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Abstract 

Single-phase grounding is the dominant fault type in urban power distribution networks. 
Because the total magnetic flux would not change around the cable under a single-phase 
grounding fault, ferromagnetic zero-sequence current sensors cannot distinguish the 
faulted phase of belted cables, which are the main type in 10 kV distribution networks. To 
fill this gap, a two-step methodology is proposed using an annular TMR magnetic sensor 
to measure the magnetic field intensity at six points on the cable surface and to distinguish 
the faulted phase using the magnetic field intensity differences between the TMRs. The 
first step is calculating the rotation angles between the six magnetic sensors and the three 
cable cores after installation. A differential evolution algorithm is used to calculate the 
rotation angles in the sensing model. The second step is to detect the fault phase under a 
single-phase grounding fault transient, with the magnetic field intensity difference taken 
as the criterion. The methodology is verified through simulation and experiment. The re-
sults show that the relative errors of the rotation angles are all less than 1%. Under a sin-
gle-phase grounding fault, the faulted phase can be accurately identified. The proposed 
method can effectively identify the faulted phase of 10 kV three-core cables under single-
phase grounding and has significant engineering application value. 

Keywords: fault phase selection; surface magnetic field sensing; single-phase grounding; 
transient three-core cable 
 

1. Introduction 
Cables are the backbone of the modern power distribution grid. For instance, the 

total length of medium-voltage (MV) cable circuits in China had exceeded one million 
kilometers by the end of 2025, with an average annual growth rate of 7% over the past 
decade [1,2]. In medium-voltage distribution networks, single-phase grounding faults are 
the most common type of fault, accounting for more than 70% of the total. Medium-volt-
age cable-based distribution networks utilize three-core cables as power lines; these cables 
feature a belted structure and offer high safety performance as well as strong electromag-
netic interference suppression capability [3]. For this reason, the centralized laying of 
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multi-circuit three-core cables is quite prevalent in areas with dense power loads. How-
ever, underground cables are susceptible to multiple factors, including third-party con-
struction damage, mechanical stress, and environmental temperature and humidity fluc-
tuations. These factors can degrade the insulation performance of cables and consequently 
lead to single-phase grounding faults [4]. Accurate identification of the fault phase is cru-
cial for the rapid restoration of the power supply. Nevertheless, traditional methods re-
quire invasive operations at both ends of the cable, which increases the maintenance 
workload and prolongs the fault handling cycle. Therefore, there is an urgent need to de-
velop more efficient and intelligent fault phase identification methods to enhance the 
overall reliability of power supply systems. 

In previous work, phase selection methods in MV power distribution grid mainly 
focused on overhead lines rather than cables. Due to differences in line structures and 
parameters [5], overhead lines and three-core cable lines exhibit distinct voltage and cur-
rent characteristics after single-phase grounding faults. Overhead lines feature small 
ground capacitance, pronounced zero-sequence voltage and current characteristics, and 
rich transient components, enabling effective fault identification based on voltage and cur-
rent features [6]. In contrast, three-core cable lines exhibit large ground capacitance and 
strong inter-phase coupling, resulting in capacitive-dominated zero-sequence currents [7], 
weak phase discrimination, and rapidly decaying transients, which significantly compli-
cate faulty phase identification. Aiming at this key problem of fault phase selection in 
distribution networks, scholars at home and abroad have carried out systematic and in-
depth research and proposed a variety of fault phase selection methods with different 
characteristics. In the field of fault phase selection based on abrupt quantities, References 
[8,9] proposed a phase selection method based on power–frequency amplitude differences 
in phase-to-phase current fault components. This method has been widely applied in 
transmission networks, but its application effectiveness is limited due to the complexity 
of distribution networks. In terms of steady-state phase selection research, Reference [10] 
uses a single sequence component to reflect all fault types and comprehensively identify 
fault phases; however, it requires a long data acquisition window, and when the system 
operation mode changes, the characteristics may weaken or even disappear, resulting in 
poor phase selection performance. In research on transient phase selection, Reference [11] 
takes the transient current of short circuit faults as the analysis object and proposes a fault 
phase selection method based on wavelet entropy weight. In addition, Reference [12] ex-
tracts the modulus phasor of a single frequency of fault current using the S-transform and 
puts forward a phase selection method based on modulus relationships and phase current 
integration. Although these methods have high phase selection accuracy, they are suscep-
tible to the influence of system parameters, and their effectiveness has not been verified 
in engineering practice. Reference [13] introduces deep learning into this field and realizes 
automatic phase selection with strong anti-interference ability through convolutional neu-
ral networks; however, its engineering application is restricted by problems such as data 
acquisition and model training. 

The present authors have invented a Hall-element-based surface magnetic field sen-
sor and used it for phase current measurement; however, it was not used in transient 
magnetic sensing or phase selection [14,15]. In recent years, with the rapid development 
of magnetic field sensing technology, using magnetic fields instead of electric currents as 
characteristic quantities in distribution systems has emerged as a new research trend [16]. 
Traditional distribution network monitoring primarily relies on invasive current sensors, 
which require circuit interruption for installation and thus increase the difficulty of system 
maintenance. In contrast, TMR magnetic sensors have demonstrated broad application 
prospects in distribution network monitoring due to their advantages, such as high sensi-
tivity, strong anti-interference capability, and non-invasiveness. Particularly in 
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monitoring applications of three-core cables, given that such cables adopt an integral 
sheath structure, sensors can only be arranged outside the cables, which imposes higher 
requirements on sensor arrangement and detection accuracy. To address this challenge, 
relevant studies have proposed various solutions. For instance, Reference [17] proposes a 
novel magnetic field sensing technique for detecting underground power cables and ver-
ifies its effectiveness using simulation models of 11 kV and 132 kV underground power 
cables. Reference [18] presents a novel coreless current sensor unit for measuring electrical 
current in circular conductors. Unlike conventional designs, these sensors do not need to 
be fixed directly onto the conductor, which significantly enhances their flexibility and ease 
of deployment. Reference [19] proposes a theoretical and experimental method for evalu-
ating crosstalk interference in a circular array of fluxgate sensors used for current meas-
urement. Reference [20] investigates a differential array of magnetic field sensors. In this 
differential approach, the Moore–Penrose inversion method is used to obtain the set of 
currents at different positions inside the sensor by measuring the radial difference in the 
magnetic fields. Reference [21] provides an in-depth analysis of measurement errors in 
circular magnetic sensor arrays used for current measurement. By introducing a theoreti-
cal framework based on vector mathematics, the paper investigates the effects of conduc-
tor position variations on measurement accuracy. Reference [22] designed an annular 
magnetic field sensor array with a 45° mutual spacing, which effectively expanded the 
angular coverage of magnetic field detection. References [23,24] developed an annular gi-
ant magnetoresistive sensor array with a 90° mutual spacing tailored to the monitoring 
requirements of three-core cables; by increasing the sensor arrangement density, the ac-
curacy of magnetic field measurement was significantly improved. Reference [18] con-
structed a sensor array composed of three Hall sensors with a 120° mutual spacing and 
further enhanced the detection capability for superimposed magnetic fields in cables by 
optimizing the spatial layout between sensors. Reference [14] designed an annular Hall 
sensor array with a 60° mutual spacing, whose research mainly focused on the inversion 
of steady-state phase currents. Reference [15] considered the influence of the steel tape 
shield layer of three-core cables on the inverted phase current, but neither involved engi-
neering application research in the field of distribution network fault diagnosis. Despite 
the remarkable progress made in existing research on surface magnetic field sensing for 
three-core cables [25], its practical application in the field of single-phase grounding fault 
diagnosis remains relatively limited, and there is still a lack of effective methods for single-
phase grounding fault phase selection. 

