
Research on the diagnosis of circulating current faults in the metal sheath of cross-linked XLPE cables under different working conditions 
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ABSTRACT

	The purpose of this study is to conduct an in-depth analysis of the distribution characteristics and variation laws of metal sheath circulating current in XLPE high-voltage single core cables with cross interconnection connection at 110 kV level under various typical fault conditions, in order to reveal their fault mechanisms and provide theoretical basis for state monitoring and protection strategies. By establishing a theoretical model of a cross connected system and based on the principle of electromagnetic induction, theoretical derivation and quantitative estimation are carried out for five typical fault scenarios (normal operating conditions, single-phase grounding short circuit of A-phase core, two-phase short circuit of BC two-phase core, open circuit of A-phase metal sheath, and two-phase short circuit of AB two-phase metal sheath). This article uses PSCAD/EMTDC simulation software to simulate the current values of the protective ring under different working conditions, and compares them with theoretical calculation values. It is found that a short circuit fault in the wire core will excite a huge kA level protective ring current, and the fault phase current is highly concentrated. However, the metal sheath itself causes abnormal current of 10A level. Among them, the short circuit between sheath phases significantly increases the fault phase current, and the open circuit of sheath causes the fault phase current to drop sharply to zero and produce slight disturbances in non fault phases.
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1. INTRODUCTION 

With the acceleration of urbanization in China, grounding high-voltage transmission lines has become an inevitable choice for the construction of power grids in large cities. XLPE cross-linked polyethylene insulated power cables are widely used in medium and high voltage lines of urban networks, power transmission and distribution, and industrial and mining enterprises due to their excellent electrical and mechanical properties [12]. In order to ensure the safe operation and prolong the service life of cables, metal sheaths serve as important electrical and mechanical shielding layers in cable structures, undertaking functions such as shielding electric fields, conducting fault currents, and grounding protection. [1]

For XLPE high-voltage single core cables, when AC current passes through the core, a high induced voltage will be generated on its metal sheath [13]. If the sheath is grounded at both ends or multiple points, a closed circuit will be formed, resulting in significant sheath circulation. In practical engineering cases, we generally adopt a combination of direct grounding at both ends of the metal sheath and cross interconnection grounding in the middle, which can effectively suppress the current in the sheath. 

When a core fault or sheath loop fault occurs in the XLPE cable cross interconnection grounding system, the current value of the sheath loop will be abnormal, and there are various factors that can cause circulation faults, including environmental changes, construction quality, equipment aging, etc [14, 15]. These factors may lead to serious consequences such as potential short circuits, equipment damage, and even fires, and affect the stability of power system operation.[2] 

Therefore, it is necessary to calculate the circulation under various faults and analyze their circulation characteristics. The existing fault detection techniques mainly focus on the aging status of cables, insulation performance evaluation, and partial discharge detection. However, systematic research on metal sheath circulating current faults is still relatively insufficient. This article aims to explore in depth the causes and diagnostic techniques of metal sheath circulation in cross connected XLPE cables under different operating conditions. With the help of modern detection methods and theoretical analysis, an effective fault diagnosis model is established to provide more reliable technical support for the safe operation of power systems.

2. Calculation model of cross interconnected metal sheath circulation under different working conditions

The most common fault of XLPE cables during operation is that the insulation of the protective layer is damaged by external forces, causing multiple grounding points of the metal protective layer and generating protective layer circulation, resulting in increased protective layer loss. It may also cause local overheating of the insulation, accelerate insulation aging, and affect the service life of the main insulation. In addition, during cable operation, the core may also experience single-phase grounding short circuit and two-phase short circuit faults, and the resulting circulating current can also affect the stability of cable operation. Most domestic and foreign studies only analyze the operating status of cables under normal conditions, and rarely mention the operating status under different fault conditions.

