (MRA) gives better signal representation because its resolution is balanced at any time and frequency [7]. For characterization and extraction of transient signals with DWT transform, db4 has the best performance in the Daubechies family based on its detection and discrimination rates [25]. Furthermore, power line communication (PLC) technology can be utilized for communication and monitoring of lines [26,28].



In this paper, an accurate fault location framework is proposed by using over-current relays and an MRA wavelet transform. Compared with the traveling wave method [8,29], the proposed technique needs only half of the signal cycle to locate the HI fault section position. After the fault data are sampled and processed, the mutual effects of electromagnetic transient signals are decomposed into their modal signals by the alpha-beta (  α β 0  ) transformation. Finally, the arrival time of the traveling waves can be defined using DWT and the   d b 4   mother wavelet.



The method supports distribution grids that are equipped with data loggers. The data loggers have the ability to record voltage and current data and relevant harmonic information. Furthermore, they have the event recorder module, which records the voltage and current in one cycle before and after the occurring event time with a step of 400  μ s.



For the evaluation of the proposed method, different types of short-circuit faults with various resistances are simulated in a combined overhead line and underground cable smart distribution network with tapped lines. The proposed method is simulated by DigSILENT and MATLAB in balanced and unbalanced configurations. The results confirm the high efficiency and accuracy of the proposed method.



This paper is structured into five sections. Besides the Introduction section, Section 2 describes the state-of-the-art on traveling wave fault location methods. The proposed extensions are discussed in Section 3. The evaluation of the proposed method and the results are presented in Section 4. Section 5 presents the conclusion of this paper.




2. Fault Location Using Traveling Waves


In this section, the state-of-the-art traveling wave fault location method using vector diagrams (Figure 1) is explained in detail.



Traveling Waves


If a fault occurs in an electrical line (Figure 1A), a disturbance with high frequency creates two traveling waves in both directions (toward Terminals A and B) with different velocities (  ν i  ) in the modal signals (  S m  ). In order to eliminate the electromagnetic induction interactions between fault signals, sampled signals using only a half signal cycle stored in fault recorders (FRs) should be transformed into a new theoretical signal using Equation (1). Equation (1) represents an alpha-beta transform where the ground mode (  S g  ) and the aerial (  S α  ) parameters can be used to estimate the location of faults. The traveling wave velocities will be estimated using Equation (2) where   L i   and   C i   are line inductance and capacitance, respectively.   S a  ,   S b  , and   S c   are fault signals.


       S g       S α       S β      =  1 3      1   1   1     2    − 1     − 1      0    3      − 3       ×      S a       S b       S c       



(1)






  ν =  1    L i  ×  C i     ;  i = g  o r  α  



(2)







The mathematical transformations are used to extract the features, such as time and location, where information is not easily obtained. One of the advantages of processing fault signals using wavelet transform over other mathematical transformations is its high resolution, which enables the extraction of the frequency and location information (location in time) of the desired signal.



The high frequency components generated by the faults contain useful information for fault location in electrical networks. Signal processing using the wavelet transform technique is one of the strongest tools in this matter. Among the suggested methods in this subject, multi-resolution analysis (MRA) using the   d b 4   mother wavelet has good performance in distribution networks with several branches and balanced and unbalanced configurations for high impedance fault location.



According to Figure 2, a discrete wavelet transform consists of a low pass filter (  C  A n   ) and a high pass filter (  C  D n   ). DWT transforms the input signal into two low frequency components and high frequency outputs. The low pass filter output is called the approximation component, and the high-pass filter provides the detailed coefficients [31]. Figure 2 shows a generic signal decomposition (Figure 2A) and the frequency bandwidth (Figure 2B) of a discrete wavelet transform.





3. The Proposed Method


Short-circuit faults compromise the network stability and can cause power disruption. The section and location of the short-circuit faults therefore should be determined quickly to speed up the required remedial actions. In this section, a new method is suggested for fault location in hybrid distribution networks, which consists of two main components: protection coordination and faulty section detection. The protection coordination method is suggested for over current relays and devices, which supports fault types and high impedance faults. The faulty section detection uses the traveling wave timestamps and supports the high impedance faults.