In this paper, an annular TMR magnetic sensor is adopted to realize non-invasive 
fault phase selection for single-phase grounding faults in three-core cables. First, a differ-
ential evolution algorithm is used to invert the rotation angle under steady-state system 
conditions. Then, the difference value is selected as the time-domain characteristic quan-
tity, and six measurement points are arranged on the surface of the annular TMR magnetic 
sensor as spatial characteristic quantities; the magnetic field intensity difference is used to 
distinguish the fault phase at the moment of a single-phase grounding fault transient. The 
feasibility of the above-mentioned phase selection method is analyzed via simulation, and 
it is verified that this method is not affected by factors such as rotation angle or neutral 
grounding mode. Finally, systematic verification of the proposed phase selection method 
based on the annular TMR magnetic sensor is carried out on a 10 kV cable network pro-
totype test platform. Test results demonstrate that this method effectively selects the fault 
phase for single-phase grounding faults in three-core cables, offering a novel approach to 
developing fault phase selection technology in distribution networks. 
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2. Materials and Methods 
2.1. Single-Phase Grounding Induced Sudden Variation in Surface Magnetic Field in  
Three-Core Cables 

2.1.1. Theoretical Analysis of Surface Magnetic Field in Single-Phase Grounding of 
Three-Core Cables 

The main causes of single-phase grounding faults in three-core cables are external 
force damage and insulation breakdown. As shown in Figure 1, a grounding loop is 
formed between the single-phase conductor and the earth. 

 

Figure 1. Single-phase grounding fault of a three-core cable. 

When a single-phase grounding fault occurs in a distribution network cable, the 
three-phase currents exhibit unbalanced characteristics. The symmetric component 
method yields Equation (1), and the composite sequence network diagram of single-phase 
grounding is shown in Figure 2. Here, ZL1, ZL2, and ZL3 are the positive-, negative-, and 
zero-sequence equivalent impedances of the line, Zf is the fault point impedance, and Efa|0| 
is the equivalent voltage source. 

ቐ𝑰୅ ൌ 𝑰ଵ ൅ 𝑰ଶ ൅ 𝑰଴𝑰୆ ൌ 𝑎ଶ𝑰ଵ ൅ 𝑎𝑰ଶ ൅ 𝑰଴𝑰େ ൌ 𝑎𝑰ଵ ൅ 𝑎ଶ𝑰ଶ ൅ 𝑰଴ (1)

where IA, IB, and IC are the A-phase, B-phase, and C-phase currents, respectively; I1, I2, 
and I0 are the positive-sequence, negative-sequence, and zero-sequence currents, respec-
tively; and a is the rotation factor. 

 

Figure 2. Sequence network diagram. 

During a single-phase grounding fault, the voltage of the fault phase drops, and the 
phase current increases, while the current of the healthy phases changes slightly. The fault 
phase current is expressed as Equation (2): 𝑰୤ୟ ൌ 𝑰ଵ ൅ 𝑰ଶ ൅ 𝑰ଷ ൌ 3𝐸୤ୟ ሾ଴ሿ𝑍୐ଵ ൅ 𝑍୐ଶ ൅ 𝑍୐ଷ ൅ 3𝑍୤ (2)

The surface magnetic field distribution of three-core cables can be calculated using 
the Biot–Savart Law, whose integral form is shown in Equation (3): 

𝑩 ൌ න 𝜇଴4𝜋௅ 𝐼𝑑𝒍 ൈ 𝒆୰𝑟ଶ  (3)
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where B is the magnetic field intensity vector, L is the closed integral path, I is the source 
current, dl is the current element, er is the unit vector from the current element to the field 
point to be solved, r is the distance from the current element to the field point to be solved, 
and µ0 is the vacuum permeability. 

Based on the law of surface magnetic field distribution of three-core cables, a mag-
netic field vector superposition model of three-core cables is established. The synthetic 
magnetic field generated by the three-phase conductors can be expressed as Equation (4): 𝑩 = 𝑩୅(𝑟୅,𝜃୅) + 𝑩୆(𝑟୆,𝜃୆) + 𝑩஼(𝑟େ,𝜃େ) (4)

where BA(rA, θA), BB(rB, θB), and BC(rC, θC) are the magnetic field components generated by 
the A-, B-, and C-phase conductors at the measurement points (rA, θA), (rB, θB), and (rC, θC), 
respectively. 

Under steady-state equilibrium conditions, the three-phase currents are 120° out of 
phase with each other, and the synthetic magnetic field on the surface of the three-core 
cable presents a uniform distribution. The magnetic field intensity changes along an ellip-
tical trajectory with time, showing the characteristics of a rotating magnetic field [14]. 
When a single-phase grounding fault occurs, the fault phase current mutates, and the sys-
tem changes from three-phase operation to two-phase operation, resulting in distortion of 
the synthetic magnetic field, as shown in Figure 3. It is assumed that the system is in 
steady-state operation at 0 ms, a single-phase grounding fault occurs at 0.3 ms, and the 
synthetic magnetic field on the surface of the three-core cable increases significantly dur-
ing the single-phase grounding fault transient stage from 0.3 ms to 2.4 ms. 

 

Figure 3. Magnetic field intensity caused by single−phase grounding in a three−core cable. 

