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ABSTRACT This paper presents a simple guideline for configuration of the shieldingmaterials that mitigates
the extremely low-frequency (ELF) magnetic fields generated by power facilities located close to our
daily life activities. Generally, materials with high permeability and conductivity are used to mitigate the
magnetic field; however, in the current source region, before passing through the shielding material, the
magnetic field may be increased by the configuration of the shielding material. To assess the effect of the
shielding configuration in the current source and shielding regions, metrics are newly introduced, which were
obtained based on the analytical solution for infinite width shields. In addition, the analytical solution of the
shielding pipe wrapping a current source was deduced by solving the cylindrical Helmholtz equation. The
shielding pipe is an important factor that can bring about changes in the metrics introduced in this study.
The simple shielding guidelines suggested from these analyses help determine strategies for designing
shields that can mitigate the magnetic field in both the current source and shielding regions.
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INDEX TERMS Extremely low frequency magnetic field, magnetic field mitigation, magnetic field
shielding, power facilities.

I. INTRODUCTION14

Awareness of the electromagnetic environment is conti-15

nuously increasing. In particular, because power facilities16

generally deal with high-voltage- alternating current (AC)17

transmission,the extremely low-frequency (ELF) magnetic18

field generated by them is one of the main subjects of19

study [1]. The International Agency for Research on Cancer20

(IARC) classified the carcinogenicity of ELF as Group 2B21

(possibly carcinogenic to humans) in investigations into the22

causes of cancer [2], [3], [4], [5], [6], [7]. International23

Commission on non-Ionizing Radiation Protection (ICNIRP)24

establishes exposure limits for ELF magnetic fields [8]. Fur-25

ther, ELF has been reported to cause electromagnetic inter-26

ference (EMI) problems in electronic devices [9], [10], which27

has the potential to cause catastrophic failures in power facil-28

ity control and monitoring systems.29

The associate editor coordinating the review of this manuscript and
approving it for publication was Wenjie Feng.

In recent decades, many studies have been conducted on 30

the technical possibility and effects of magnetic field sup- 31

pression countermeasures applied near transmission or dis- 32

tribution lines [11]. These can be broadly classified into two 33

categories: 1) creation of cancelling magnetic fields, such as 34

those resulting from cable installation geometry [12], [13], 35

[14] and passive shielding loops [15], [16]; 2) use of shielding 36

materials, such as those with high permeability and conduc- 37

tivity [17], [18], [19], [20], and a suitable shielding material 38

installation geometry [21], [22], [23]. 39

The primary emphasis of methods using shielding mate- 40

rials focuses only on the mitigation of the magnetic field 41

in the shielding region without considering the magnetic 42

field in the current source region, which could affect 43

the cable management operators or monitoring system. 44

Shield effectiveness was introduced to evaluate the magnetic 45

field shield, which is suitable for describing the degree of 46

shielding from changes in the electrical properties of the 47

shielding material, such as permeability and conductivity. 48
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However, it is not an appropriate metric for shielding49