3.1. Protection Coordination


A new protection coordination method is presented, which is suitable for all current protection device settings. Moreover, it can detect the faulty section for all fault types. When the fault occurs and its current in OCRs (over current relays) becomes higher than the set current value, the relay sends a trip signal to the circuit breaker to disconnect the faulty section from the network. OCRs have their own operating time, which is determined by international standards, such as the IEC [32]. One of the most important issues in coordinating the protection of OCRs is the design of the protective zones. These zones should protect the network against all faults in each section. In this paper, for each branch, a protection device is considered. An overall schematic of the proposed method is illustrated in Figure 3. It uses an algorithm that includes FLs (fault locators), OCRs, and PLC (power line communication) coordinated in defined protection zones on combined networks (cables and OHL (overhead lines)).



To ensure that the relay protection zones do not overlap, the coordinated time interval (  C T I  ) must be determined by Equation (3), where   t i   and   t  i , j    are the main and backup relays operation times, respectively. Furthermore, we assumed   C T I   was 0.35.


   t  i , j   −  t i  ≥ C T I  



(3)







Operation times are calculated for the considered OCRs in the defined zones according to Equation (4) (  I f k   is the fault current and   I  p i    the setting value of the pickup current) and Table 1. The time dial setting (TDM) used in Equation (4) is 0.5. In all zones, a relay is installed in the bus that represents the beginning of the zone.


   t  i , j  k  =   α × T D M     (   I f k   I  p i    )  β  − 1    



(4)







After determining the main relay and the backup relays, the coordination for each pair of the relays is carried out in time and current. The coordination flowcharts are shown in Figure 4 and Figure 5, which are done for OCRs. They consist of two successive steps: current setting and time setting. Firstly, the current setting algorithm shown in Figure 4 is run. In this algorithm, based on the load current and short-circuit fault current, the minimum and maximum currents of each relay are calculated, and accordingly, the set current is determined. It is run to the maximum set current in the user interval and larger than the main set. The setting current is therefore determined for each relay. In the second step, the time setting algorithm shown in Figure 5 should be run. As is shown clearly in Figure 5, at the first iteration, the first relay and the main relay are selected. Then, the three phase short-circuit current is calculated for each main and backup relay. Next, the operating time is calculated for the main relay. Afterward, according to CTI, the operating time of the backup relay is determined. Then, TDSis determined for each backup relay. Next, comparing the calculated TDS with the old TDS, the larger value is selected as the main TDS. If TDS is changed, the calculations should be run; else, these calculations are done for all existing relays. Optimizing the coordination of OCRs means at least a blackout as a result of fault incidence. In the case of tripping each relay, the faulty area will be isolated.




3.2. Faulty Section Detection Using Protection Coordination


After the definition of the protection zones defined by the operation of over-current relays, fault section detection is performed. Section detection is one of the most important issues in fault location. Usually, the difference between the first and the second peaks is used for the faulty section detection [8,29]. However, due to the difference between electrical parameters in cables and overhead lines, they do not work in mixed overhead line and underground cable networks. To solve this, we propose a new method described in Figure 6. The method uses communication systems to send the traveling wave arrival times’ information to FLs, which are located in the main feeders. For section detection (Figure 6), the comparison of the arriving times in feeders is used.



A traveling wave based method that considers two terminals was used in this study in order to locate the high impedance faults. The exact location of the faults (grounded and not grounded) regardless of the disturbance position located in the first or second half of the line can be calculated by Equation (5),


  X =  1 2    ( L −  ν i  · Δ  t i  )  ,  i = g  o r  α  



(5)




where i can be g or  α , which are the ground and arrival mode, respectively, and   Δ  t i    are the fault’s section length, the traveling wave velocity, and the traveling wave time difference in fault recorders at both ends of the faulty line, respectively.





