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Figure 2_-3-3 “Attracting-like” displacement of the magneti{: field lines by a ferromagnetic shield: 3) clospd Figure 2.3.14 “Repelling-like” displacement of the magnetic field lines by a pure conductive shield: a)
shield with external source (homogeneous field), b) open shield (three-phase field) and c) closed shield with  ¢losed shield with external source (homogeneous field), b) open shield (three-phase source)

internal source (single-phase field).
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OBJECTIVES

» 2D benchmarks
+ Static shielding
« Eddy current shielding

« 3D benchmarks
« Static shielding
» Eddy current shielding

» Substation example
* Import of HyperMesh model
* Thin regions
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BENCHMARK CASE

« CIGRE 373-2009 document: MITIGATION TECHNIQUES OF POWER-FREQUENCY
MAGNETIC FIELDS ORIGINATED FROM ELECTRIC POWER SYSTEMS

_ y
shield

AN L

L I/ I ,
scourice
The analysis is developed for simplicity making reference to a two-dimensional source, formed by

a lead-and-return conductor. The shield (with thickness A and permeability 1) is realized by a planar sheet
(having width L) or a by a U-shaped sheet. and it 1s placed at a distance d from the source (see Figure 2.3.8).

It must be noted that. in the U-shaped arrangement, each side has the same length L as the planar sheet.
Hence, the U-shaped shield involves more shielding material than the planar shield.
The shielding factor depends on the position; the value is plotted along the y-axis (at x = 0) and
along the x-axis (at y = d + 0.5, that is at 0.5 m from the shield). /4
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STATIC SHIELDING BENCHMARK

7 L=1m, d=02m A=1mm
5.0+ 199.... 1=100 m

' L=1m,d=02m,A=1mm :
184 -—-- 1 =500 vy

17{—n=1000 7+ \

shielding factor
ad
e
shielding factor

02 04 06 08 10 12 14 _
distance y (m) distance x (m)

(a) (b)

Figure 2.3.9 SF of the flat shield of Figure 2.3.8(a) for different values of magnetic permeability: (a) plot
along v axis at x = 0. (b) plot along x axis at v = 0.7 m.
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STATIC SHIELDING BENCHMARK FEA MODEL

e Source  Model
« Lead and return conductor with 4000 ADC * 2D
« Infinite long conductor - 3D

e 3D extruded

* Plate dimensions

« Length = 1000 mm « Boundary conditions
e Thickness =1 mm * Infinite box for 2D and 3D
« Axial length = 1000 mm « 10000 mm radius for 3D extruded

+ 2D (infinite long)
» 3D (actual length)

* Material
* Linear steel Mur = 1000
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STATIC SHIELDING BENCHMARK 2D FEA EQUIFLUX LINES
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STATIC SHIELDING - 2D FEA POST-PROCESSING

BX0: Magnitutde of B along Path X (no shield)
BYO0: Magnitude of B along Path Y (no shield)

BX: Magnitutde of B along Path X
BY: Magnitude of B along Path Y

SFX: Shielding factor = BX0/BX
SFY: Shielding factor = BY0O/BY
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STATIC SHIELDING — 2D FEA POST-PROCESSING - BX & BY
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STATIC SHIELDING — 2D FEA POST-PROCESSING - SFX
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STATIC SHIELDING — 2D FEA POST-PROCESSING - SFY
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STATIC SHIELDING - 2D FEA MODEL - COMMENTS

* Good correlation between 2D FEA results with CIGRE data
* Model of Fig. 238 a
» Data of Fig. 239 aand b

« 2D FEA model
» Assumes infinite long conductor
Assumes infinite long sheet (axially)
Even though the axial length is defined for 1000 mm
Uses of infinite box for open field boundaries
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STATIC SHIELDING BENCHMARK — 3D MODEL

» Open field boundary
conditions with Infinite Box

* Conductors
* Non meshed coils
* Infinitely long

* Sheet

* Volume region with mesh

« Thin magnetic face region
with 1 mm thickness
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STATIC SHIELDING BENCHMARK — SHEET

« Sheet with volume region « Sheet with thin faceregion
+ Geometrically represented » Geometrically represented by a face
* Volume meshed « Magnetic thin face region
* Magnetic region * Thickness of 1 mm

