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ABSTRACT: The measurement and decoupling of currents in multi-core power cables is a significant concern for power operators and
holds immense potential for optimizing the monitoring and control of urban distribution networks. This paper aims to provide a widely
applicable method for reconstructing current measurements. A YJLV22-3x300 power cable is taken as an example, specifically focusing
on the effect of steel armor on the measurement of the magnetic field generated by the current. Sample tests and field experiments
are conducted to verify the spatial distribution of the magnetic flux density. Then the inverse problem of calculating current from the
magnetic field is discussed. The defects of the existing methods are shown, and a new method for the inverse problem with the measured
waveform of the tangential component of the magnetic flux density is proposed. The feasibility of the new method has been verified. The
least-squares method is introduced to obtain the generalized inverse of the position coefficient matrix by maximum rank decomposition
to extrapolate the conductor current matrix. A query method is proven to efficiently generate this matrix. Finally, the inverse problem is
modeled as a stochastic search problem to compare the efficiency and stability of different algorithms, and CAM-ES performs best. The
future research direction is toward developing and testing hardware measurement systems.

1. INTRODUCTION

n the context of the growing integration of artificial intelli-
Igence technology with industrial production, acquiring real-
time load current data from every node in the distribution net-
work has emerged as a key concern for power operators. The
data is essential for leveraging big data analytics to optimize
distribution network planning and control strategies [1,2]. In
sprawling urban distribution networks, multi-core power ca-
bles constitute a significant portion, yet only a limited number
of terminal nodes are capable of current measurement. This
limitation arises from the challenge of measuring and isolating
current in multi-core power cables using conventional methods.
The measurement of current in the power grid can be classified
into two methods: invasive and noninvasive. Among them, in-
vasive measurement methods, such as CT (current transform-
ers) and shunt resistors, offer high accuracy, stability, and well-
established technology. However, they face challenges in terms
of convenience. As a result, invasive measurement is predom-
inantly utilized in high-voltage measurement scenarios, such
as substations. On the other hand, noninvasive measurement
methods, including Rogowski coils and optical sensors, do not
require direct contact with the circuit being measured. These
methods do not disrupt the measured circuit and are more suit-
able for application in low-voltage distribution networks. Nev-
ertheless, the main noninvasive measurement methods face dif-
ficulties in achieving magnetic field decoupling and indepen-
dent measurement of conductor current because the external
space flux is a composite flux generated by the multi-phase cur-
rent. To address this issue, a viable solution involves utilizing
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a magnetic sensor array to measure the magnetic field at the
outer surface space of the cable and then inverting and recon-
structing the current and position information in the measured
conductor [3].

In recent years, the advancement of magnetic field sensor
technology has led to an increasing number of studies explor-
ing the application of sensors (such as Hall, tunnel magneto-
resistive, and giant magneto-resistive sensors) for current mea-
surement [4]. These sensors offer a hardware foundation for
non-intrusive current measurement in cables. Various com-
putational tools have been employed for reconstructing cable
currents, including analytical methods, finite element method
(FEM), and stochastic optimization algorithms. Geng et al. [5]
present an analytical-only approach for reconstructing currents
and identifying conductor locations within a closed enclosure.
Building upon this idea, Kadechkar et al. [6] extend the ap-
proach to substation conductors, while Zhang et al. [7] consider
three-dimensional reconstructions, accounting for conductor
tilting. Further developments on the derivation and experimen-
tation for the three-dimensional case are discussed in [8]. To
enhance the flexibility of the algorithms, particularly for multi-
core cables where the positions of each phase’s conductors may
not be known, several articles have introduced stochastic opti-
mization algorithms based on the analytical method. Examples
include particle swarm algorithm [9] and differential evolution-
ary algorithm [10]. However, it should be noted that the ana-
lytical method involves complex derivations and incorporates
many approximation conditions. The use of FEM for current re-
construction has also been investigated [11, 12]. These studies
utilize FEM and integrate stochastic optimization algorithms.
However, the explicit deduction of solutions for the inversion
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FIGURE 1. Geometric structure of YJLV22-3%300 cable.

of phase currents from the measured magnetic field is not pro-
vided in the text. Additionally, the linearity assumption be-
tween the magnetic field and current has not been verified in the
presence of steel tape armor [ 13]. Regarding the generalized in-
verse approach, Canova et al. [14] present a process derivation.
However, it is not entirely applicable to the inverse problem ad-
dressed in this paper. Thus, there are still numerous questions
surrounding the algorithms for solving the inverse problem of
reconstructing current from the surface magnetic field of multi-
core cables that require further exploration.