Assuming an A-phase single-phase grounding fault occurs, the fault current is shown 
in Equation (5), and the magnetic field component of the fault phase A is shown in Equa-
tion (6). Here, If is the amplitude of the fault current, ψf is the phase angle of the fault 
current, and d is the distance from the conductor center to the cable center. 𝐼୅ = 𝐼୫ 𝑐𝑜𝑠(𝜔𝑡) + 𝐼୤ 𝑐𝑜𝑠(𝜔𝑡 + 𝜓୤) (5)

𝚫𝑩୰(𝑟, 0) = 𝜇଴𝐼୤2𝜋 ⋅ 𝑑୅ 𝑠𝑖𝑛(𝜓୤)(𝑟ଶ + 𝑑୅ଶ − 2𝑟𝑑୅)ଷ/ଶ (6)

The results show that when a single-phase grounding fault occurs in a three-core 
cable, the surface magnetic field near the fault phase changes most significantly. The fault 
phase can be identified by measuring the magnetic field changes at multiple positions on 
the surface of the three-core cable. 

2.1.2. Annular TMR Magnetic Array Model and Phase Selection Characteristic Quantities 

This paper refers to six TMR sensors with a mutual spacing of π/3 from Reference 
[14], numbered S1~S6, which are placed at any position on the surface of the three-core 
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cable without being installed on the extension line connecting the cable center and the 
phase center, as shown in Figure 4. Point O is the center of the three-core cable, points A, 
B, and C are the centers of the A-, B-, and C-phase cores, respectively. The distances from 
point O to the centers of each core are rA, rB, and rC, respectively, and the radius of the 
cable is R. The rotation angles between OA, OB, OC and the positive direction of the x-
axis are α, β, and γ, respectively, with a mutual difference of 2π/3. From the trigonometric 
relationship, the coordinates of points A, B, and C are (rAcosα, rAsinα), (rBcosβ, rBsinβ), and 
(rCcosγ, rCsinγ), respectively. The tangential magnetic field intensities BS1~BS6 along n are 
generated at S1~S6. The magnitudes of the magnetic field intensities at the six measure-
ment points are related to the three-phase currents IA, IB, and IC and the coefficients before 
the phase currents. Among these, the spatial distances between points A, B, C and each 
measurement point are the key factors determining the coefficients. The influence of the 
coefficients will make the six measurement points obtain different magnetic field intensi-
ties at the same time. 

 

Figure 4. Surface magnetic field sensing model of a three-core cable. 

The six measurement points BS1~BS6 arranged on the surface of the annular TMR array 
are composed of two groups of surface measurement points, namely BS1, BS3, BS5, and BS2, 
BS4, BS6. Adding the surface magnetic fields of the three measurement points BS1, BS3, and 
BS5 gives the BM expression as shown in Equation (7), and adding the surface magnetic 
fields of the three measurement points BS2, BS4, and BS6 gives the BN expression shown in 
Equation (8): 

𝐵୑ = 𝜇଴2𝜋 (𝐼୅ + 𝐼୆ + 𝐼େ) ∗෍ 𝑅 − 𝑟 𝑠𝑖𝑛(𝛼 + 𝜃୩(ଵ))𝑅ଶ + 𝑟ଶ − 2𝑅𝑟 𝑠𝑖𝑛(𝛼 + 𝜃୩(ଵ))ଷ
௞ୀଵ  (7)

where 𝜃ଵ(ଵ) = −π, 𝜃ଶ(ଵ) = π/3, and 𝜃ଷ(ଵ) = −π/3. 

𝐵୒ = 𝜇଴2𝜋 (𝐼୅ + 𝐼୆ + 𝐼େ) ∗෍ 𝑅 − 𝑟 𝑠𝑖𝑛(𝛼 + 𝜃୩(ଶ))𝑅ଶ + 𝑟ଶ − 2𝑅𝑟 𝑠𝑖𝑛(𝛼 + 𝜃୩(ଶ))ଷ
௞ୀଵ  (8)

where θଵ(ଶ) = 2π/3, θଶ(ଶ) = 0, and θଷ(ଶ) = −2π/3. 
Analysis of Equations (7) and (8) shows that both BM and BN are related to the zero-

sequence current. In a three-phase system, the zero-sequence current expression is: 𝐼଴ = 𝐼୅ + 𝐼୆ + 𝐼େ3  (9)

where I0 is the zero-sequence current of the three-phase system. 
Introducing the zero-sequence current into BM and BN, Equations (7) and (8) can be 

simplified as follows: 
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𝐵୑ = 3𝜇଴2𝜋 𝐼଴ ⋅෍ 𝑅 − 𝑟 𝑠𝑖𝑛(𝛼 + 𝜃୩(ଵ))𝑅ଶ + 𝑟ଶ − 2𝑅𝑟 𝑠𝑖𝑛(𝛼 + 𝜃୩(ଵ))ଷ
௞ୀଵ  (10)

𝐵୒ = 3𝜇଴2𝜋  𝐼଴ ⋅෍ 𝑅 − 𝑟 𝑠𝑖𝑛(𝛼 + 𝜃୩(ଶ))𝑅ଶ + 𝑟ଶ − 2𝑅𝑟 𝑠𝑖𝑛(𝛼 + 𝜃୩(ଶ))ଷ
௞ୀଵ  (11)

Adding BM and BN gives the superimposed magnetic field of the six measurement 
points as follows: 

𝐵ୗ୙୑ = 3𝜇଴2𝜋  𝐼଴  ෍ 𝑅 − 𝑟 𝑠𝑖𝑛(𝛼 + 𝜃୩)𝑅ଶ + 𝑟ଶ − 2𝑅𝑟 𝑠𝑖𝑛(𝛼 + 𝜃୩)଺
௞ୀଵ  (12)

where θ1 = −π, θ2 = 2π/3, θ3 = π/3, θ4 = 0, θ5 = −π/3, and θ6 = −2π/3. 
The above analysis shows that the superimposed magnetic field BSUM of the six meas-

urement points BS1~BS6 is positively correlated with the zero-sequence current and has 
nothing to do with the positive-sequence current and negative-sequence current. In a 
three-phase balanced system, the zero-sequence current is zero; therefore, the superim-
posed magnetic field BSUM is also zero. When an asymmetric fault occurs in the system, 
such as a single-phase grounding fault in a three-core cable, the zero-sequence current is 
non-zero, which in turn generates a superimposed magnetic field BSUM, leading to changes 
in the surface magnetic field of the six measurement points of the annular TMR array. 