€~ Edit Volume Region[SHIELD] X & Edit Face reglon[SHEET] %
Name of the region * I N ofth =
ame of the region *
Comment |
| Comment
Magnetostatic 3D | Appearance | Mechanical Set | Evaluated information | | ‘
r Type of region
| Magnetic non conducting region - Magnetostatic 3D \Appearance \\ Mechanical Set ', Evaluated information \
General | Material orientation |, ~ Type of region
Waterial of the region * i i i
=y e region <1l ]Magnetzc non conducting region v]
General | Material orientation |,
|Nmustlangential magnetic flux '|
Material of the region *
|STEEL i
Thickness of the region (inm ) *
[1E3 10/
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I|oxj|my4|[mjmﬂ®‘ \




© 2018 Altair Engineering, Inc. Proprietary and Confidential. All rights reserved.

STATIC SHIELDING — 3D FEA POST-PROCESSING

BX0: Magnitutde of B along Path X (no shield)
BYO0: Magnitude of B along Path Y (no shield)

BX: Magnitutde of B along Path X
BY: Magnitude of B along Path Y

SFX: Shielding factor = BX0/BX
SFY: Shielding factor = BY0O/BY
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STATIC SHIELDING BENCHMARK 3D FEA — FLUX DENSITY B ON X-Y
PLANE - 3D VOLUME REGION
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STATIC SHIELDING — 3D FEA POST-PROCESSING - BX & BY —
VOLUME REGION SHIELD ox

Magnetic flux density / Magnitude

Magnetic fu densiy 1 Magntude (T)
Y /\ @ Magnetiofux density / Magnitude (T)

> N\

BY

N
Reset swoea 100080 120080 ¥ ABS_CURV_COMPOUNDPATH X

Magnetic flux density /
[Magnetic Ylw‘ L?"Sify / Magnitude (T)

®-Magnetic flux density /Magnitude (T)

400E3

300083

1000E:

_ _

Reset 28063 500063 750083 100080 12508 ©_ABS_CURV_COMPOUNDPATH_Y1 ,




STATIC SHIELDING BENCHMARK 3D FEA — FLUX DENSITY B ON X;Y
PLANE — SHEET THIN MAGNETIC FACE REGION
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STATIC SHIELDING - 3D FEA POST-PROCESSING - BX & BY — THIN
MAGNETIC REGION SHEET
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STATIC SHIELDING — 3D FEA POST-PROCESSING - SFX
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STATIC SHIELDING — 3D FEA POST-PROCESSING - SFY
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STATIC SHIELDING - 3D FEA MODEL - Z DIRECTION EDGE EFFECTS

Magnetic flux density / Vector in T
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STATIC SHIELDING — 3D FEA MODEL - COMMENTS

« 3D FEA model
+ Use infinite long conductor
» Assumes finite axial length sheet (1000 mm)
» Uses of infinite box for open field boundaries

 Shield represented by 3D volume and thin magnetic face region of 1 mm
thick show good agreement for SFX and SFY

« Small delta in SFX and SFY between 2D and 3D model (less)
» 3D edge effect in the axial direction Z
* Longer 3D model will reduce delta on SFX and SFY
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CONDUCTIVE SHIELDING — EDDY CURRENTS

« Conductive sheet with 10 mm thickness * Model
« Non magnetic: Mur = 1 - 2D
« Conductivity = 50 MS/m - 3D

e Current conductors at 4000 Arms and 50 Hz

* Plate dimensions shield
* Length = 1000 mm
° ThiCkneSS = 1 mm OO | AN
H —_ - [ N
Axial length = 1000 mm —T g

+ 2D (infinite long) I Iw ...................
» 3D (actual length)

X

» Boundary conditions
* Infinite box for 2D and 3D source
* 10000 mm radius for 3D extruded
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CONDUCTIVE SHIELDING — EDDY CURRENTS

shielding factor
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Figure 2.3.16 SF for different electrical conductivities of the shield of Figure 2.3.8(a): (a) plot along y axis
at x =0, (b) plot along x axis at y = 0.7 m.
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CONDUCTIVE SHIELDING — 2D MODEL - ISOFLUX
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CONDUCTIVE SHIELDING — 2D MODEL - EDDY CURRENTS IN
SHIELD
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CONDUCTIVE SHIELDING — 2D FEA POST-PROCESSING