This paper delves into the comprehensive study of the for-
ward and inverse problems associated with power cable cur-
rent and magnetic field. The forward problem section begins
by selecting a commonly used cable type and summarizing
its structure, geometric dimensions, and electromagnetic pa-
rameters. Of particular interest is the effect of the magnetic
steel tape armor’s permeability on the cable surface’s magnetic
field. By conducting sample detection, an accurate permeabil-
ity curve for the steel armor is obtained. FEM is employed
to verify the relationship between the shielding effect resulting
from the magnetization current of the steel tape armor and its
permeability. Experimental procedures are conducted to val-
idate the spatial distribution of magnetic induction intensity.
Subsequently, the inverse problem section analyzes the limi-
tations of existing methods for solving inverse problems and
proposes a novel approach that utilizes the measured waveform
of the tangential component of magnetic flux density for deriv-
ing the inverse problem. The feasibility of this new approach is
confirmed through simulation and experimentation, establish-
ing the proportional relationship between the tangential com-
ponent of magnetic induction intensity and the current in the
conductor. The principle of the least squares method is then
introduced, and the generalized inverse of the position coef-
ficient matrix is obtained through maximum rank decomposi-
tion to invert the conductor current matrix. To solve real-coded
constrained single-objective optimization problems, the CMA-
ES algorithm is demonstrated as an efficient and rapid solution
after modeling the random search problem. Comparisons con-
ducted among fourteen algorithms substantiate the efficacy and
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Name Inner radius (mm) | Outer radius (mm)
PVC insulation
sheath (outer) 39 425
PVC insulation
sheath (inner) 371 38.6
Filler - 37.1
Polyethylene
insulation inner 11 16
layer
Copper tape
shielding layer 16 16.04
Steel strip armor 38.6 39
Conductor - 11

TABLE 1. Geometric parameters of the YJLV22-3%300 cable.

speed of the CMA-ES algorithm. Furthermore, the algorithm’s
accuracy and immunity are also confirmed.

2. FORWARD PROBLEM: CALCULATE THE MAG-
NETIC FIELD FROM CURRENT

According to the number of conductors, power cables can be
divided into single-core and multi-core types. In urban distri-
bution networks with voltages up to 35 kV, multi-core cables
are mainly used, and a large majority of them are equipped
with magnetic steel tape armor. A YJLV22-3%300 cable model
was selected as the subject of analysis and measurement. This
model is widely used in China and is considered representa-
tive. The structure of the cable model is shown in Fig. 1. The
structure consists of a conductor, polyethylene insulation in-
ner layer, copper tape shielding layer, filler, polyvinyl chlo-
ride (PVC) insulation sheath, and steel strip armor from inside
to outside, with the geometric dimensions and electromagnetic
parameters of each component shown in Table 1 and Table 2,
respectively. It should be noted that there are discrepancies in
the raw material formulation and structural design by different
manufacturers, so the geometric dimensions were attained by
field measurements.