geometry, such as thickness, and cannot explain the effect50

of the shielding material, especially in the current source51

region.52

The purpose of this paper is to suggest a simple shielding53

configuration guideline that covers both the source current54

and shielding regions. A theoretical analysis of infinite-width55

planar shields is presented in Section II. The metrics based56

on this analysis were defined by adding the reflection coef-57

ficient and geometrical shielding effectiveness. The reflec-58

tion coefficient can explain the effect of shielding materials59

in the current source region, and the geometrical shielding60

effectiveness compensates for the weakness of the conven-61

tional shielding effectiveness, which cannot exactly describe62

the effect of the increase in the thickness of the shielding63

material. The solution of the Helmholtz equations in all64

regions is obtained by extending the approach of conventional65

research [13], without distinguishing whether the shielding66

material is a good conductor. In Section III, using these67

metrics, a detailed parametric analysis of the geometrical68

and electrical parameters of shielding materials is performed.69

Section IV describes the analytical approach used to calculate70

the magnetic field intensity generated by a current source71

wrapped with a shielding pipe. The shielding pipe mitigates72

themagnetic field incident on the shieldingmaterial, resulting73

in a change in the permeability of the shielding material.74

Section V presents an example of a shielding configuration75

that applies both the nonlinear B–H curve characteristic of76

shielding materials and the effect on the shielding pipe.77

Finally, simple shielding configuration guidelines are sum-78

marized in Section VI.79

II. ANALYTIC SOLUTION AND METRICS FOR N-LAYER80

INFINITE PLANAR SHIELDS81

A. ANALYTIC SOLUTION82

The geometry of the shielding configuration is illustrated83

in Fig. 1. The current source in the current source region84

(y < 0) is located at and y = ys, its magnitude is85

expressed as Is. The current source is uniform and infinitely86

long in the z-direction. The regions from index 1 to N are87

occupied by shielding materials that have an infinite plane88

along the x-axis. The shielding material for each region89

is characterized by permittivity, εn, permeability, µn and90

conductivity, σn, where the subscript n indicates the index of91

the region. It is assumed that these parameters have a constant92

value. Unlike the region, which starts from index 0, the index93

of the interface starts from 1, and there is a total ofN elements94

in each case. The y-position of each interface is denoted95

by Tn. The magnetic vector potential, A, is useful for solving96

time-harmonic magnetic field. A is defined as the magnetic97

field B = ∇ × A and the electric field E = −∇φe − ∂A/∂t ,98

where the scalar function, φe, denotes an arbitrary electric99

scalar potential which is a function of position, and t is a100

time [24]. The inhomogeneous Helmholtz equation for A,101

which is a govern equation of the mathematical model, can102

FIGURE 1. Basic shielding configuration. A horizontal current source is
located under shielding materials with infinite width (ys < 0).

be described as 103

∇
2A+ ω2µε

(
1− j

σ

ωε

)
A 104

= ∇

{
∇ · A+ jωµε

(
1− j

σ

ωε

)
φe

}
(1) 105

where ω is the angular frequency. The curl of A was defined 106

as B, while the divergence of A which is independent of 107

its curl has a liberty [25]. To get the greatest mathematical 108

convenience for (1), let 109

∇ · A = −jωµε
(
1− j

σ

ωε

)
φe (2) 110

Substituting (2) into (1), (1) for A in each region n can be 111

simplified as follows: 112

∇
2An + p2nAn = 0 (3) 113

A constant pn = ω
√
µnεn
√
1− jσn/(ωεn) is called com- 114

plex propagation of the medium. An has only a z-component 115

because the current source does not vary with z. Thus, A is 116

expressed as a function of x and y and not of z. 117(
∂2

∂x2
+
∂2

∂y2
+ p2n

)
An (x, y) = 0 (4) 118

The uniqueness theorem for time-harmonic electromagnetic 119

waves states that the solution satisfies Maxwell’s equations 120

and that its boundary conditions are unique. This means 121

that all approaches to Maxwell’s equations express that the 122

Helmholtz equation has the same and unique solution [26]. 123

Themethod of separating variables (also known as the Fourier 124

method) can be applied to the partial differential equation 125

of (4). By letting An(x, y) = Ax,n(x) · Ay,n(y), we substitute 126

into (4) to obtain 127

1
Ax,n

d2Ax,n
dx2

+
1
Ay,n

d2Ay,n
dy2

+ p2n = 0 (5) 128

Each of the terms with the second derivation in (5) must 129

be equal to a constant because they must be independent of 130

each other’s denominator variables (x and y) and similarly 131

for the third term. When defining that the first and second 132
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terms are separation constants, −k2 and γ 2
n , respectively, (5)133