4. Results


A 13 node network, which is a combined overhead line and underground cable distribution network, is modeled according to Figure 7. High impedance fault location is performed in the balanced and unbalanced conditions by MATLAB and DigSILENT software. The simulated network contained 12 loads and 12 lines with 9 overhead lines and 3 underground cables of a 20 kV voltage level. Load values and their distribution on both configuration are presented in Table 2. Table 3 shows the overhead and the cable line parameters of the network. The cables are between Nodes 2 and 3, 6 and 7, and 11 and 12, and the others are OHLs.



Figure 8 shows the three-phase transient voltage waveforms during a single-phase-to-ground short-circuit fault (BG) between Nodes 2 and 3 with 85  Ω  resistances and 11.58 km away from Node 2. The voltage waveforms in Figure 8a–d are recorded at Nodes 2, 3, 4, and 5, respectively.



4.1. Simulation


The simulation results included zone detection, section identification, and HI fault location based on the two terminals’ information. The results are presented in Section 4.1.1, Section 4.1.2 and Section 4.1.3, respectively. The faults conditions in Table 4 and Table 5 are the same as those described in Table 6.



4.1.1. Zone Detection


It was possible to identify and recognize the fault area, by implementing the proposed protection plan (Section 3.1). Protection coordination of over current relays was done to isolate all types of short-circuit faults up to 100  Ω  from the network (isolation performance for all relays).



The test network had 12 lines with different lengths, which included seven different paths. Conservation coordination for all lines (OHLs and cables) was implemented seamlessly. Table 4 shows the performance of the proposed coordination method for fault clearance and zone detection in balanced mode.



In the case of a fault, the relay responsible for the protection zone will isolate the faulty zone from other sectors in order to avoid the spreading of the disturbance and the collapse of the network.




4.1.2. Section Diagnosis


After the fault zone was identified by the operation of OCRs, the faulty line could be determined using the traveling wave timestamps inside the selected area. In this study, traveling times were extracted using DWT and the   d b 4   mother wavelet in 10 levels. For this purpose,   S g   and   S α   were used for grounded and ungrounded faults, respectively. Table 5 shows the section diagnosis simulation results.




4.1.3. Fault Location


Fault location results are presented in this section considering balanced and unbalanced configurations. Estimated fault location simulation outcomes were tested in different conditions, and the results are shown in Table 6 for underground cables and overhead lines. As mentioned, these results were obtained for a distribution network (Figure 7) using two terminals’ information. It should be noted that high impedance faults occurred in full load conditions.





4.2. Discussions


In [27], the magnetic field sensors with a 3 km distance from each other were used for HI fault location in an overhead line distribution network. This method is not suitable for wide networks, especially with long-distance underground cables. The accuracy of the proposed method in [1] decreased as fault resistance increased. To use the continuous wavelet transform for analyzing fault signals in [8], high frequency sampling equipment (e.g., 1 GHz) is required. In addition, to have the same reference time for measurement units in [8,27], synchronization by a global positioning system (GPS) is required. The method that was presented in this paper improved the state-of-the-art as it did not have the weaknesses mentioned in [1,8,27]. According to the results in Table 7, it was also more accurate.



The works in [1,8,27] were only tested in OHL distribution power network (DPN) using voltage and current and voltage and magnetic field measurement (see Table 7) with a 1.5–2.8% error. However, in this paper, in addition to checking the validity of the proposed method in a combined overhead line and underground cable distribution network, the maximum error was −0.49%.



The high impedance fault usually presents a small fault current, which is not sufficient to trip the protection of the relay. However, in this work, the distribution zones were set by setting the sensitive relays or high impedance fault detection relays. The distribution network had data loggers on the nodes. The most common faults were unsymmetrical faults such as single phase fault to ground, double phase fault, and double phase fault to ground. The high impedance faults could be detected by sensitive EFrelays or high impedance fault detection relays. When the high impedance fault occurred, the mentioned relays detected the high impedance fault, and consequently, the faulty zone was determined. Based on the recorded time in the relays, the voltages of data loggers were extracted and converted, and WT was run and the transient times extracted. The one that had an earlier registration time determined the faulty section. Then, based on these times and the wave velocity, the fault distance was calculated. For this method, sensitive earth-fault relays were appropriate.