Due to variations in material and manufacturing processes,
the magnetic permeability of the steel tape armor presented in
Table 2 is not constant, but rather ranges from hundreds to thou-
sands of values [15, 16]. According to the Biot-Savart law

Ho IdeF

dB =
4T r2

()

where g is the vacuum permeability. Under the condition of a
quasi-static field, the flux density and current change instanta-
neously. Considering that the predominance of the cable cur-
rent’s power frequency component is a 50 Hz sine wave, the pri-
mary mechanism through which the magnetic medium affects
the magnetic field distribution is the “shunt shielding mecha-
nism” [17]. To explain the mechanism, firstly, the tangential
component of the magnetic field intensity must be continuous,
and the normal component of the magnetic flux density must
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FIGURE 2. Attenuation coefficient s and relative permeability curve.
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FIGURE 3. FEM model and mesh.

be continuous at the interface, i.e.,

7i x (ﬁlfﬁz):o )

i (B’l—B’Q) -0 3)

Due to the difference in magnetic permeability within the fer-
romagnetic material and in the air, the field and flux density
then must change direction abruptly as they cross the interface.
As a result, the magnetic flux produced by the source is con-
centrated within the shielding material. In some specific source
configurations and magnetic field shielding structures, the ratio
of the magnetic flux density at any point outside the shielding
region before and after adding the shielding is constant. For
example, in a long cylindrical shielding with an outer diameter
of b and an inner diameter of a, when a dipole source is placed
inside the shielding, coefficient s is [17]

A4ty
t )

a
P (= 1)

S =

(nr +1)

33

Name Lo Er os (s/m)
PVC insulation 10| 27 0.0
sheath
Filler 1.0 | 1.0 0.0
Polyethylene
insulation inner 1.0 | 2.25 0.0
layer
Copper tape 7
o 1.0 | 1.0 | 5.8x10
shielding layer
Steel strip armor - 1.0 | 1.1x 107
Conductor 1.0 [ 1.0 | 3.8 x 107

TABLE 2. Electromagnetic parameters of YJLV22-3%300 cable.

— Initial magnetization curve
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Magnetic flux density B(T)
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FIGURE 4. Magnetization curves of steel tape armor.

For a three-phase cable with ferromagnetic armor, it is dif-
ficult to derive such an analytical equation about coefficient s,
so an FEM-based method is used. The relationship between the
coefficient s and permeability is determined by FEM and (4),
as shown in Fig. 2, proving the correctness of the FEM calcu-
lations. The solid line illustrates the results obtained from the
FEM calculation, while the dashed line represents the results
obtained using (4). It is evident that the FEM accurately cap-
tures the impact of the magnetic medium on the distribution of
magnetic fields.

To assess the impact of the steel armor permeability on the
actual magnetic field distribution, the numerical solution pro-
vided by FEM will be utilized, considering the magnetic shield-
ing and the complexity of the cable structure. The cable is
assumed to be long and straight, without any bends, and the
current in each phase conductor solely flows along the cable’s
extension direction, allowing it to be represented as a two-
dimensional model. The established finite element model is
shown in Fig. 3.

The influence of radial displacement current (leakage cur-
rent of the cable) is ignored in the calculation. Meanwhile,
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FIGURE 5. The experimental platform, (a) schematic diagram, (b) on-site setup.
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FIGURE 6. Spatial distribution of the RMS of the magnetic flux density 15 mm from the cable surface, (a) radial component, (b) tangential component.

the B-H magnetization curve of the steel armor under test is
obtained through sample detection, and the permeability value
corresponding to the current can be further obtained as a con-
stant. The curve is shown in Fig. 4.

An experiment was carried out to verify the correctness of the
simulation. The schematic diagram of the experimental plat-
form and the field construction are shown in Fig. 5. This experi-
mental platform consists of the following parts: 1. Three-phase
power supply; 2. Voltage regulator; 3. Current Booster; 4.
Standard current transformer; 5. Multi-core cable; 6. Current
comparator; 7. Adjustable fixture for magnetic field probes; 8.
Magnetometer; 9. Magnetic field probe; 10. Multi-core cable
supporting tool. The rest of the platform on the conductor por-
tion is wrapped with magnetic shielding material to minimize
the effect of errors.

The test evaluation uses a high-precision triaxial magnetic
field probe to achieve accurate magnetic field measurement,
and the error does not exceed 4.5 uT in the range of 3 mT.

By adjusting the fixture, measurement points were placed at
an interval of 30° azimuthal angle and 15 mm from the cable
surface to obtain the spatial distribution of the RMS (root mean
square) of the tangential component of the magnetic flux den-
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sity B as well as the radial component B,., and the comparison
with the simulation results of the relative measurement points is
shown in Fig. 6, with the background magnetic field measured
in the field being 0.94 uT for B, and 1.28 uT for B,.