is separated as follows:134

d2Ax,n
dx2

+ k2Ax,n = 0 (6a)135

d2Ay,n
dy2

− γ 2
n Ay,n = 0 (6b)136

where k means the wave number along the x-axis and k ∈137

(0,∞) and the wave number along the y-axis γn =
√
k2 − p2n.138

The general solution to (6a) and (6b) is as follows:139

Ax,n = Gs cos k (x − xs)+ Us sin k (x − xs) (7a)140

Ay,n = Cne−γny + Dneγny (7b)141

where Gs, Us, Cn and Dn are unknown coefficients.142

A(x − xs, y) = A(−x + xs, y) because of its symmetric struc-143

ture, as shown in Fig. 1. Thus, Ax,n in (7a) is an even function,144

resulting in only a cosine function (Us = 0). The e−γny and145

eγny of Ay,n in (7b) denote the forward and backward traveling146

waves along the y-axis, respectively, where the symbol e is the147

exponential constant. For all k , the solution for An(x, y) can148

then be simplified to149

An =
∫
∞

0

[
Cne−γny + Dneγny

]
Gs cos k (x − xs)dk (8)150

The magnetic field for the An with only z-component is151

obtained with the relations Bx,n = ∂An(x, y)/∂y and By,n =152

−∂An(x, y)/∂x.153

Bx,n =
∫
∞

0
γn [ − Cne−γny + Dneγny ]154

·Gs cos k (x − xs)dk (9a)155

By,n =
∫
∞

0
k [ Cne−γny + Dneγny ]156

·Gs sin k (x − xs)dk (9b)157

whereGs is not absorbed into Cn andDn to express explicitly158

the magnetic field intensity as a function of the amplitude159

and position of the current source. Gs depends on the initial160

condition of Cn, which is discussed in more detail in this161

section. The remaining set of unknown coefficients Cn and162

Dn can be obtained by enforcing boundary conditions for163

the magnetic field. According to the boundary condition, the164

tangential component Bx,n and the normal component By,n on165

an arbitrary interface of surfaces are described as follows:166

Bx,n−1
µn−1

=
Bx,n
µn

(10a)167

By,n−1 = By,n (10b)168

where Bx,n−1 and By,n−1 are the magnetic fields at the inter-169

face for y < Tn, and Bx,n and By,n are the magnetic fields at170

the interface for y > Tn. For all x positions, the Gs of (8) are171

identical. Thus, only terms with subscript n on the right-hand172

side of (9a) and (9b) can be compared as follows:173

γn−1

µn−1
[ − Cn−1e−γn−1Tn + Dn−1eγn−1Tn ]174

=
γn

µn
[ − Cne−γnTn + DneγnTn ] (11a)175

TABLE 1. Index of parameters.

Cn−1e−γn−1Tn + Dn−1eγn−1Tn 176

= Cne−γnTn + DneγnTn (11b) 177

The coefficients can be rewritten in matrix form as 178[
Cn−1
Dn−1

]
=

[
Xnαn Ynβn
Ynβ−1n Xnα−1n

]
(12) 179

with 180

Xn = (Wn + 1) /2 181

Yn = (−Wn + 1) /2 182

αn = eγn−1Tn−γnTn 183

βn = eγn−1Tn+γnTn 184

where Wn = µn−1γn/(µnγn−1). To avoid the confusion due 185

to the index of interfaces and regions, Table 1 lists the index 186

examples for the parameters used in this paper. 187

In the multilayer interface, the coefficient matrix [Mn], 188

which is a 2–by–2 matrix on the right-hand side of (12), 189

combines the system’s incident and outcome waves. Each 190

element of [Mn] is defined as m11,n, m12,n, m21,n and m22,n. 191

For example, m12,n represents the element in the first row 192

and second column of Mn at Interface n. If there are no 193

interfaces that create reflected waves in Region N , there is 194

also no backward-traveling wave. Thus, MN is the 2–by–1 195

matrix with m11,N and m21,N . The target elements in (12) are 196

Cn−1 and Dn−1 instead of Cn and Dn because it is difficult to 197

obtain directly the backward-traveling wave related to D0 in 198

the current source region, unlike the forward-traveling wave 199

related to C0. The relationship between C0, D0, and CN is 200

expressed by [Mn] multiplication for all interfaces [Mtot ]. 201[
C0
D0

]
= [M1] [M2] . . . [MN ]CN = [Mtot ]CN (13) 202

where the elements of [Mtot ] are defined asm11,tot andm21,tot , 203

and CN and D0 can be expressed as C0/m11,tot and C0 · 204

m21,tot/m11,tot , respectively. In other words, if C0 is set, CN 205

and D0 are also determined by C0. From (13), when viewed 206

only from the viewpoint of the incident wave in the current 207

source region,D0 can be ignored and only the unknownC0·Gs 208

remains. Here, C0 ·Gs can be obtained by Ampère’s circuital 209

law. For convenience, C0 is set to 1. Even if C0 is set to a 210
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non-zero arbitrary value (C0 = 0 means no incident wave),211