2.2. Phase Selection Method for Single-Phase Grounding Faults in Three-Core Cables 

2.2.1. Solution of the Rotation Angle of the Steady-State TMR Array 

Under steady-state system conditions, the rotation angles are inverted using the sur-
face magnetic field formulas of the six measurement points BS1~BS6, and the planar relative 
arrangement of the annular TMR array and the A-, B-, and C-phase conductors is deter-
mined according to α, β, and γ. Among them, the rotation angles α, β, and γ are unknown 
quantities, whereas the cable radius R and the distances rA, rB, and rC from the cable center 
to the three-phase core centers are known quantities. The oscilloscope detects the three-
phase currents IA, IB, and IC, and the TMR sensor acquires the surface magnetic field inten-
sity BS1~BS6 of the three-core cable. The equations contain sine terms related to the rotation 
angles and are nonlinear. There are three unknowns, α, β, and γ in the equations, and the 
number of unknowns is less than the number of equations. Solving the equations can yield 
numerical solutions. 

Converting a system of nonlinear equations into an optimization problem is a widely 
adopted solution approach [26–28], and the key to this method lies in constructing an ap-
propriate fitness function. Based on the differential evolution algorithm [29], to solve for 
the rotation angles α, β, γ during the steady-state operation of the system, it is necessary 
to first construct the fitness function F by using the inversion-calculated values and actual 
measured values of the surface magnetic fields BS1~BS6 at six measurement points, as 
shown in Equation (13): 

𝐹 = ෍(଺
௜ୀଵ 𝐵ୗ୧ − 𝐵ୗ୧∗)ଶ (13)

where BSi is the theoretically calculated value of the magnetic field at the measurement 
point, and BSi* is the sensor-measured value at the corresponding measurement point. The 
values of α, β, and γ when the fitness function F takes the minimum value are the optimal 
solutions to the equations. 

The optimization problem satisfies the following constraint conditions of the fitness 
function: 
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0 ≤ 𝛼,𝛽, 𝛾 ≤ 2𝜋 (14)

where α, β, and γ are the rotation angles to be solved, and their ranges are from 0 to 2π. 

2.2.2. Fault Phase Selection for Single-Phase Grounding Fault Transient of  
Three-Core Cables 

The essence of judging the fault phase using the annular TMR array under transient 
conditions is to find the mutual relationship between the surface magnetic field intensity 
of the six measurement points with a mutual spacing of π/3 and the fault and healthy 
phases. For this reason, the concept of the difference value at each measurement point is 
proposed, as shown in Equation (15): 𝐵ୗ୧౦౦ = 𝐵ୗ୧ౣ౗౮ − 𝐵ୗ୧ౣ౟౤ (15)

where i = 1, 2, …, 6; BSipp is the transient magnetic field intensity difference at the measure-
ment point, BSimax is the maximum transient magnetic field intensity at the measurement 
point, and BSimin is the minimum transient magnetic field intensity at the measurement 
point. 

The surface magnetic field intensity of three-core cables has the physical characteris-
tic of decaying with distance. The spatial distance between the six measurement points 
and the fault phase conductor is correlated with the measured magnetic field intensity. 
When a single-phase grounding fault occurs in a three-core cable, among the six measure-
ment points of the sensor surrounding the three-core cable, the measurement point closest 
to the fault phase will obtain the maximum magnetic field intensity difference. 

Based on this, the criterion for identifying the fault phase is established: at the mo-
ment of the single-phase grounding fault transient, among the six measurement points of 
the annular TMR magnetic sensor, the phase pointed to by the measurement point with 
the maximum magnetic field intensity difference along the radial direction r is the fault 
phase. 

Time-Domain Characteristic Quantities 

To evaluate the optimal time-domain characteristic quantities of the surface magnetic 
field transient response during single-phase grounding faults in three-core cables, a com-
parative analysis of the maximum and minimum values, rate-of-change, and the proposed 
difference value is carried out, as shown in Table 1. By simulating the change process of 
the transition resistance from low-resistance to high-resistance under random noise inter-
ference, phase selection accuracy is used as the evaluation criterion to quantify the perfor-
mance of each characteristic quantity in terms of fault phase selection reliability. 

Table 1. Phase selection accuracy rate of each time-domain characteristic quantity. 

Transition Resistance 
Difference 
Accuracy 

Maximum/Minimum 
Accuracy 

Rate-of-Change Ac-
curacy 

0 Ω~800 Ω 100.0% 100.0% 100.0% 
800 Ω~1000 Ω 99.0% 96.5% 94.5% 

The maximum and minimum values of the surface magnetic field at each 
measurement point are shown in Equation (16): 𝐵ௌ௜ಾ = ൫|𝐵ௌ௜೘ೌೣ|, |𝐵ௌ௜೘೔೙|൯ (16)

The rate-of-change in the surface magnetic field at each measurement point is shown 
in Equation (17): 



Sensors 2026, 26, 1016 9 of 22 
 

https://doi.org/10.3390/s26031016 

𝑑𝐵ௌ௜𝑑𝑡 = 𝑑𝐼𝑑𝑡 (17)

Analysis of the data in Table 1 shows that when the transition resistance value is 
lower than 800 Ω, all three time-domain characteristic quantities can achieve 100% fault 
phase selection accuracy. However, as the transition resistance increases to 1000 Ω, 
random noise interferes with the transient mutation signal of the surface magnetic field of 
the three-core cable, resulting in varying degrees of decline in the phase selection accuracy 
of each time-domain characteristic quantity. By calculating the difference between the 
maximum and minimum values of the signal, the difference value effectively amplifies 
the weak transient changes at the moment of the fault; therefore, it still maintains high 
phase selection reliability during high-resistance grounding, and the phase selection 
accuracy is better than the maximum and minimum values or the rate-of-change. 

In the simulation, noise with SNRs of 30 dB, 20 dB, and 10 dB is introduced to 
evaluate the influence of different noise levels on the proposed magnetic field intensity 
difference feature. A single-phase grounding fault on phase A is assumed, with the 
transition resistance set to 500 Ω. The rotation angles α, β, and γ are set to 3π/2, 5π/6, and 
π/6, respectively. The surface magnetic field waveforms under the three different SNR 
conditions are shown in Figure 5, and the corresponding magnetic field intensity 
differences at each measurement point are summarized in Table 2. 

   
(a) (b) (c) 

Figure 5. Influence of different SNRs: (a) 30 dB; (b) 20 dB; and (c) 10 dB. 

Table 2. Differences between measurement points under different SNRs. 