The meaning of the data obtained from the test needs to be
clarified here. Tangential and radial directions are interpreted
as follows: for a point on a circle, its line to the center of the
circle is the radius of the circle; the direction parallel to this ra-
dius and pointing to the center of the circle is radial, and the
counterclockwise direction perpendicular to this radius is tan-
gential. The RMS is the arithmetic square root of the mean of
the squares of a set of data.

Figure 6 shows that the range of the values of the magnetic
flux density is similar, and all of them are in line with the
peak/valley reciprocal correspondence between the B, curve
and the B, curve. According to [18], the unbalanced spatial dis-
tribution of phase conductors may lead to changes in the spatial
distribution of the magnetic flux density around the cable, so
the experimental results are slightly different from those in the
simulation. At this point, all aspects of the forward problem of
the current generation in the cable phase conductors generating
a magnetic field on the cable surface have been clarified or ver-
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ified, and the study of the inverse problem will be carried out
next.

3. INVERSE PROBLEM: CALCULATE CURRENT FROM
THE MAGNETIC FIELD

Reconstructing the currents in the conductors of each phase of
the cable based on the magnetic field measured outside the ca-
ble is the primary objective in solving the inverse problem. In
this paper, a method is proposed to minimize the difference be-
tween measurement and calculation of the tangential compo-
nent of magnetic flux density, namely

min [BI*" — B, |, )
where B is calculated using
B, =PI 6)

The position coefficient matrix P is difficult to obtain in the
presence of steel armor, and a query method is proposed to
solve the problem. Next, the concept of generalized inverse
matrices is introduced to solve Equation (6). Finally, the con-
ductor position is generated by the stochastic optimization algo-
rithm; the optimal conductor position is obtained through itera-
tive calculation; and the current reconstruction is completed at
the same time. The flowchart of the above algorithm is shown
in Fig. 7.

start
measurement

B

2 start position

PP,

v
I-p"B*"
v
e n)

yes ¢ end condition

no

FIGURE 7. The flowchart of the algorithm.
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3.1. Variable to be Solved

The selection of an appropriate variable to be solved is crucial
as it directly impacts the problem modeling and the validity of
the solution. In other words, which parameter of magnetic field
measurement can be used to reconstruct the current? Existing
literature primarily employs the magnitude of the magnetic flux
density [5-10]. However, the magnitude of the magnetic flux
density used represents the vector sum of its tangential and ra-
dial components. In practical sensors, these components are
measured separately, and the two sensitive axes are not strictly
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vertical [22]. The existing calibration method for magnetic
field sensors is used to calibrate 2-axis sensors [23], but it de-
faults to the two sensing axes perpendicular to each other. This
method can also be applied to single-axis sensors.

This paper uses the measured waveform of the tangential
component of the magnetic flux density, i.e., a series of data
with equal time intervals (the reciprocal of the sampling rate).
Consequently, with the known linear coefficient, the current
waveform can be inverted theoretically with measurement data
to obtain the parameters such as amplitude, phase, and addi-
tional pertinent information.

The radial component of the magnetic flux density is not con-
sidered the main variable to be solved. If the center of one
conductor is located closer to the line connecting the measure-
ment point with the geometric center of the cable cross-section,
the linearity coefficient brought by this conductor is nearly 0,
which can be smaller than the resolution of the sensor.

3.2. Equation Establishment

This approach operates under the condition that the instanta-
neous value of the tangential component B, of the magnetic
flux density at point p, external to the cable, can be expressed
as a linear combination of the currents flowing within the three-
phase conductors enclosed by the cable, namely

By (p,t) =pa(t)Ia(t) +pp (t)Ip(t) +pc (t)Ic () (7)

where p4(t), pp(t), and pco(t) are the linear coefficients of
each phase conductor, whose exact magnitude is related to the
position of each phase conductor and specific moment due to
the hysteresis effect of ferromagnetic armor. But in the actual
calculation, the linear coefficients are treated as time-invariant
constants, because the typical load current corresponds exactly
to the linear region of the B-H curve. This will, of course,
cause calculation errors, which will be explained and evaluated
in subsequent work. Therefore, this equation can be regarded
as a ternary equation, with the unknowns in the equation being
the instantaneous values of the three-phase currents.