there is no problem because Gs changes accordingly. At y =212

ys and an arbitrary x-location in the current source region, the213

magnetic fields for the incident wave generated by the current214

source are Bx,0,inc = 0 and By,0,inc = µ0Is/{2π (x − xs)},215

where the subscript inc means an incident field. Compar-216

ing to (9b), kC0Gse−γ0yn must be equal to the result of the217

Fourier transform of the sine function for By,0,inc. Thus, when218

C0 = 1, Gs = µ0Is/(2πk). The magnetic field intensities,219

Hx,n and Hy,n, are obtained by this Gs and B = µH .220

Hx,n =
Is
2π

µ0

µn

∫
∞

0

γn

k
[ − Cne−γny + Dneγny ]221

· eγ0ys cos k (x − xs)dk (14a)222

Hy,n =
Is
2π

µ0

µn

∫
∞

0
[ Cne−γny + Dneγny ]223

· eγ0ys sin k (x − xs)dk (14b)224

B. SHIELDING METRICS225

The shielding effectiveness for material properties, SEM ,226

is a significant parameter that indicates the degree to which227

shielding materials attenuate the strength of incident waves228

at an interface. SEM is defined as the ratio of the magnitude229

of the incident magnetic field intensity at Interface 1, Hi,0,230

to the magnitude of the transmitted magnetic field intensity231

at Interface N ,Ht,N . That is, SEM = |Ht,N |/|Hi,0|. As shown232

in (14a), the maximum magnitude of Hi,1 is located at x = xs233

and y = 0, which is the shortest distance between the current234

source and Interface 1. As with Hi,0, the set of positions for235

Ht,N is x = xs and y = TN . From (14), both Hi,1 and Ht,N236

corresponding to each position have only the x-component237

(Hy,n = 0). In particular, |Hi,0| = |Is/(2πys)|. Thus, the238

dB-scale of SEM , SEM ,dB, can be expressed as239

SEM ,dB = 20 log

∣∣∣∣ µ0

µN
ys

∫
∞

0

γN

k

[
CN e−γNTN

]
eγ0ysdk

∣∣∣∣ (15)240

The geometrical shielding effectiveness of the shielding241

materials, SEG, is defined differently from SEM . For instance,242

if SEG is defined as being equal to SEM , TN in (15)243

also increases as the thickness of the shielding material in244

Region 1 increases. This means that SEG includes not only the245

effect of the geometrical properties of shielding materials but246

also the effect of monotonically increasing the measurement247

position. Thus, SEG should be defined at an arbitrary fixed248

yq > TN .249

SEG,dB = 20 log

∣∣∣∣ µ0

µN
ys

∫
∞

0

γN

k

[
CN e−γN yq

]
eγ0ysdk

∣∣∣∣ (16)250

Although the shielding effectiveness is related to themagnetic251

field intensity in the shielding region, a reflection coeffi-252

cient, 0M , which affects the magnetic field intensity in the253

current source region, is also the significant parameter. 0M at254

x = xs and y = 0 corresponding to Interface 1, is defined as255

the ratio of Hi,0 to the magnitude of the reflected magnetic256

field intensity, Hr,0. That is, 0M = Hr,0/Hi,0. As Hr,0 has257

only the x-component and is the reflection wave, it can be258

TABLE 2. Electrical properties of shielding materials.

TABLE 3. Configuration of shielding materials.