2.1 Under normal operating conditions

This article employs a 110kV grade XLPE high-voltage single-core cable for power transmission. According to electromagnetic principles, the flow of current through the cable core will induce a certain voltage in the metallic sheath. Therefore, as shown in Figure 1, it is assumed that the metallic sheath P is a conductor parallel to the three-phase cores A, B, and C. The distances between the centers of these four conductors are expressed in ratios, where the center-to-center distances between cores AB, BC, and CA are denoted as S, mS, and nS, respectively; and the center-to-center distances between conductor P and cores A, B, and C are denoted as D, βD, and γD, respectively.
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Fig. 1. Ratio diagram of three-phase cable arrangement

Assuming the currents in the three-phase cores A, B, and C are balanced, we have:
[bookmark: _Hlk208326926]            (2-1)
According to electromagnetic principles, the magnetic flux between conductor p and core current IA, , the magnetic flux between p and core current IB, , and the magnetic flux between p and core current IC, , are derived as follows:
   (2-2)
   (2-3)
   (2-4)
The total magnetic flux  of the metal sheath p and the A, B, C three-phase cores can be expressed as:
          (2-5)
In the formula, GMRP represents the geometric mean radius of conductor p, with the same unit as D.
When the conductor p is completely concentric with the A-phase core, it is the metal sheath of the A-phase core. At this point, there are βD=S and γD=nS, and because the geometric average distance between the circumference and any point within the circumference is the principle of its radius, D=GMRP=GMRS, where GMRS is the geometric average radius of the metal sheath. Substituting the above equation into equation (2-5) yields:
     (2-6)
Substituting equation (2-1) into equation (2-6) yields:
 (2-7)
According to Faraday's law of electromagnetic induction, the induced electromotive force USA of the A-phase metal sheath can be obtained
          (2-8)
Where  is the electrical angular velocity of the three-phase current, with a magnitude of  and  being 50Hz.
Similarly, when the conductor p is completely concentric with the B-phase core
       (2-9)

Similarly, when the conductor p is completely concentric with the C-phase core
       (2-10)
In summary, when the impedance per unit length of the metal sheath is known, its circulating current is also easy to calculate, and this article will not elaborate further.[3-4]

2.2 When a single-phase grounding short circuit occurs in the wire core  

Compared to other short-circuit situations, the induced voltage under single-phase grounding short-circuit fault is the highest. The grounding current studied in this article is partially connected to the ground as the loop and partially connected to the sheath or return wire as the loop. When the metal sheath adopts cross interconnection grounding and the ground resistance near the line is small, the grounding resistance of the grounding body is also small. At this time, a part of the grounding current is looped around the ground and another part is looped around the metal sheath. In practice, this is usually the case where the induced voltage of the sheath is between two situations: when the grounding current is entirely in the earth circuit and when the grounding current is entirely in the cable metal sheath or return wire circuit.
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Fig. 2. Schematic diagram of cross interconnection current of cable metal sheath during single-phase grounding short circuit of A-phase core

(2-11)
In equation (2-11), Zss is the self impedance per unit length of the metal sheath; Zcs is the mutual impedance per unit length between the same cable core and the metal sheath; Zab, Zac, Zbc are the mutual impedances per unit length of metal sheaths for AB phase, AC phase, and BC phase, respectively; re and rs are the resistance per unit length of the earth and metal sheath, respectively. Due to the large conducted and induced currents in the sheath circuit during a single-phase short circuit fault, which are much greater than the leakage current, the leakage current component can be ignored when calculating the circulating current of the short circuit fault. Taking the induced voltage on segment A1 in Figure 2 as an example, there are:
(2-12)
In equation (2-12), EA1 is the induced voltage generated by the three-phase core current on the A1 section sheath; UA1 is the induced voltage generated by other circulating currents on the A1 section sheath. The induced voltage of other segments can be obtained similarly. Write the KVL equation, which includes:

(2-13)
In equation (2-13), Zs is the total impedance of the three metal sheaths; ESA=EA1+EB2+EC3 is the total induced voltage generated by the three-phase core current in the sheath circuit 1; USA=UA1+UB2+UC3 is the total induced voltage generated by the circulating current of other phase sheaths in sheath circuit 1; ESB, USB, ESC, and USC have similar meanings.[5-6]

2.3 When a two-phase short circuit occurs in the wire core

When there is a two-phase short circuit, the situation of edge phase and edge phase short circuit should be calculated. Because when the edge phase and edge phase are short circuited, the area enclosed by the circuit is larger than when the edge phase and middle phase are short circuited, so the induced potential is also larger. Due to the fact that the short-circuit current will no longer loop through the ground when two phases are short circuited, and no short-circuit current will flow through the grounding grid, the potential at point E of the protective layer is zero. The maximum potential of the A-phase cable metal sheath to ground is also the maximum induced potential of the metal sheath. The sheath circulation can be obtained from the following formula.
(2-14)
(2-15)