It should be noted that the magnitude of the linear coeffi-
cients in (6) is related to the position of the conductor in each
phase, where the position refers to the coordinate position of
the conductor concerning each measurement point, so that there
are several ternary equations with different linear coefficients
for several measurement points (at a given moment), and writ-
ing these sets of equations for each moment in matrix form, we
have

B (t

1( DAl PB1 PCi NG

B.o (1t PA2 PB2 DPC2

Bos(t) | | pas pB3 pCs3 Iz (®) ®
" Ic (t)

This can be further simplified as (6).

3.3. Position Coefficient Matrix Generation

Considering the effects of the skin effect and magnetic shield-
ing effect, FEM emerges as the most suitable method to obtain
the matrix P from a set of conductor center positions given by
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FIGURE 8. A schematic diagram of linear interpolation.

a stochastic algorithm. Since the stochastic algorithm will at-
tempt a large number of conductor positions, and each conduc-
tor position change will lead to finite element mesh division and
linear equation solving, the time cost of multiple FEM execu-
tions is unacceptable. To solve this problem, a query method
is introduced to reduce the complexity and computing power
consumption of stochastic algorithm processes.

The query method means that before starting the random
search algorithm, the linear coefficients of some positions are
obtained in ANSY'S, and then the linear coefficients of all po-
sitions are generated by linear interpolation. In this way, a
database is established, and the database can be queried for the
corresponding linear coefficients for a set of conductor center
positions given by the random search.

The matrix of linear coefficients corresponding to different
positions in the feasible domain inside the cable is generated
at 0.5 mm intervals. In the process of generating the matrix,
because the upper and lower semicircles inside the cable are
equivalent for each sensor, the amount of computation can be
halved. The interpolated contour distribution obtained here is
shown in Fig. 9. The querying of the database is carried out by
a structure-function f(x,y). For a conductor position m(z, y),
its corresponding linear coefficients are

Pm = f(z,9) ©)
where
_ f(Qu) 2o — ) (1o —
f(mvy) - ($2—$1) (yQ_yl) ( 2 )(yQ y)

[ (Q21)

(3?2 - iCl) (Y2 — yl) (& =2) (e ~9)
f(Q12) — ) (v —

(o2 — o) (g ) 2~ D 0)
[ (Q22)

(z2 — 1) (y2 — ¥1) (& —21) (y = y1) (10)

., Measurement Point
(outside of the cable)

FIGURE 9. Distribution of linear coefficients.

The points and coordinate values in (10) are shown in Fig. 8.
The positions generated at equal intervals divide the cable
cross-section plane into squares. The vertex of each square is
marked as Q11, @12, @21, and @1y, respectively. The linear co-
efficient corresponding to any point in the square is obtained by
linear interpolation by (10). In this way, the linear coefficient
of any point in the feasible domain can be obtained.

The aforementioned method enables the acquisition of a
database specific to a single measurement point. To extend the
application of this method to derive linear coefficients for an-
other measurement point located at the same distance from the
center of the cable but at a different azimuthal angle, a two-
step process needs to be engaged. Initially, the coordinates of
the initial measurement point are dot multiplied by the rotation
matrix, as shown in (11). Subsequently, these transformed co-
ordinates are substituted into (9), computing the corresponding
coefficients for another measurement point. Furthermore, it is
crucial to note that the angle in the rotation matrix is the oppo-
site of the difference in azimuths of the actual two measurement
points, i.e.,

pn:f(x/ay/)

x’ [ cosf sind x

y | | —sinf cosh y (11)
SEY Jmon =0

VaZ+y? = /22 +y?

where O is the center of the cable, and 6 is the azimuth differ-
ence between m and n and positive clockwise.