expressed as the term ignoring C0 from (14a). Thus, 0M can 259

be derived as follows: 260

0M = ys

∫
∞

0

γ0

k
[D0] eγ0ysdk (17) 261

The sign of the real part for 0M indicates whether interfer- 262

ence is constructive or destructive. If ‘‘+’’ is obtained, the 263

magnetic field intensity in the current source region increases 264

along the vertical line of Interface 1 passing through x = xs 265

and y = 0. 266

III. PARAMETRIC ANALYSIS FOR SHIELDING MATERIALS 267

A parametric analysis was performed to study the influence 268

of the geometrical and electrical parameters of the shielding 269

material. Table 2 lists the electrical properties of the materials 270

used for the parametric analysis. Here, the relative permeabil- 271

ity and permittivity are expressed as µr and εr , respectively, 272

and the magnetic material, air-gap, and conductive material 273

are expressed in abbreviated form as MM., ari., and CM., 274

respectively. The analysis conditions for the electrical prop- 275

erty combinations of these materials are listed in Table 3 276

where the thicknesses of Regions, 1, 2, and 3 are 0.01, 0.001, 277

and 0.01 [m], respectively. Commonly, the current source in 278

all cases is located at xs = 0 and ys = −1 [m], and its current 279

is Is = 100 [A]; the current source and shielding region have 280

the same electrical properties as vacuum. 281

A. ARRANGEMENT OF SHIELDING MATERIALS 282

In Cases 1 and 2, the contours of the dB-scale (20 log 10|H |) 283

for the maximum magnetic field intensity at an arbitrary 284

location are plotted in Fig. 2. When the positions of MM.1 285

and CM.1 are exchanged, the distribution of the magnetic 286

field intensity in the shielding region hardly changes, whereas 287

that in the current source region changes. Fig. 3 shows a 288

plot of magnetic field intensity along the vertical line passing 289

through x = 0. It is clear from Fig. 3 that a magnetic mate- 290

rial maintains a low magnetic field intensity over the entire 291

region occupied by this material, whereas a conductive mate- 292

rial causes the magnetic field intensity to drop drastically. 293
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FIGURE 2. Contours of 20 log 10|H| for two cases: (a) MM.1–air.–CM.1 and (b) CM.1–air.–MM.1. Comparing the two cases, the magnetic
field intensity in the shielding region is identical, but that in the current source region is not.

FIGURE 3. Maximum magnetic field intensity along the vertical line
(−0.01 [m] ≤ y ≤ 0.03 [m], x = 0) for the two cases.

From the same magnetic field intensity in the shielding294

region, it can be inferred that each shielding material has295

its own shielding efficiency, regardless of the influence of296

the other adjacent materials. The plots of the magnetic field297

intensity along the horizontal line passing through yq =298

−0.01 [m] and yq = 0.031 [m] are shown in Fig. 4. Both299

cases have the same SEM ,dB = −60.435 [dB]. Thus, the300

exchange in position of the conductive and magnetic mate-301

rials is not a crucial factor in reducing the magnetic field302

intensity in the shielding region. However, the impact differs303

in the current source region. In the case of MM.1–air.–CM.1,304

0M ,re, which is the real part of 0M , is –0.952, which means305

that the magnetic field intensity can be reduced by destruc-306

tive interference, whereas conversely, 0M ,re = 0.842, the307

magnetic field intensity increases due to constructive inter-308

ference. The impedance difference between the two regions309

abutting Interface 1 determines the sign of 0M ,re. Although 310

the magnetic field region covered in this study is assumed to 311

be near-field due to the 50 or 60 [Hz] operating frequency, 312

the characteristic impedance and reflection coefficient for 313

far-field can be qualitatively applied even for the near-field. 314

The characteristic impedance increases as the permeability 315

increases, whereas it decreases as the conductivity increases. 316

The characteristic impedance of Region 1 with high per- 317

meability is bigger than that of the current source region. 318

Thus, the reflection coefficient has the ‘‘+’’ sign. Because 319

the reflection coefficient for the far-field is defined based on 320

the electric field, it has the opposite sign when defined based 321

on magnetic field intensity, as in 0M of this study. Changes 322

in 0M ,re and SEM for relative permeability and conductivity 323

will be discussed in more detail in subsections B and C of 324

this section. The parametric analysis is performed with only 325

one parameter modified at a time and the other dimensions 326

maintained at the previously defined reference values. 327

B. PERMEABILITY OF SHIELDING MATERIALS 328

As shown in Fig. 5, the magnetic field intensity in the shield- 329

ing region decreased as the relative permeability decreased, 330

regardless of the arrangement of the shielding material. 331

The high relative permeability of the shielding material 332

concentrates more magnetic fields per unit cross-sectional 333

area than materials with relatively low relative permeabil- 334

ity. The magnetic field intensity in the shielding region can 335

decrease because of this impact. A comparison of the result of 336

Figs. 5a and 5c shows that the magnetic field intensity in 337

the current source region is more affected by the change in 338

the relative permeability of the immediately adjacent region. 339

As shown in Fig. 5a, for the MM.2–air.–CM.1 case, the 340

magnetic field intensity is reduced because the relative per- 341

meability of MM.2 is 10 times higher than that of MM.1. 342
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FIGURE 4. Maximum magnetic field intensity along the horizontal lines of (a) the current source region (−1 [m] ≤ x ≤ 1 [m],
yq = −0.01 [m]) and (b) shielding region (−1 [m] ≤ x ≤ 1 [m], yq = 0.031 [m]) for the two cases.