SNR S1 S2 S3 S4 S5 S6 
30 dB 0.096 mT 0.045 mT 0.055 mT 0.042 mT 0.055 mT 0.046 mT 
20 dB 0.101 mT 0.047 mT 0.056 mT 0.042 mT 0.056 mT 0.049 mT 
10 dB 0.121 mT 0.058 mT 0.057 mT 0.045 mT 0.058 mT 0.060 mT 

As shown in Table 2, under SNRs of 30 dB, 20 dB, and 10 dB, the magnetic field in-
tensity difference at measurement point S1 is consistently the largest, and the faulted 
phase is correctly identified as phase A. These results indicate that the proposed time-
domain feature is applicable in harsh noise environments. Moreover, the faulted phase 
can be accurately identified for single-phase grounding faults with transition resistance 
values below 800 Ω. 

Spatial Characteristic Quantities 

To find the most suitable number of measurement points and combined spatial char-
acteristic quantities on the surface of the annular TMR array, the six measurement points 
are divided into three groups: Group 1 is S1, S3, and S5; Group 2 is S2, S4, and S6; and 
Group 3 is S1, S2, S3, S4, S5, and S6. A metallic single-phase grounding fault occurs in 
phase A, and the magnetic field intensity differences in each measurement point in the 
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three groups of measurement point combinations are detected. Working Condition 1: the 
rotation angles α, β, and γ are 3π/2, 5π/6, and π/6, respectively, as shown in Figure 6. 
Working Condition 2: the rotation angles α, β, and γ are 11π/6, 7π/6, and π/2, respectively, 
as shown in Figure 7. 

 

Figure 6. Working Condition 1. 

 

Figure 7. Working Condition 2. 

Analysis of the data in Table 3 shows that under the above two specific angle condi-
tions, in Group 2, S2, S4, and S6 measurement points of Working Condition 1, BS2pp is equal 
to BS6pp, and both BS2pp and BS6pp are greater than BS4pp, making it impossible to select the 
phase correctly. In Group 1, S1, S3, and S5 measurement points of Working Condition 2, 
BS1pp is equal to BS3pp, and both BS1pp and BS3pp are greater than BS5pp, which also makes it 
impossible to select the phase correctly. The third group of six measurement points, S1~S6, 
can all identify the fault phase. The number of different measurement points has an im-
pact on the phase selection method proposed in this paper, and arranging six measure-
ment points can realize effective fault phase selection of three-core cables. 

Table 3. Differences between measurement points. 

Working Condition S1 S2 S3 S4 S5 S6 

1 
2.54 mT / 1.39 mT / 1.39 mT / 

/ 1.56 mT / 1.22 mT / 1.56 mT 
2.56 mT 1.56 mT 1.39 mT 1.22 mT 1.39 mT 1.56 mT 

2 
1.56 mT / 1.56 mT / 1.22 mT / 

/ 2.56 mT / 1.39 mT / 1.39 mT 
1.56 mT 2.56 mT 1.56 mT 1.39 mT 1.22 mT 1.39 mT 

2.2.3. Faulted Phase Selection Process 

By combining the above steady-state inversion of the rotation angle and transient 
identification of fault phase for a single-phase grounding fault, the fault phase selection 
process is summarized in Figure 8. 
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Figure 8. Procedure. 

3. Results 
3.1. Simulation 

To verify the proposed fault phase selection method for three-core cables, a medium-
voltage cable feeder single-phase grounding fault simulation model is built in 
MATLAB/Simulink (R2023a). As shown in Figure 9, the transformer turns ratio is 220 
kV/10 kV with a Y/△ connection, the arc suppression coil adopts an 8% over-compensa-
tion mode, and the small resistance is set to 10 Ω. A single-phase grounding fault is set in 
a 1924 m long cable feeder. The fault point is set 1301 m away from the 10 kV bus and 623 
m away from the load. The detection point is arranged 200 m in front of the fault point. 
The line terminal is unloaded, and the sampling rate is 1 MHz. 

 

Figure 9. Single-phase grounding fault model. 

The structural parameters of the three-core cable are shown in Table 4. The rotation 
angles α, β, and γ between OA, OB, OC, and the positive direction of the x-axis are 2π/3 
apart. The cable radius R is 46.3 mm, and rA = rB = rC = 21 mm. 

Table 4. Structural parameters of the three-core cable. 

Structure Radius/mm Material 
Conductor 11.6 Copper 

Inner Semiconductive Layer 12.4 Semiconductive Polymer 
XLPE Insulation Layer 17.1 XLPE 

Outer Semiconductive Layer 17.7 Semiconductive Polymer 
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Copper Tape Shield Layer 17.8 Copper 
Steel Tape Shield Layer 41.6 Galvanized Steel 

Outer Sheath Layer 46.3 PVC 

Based on the three-phase currents obtained from the simulation, this paper substi-
tutes them into the surface magnetic field formulas of BS1~BS6 to forward calculate the 
magnetic field intensity of the six measurement points S1~S6 on the surface of the three-
core cable. 

3.1.1. Steady-State Inversion of Rotation Angle 

Set α, β, and γ to 3π/2, 5π/6, and π/6, respectively. Based on the differential evolution 
algorithm, the three-phase currents IA, IB, and IC and the surface magnetic field intensities 
BS1~BS6 obtained from the simulation at any time are inverted, and the obtained α, β, and 
γ parameters are shown in Table 5. 

Table 5. Rotational angle inversion. 

Rotation Angle Actual Value Inverted Value Absolute Error Relative Error 
α 3π/2 1.504π 0.00311π 0.21% 
β 5π/6 0.831π 0.00206π 0.25% 
γ π/6 0.166π 0.00111π 0.67% 

It can be seen from Table 4 that the minimum absolute error of the inverted rotation 
angle is 0.00111π, the maximum absolute error is 0.00311π, and the relative errors of α, β, 
and γ inversions are all less than 1%. 

3.1.2. Transient Phase Selection for Single-Phase Grounding Fault 

Analysis of Fault Phase Selection for Three-Core Cables 

Taking an ungrounded neutral system as an example, the transition resistance at the 
fault point is set to 0 Ω, the rotation angles α, β, and γ are set to 3π/2, 5π/6, and π/6, re-
spectively, and single-phase grounding faults occur in phases A, B, and C. The magnetic 
field intensity waveforms at S1~S6 are shown in Figure 10. Calculate the magnetic field 
intensity differences at the six measurement points S1~S6 on the surface of the three-core 
cable when single-phase grounding faults occur in phases A, B, and C, and obtain the 
magnetic field intensity difference curves as shown in Figure 11. 

   
(a) (b) (c) 

Figure 10. Magnetic field intensity at six measuring points during a single−phase grounding fault: 
(a) phase A grounding fault; (b) phase B grounding fault; (c) phase C grounding fault. 
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Figure 11. Magnetic field intensity difference at six measurement points for a single-phase ground-
ing fault. 