3.4. Equation Solving

When the position coefficient matrix P is uniquely determined
based on the three-phase conductor center positions, for a
set of positions given by the random search algorithm, there
is a unique corresponding position coefficient matrix P. At
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this time, there exists a unique conductor current matrix that
makes (9) hold. To obtain this conductor current matrix, the
Moore-Penrose generalized inverse is used, and the first step is
to perform a maximal rank decomposition on P of size m x n
and rank P = r, which is

P=CD (12)

where C is an m X r matrix, D an r X n matrix, and rank C =
rankD = r. Thus, the generalized inverse of P corresponding
to (9)is [19],

Pt =" (DD") "' (C"C) ' M (13)

where H denotes the conjugate transpose, and —1 denotes the
inverse matrix. For the P matrix in this problem, since the equa-
tion PI = 0 has only zero solutions, P is column-full rank, so
the maximum rank decomposition of P becomes

P =PE (14)

where E is the identity matrix. Since P is a real matrix whose

conjugate transpose is equal to its transpose, the generalized
inverse of P is reduced to

Pt = (PTP) ' PT (15)

So, the formula for the inverse conductor current matrix can be
obtained
I=PpPBre (16)
Regarding PI = 0, why there are only zero solutions, i.e.,
the columns of the P matrix are linearly independent, it can be
proved as follows: when the position of the center of each con-
ductor lies on the same linear coefficient contour for different
measurement points, there is a non-zero solution; therefore, if
there is only one measurement point, the columns of the P ma-
trix are linearly related; and if there are two measurement points
with azimuth angles relatively close to each other, the contour
lines may have an intersection point, and the columns of the P
matrix are linearly related; if there is a large difference between
the azimuths of two measurement points, or there are more than
or equal to three measurement points, the columns of the P ma-
trix are linearly uncorrelated. If P is not a column-full rank
matrix, its maximum rank decomposition form is not unique,
and the uniqueness of the solution (conductor position) of the
inverse problem is not satisfied at this point.

3.5. Stochastic Algorithm

For an optimization problem based on a stochastic search strat-
egy, its fitness function needs to be defined, and the fitness
function, i.e., the objective function, can be directly defined ac-
cording to (11) as

F =[BT — B ||, (17)

The value of three-phase current when it takes the mini-
mum value is the optimal solution of current in the system
of equations. Let the three-phase conductor center position
be (z4,y4)(zB,y5)(xc,yc). Then the optimization problem

37

satisfies the inequality constraints of the fitness function:

55124 + 9124 < (Rin — Rp)2

x2B + y% < (Rin - Rp)2
22+ yé < (Rin — Ry)’

(18)
(@4 —25)° + (ya — yp)? > (2R,)*

(xa —20)’ + (ya —yo)’ > (2R,)?

(zc —25)° + (yo —y5)* > (2R,)’

where R, is the inner radius of the PVC insulation sheath (in-
ner), and R, is the radius of each conductor, namely the outer
radius of the copper tape shielding layer. These conditions are
such that the phase conductors cannot exceed the steel armor
boundary and do not overlap each other.

In this paper, we are going to solve a real number coded
single objective optimization problem with constraints, and we
compare fourteen algorithms that are commonly used to solve
this type of problem [20]: ABC (Artificial Bee Colony), CMA-
ES (Covariance Matrix Adaptation Evolution Strategy), CSO
(Competitive Swarm Optimization), DE (Differential Evolu-
tion), FEP (Free Energy Perturbation), FROFI (Feasibility Rule
with the incorporation of Objective Function Information), GA
(Genetic Algorithm), GPSO (Gradient-based Particle Swarm
Optimization), IMODE (Improved Multi-operator Differential
Evolution), OFA (Optimal Foraging Algorithm), PSO (Parti-
cle Swarm Optimization), SA (Simulated Annealing), SHADE
(Success-history based Adaptive Differential Evolution), and
SQP (Sequential Quadratic Programming). Their performances
are compared on the same problem, which is the one discussed
in this paper of magnetic field inversion currents, where the po-
sitions of the three-phase conductors are set to be symmetrical,
with one phase (20, 0), and the three-phase currents are also set
to be balanced, with one phase having a magnitude of 100 A.
For each algorithm, the population size is set to 100, and the
maximum number of evaluations is 10000 (100 generations).
Among them, the algorithms with fitness less than 2 after 100
generations are set as candidate algorithms: CMAES, GA, and
IMODE. i.e., covariance matrix adaptive evolutionary strate-
gies, genetic algorithms, and improved multi-operator differ-
ential evolution.