FIGURE 5. Maximum magnetic field density for a change in magnetic material (permeability). (a) and (c) are obtained by the current source
region (−1 [m] ≤ x ≤ 1 [m], yq = −0.01 [m]), and (b) and (d) are obtained by the current source region (−1 [m] ≤ x ≤ 1 [m], yq = 0.031 [m]).

However, as shown in Fig. 5c, even if the relative permeabil-343

ity of non-adjacent materials in the current region changes,344

the magnetic field intensities in the current source region345

are nearly the same. Fig. 6 shows more detailed analysis 346

for 0M ,re and SEM ,dB performed by increasing the relative 347

permeability from 1 to 108 with fixed conductivity. As the 348
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FIGURE 6. (a) 0M,re and (b) SEM,dB for a change in relative permeability.

relative permeability increases, 0M ,re becomes closer to −1,349

where the ‘‘−’’ sign means the opposite phase for an incident350

magnetic field intensity. If the relative permeability has a351

value of 160 or less, 0M ,re has the ‘‘+’’ sign owing to the352

permittivity and conductivity of this material. Changes in the353

conductivity of materials non-adjacent in the current source354

region do not significantly affect 0M , whereas they make the355

difference in SEM ,dB around 26 [dB] over the all ranges of356

relative permeability.357

C. CONDUCTIVITY OF SHIELDING MATERIALS358

An increase in the conductivity of the shielding material can359

reduce the magnetic field intensity in the shielding region,360

as shown in Fig. 7. Some of the magnetic field energy361

transmitted through the shielding material is absorbed owing362

to the loss characteristics of this material, and the increase363

in conductivity increases the degree of energy absorption.364

Compared with Fig. 5a for permeability, the change in the365

magnetic field intensity in the current source region for366

conductivity is not noticeable, as shown in Fig. 7a. The367

0M ,re values for conductivity are illustrated in Fig. 8a. The368

difference between 0M ,re for the conductivity of CM.1 and369

CM.2 is merely 0.01, as can be observed in Fig. 7c. As the370

conductivity increases, the sign of 0M ,re changes from ‘‘−’’371

to ‘‘+’’ based on σ = 1.32 × 105 [S/m]. When σ > 1.32 ×372

105 [S/m], the magnetic field intensity in the current source373

region increases due to constructive interference, and the per-374

meability of the material in Region 3 has not effect on 0M ,re.375

However, when σ < 1.32 × 105 [S/m], the magnetic field376

intensity in the current source region decreases due to destruc-377

tive interference, and as the permeability of the material in378

Region 3 increases, 0M ,re converges to −1. Fig. 8b shows379

that the shielding effect occurs at a conductivity of more than380

a specific value. The specific value depends on the perme-381

ability of the material which is in Region 3; however, under a382

condition given in Fig. 8, the shielding effect is insignificant383

at σ < 104 [S/m].384

D. THICKNESSES OF SHIELDING MATERIALS AND AN 385

AIR-GAP 386

The 0M ,re and SEG,dB values with a change in the thickness 387

of each shielding material are shown in Fig. 9, where the 388

y-location, yq, to obtain SEG,dB is 0.031 [m]. As the thickness 389

increases, more magnetic field energy is stored in the shield 390

or the conduction loss increases more. The impact reduces the 391

magnetic field intensity in the shielding region regardless of 392

the arrangement of the shielding material, as shown in Fig. 9. 393

As mentioned above, 0M ,re is the parameter that affects the 394

magnetic field intensity in the current source region, and 395

0M ,re changes according to the thickness of the material adja- 396

cent in this region. Fig. 9a shows that the sign of 0M ,re varies 397

based on MM.1 thickness at 1.65×10−3 [m], and this means 398

that the magnetic field intensity in the current source region 399