BX0: Magnitutde of B along Path X (no shield)
BYO0: Magnitude of B along Path Y (no shield)

BX: Magnitutde of B along Path X
BY: Magnitude of B along Path Y

SFX: Shielding factor = BX0/BX
SFY: Shielding factor = BY0O/BY
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CONDUCTIVE SHIELDING — 2D FEA POST-PROCESSING - BX & BY
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CONDUCTIVE SHIELDING — 2D FEA POST-PROCESSING — SFX
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CONDUCTIVE SHIELDING — 2D FEA POST-PROCESSING — SFY
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CONDUCTIVE SHIELDING — 2D FEA MODEL - COMMENTS

* Good correlation between 2D FEA results with CIGRE data

* Model of Fig. 238 a
» Data of Fig. 23.16 aand b

« 2D FEA model
* Non magnetic conductive material
Assumes infinite long conductor
Assumes infinite long sheet (axially)
Uses of infinite box for open field boundaries
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CONDUCTIVE SHIELDING BENCHMARK — 3D MODEL

* Open field boundary
conditions with Infinite Box

* Conductors
* Non meshed coils
* Infinitely long

* Sheet
* Volume region with mesh

» Thin conductive face region
with 10 mm thickness
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CONDUCTIVE SHIELDING BENCHMARK — SHEET

 Shield with volume region
» Geometrically represented
* Volume meshed
+ Solid conductor region

& Edit Volume Region[SHIELD]

Name of the region *
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Comment

Steady State AC Magnetic 3D | Appearance | Mechanical Se
~Type of region
| Solid conductor region

General | Material orientation |
Material ofthe region *
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» Shield with thin face region: Sheet

» Geometrically represented by a face
« Conductive thin face region
* Thickness of 10 mm

& Edit Face region[SHEET] X

Name of the region *
|
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Evaluated information ',
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~Type of region
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CONDUCTIVE SHIELDING — 3D FEA POST-PROCESSING

« BXO0: Magnitutde of B along Path X (no shield)
BYO0: Magnitude of B along Path Y (no shield)

BX: Magnitutde of B along Path X
BY: Magnitude of B along Path Y

SFX: Shielding factor = BX0/BX
SFY: Shielding factor = BY0O/BY




CONDUCTIVE SHIELDING BENCHMARK 3D FEA — CURRENT DENSITY
J ON X-Y PLANE — 3D VOLUME REGION SHIELD
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CONDUCTIVE SHIELDING BENCHMARK 3D FEA — FLUX DENSITY B —
3D VOLUME REGION SHIELD
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CONDUCTIVE SHIELDING BENCHMARK 3D FEA — FLUX DENSITY B
ON X-Y PLANE — 3D CONDUCTIVE VOLUME REGION SHIELD
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CONDUCTIVE SHIELDING — 3D FEA POST-PROCESSING — BX & BY —
VOLUME REGION SHIELD oxi
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CONDUCTIVE SHIELDING BENCHMARK 3D FEA — FLUX DENSITY B
ON X-Y PLANE — SHEET THIN CONDUCTOR FACE REGION
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CONDUCTIVE SHIELDING — 3D FEA POST-PROCESSING — BX & BY —

THIN CONDUCTOR REGION SHEET,,, oxs
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STATIC SHIELDING — 3D FEA POST-PROCESSING - SFX
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STATIC SHIELDING — 3D FEA POST-PROCESSING - SFY
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STATIC SHIELDING — 3D FEA MODEL - COMMENTS

« 3D FEA model
+ Use infinite long conductor
* Finite axial length shield (1000 mm)
» Uses of infinite box for open field boundaries

» Shield represented by 3D volume and thin conductor face region of 10
mm thick show good agreement for SFX and SFY

» Discrepancies in SFX and SFY between 2D and 3D model

» 3D edge effect in the axial direction Z
+ Eddy current patterns
* Flux density edge effects
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CONDUCTIVE SHIELDING — 3D FEA MODEL - Z DIRECTION EDGE
EFFECTS — CURRENT DENSITY J
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CONDUCTIVE SHIELDING — 3D FEA MODEL - Z DIRECTION EDGE
EFFECTS — FLUX DENSITY B
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CONDUCTIVE SHIELDING — 3D FEA MODEL EXTRUDED