Based on the rotation angles α, β, and γ and the planar relative arrangement of the 
six measurement points of the annular TMR array, it can be concluded that when the mag-
netic field intensity difference BS1pp of the S1 measurement point is the largest, a single-
phase grounding fault occurs in phase A; when the magnetic field intensity difference 
BS5pp at the S5 measurement point is the largest, a single-phase grounding fault occurs in 
phase B; when the magnetic field intensity difference BS3pp at the S3 measurement point is 
the largest, a single-phase grounding fault occurs in phase C. 

Influence of Different Rotation Angles 

Different rotation angles affect the magnetic field intensity differences at the six meas-
urement points. To eliminate situations where specific rotation angles result in two or 
more measurement points to obtain the same maximum magnetic field intensity differ-
ence, leading to phase selection errors. It is assumed that a single-phase grounding fault 
occurs in phase A. The rotation angle α is increased from 0 to 2π with an increment of 
π/1800 each time, and the resulting magnetic field intensity difference intervals at the six 
measurement points are shown in Figure 12. 

 

Figure 12. Magnetic field intensity differences at six measurement points under different rotation 
angles. 

Analysis shows that during the continuous change in the rotation angle α ∈ [0, 2π], 
the magnetic field intensity differences BSipp at measurement points S1~S6 show periodic 
distribution characteristics. For any measurement point Si, there exists an interval [θi1, θi2] ∈ [0, 2π] such that the magnetic field intensity difference in the measurement point within 
this interval satisfies the following: 𝐵ୗ୧౦౦(𝛼) > 𝐵ୗ୨౦౦(𝛼) (18)

In the formula, i ≠ j, i = 1, 2, …, 6; ∀α ∈ [θi1, θi2]. 
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When α ∈ [1.334π, 5π/3], the magnetic field intensity difference BS1pp of S1 is greater 
than that of other measurement points, and BS1pp reaches its maximum when α = 3π/2. 
When α ∈ [1.668π, 0], BS2pp is greater than that of other measurement points, and BS2pp 
reaches its maximum when α = 11π/6. When α ∈ [π/1800, π/3], BS3pp is greater than that of 
other measurement points, and BS3pp reaches its maximum when α = π/6. When α ∈ 
[0.334π, 2π/3], BS4pp is greater than that of other measurement points, and BS4pp reaches its 
maximum when α = π/2. When α ∈ [0.667π, π], BS5pp is greater than that of other measure-
ment points, and BS5pp reaches its maximum when α = 5π/6. When α ∈ [1.001π, 4π/3], BS6pp 
is greater than that of other measurement points, and BS6pp reaches its maximum when α 
= 7π/6. 

Through the analysis of arbitrary rotation angles, it can be seen that different rotation 
angles have no effect on the phase selection method proposed in this paper. 

Influence of Cable Core Eccentricity 

From the above analysis, it can be concluded that when a single-phase grounding 
fault occurs in phase A and α = 3π/2, such that S1 is directly facing the phase A conductor 
and the geometric structure of the cable cores is symmetric, the magnetic field intensity 
difference at the S1 measurement point, BS1pp, should be greater than those at the other 
five measurement points. In practical operation, external mechanical compression of the 
conductors or cable eccentricity may occur, resulting in geometric asymmetry of the cable 
structure. Considering the eccentricity of the phase A conductor, the distance rA from 
point O to the center of the phase A core, as well as the rotation angle α between OA and 
the positive x-axis, may vary within a certain range. 

To verify the effectiveness of the fault phase selection method under cable eccen-
tricity conditions, the parameter ranges are determined based on field operating experi-
ence. Specifically, the range of rA is set to 19 mm~23 mm, and the range of the rotation 
angle α is set to 1.444π~1.556π. The distance from point O to the center of the phase B 
conductor is set to rB = 20mm, with the rotation angle β between OB and the positive x-
axis being 5π/6. The distance from point O to the center of the phase C conductor is set to 
rC = 22 mm, with the rotation angle γ between OC and the positive x-axis being π/6. The 
cable radius R is 46.3 mm. 

This section investigates the variations in magnetic field intensity differences at dif-
ferent measurement points when the distance rA and the rotation angle α deviate within 
the parameter ranges defined in the model. In the simulation, a single-phase grounding 
fault is assumed to occur on phase A. The variations in magnetic field intensity differences 
at different measurement points are shown in Figure 13. When rA is set to 19 mm, 20 mm, 
21 mm, 22 mm, and 23 mm, respectively, as the rotation angle α increases from 1.444π to 
1.556π, the magnetic field intensity difference at the S1 measurement point, BS1pp, consist-
ently remains higher than that at the other five measurement points. Within the range of 
α = 1.444π~1.556π, BS1pp exhibits a symmetric distribution and reaches its maximum at α 
= 3π/2, corresponding to the condition where S1 is directly facing the phase A conductor. 

     
(a) (b) (c) (d) (e) 
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Figure 13. Simulation results of cable core eccentricity, (a) rA = 19 mm; (b) rA = 20 mm; (c) rA = 21 mm; 
(d) rA = 22 mm; (e) rA = 23 mm. 

Influence of Different Neutral Grounding Modes and Transition Resistances 

There are three types of small current grounding systems in distribution networks: 
ungrounded neutral, neutral grounded through an arc suppression coil, and neutral 
grounded through small resistance. The amplitude of the fault phase current varies 
greatly among the three different grounding modes in the fault steady-state, and the 
change in the fault phase current further affects the change in the surface magnetic field 
intensity of the three-core cable. In the transient stage of a single-phase grounding fault, 
under the three different grounding modes, the fault phase current will experience a tran-
sient impact to increase, causing an increase in the surface magnetic field intensity of the 
three-core cable. The transition resistance range is set to 50 Ω~300 Ω, a single-phase 
grounding fault occurs in phase A, and the rotation angles α, β, and γ are 3π/2, 5π/6, and 
π/6, respectively. 

The influence trend of the neutral point transition impedance on the magnetic field 
intensity difference is shown in Figure 14. Under the three neutral point grounding 
modes, the magnetic field intensity difference at the S1 measurement point is the largest, 
which is identified as phase A short circuit. Under the condition of non-high-resistance 
grounding at the fault point, different neutral point grounding modes and the value of 
the transition resistance have no effect on the phase selection method proposed in this 
paper. 

   
(a) (b) (c) 

Figure 14. Simulation results of different neutral points and transition resistances: (a) ungrounded 
neutral; (b) arc suppression coil grounding; (c) low-resistance grounding. 