can reduce more beyond a certain thickness. As shown in 400

Fig. 9c, the increasing thickness of CM.1 adjacent in the cur- 401

rent source region rather increases themagnetic field intensity 402

in this region. In addition, unlike MM.1, 0M ,re of CM.1 has 403

the ‘‘+’’ sign on all thickness range. Fig. 10 shows the impact 404

for air-gap thickness. 0M ,re has a constant value regardless of 405

the air-gap thickness. SEG,dB changes with increasing air-gap 406

thickness, but the impact of this thickness is insignificant as 407

the difference between themaximum andminimumof SEG,dB 408

in Fig. 10b is merely 0.09 [dB]. 409

IV. SHIELDING PIPE 410

Prior to using shielding materials to reduce the mag- 411

netic field intensity in the shielding region, the current 412

source was wrapped with a shielding pipe [27], [28]. 413

Under this condition, the incident magnetic field intensity at 414

Interface 1 changes. Fig. 11 shows the basic configuration of 415

the current source and its shielding pipe, which mitigate the 416

magnetic field intensity incident on Interface 1. Owing to the 417

uniform and infinitely long structure in the z-direction, 418

the magnetic vector potential of the cylindrical coordinate, 419

An,wp has only the z-component, and is expressed only as 420

a function of the radial distance, r , from the center of the 421
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FIGURE 7. Maximum magnetic field density for a change in conductive material (conductivity). (a) and (c) are obtained by the current source
region. (a) and (c) are obtained by the current source region (−1 [m] ≤ x ≤ 1 [m], yq = −0.01 [m]), and (b) and (d) are obtained by the current
source region (−1 [m] ≤ x ≤ 1 [m], yq = 0.031 [m]).

FIGURE 8. (a) 0M,re and (b) SEM,dB for a change in conductivity.

current source.422 (
d2

dx2
+

1
r
d2

dr2
+ p2n

)
An,wp (r) = 0 (18)423

where subscript n indicates the shielding pipe region 424

(Region s) and the current source region (Region 0), denoted 425

by s and 0, respectively. For each region, the solution of (18) 426

94804 VOLUME 10, 2022



K. Kim et al.: Analytical Shielding Metrics-Based Shielding Configuration Guideline for ELF Magnetic Field Mitigation

FIGURE 9. 0M,re and SEM,dB for a change in thickness of the shielding material. (a) and (b) are obtained by increasing MM1̇. thickness, and
(c) and (d) are obtained by increasing CM.1. thickness.

FIGURE 10. (a) 0M,re and (b) SEG,dB for a change in an airgap thickness.

can be obtained as follows:427

As,wp (r) = c0H
(1)
0 (psr)+ c1H

(2)
0 (psr) (19a)428

As,0 (r) = c2H
(1)
0 (p0r) (19b)429

where H(1)
0 and H(2)

0 are 0th-order Hankel functions 430

of the first and second kinds, respectively, and c0, 431

c1, and c2 are unknown coefficients. From Bφ = 432

∂A(r)/∂r and H = B/µ, the magnetic field intensity can be 433
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FIGURE 11. Basic configuration of shielding pipe for two cases.

expressed as434

Hφ,s,wp (r) = c0
ps
µs

H(1)
0 (psr)+ c1

ps
µs

H(2)
0 (psr) (20a)435

Hφ,0,wp (r) = c2
p0
µ0

H(1)
0 (p0r) (20b)436

where H(1)
1 and H(2)

0 are 1st-order Hankel functions of the first437

and second kinds, respectively. The three unknown coeffi-438

cients can be determined using the three boundary conditions439

of magnetic field intensity and magnetic vector potential.440

That is, using the coefficients obtained by Is/(2πr1) =441

Hφ,s,wp(r1), Hφ,s,wp(r2) = Hφ,0,wp(r2) and As,wp(r2) =442

A0,wp(r2), the forward magnetic field intensity, Hφ,0,wp(r),443

in the current source region can be expressed as444

Hφ,0,wp (r)445

=
Is

2πr1

H(2)
1 (psr2)− κ · H

(1)
1 (psr2)

H(2)
1 (psr1)− κ · H

(1)
1 (psr1)

H(2)
1 (p0r)

H(1)
1 (p0r2)

(21)446

with447

κ=
µ0psH

(2)
1 (psr2)H

(1)
0 (p0r2)−µsp0H

(2)
0 (psr2)H

(1)
1 (p0r2)

µ0psH
(1)
1 (psr2)H

(1)
0 (p0r2)−µsp0H

(1)
0 (psr2)H

(1)
1 (p0r2)