T

« 3D geometry extruded from 2D
« Tangential boundary conditions
» Quter diameter = 10 m to replicate infinite box
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CONDUCTIVE SHIELDING — 3D EXTRUDED FEA MODEL — CURRENT
DENSITY J
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CONDUCTIVE SHIELDING — 3D EXTRUDED FEA MODEL - FLUX
DENSITY B
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CONDUCTIVE SHIELDING — 3D FEA POST-PROCESSING — SFX
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CONDUCTIVE SHIELDING — 3D FEA POST-PROCESSING — SFY

BY
25
25_ L=1m,d=02m, A=10mm
—-=-g=1MS/m
20 R se-- g=5MS/m
201 SN —o5=10MSm

5 A Y mmme= o =50 MS/m
t')' 157 l’ \\‘
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[=)] LY
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15 g 104 ‘\‘
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Shield_2D  ——Shiled_Ext 2L ~=———Sheet EXT_2L ) \
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STATIC SHIELDING — 3D EXTRUDED FEA MODEL - COMMENTS

« 3D Extruded FEA model
+ Use infinite long conductor
* Infinite long axially with tangential boundary conditions
* 10 m radius for boundary conditions

» Shield represented by 3D volume and thin conductor face region of 10
mm thick show good agreement for SFX and SFY

» Good agreement in SFX and SFY between 2D and 3D model

» True representation of 2D is 3D “extruded” albeit Infinite Box is not
available with 3D extruded and can be replaced with large radius
boundary condition.
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HYPERMESH MODEL OF SUBSTATION

e Substation

« Wall
» Wall thickness represented
* Volume with volume elements
* Metal sheet on both sides of the wall with much small thickness
* No geometric representation with thickness
» Face region with shell elements
* Roof
* Roof thickness represented
* Volume with volume elements
» Metal sheet for shielding on surfaces of roof
* No geometric representation with thickness
* Face region with shell elements
+ Steel Beam
» Thin cross section not represented
» Face region with shell elements

* Room
¢ Volume with volume elements \
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HYPERMESH MODEL OF SUBSTATION

» Preparations for Flux import
 Air box: Volume in parallepiped shape to envelop the whole SubStation
« Air box volume and elements

» Shell or face where post-processing paths occurred
* Uniform shell elements



© 2018 Altair Engineering, Inc. Proprietary and Confidential. All rights reserved.

FLUX IMPORT OF SUBSTATION HYPERMESH MODEL

Under Flux context

Import/Import mesh/Import mesh from

HyperMesh-SimLab-OptiStruct (Nastran) file

€ Flux3D 2018 - ANONYMOUS

-Apﬂamswymmymuqﬁymsdmmdsmmb

® Open project ... cwl-o

B e i [;@,]w % W8 ] R[4 % L

B Close
Recent projects »

| save Cirks
5] Save as...

< Command file
< Macro
mmerlur

Import FLUX object:
Import geometry

@@QJ A B G GO B @ 6o off @& o

Import: mesh from a PATRAN file
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FLUX IMPORT OF SUBSTATION HYPERMESH MODEL

* File to import

& Import mesh from a HyperMesh/SimLab/Opti.. X

* Face split angle: 45 (default)

HyperMesh/SimLab/OptiStruct (Nastran) file to import *
] | SimpleRoom3 fem I
« Center the geometry: (recommended yes) Y P T

| ~|(»

» Check the geometry: yes (default) |Lenmlunit{w¢afaﬂt millimeter) 0]
Face split angle

145.0 |
Center the geometry

@ yes

0 no

Check the geometry

® yes

) no

oK Cancel || ®
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SUBSTATION HYPERMESH MODEL - SIMPLEROOMS3 - FACES

32 faces
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SUBSTATION HYPERMESH MODEL - SIMPLEROOMS3 - VOLUMES

3 volumes
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SUBSTATION HYPERMESH MODEL - SIMPLEROOMS3 - FACE (SHELL)
REGIONS

3 shell regions
* Roofbeam (turquoise)
« TransformerFace (red)
« WallSkins (white)




SUBSTATION HYPERMESH MODEL — SIMPLEROOM3 — VOLUME

REGIONS

1 volume region
TransformerFace (yellow)
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SUBSTATION HYPERMESH MODEL - SIMPLEROOMS3 - FACE MESH