5. Conclusions


The purpose of the paper was to minimize outage in distribution networks. This study showed that the presented method was practical for area detection, faulty section identification, and high impedance short-circuit fault location in combined networks. The proposed method was tested on a 20 kV combined distribution network with 13 nodes in balanced and unbalanced conditions. The results confirmed that the proposed method was highly accurate in detecting faulty zones, sections, and location in a variety of OHLs, cables, and combined lines in different parts of the distribution networks. Comparing the proposed method with previous studies showed that the accuracy of the proposed method was higher, and more importantly, it was suitable for use in practical conditions. What distinguished this method from others was its ability to handle challenges such as unbalanced loads, combined lines, and HI faults. The accuracy of the proposed method in simulation was high, if all the data of relays and data loggers were provided and the communication service and GPS tags were available. However, some technical problems require further investigations in future work such as the effect of DGs, changing the network structure, and changing the system protection scheme by renewable energy resources, blinding, and false tripping in combined networks.
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Figure 1. Lattice diagram [30]. (a) Traveling wave (TW) behavior. (b) Defined TW times in Terminal A. 
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Figure 2. Structure of the discrete wavelet transform. (a) A generic signal decomposition. (b) The frequency bandwidth. 
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Figure 3. Overall schematic of the fault location method. FL, fault locator; OHL, overhead line. 
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Figure 4. Current relay coordination. 
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Figure 5. Timing relay coordination. 
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Figure 6. Section diagnosis algorithm. FR, fault recorder. 
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Figure 7. The combined overhead line and underground cable distribution case study. 
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Figure 8. Single phase to ground (BG) fault with 85  Ω  placed between Nodes 2 and 3 in the balanced configuration. (a) Three phase fault voltages recorded from Node 2. (b) Three phase fault voltages recorded from Node 3. (c) Three phase fault voltages recorded from Node 4. (d) Three phase fault voltages recorded from Node 5. 
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Table 1. Constants for the IEC relay [32].
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	Curve Type
	   α   
	   β   





	I
	0.14
	0.02



	V.I
	13.50
	1.00



	E.I
	80.00
	2.00



	L.I
	120.00
	1.00
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Table 2. Load values and distribution.
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	Node
	
	
	Balanced
	
	
	





	
	Phase 1
	
	Phase 2
	
	Phase 3
	



	
	P (MW)
	Q (MW)
	P (MW)
	Q (MW)
	P (MW)
	Q (MW)



	2:13
	0.625
	0.833
	0.625
	0.833
	0.625
	0.833



	Node
	
	
	Unbalanced
	
	
	



	
	Phase 1
	
	Phase 2
	
	Phase 3
	



	
	P (MW)
	Q (MW)
	P (MW)
	Q (MW)
	P (MW)
	Q (MW)



	2
	0.355
	0.322
	0.250
	0.533
	0.428
	0.433



	3
	0.125
	0.122
	0.300
	0.433
	0.565
	0.666



	4
	0.412
	0.322
	0.450
	0.533
	0.338
	0.133



	5
	0.634
	0.822
	0.450
	0.233
	0.145
	0.633



	6
	0.650
	0.833
	0.459
	0.533
	0.545
	0.633



	7
	0.612
	0.522
	0.270
	0.333
	0.623
	0.811



	8
	0.123
	0.322
	0.430
	0.833
	0.548
	0.233



	9
	0.455
	0.622
	0.555
	0.433
	0.578
	0.833



	10
	0.355
	0.322
	0.350
	0.833
	0.428
	0.433



	11
	0.368
	0.722
	0.620
	0.133
	0.428
	0.433



	12
	0.612
	0.522
	0.340
	0.833
	0.428
	0.433



	13
	0.355
	0.322
	0.250
	0.533
	0.428
	0.433
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Table 3. The overhead and cable line parameters.






Table 3. The overhead and cable line parameters.