2.4 When a single-phase open circuit occurs in the metal sheath

When the cable joint is damaged by external forces, corroded by the environment, or installed improperly, it is easy for the grounding wire lead to become loose, resulting in an open circuit fault in the sheath circuit. At this time, due to the open circuit of phase A, there is no induced current component in sheath circuit 1, but there is still a leakage current component, so its impact on sheath circuits 2 and 3 still needs to be considered.
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Fig. 3. Schematic diagram of cross interconnection circulation of cable metal sheath when A-phase metal sheath is open circuit

For an A-phase sheath open circuit and an equivalent circuit with only two sheath loops, the current equations for the loops 、, and the induced current components of each sheath segment are as follows:
(2-16)
(2-17)
(2-18)
After modifying the corresponding formula, the iterative method can be used to calculate the induced current component during A-phase open circuit fault, and then obtain the final sheath circulating current.[7]

2.5 When a two-phase short circuit occurs in the metal sheath

When the epoxy prefabricated component in the middle joint of the cable is punctured, there will be a short circuit between the two sheaths, and the original cross interconnection system will be destroyed. The newly added fault branch will increase the number of sheath circuits to four. Taking the AB two-phase short circuit as an example, when Iai、Ibi、Ici(i=1，2，3)are used as voltage sources, the induced current components of the i-th section of each sheath circuit are represented by Rf as the fault resistance, and Im1，Im2，Im3 and Im4 are the circuit currents of the four sheath circuits, respectively.[8]
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Fig. 4. Schematic diagram of cross interconnection circulation of cable metal sheaths during two-phase short circuit of AB two-phase metal sheaths

(2-19)
(2-20)

Among them, Uabc is the induced voltage matrix generated by the sheath circulating current; Uabc is the induced voltage matrix generated by the leakage current component of the sheath; Uabc is the induced voltage matrix generated by the sheath induced current component; Zm is the mutual impedance matrix; Isi(L) is the leakage current component matrix, which does not change with the iteration process; IsV(L) is the matrix of induced current components, which will continuously change through iteration.[9]
(2-21)
(2-22)
(2-23)
(2-24)

At the t-th iteration, the total induced voltage matrix of each section of the sheath is:
(2-25)

The loop current matrix obtained from the loop current method is:
(2-26)
among which:
(2-27)

(2-28)
Calculate the t-th iteration value of the induced current component of each section of the sheath according to the following formula:
(2-29)
Using iterative method to solve the circulation of each sheath.[10-11]

3.Verification and analysis of simulation models under different operating conditions

This article uses PSCAD/EMTDC simulation software to simulate the circulating current values of the metal sheath of a cross connected XLPE high-voltage single core cable under different working conditions at 110kV level. When the core experiences single-phase grounding short circuit and two-phase short circuit faults, the circulating current value of the faulty phase sheath will also be particularly large due to the particularly high excitation source current, generally at the kA level. The non fault phase sheath circulation is relatively small compared to the fault phase, but in actual operation, its sheath circulation value is also much larger than under normal conditions. Therefore, in these two situations, the relay protection should be activated, and manual troubleshooting and fault handling should be carried out. This section will not delve into it further. The following simulation study is only conducted on the operating system under normal operating conditions, when the A-phase metal sheath experiences an open circuit fault, and when the AB phase metal sheath experiences a short circuit fault, and compared with theoretical values to draw conclusions. The following lists the circulating current values under different load currents.

Table 1    Comparison between theoretical and simulated values of circulating current in each sheath under normal operating conditions
	load current (A)
	Isa(A)
	Isb(A)
	Isc(A)

	
	theoretical value
	Simulation value
	theoretical value
	Simulation value
	theoretical value
	Simulation value

	200
	1.425
	1.246
	1.425
	1.244
	1.425
	1.246

	250
	2.033
	2.111
	2.033
	2.110
	2.033
	2.101

	300
	2.567
	2.589
	2.567
	2.588
	2.567
	2.601

	350
	3.020
	3.035
	3.020
	3.035
	3.020
	3.035

	400
	3.699
	3.754
	3.699
	3.756
	3.699
	3.750



Table 2    Comparison between theoretical and simulated values of circulating current in each sheath during open circuit of A-phase metal sheath
	load current (A)
	Isa(A)
	Isb(A)
	Isc(A)

	
	theoretical value
	Simulation value
	theoretical value
	Simulation value
	theoretical value
	Simulation value