3.2. Test Verification and Analysis 

To further verify the effectiveness of the proposed method for fault phase selection 
in the case of single-phase grounding faults of three-core cables, a single-phase grounding 
fault is simulated on a 10 kV cable prototype test platform. The test site adopts two neutral 
point grounding modes: ungrounded and grounded through an arc suppression coil. The 
line length, fault point location, surface magnetic field measurement point layout, and 
load conditions are consistent with the simulation settings. The cable network frame is 
shown in Figure 8, and the structural parameters of the three-core cable are shown in Ta-
ble 3. A single-phase grounding fault is set to occur in phase B during the test. 

The test equipment and on-site layout are shown in Figure 15, including an annular 
TMR magnetic sensor composed of six TMR215x tunneling magnetoresistors and a six-
channel acquisition card with a sampling rate of 1 MHz. A data receiving terminal with a 
built-in FPGA system board and an annular TMR magnetic sensor are arranged in the 
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cable channel. The fault point uses a three-core cable with three-phase stripping. One 
phase conductor is drilled to the copper core, and the drilled conductor is immersed in 
water to simulate the actual cable immersion environment. The circuit breaker in the ring 
main unit is closed, and the system directly enters the single-phase grounding fault tran-
sient operation state. The annular Hall magnetic sensor is used for steady-state measure-
ments in Reference [14] and is not applicable to single-phase grounding transient condi-
tions. 

 

Figure 15. Test setup. 

The test is divided into two stages: system steady-state operation and single-phase 
grounding fault. In the early stage, the annular TMR magnetic sensor needs to be pre-
installed on the surface of the three-core cable. In the steady-state operation stage, the 
system adopts the ungrounded neutral mode. The cable surface magnetic field and three-
phase current data are collected through the annular TMR magnetic sensor and the oscil-
loscope, the rotation angles are calculated, and the planar relative arrangement of the 
three-phase conductors and the annular TMR array is determined. In the fault stage, two 
grounding modes are adopted: ungrounded neutral and grounded through an arc sup-
pression coil. The surface magnetic field intensity of the three-core cable when a single-
phase grounding fault occurs is recorded, and the fault phase selection is realized by cal-
culating the magnetic field intensity difference during the transient process. 

During steady-state operation, the cable surface magnetic field is detected by the an-
nular TMR magnetic sensor, and then the collected six magnetic field signals are denoised 
based on the wavelet transform to obtain the magnetic field waveforms of the six meas-
urement points, as shown in Figure 16. The oscilloscope detects that the amplitudes of the 
A-, B-, and C-phase currents are 0.87 A. 

 

Figure 16. Magnetic field intensity at six measuring points. 
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Based on the measured magnetic field waveforms of the six measurement points and 
the current recordings, the three-phase currents IA, IB, and IC and the surface magnetic field 
intensity BS1~BS6 at any time are inverted, and the calculated α, β, and γ parameters are 
1.792π, 1.145π, and 0.411π, respectively. In actual operation, the three-core cable will be 
squeezed by external forces, resulting in eccentricity of the three-phase conductors inside 
the cable and making the rotation angles α, β, and γ between the three phases unable to 
be exactly 2π/3 apart. 

During transient operation, the transient magnetic field waveforms of the S1~S6 
measurement points are shown in Figures 17 and 18. The spike at 0.015 s is an overvoltage 
caused by the closing of the circuit breaker and is not considered. 

 

Figure 17. Magnetic field intensity at six points in an ungrounded neutral system. 

 

Figure 18. Magnetic field intensity at six points in a system with a neutral point grounded through 
an arc suppression coil. 

During the transient state of a single-phase grounding fault, for the ungrounded neu-
tral mode, the magnetic field intensity differences at measurement points S1~S6 are 1.28 
mT, 1.14 mT, 0.96 mT, 1.04 mT, 1.39 mT, and 1.75 mT, in sequence. For the neutral mode 
grounded via an arc suppression coil, the magnetic field intensity differences at measure-
ment points S1~S6 are 1.16 mT, 0.56 mT, 0.46 mT, 0.90 mT, 1.58 mT, and 1.66 mT, in se-
quence. Under both grounding modes, the magnetic field intensity difference at measure-
ment point S6 is the largest.  

Under steady-state conditions, the planar relative arrangement of the three-core cable 
and the annular TMR array is determined by the surface magnetic field and three-phase 
current. Under single-phase grounding fault transient conditions, analysis of the six meas-
urement points shows that the magnetic field intensity difference at the S6 measurement 
point is the largest. Both different grounding modes identify the fault phase as phase B, 
which is consistent with the test fault phase setting. 
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The detection performance of the proposed method was quantitatively evaluated 
through repeated trials, with a total of 16 single-phase grounding fault tests conducted. 
Out of these, 15 trials successfully identified the faulted phase, yielding a TPR of 93.75%. 
Only one phase selection failure occurred, resulting in a false alarm rate of 6.25%, which 
was attributed to noise-induced triggering under low effective SNR conditions and a rel-
atively low triggering threshold setting. The faulted phase was identified based on the 
magnetic field intensity difference feature following the occurrence of a single-phase 
grounding fault. A 20 ms data window was used to calculate the magnetic field intensity 
difference and complete faulted phase identification, ensuring that the detection latency 
does not exceed one fundamental power–frequency cycle. Additionally, assuming a bino-
mial distribution of the detection results, the 95% confidence interval of the detection ac-
curacy is approximately [70%, 99%]. The width of this confidence interval is primarily 
influenced by the limited number of experimental samples. Overall, despite the limited 
sample size, the proposed method shows high faulted phase selection reliability and 
strong potential for engineering applications under single-phase grounding fault condi-
tions. As the device is deployed and more data is gathered, the statistical results are ex-
pected to become more stable and accurate. 

4. Discussions and Limitations 
This paper proposes a non-intrusive online fault phase selection method for 10 kV 

three-core cables based on an annular TMR magnetic sensor. The method combines 
steady-state sensing model parameter inversion and transient phase selection for single-
phase grounding, which effectively solves the problem of fault phase identification in sin-
gle-phase grounding faults. Compared with traditional fault phase selection methods, this 
method avoids invasive operations at both ends of the cable, reducing maintenance work-
load and shortening the fault handling period. 