SUBSTATION HYPERMESH MODEL — SIMPLEROOM3 — VOLUME

MESH
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SUBSTATION HYPERMESH MODEL - SIMPLEROOMS3 - FACE (SHELL)
REGION MESH




SUBSTATION HYPERMESH MODEL — SIMPLEROOM3 — VOLUME

REGION MESH
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SUBSTATION HYPERMESH MODEL — SIMPLEROOMS3 — ADDING

INFINITE BOX P —— 2
~Type of the Infinite Box :
[ Paralielepiped - Infinite box cube
Parallelepiped sizes Formula or Value | _ o
X Inner Size, Half Length 16000
X Outer Size, Half Length 18000 i 10 r—x T T Y
¥ Inner Size, Half Length 10000 Youtbe s A <5 Q 24
¥ Outer Size, Half Length 12000 I 122 o s "
2 Inner Size, Half Length 8000 L1l . outer size \ |
7 Outer Size, Half Length 10000 0] \ AT | 2y ¥ L
. 112 X outer sze . inner size |
Bl e J[ cmat J[ ® J[ powe [|{,, <> -

* Geometry/Infinite Box/New

* Dimensions are in mm
(default)



SUBSTATION HYPERMESH MODEL —

INFINITE BOX

» Geometry/Infinite Box/Complete

 Building options for propagation
» Add geometry and mesh after mesh import

» Coordinates system of points creation
* Nastran_1

 Periodicity
* Add link mesh associated

© 2018 Altair Engineering, Inc. Proprietary and Confidential. All rights reserved.

SIMPLEROOMS3 — COMPLETE

1_Import3_with_box_geo.FLU
Mesh Physics Display View Select Tools Extensions Help

§ ¥ Modeler Context |if£ e 8%, | i 4‘|!J_l

Yo New
& Periodicity » | & Edit crlE
sl Symmetry » 1 Edit array ChrkF
® Domain options » | % Delete Supprimer

w2, Geometric parameter

.| % Coordinate system
& nd Transformation

- Point

& Complete Infinite box s
Infinite Box *
IInﬁniteBoxCube "HE

Building options for propagation *
|Add geometry and mesh after mesh import '|

Coordinates system of points creation *

[NASTRAN 1 -
Periodicity => Associated link mesh *
|Add link mesh associated *|

Cancel | ® ‘

oK
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SUBSTATION HYPERMESH MODEL — SIMPLEROOMS3 — INFINITE BOX
MESH

* First order mesh

 Generate second order mesh if
needed
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SUBSTATION HYPERMESH MODEL - SIMPLEROOMS3 — MS TEST
CASE

« 4000 A DC conductor

« Steel with Mur = 1000

» Roofbeam with 10 mm wide thick xsection
« Transformerface with 1 mm thick sheet

 Wallskins with 1 mm thick sheet

*  Middle wall

No sheet
1 sheet
Sheets on both side

» Transformercore and wall are non magnetic

* Flux density along the middle wall Bx



© 2018 Altair Engineering, Inc. Proprietary and Confidential. All rights reserved.

SUBSTATION HYPERMESH MODEL - SIMPLEROOM3 — MS TEST
CASE — SIMULATIONS

* Reference case: NoMag — No magnetic materials — Just DC source in
the air

« Middle wall has no magnetic sheets: NoSheet
« Middle wall has magnetic sheet on 1 side: 1Sheet

« Middle wall has magnetic sheets on both sides: 2Sheets
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SUBSTATION HYPERMESH MODEL — SIMPLEROOMS3 — MS TEST
CASE — AIR ONLY (REFERENCE) — BMAP ON YZ XSECTION
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SUBSTATION HYPERMESH MODEL — SIMPLEROOM3 — MS TEST

CASE — FLUX DENSITY BX ALONG THE MIDDLE WALL

SimpleRoom - MS - BX

Distance inm
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SUBSTATION HYPERMESH MODEL - SIMPLEROOM3 AC TEST
CASE

* Source 3 Phase
* A(red): 4000 Arms — 0 deg.
« B (green): 4000 Arms — 120 deg.
« C(cyan): 4000 A rms —-120 deg.