	200
	0
	0.132
	5.265
	5.323
	5.265
	5.321

	250
	0
	0.144
	6.989
	6.861
	6.989
	6.854

	300
	0
	0.045
	8.033
	8.015
	8.033
	8.027

	350
	0
	0.059
	9.281
	9.310
	9.281
	9.319

	400
	0
	0.112
	11.004
	10.815
	11.004
	10.810



Table 3    Comparison between theoretical and simulated values of circulating current in each sheath during two-phase short circuit of AB two-phase metal sheath
	load current (A)
	Isa(A)
	Isb(A)
	Isc(A)

	
	theoretical value
	Simulation value
	theoretical value
	Simulation value
	theoretical value
	Simulation value

	200
	50.877
	50.694
	50.877
	50.663
	3.426
	3.455

	250
	54.198
	54.322
	54.198
	54.152
	4.011
	4.989

	300
	58.184
	58.962
	58.184
	58.910
	4.956
	5.236

	350
	62.154
	61.519
	62.154
	61.429
	5.648
	6.005

	400
	70.095
	69.442
	70.095
	69.561
	6.626
	7.010



According to Tables 1, 2, and 3, under normal operating conditions, the circulating current value of the sheath is generally less than 5A. When a single-phase open circuit fault occurs in the metal sheath, the circulating current of the faulty phase is close to 0, but a very high induced voltage will be generated at both ends of the open circuit, which will threaten personal safety, rather than the intact structure of the non faulty phase. Due to the single-phase open circuit, the current of the non faulty phase will slightly increase. When a two-phase short circuit occurs in the metal sheath, the fault phase current significantly increases, while the non fault phase current remains at normal values. Therefore, effective measures need to be taken to suppress the magnitude of the fault circulation.
4 CONCLUSION
This article focuses on the cross interconnection system of 110kV XLPE high-voltage single core cables, and deeply analyzes the size and distribution characteristics of the circulating current of the A, B, and C three-phase metal sheaths under four typical fault conditions. When there is a short circuit fault in the wire core (A phase single-phase ground, BC two-phase short circuit), the sheath circulation is extremely large, reaching the kA level, and the distribution is highly concentrated. When there is a single-phase ground short circuit in phase A, the fault phase A has a huge circulating current in the sheath, reaching 10-18kA, while the non fault phases B and C have extremely small circulating currents; When the BC phase is short circuited, the non fault phase A phase sheath current is almost zero, while the fault phase B and C phase sheath current is huge, reaching 8-15kA. When the sheath is short circuited between phases (AB phase short circuit), a low impedance circuit will be formed between the fault phases A and B, producing significant phase to phase current of 30-80A, while the non fault phase C phase current remains normal. When the sheath has an open circuit fault (A-phase open circuit), the fault phase A-phase circulating current drops sharply to zero, but at the same time, it will generate dangerous high voltage at the open circuit point. The circulation of non faulty phases B and C will slightly increase due to the disruption of system balance, usually between 5-15A.
Under normal operating conditions, the cross interconnection system can effectively suppress the sheath circulation at an extremely low level (<5A). Any deviation from this benchmark value directly reflects the disruption of system balance and can be used for fault warning and localization. The sheath circulating current induced by the huge short-circuit current of the wire core is kA level, which threatens the safety of the main equipment; The circulating current induced by normal load current and caused by changes in the sheath circuit structure is 10A, mainly leading to local overheating and insulation aging of the sheath.
This article clarifies the order of magnitude difference in circulating current between core short circuit and sheath fault. Based on this, differentiated protection strategies can be set: for kA level circulating current, the main fault should be immediately tripped and cut off; For abnormal increase in circulation of 10A level, an alarm can be issued to guide operation and maintenance personnel to search for defects such as insulation damage of the sheath or open circuit at the connection point, and achieve condition based maintenance. By monitoring the relative magnitude and distribution pattern of the circulating current values in the three-phase sheath, rather than just absolute values, it is possible to more accurately determine the nature and phase of the fault, greatly reducing the time for fault diagnosis.
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