In terms of the selection of characteristic quantities, the proposed magnetic field in-
tensity difference, as a time-domain characteristic quantity, can effectively amplify weak 
transient changes at the moment of the fault and maintain high phase selection reliability 
under high-resistance grounding conditions, which is superior to traditional maximum 
and minimum values and rate-of-change characteristic quantities. In terms of spatial char-
acteristic quantities, by comparing the phase selection effects of different numbers of 
measurement points, it is verified that arranging six measurement points can avoid situa-
tions where phase selection cannot be performed correctly due to equal magnetic field 
intensity differences at partial measurement points, thereby ensuring the reliability of 
fault phase selection. 

The simulation analysis shows that the differential evolution algorithm used in this 
paper has high inversion accuracy for the rotation angle, with a relative error of less than 
1%, which lays a solid foundation for accurate fault phase selection. At the same time, the 
method is not affected by factors such as rotation angle and neutral grounding mode, 
which enhances the adaptability of the method. The prototype test further verifies the ef-
fectiveness of the method. Under two different neutral point grounding modes, the fault 
phase can be accurately identified, which confirms the engineering application value of 
the method. 

This study also has certain limitations. The research focuses on the fault phase selec-
tion of single-phase grounding faults of three-core cables under non-high-resistance 
grounding conditions, and the applicability under high-resistance grounding conditions 
needs to be further studied. In addition, the influence of factors such as cable aging and 
temperature drift on the measurement accuracy of the sensor array has not been consid-
ered, which may affect the long-term stability of the method. Future research can focus on 
optimizing the algorithm to improve the phase selection accuracy under high-resistance 
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grounding conditions and carry out research on temperature compensation and aging ad-
aptation of the sensor array to further enhance the engineering application prospects of 
the method. 

Temperature variation and long-term drift are inherent characteristics of magnetore-
sistive sensors, including TMR devices, and may affect absolute magnetic field measure-
ments. However, the proposed faulted phase selection method does not rely on absolute 
magnetic field amplitudes. Instead, it is based on a magnetic field intensity difference fea-
ture extracted within a short fault transient window. This differential feature effectively 
suppresses slow-varying offset drift and low-frequency temperature-induced variations, 
which typically evolve over time scales much longer than the fault transient duration. 
Under practical operating conditions, temperature changes within the short fault transient 
interval are negligible compared with long-term environmental variations. Moreover, the 
proposed phase selection criterion depends on the relative magnitude relationship of BSipp 
among multiple measurement points rather than on their absolute values. Since all TMR 
sensors are mounted on the same annular structure and operate under nearly identical 
thermal conditions, temperature-induced drift predominantly manifests as a common-
mode component, thereby exerting limited influence on the relative ranking used for 
faulted phase identification. From an implementation perspective, mature temperature 
compensation techniques can be readily applied, including periodic offset calibration un-
der steady-state conditions, reference-based compensation using integrated temperature 
sensors, and software-based baseline tracking. These methods are well established in in-
dustrial TMR sensing systems and introduce minimal computational or hardware over-
head. 

Regarding calibration frequency, sensor offset and rotation angle parameters can be 
considered quasi-static under normal operating conditions. Consequently, calibration is 
generally required only during initial installation or commissioning, after sensor reposi-
tioning, or following prolonged operation or significant environmental changes, rather 
than on a frequent basis. 

In the prototype test, the single-phase grounding fault is introduced by breaker clos-
ing. While this method allows for controllable and repeatable fault initiation, it may also 
introduce operation-induced transient disturbances. In contrast, practical single-phase 
grounding faults are primarily caused by sudden insulation breakdown, which occurs 
randomly and typically results in a steeper current rise and richer high-frequency transi-
ent components. These differences mainly affect the detailed transient waveform charac-
teristics in the time-domain. However, the proposed phase selection method does not de-
pend on specific transient waveform shapes or frequency-domain features. Instead, it is 
based on the spatial distribution of the surface magnetic field intensity differences around 
the three-core cable. Regardless of whether the fault is triggered by breaker closing or 
sudden insulation breakdown, a single-phase grounding fault causes the abrupt appear-
ance of zero-sequence current and a dominant increase in current in the faulted phase. As 
a result, the measurement point closest to the faulted phase consistently shows the maxi-
mum magnetic field intensity differences, which form the foundation of the proposed 
phase selection criterion. Therefore, although the two fault scenarios differ in transient 
signal details, they are equivalent in terms of the spatial magnetic field variation charac-
teristics used for phase selection, and the proposed method remains effective. 

In practical field environments, strong electromagnetic pulse interference may intro-
duce short-duration spikes in the measured magnetic field signals. The proposed method 
mitigates the impact of such interference through the following mechanisms. First, BSipp is 
extracted over a predefined transient time window, reducing the likelihood that pulse in-
terference dominates the extrema. Second, the phase selection criterion is based on the 
relative magnitude of BSipp among multiple spatially distributed measurement points. 
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Global pulse interference will affect all sensors similarly, without changing the relative 
ranking, while localized interference is typically short-lived and unlikely to dominate the 
maximum–minimum difference. Additionally, preprocessing techniques such as band-
limited filtering, outlier rejection, or median smoothing can further suppress impulsive 
noise without affecting fault-induced magnetic field variation. Although strong pulse in-
terference may introduce transient disturbances, it is unlikely to cause incorrect phase se-
lection, and the proposed method demonstrates robust performance in practical field en-
vironments. 

5. Conclusions 
Based on the annular TMR magnetic sensor, this paper constructs a two-step non-

intrusive online fault phase selection method for 10 kV belted three-core cables. The 
method integrates a steady-state sensing model parameter inversion and transient phase 
selection under a single-phase grounding fault. The effectiveness of the proposed phase 
selection method is verified through simulation analysis and experiment. The main con-
clusions are as follows: 

(1) Under steady-state conditions, the differential evolution algorithm is used to invert 
the rotation angles α, β, and γ of the sensing model, thereby determining the planar 
relative arrangement of the sensor array and the three-core cable. Through simula-
tion calculations, the relative error of the rotation angle inversion is less than 1%, 
which verifies the accuracy of the inversion algorithm. 

(2) Under transient conditions of a single-phase grounding fault, based on the annular 
TMR array, a magnetic field intensity difference characteristic quantity is proposed. 
Through the maximum magnetic field intensity difference among the six measure-
ment points in the annular TMR array, combined with the planar relative arrange-
ment of the sensor array and the three-core cable, identification of the fault phase is 
realized. Moreover, the method is not affected by factors such as rotation angle and 
neutral grounding mode. 

The annular TMR array can be used in the field of medium-voltage distribution net-
work fault diagnosis. Future work will continue to expand the application scope of sen-
sors in cable networks and carry out research on fault line selection and fault location 
based on the surface magnetic field of three-core cables. 
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