4. ALGORITHM COMPARISON AND PERFORMANCE
TESTING

To compare and test the performance of the candidate algo-
rithms, the following three aspects need to be examined: gen-
eralization, anti-interference capability, and accuracy.

For generalization, the test method is to set an initial set of pa-
rameters, use it as the base set, and randomly generate multiple
sets of parameters within a certain range. Take the parameters
given in the previous section as the base point. The distance be-
tween the center of the conductors and the origin varies within
+2 mm, and the azimuth angle of them varies within £10°. The
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FIGURE 10. Test results of three candidate algorithms, (a) CAM-ES, (b) GA, (c) IMODE.

amplitude of the current in the conductor varies in the range of
410 A, and the phase of the current varies in the range of 10°.

For anti-interference capability, the test method is to intro-
duce a random level of Gaussian noise within a range (0-2 A)
in the measured magnetic field data.

For accuracy, the test method is to check the following three
indicators: 1. the average relative error of the RMS of the re-
constructed current waveform; 2. the average of the standard
deviation of the difference between the reconstructed and actual
current waveforms; 3. the angular difference between the re-
constructed and actual current waveforms (fitting the data with
a sine function).

Irea -1
indicatorl = l—‘ (rms) (19)
Ireal
indicator2 = std (Lyeq; — 1) (20)
indicatord = yeq — Z1 21

A total of 100 test samples (300 phase conductors’ data in
total) were randomly generated in each range described in the
generalization and anti-interference capacity test methods, and
the effects of the three candidate algorithms were compared in
three indicators of accuracy as shown in Fig. 10. By compar-
ison, the CAM-ES algorithm has the best performance in the
three indicators. In particular, for indicator 3, which is expected
to be close to 0, we take the average of the squares of each
sample data as the criterion. The results of the three candidate
algorithms are 8.19, 8.31, and 8.60, respectively.
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The core idea of CMA-ES [21] is to deal with dependencies
and scaling between variables by adjusting the covariance ma-
trix in a normal distribution. The algorithm can be divided into
the following three steps: sampling to generate a new solution;
calculating the value of the objective function; and updating
the distribution parameters. The core of the algorithm design is
how to adjust these parameters, especially the step size param-
eter and covariance matrix, to achieve the best possible search
effect. The adjustment of these parameters has a very important
impact on the convergence rate of the algorithm.

To further test the performance of the algorithm in the ab-
sence of Gaussian noise, indicator 1, namely that the recon-
struction error does not exceed 0.4% if the analytical method is
used for inversion calculation, the reconstruction error will be
below 0.1% when there is no ferromagnetic armor.

5. CONCLUSION

Through theoretical analysis, simulation calculation, and ex-
perimental evaluation, the analysis of the magnetic field and
the current reconstruction method of multi-core power cables
were studied.

The effect of the armor was evaluated, and it was concluded
that the reduction in the magnetic flux density amplitude was
over 80% when the relative permeability of the armor was 400.

Given the shortcomings of the existing reconstruction meth-
ods in engineering applications, the construction of the inverse
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problem equation is optimized, which can reduce the error rate
and save reconstruction time.

According to the performance requirements of the power ca-
ble measurement scenario, a variety of stochastic algorithms
were evaluated, and the conclusion was that CMA-ES per-
formed the best in the listed algorithms.

The reconstruction error can be controlled within 0.4% when
there is no Gaussian noise in the measurement data, and the
reconstruction time should not exceed 3 minutes.

In the future, a hardware measurement system will be further
developed to verify the current reconstruction method proposed
in this paper.
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