« Steel with Mur = 1000 and Sigma = 2 MS/m

» Roofbeam with 10 mm wide thick xsection
 Transformerface with 1 mm thick sheet
 Wallskins with 1 mm thick sheet

 Middle wall
No sheet
1 sheet
Sheets on both side

Transformercore and wall are non magnetic

* Flux density along the middle wall Bx
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SUBSTATION HYPERMESH MODEL - SIMPLEROOMS3 —AC TEST

CASE — THIN CONDUCTOR REGIONS

Roofbeam with 10 mm wide thick xsection

Thin conductor region

& Edit Face region[ROOFBEAM] .l

Name of the region *
[ROOFBEAM J

Ic:)mmam J

Evaluated information ',
Steady State AC Magnetic3D | Appearance | Mechanical Set |
 Type of region
]Thin conducting region ( hyperbolic current density through the thickness ) '_i
Material of the region *

[sTEEL ~|[»
Thickness of the region (inm ) *
[1e-2 110/

Skin depth computation
Values

Resistivity

Relative permeability
Frequency

5- p
V mougu,f

Result

Skin depth | 1.45288
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SUBSTATION HYPERMESH MODEL - SIMPLEROOMS3 —AC TEST
CASE — THIN CONDUCTOR REGIONS

 Transformerface with 1mm thick sheet  Wallskins with 1mm thick sheet

*  Thin conductor region *  Thin conductor region
& Edit Face region[TRANSFORMERFACE] X & Edit Face region[WALLSKINS] X
Name of the region * Name of the region *
| TRANSFORMERFACE | [WALLSKINS |
Comment | Comment ]
Evaluated information Evaluated information |
Steady State AC Magnetic3D ' Appearance ! Mechanical Set | Steady State AC Magnetic3D | Appearance | Mechanical Set |
" Type of region - Type of region
]Thin conducting region ( hyperbolic current density through the thickness ) '_I ] Thin conducting region ( hyperbolic current density through the thickness ) '_I
Material of the region * Material of the region *
[sTEEL ~|[» [sTEEL ~|[p
Thickness of the region (inm ) * Thickness of the region (inm )~
13 |10l [1e-2 0]
Ao J[ s J[ o [[ oo ] ® | B[ o J[ wwr J[ o J[ oo [ ® |
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SUBSTATION HYPERMESH MODEL - SIMPLEROOM3 —AC TEST
CASE — SIMULATIONS

» Reference case: NoMag — No magnetic and conductive materials —
Just 3 phase sources in the air

« Middle wall has no magnetic & conductive sheets: NoSheet
« Middle wall has magnetic and conductive sheet on 1 side: 1Sheet

« Middle wall has magnetic and conductive sheets on both sides:
2Sheets

« Middle wall has magnetic and conductive sheets on both sides and
surface impedance method: Surf_Imp

rved.
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SUBSTATION HYPERMESH MODEL - SIMPLEROOMS3 —AC TEST

CASE - SURFACE IMPEDANCE

Surface impedance for the magnetic and conductive sheets of the wall

Apply to outer surface of wall volume region Wall _Core

Shell region WallSkins inactive

& Edit Volume Region[WALL_CORE]

Nimcdll'im‘

Comment

Steady State AC Magnetic 3D | Appearance ' Mechanical Set | Evaluated information |,

Type of region

| Solid conductor region i by surface imp v\

General | Material orientation |
Material of the region *
[sTEEL ~|[M

€~ Edit Face region[WALLSKINS] X

Nmoflui_vﬁul'

Comment

Evaluated information |,

Steady State AC Magnetic3D | Appearance | Mechanical Set

Type of region
“lnacﬂve region 'l

erved.
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Magnetic flux density / Magnitude in T
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SUBSTATION HYPERMESH MODEL — SIMPLEROOM3 — MS TEST

CASE — FLUX DENSITY BX ALONG THE MIDDLE WALL

SmallReom - AC Shielding
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SUBSTATION HYPERMESH MODEL — CONCLUSIONS

» 3D substation example — Process and requirements developed

* Import of HyperMesh model
* Volumes and Shells
 Mesh

* Thin regions
+ Magnetic thin region
» Conductor thin region
» Thickness > skin depth: hyperbolic
» Thickness < skin depth: surface impedance

» Test cases — Validation of conductive shielding effectiveness with thin conductor regions
« Static field with 4000 A DC conductor
» AC field with 3 phase 60 Hz 4000 A rms conductors
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