448

V. APPLICATION TO SHIELDING CONFIGURATION449

An example of shielding configuration based on the results450

of the previous sections is illustrated in this section. As men-451

tioned above, the arrangement of the shielding material does452

not affect the magnetic field intensity of the shielding region,453

but it has the opposite effect in the current source region.454

Placing a conductivematerial in Region 1 allows themagnetic455

material in Region 3 to be free from magnetic saturation456

because of the high conductivity loss of the conductive mate-457

rial. However, in the current source region, the magnetic458

field intensity increases because of constructive interference.459

Thus, to reduce the magnetic field intensity in the current460

source region, the magnetic material should first be placed461

in Region 1, and installed at an appropriate distance from the462

current source to avoid the start of magnetic saturation.463

The use of a composite material having a relatively high464

conductivity and outstanding magnetic material property465

(0M ,re < 0) can mitigate the magnetic field intensity in466

the region where the field is incident, with the advantage467

of a high attenuation for the transmitted magnetic field.468

FIGURE 12. B–H curve (solid line) and relative permeability (dashed line)
for the two cases.

FIGURE 13. Maximum magnetic field intensity at distance, r , from the
center of the current source.

A magnetic alloy with conductivity of 7.25 × 105 [S/m], 469

is employed in Region 1 to reduce the magnetic field intensity 470

in the current source region. Its nonlinear characteristics are 471

shown in Fig. 12, including its relative permeability and the 472

incident magnetic field intensity at which magnetic satura- 473

tion begins. The maximum relative permeability is 36,233 at 474

|H | = 5.66 [A/m], indicating maximum shielding efficiency. 475

Region 2 is occupied by aluminum whose the electrical 476

property is the same as that of CM.1 in Table 2. Here, the 477

air-gap is ignored because its thickness has little effect on the 478

change in the magnetic field intensity as shown in Fig. 10. 479

The thicknesses of Regions 1 and 2 are equal to 0.005 [m]. 480

The shielding pipe discussed in this section is made of copper 481

(σ = 3.8 × 107 [S/m]), and its geometrical parameters are 482

r1 = 0.05 [m] and r2 = 0.001 [m]. The magnetic field inten- 483

sity generated by the cable decreases drastically as it passes 484

through the shield pipe, and then it is incident on Interface 1. 485

When Is = 750 [A], the incident magnetic field intensity 486

calculated in accordance with distance r from the cable center 487

using (21) is shown in Fig. 13. Here, r = 0.91 [m] corre- 488

sponding to |H | = 5.66 [A/m]. To simplify calculations, the 489

current source that generates this magnetic field is assumed to 490

be an equivalent point source. In this shielding configuration, 491
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0M ,re and SEM ,dB obtained by (15) and (17) are −0.66 and492

−157 [dB], respectively.493

VI. CONCLUSION494

In this paper, the principles of shielding materials are dis-495

cussed, and a simple guideline for the shielding configuration496

is presented using these principles. The discussion is based497

on mathematical expressions for the shielding effectiveness498

and reflection coefficient. Various parametric analyses have499

been conducted to determine the best shield configuration500

based the geometrical and electrical parameters of the shield-501

ing materials. The results show that these parameters have502

significant effects not only on the shielding region but also503

on the current source region. The graphs with comparative504

data presented in this paper intuitively show the effects of505

these parameters. In addition, the change in magnetic field506

intensity due to the shielding pipe wrapping of the current507

source was calculated. Then, the permeability correspond-508

ing to its magnetic field intensity from a nonlinear B–H509

curve was obtained, resulting in the determination of the510

optimal distance between the current source and the shielding511

materials. The shielding configuration can be summarized as512

follows: 1) The arrangement order of the conductive andmag-513

netic materials does not affect the changes in the magnetic514

field intensity of the shielding region. 2) The magnetic field515

intensity reflected on the magnetic material with a certain516

thickness or greater has the opposite phase of the incident517

field. 3) The magnetic field intensity reflected on the con-518

ductive material has the same phase as that of the incident519

field. 4) To reduce the magnetic field intensity in the current520

source region, the magnetic material should be placed first,521

and the conductive material should be placed next. 5) The522

gap between the magnetic and conductive materials does not523

significantly change the magnetic field intensity in either524

the current source and shielding regions. 6) The magnetic525

material should be kept at an appropriate distance from the526

current source to prevent magnetic saturation and maximize527

the shielding effectiveness.528
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