	Parameter
	OHL
	Cable
	Units





	  R1
	0.27152
	0.07
	 Ω /km



	  R0
	0.41463
	0.27
	 Ω /km



	  L1
	0.0011721
	   3.1831 ×  10  − 4     
	H/km



	  L0
	0.0053207
	0.0012
	H/km



	  C1
	   1.1520 ×  10  − 8     
	   0.41 ×  10  − 6     
	F/km



	  C0
	   3.6612 ×  10  − 9     
	   0.43 ×  10  − 6     
	F/km
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Table 4. Faulty zone detection. OCR, over current relay.






Table 4. Faulty zone detection. OCR, over current relay.





	
OCRs’ Operation Times (s)






	
Fault Place

	
R1

	
R2

	
R3

	
R4

	
R5

	
Operated Relay




	
  2–3

	
0.942

	
     0.793

	
0.803

	
  -

	
   -

	
R2




	
  11–12

	
1.018

	
     2.185

	
0.831

	
1.477

	
   0.345

	
R5




	
  6–8

	
0.918

	
     0.770

	
0.253

	
  -

	
   -

	
R3




	
  9–10

	
0.680

	
     2.592

	
0.850

	
  0.522

	
   -

	
R4




	
  1–9

	
0.704

	
     2.127

	
0.818

	
  -

	
   -

	
R1
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Table 5. Section detection.






Table 5. Section detection.














	Fault Zone
	Arriving Times (  μ  s)
	
	
	
	
	Defined Fault Section





	R2
	Node
	2
	3
	4
	5
	2–3



	
	The first peak
	32.85
	32.59
	32.97
	33.00
	



	R5
	Node
	11
	12
	13
	–
	11–12



	
	The first peak
	32.62
	32.61
	32.75
	–
	



	R3
	Node
	6
	7
	8
	–
	6–8



	
	The first peak
	32.60
	32.71
	32.625
	–
	



	R4
	Node
	9
	10
	11
	–
	9–10



	
	The first peak
	32.63
	32.60
	32.72
	–
	



	R1
	Node
	1
	2
	9
	–
	1–9



	
	The first peak
	32.65
	32.76
	32.62
	–
	










[image: Table] 





Table 6. Fault location results.






Table 6. Fault location results.





	
Fault Type

	
Fault Section

	
Actual FL (km)

	
Calculated FL (km)

	
FR

	
Error (km)

	
Error (%)






	
Balanced Network




	
BG

	
2–3

	
11.58

	
11.723

	
85

	
−0.143

	
−0.116




	
ABCG

	
11–12

	
4.6

	
4.22

	
95

	
0.38

	
0.309




	
AG

	
6–8

	
1.6

	
1.867

	
65

	
−0.267

	
−0.218




	
ABC

	
9–10

	
7.3

	
7.899

	
45

	
−0.599

	
−0.487




	
BCG

	
1–9

	
9.5

	
9.899

	
55

	
−0.399

	
−0.324




	
Unbalanced Network




	
AG

	
1–9

	
2.25

	
2.42

	
10

	
−0.17

	
−0.138




	
ABCG

	
11–13

	
4

	
4.313

	
50

	
−0.101

	
−0.254




	
AG

	
2–6

	
7

	
6.734

	
25

	
0.266

	
0.216




	
ABG

	
5–7

	
3.5

	
3.375

	
35

	
0.125

	
0.101




	
CG

	
6–8

	
5.5

	
5.72

	
5

	
−0.22

	
−0.178








FL: fault location. FR: fault resistance.
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Table 7. Comparison of the previous studies with the proposed method.






Table 7. Comparison of the previous studies with the proposed method.





	Methods
	Studies Network
	Measurement
	Max. Error (%)





	Measurement of High Frequency Magnetic Field [27]
	OHL 1 DPN 2
	Magnetic Field
	1.5%



	Non-Iterative Impedance Based Method [1]
	OHL DPN
	Voltage and Current
	2.5%



	Discrete and Continuous Wavelet Analysis [8]
	OHL DPN
	Voltage
	2.8%



	Proposed Method
	CDPN 3
	Voltage
	−0.49%







   1   Overhead line.    2   Distribution power network.    3   Combined overhead line and underground cable power distribution network.
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