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ON-GOING PROJECTS

e |CES SC6 The IEEE International Committee on
Electromagnetic Safety (ICES, Tecnical Committee
95), Subcommittee SC6 on Electromagnetic Field
Dosimetry

COST Action BM1309: European network for
innovative uses of EMFs in biomedical applications

COST Action TU1208: Civil Engineering Applications

! |:' . | i
Of Ground Penetratlng Radar “l asked you a question, buddy. ... What's the

square root of 5,2487"

!’.

s A OST ACTION IC 1407: Advanced characterisation and classification of

diated emissions in densely integrated technologies (ACCREDIT)

ITER'hﬁP'hysics, EUROFusion, WPCD (Code development for Integrated
Modeling)

Centre.of Research Excellence for Data Science and Cooperative Systems:
Research Unit for Cooperative Systems
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Infroduction to Computational Elec’rromae’rics (CEM)
and Electromagnetic Compatibility (EMC)

Historical note on modeling in electromagnetics

e Electromagnetics as a rigorous theory started when James Clerk
Maxwell derived his celebrated four equations and published this
work in the famous treafise in 1865.

 In addition to Maxwell's equations themselves, relating the
_ . behaviour of EM fields and sources we need:

-y

!

v the imposed boundary conditions of the physical problem of

the constitutive relations of the medium

. inferest.

...... =
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Infroduction to Computational Elec’rromagehcs (CEM)
and Electromagnetic Compatibility (EMC)

Historical note on modeling in electromagnetics

e One of the first digital computer solution of the Pocklington's
equation was reported in 1965.

e This was followed by the one of the first implementations of the
Finite Difference Method (FDM) to the solution of partial
differential equations in 1966 and fime domain integral

Y equafion formulations in 1968 and 1973.
\\ Through 1970s the Finite Element Method (FEM) became widely
useadhin almost all areas of applied EM applications.

. The Boundary Element Method (BEM) developed in the late
‘seventies for the purposes of civil and mechanical engineering
s’raﬁed to be used in electromagnetics in 1980s.
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Infroduction to Computational Electromagnetics (CEM)
and Electromagnetic Compatibility (EMC)

EMC computational models and solution methods

A basic EMC model, includes EMI source (any kind of
undesired EMP), coupling path which is related to EM fields
propagating in free space, material medium or conductors,
and, finally, EMI victim - any kind of electrical equipment,

medical electronic equipment (e.g. pacemaker), or even the
human bodly itself.

A basic EMC model
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Infroduction to Computational Electromagnetics (CEM)
and Electromagnetic Compatibility (EMC)

EMC computational models and solution methods

In principle, all EMC models arise from the rigorous EM theory
concepts and foundations based on Maxwell equations.

EMC models are analysed using either analytical or numerical
merthods.

fr\fAnonﬁcol models are not useful for accurate simulation of
‘eleclric systems, or their use is restricted to the solution of rather
sim‘p’ﬁfied geometries.

More accurate simulation of various practical engineering
problems is possible by the use of numerical methods.

Clermont-Ferrand, 03 April 2018 Auvergne
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Infroduction to Computational Electromagnetics (CEM)
and Electromagnetic Compatibility (EMC)

Classification of EMC models

e Regarding underlying theoretical background EMC models
can be classified as:

circuit theory models featuring the concentrated
electrical parameters
transmission line models using distributed parameters
in which low frequency electromagnetic field
coupling are taken info account
models based on the full-wave approach taking into

~_ _account radiation effects for the treatment of

- electromagnetic wave propagation problems
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Infroduction to Computational Eleciromagnetics (CEM)
and Electromagnetic Compatibility (EMC)

Summary remarks on EMC modeling

e The main limifs to EMC modeling arise from the physical
complexity of the considered electric system.

‘*“w\ Sometimes even the elecfrical properties of the system are
. too difficult to determine, or the number of independent

pargmeters necessary for building a valid EMC model is too
large for a practical computer code o handle.
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Infroduction to Computational Electromagnetics (CEM)
and Electromagnetic Compatibility (EMC)

Summary remarks on EMC modeling

e The advanced EMC modeling approach is based on integral
equation formulations in the FD and TD and related BEM solution

featuring the direct and indirect approach, respectively.

Ihis approach is preferred over a partial differential equation
dormulations and related numerical methods of solution, as the
mtegral equation approach is based on the corresponding
fundetnental solution of the linear operator and, therefore,
provides more accurate results.

e This higher accuracy level is paid with more complex formulation,
thars# is required within the framework of the partial differential
equation approach, and related computational cost.
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Frequency domain analysis of wire
antennas

* In addifion to antenna design the model of horizonfal wires
above lossy half-space has numerous applications in (EMC) in
the analysis of aboveground lines and cables.

o.#n The current distribution along the mulfiple wire structure s
W igoverned by the set of Pocklington equation for half-space

\D_roblems.

. The.-?n?luence of lossy half-space can be taken info account via
the reflection coefficient (RC) approximation.
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FD analySiS of wire antennas M&EE= soit, croaia

e The geometry of inferest consists of M parallel straight wires
horizontally placed above a lossy ground at height h.

Hinc

(Xom, Yom, Zom)

(Xo2, Yo2, Zo2) .-+
‘ (Xem, Yim, Zim)

Xo1, Yo1, Zo1 *
o ; : 8 (%12, Yiz, Zi2)

The geometry of ﬂ‘le problem

o Al W|res are assumed to have same radius a and the length
Qf the m-th wire is equal L, ¥

UNHINERSITE
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FD analysis of wire antennas

The analysis starts by considering a single straight wire above a
dissipative half-space.

W’l
UMINYERSITE
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FD analysis of wire antennas

e The integral equation can be derived by enforcing the interface conditions

for the E-field at the wire surface: e .
ex .(Eexc +Esct) :O

The excitation represents the sum of the incident field and field reflected

from the lossy ground: = e TPine . e
E“=E"+E"
The scattered field can be written as: Eeet — —]a)A Vo

‘Wﬁ‘ e A is the magnetic vector potential and ¢is the scalar potential.

AcCcording to the thin wire approximation (TWA) only the axial
comporent of the magnetic potfential differs from zero:

Esct

- L j 18 0x 0 W o) = Jatergexa

while qé(x) Is the charge distribution and I(x’) is the induced current along
the wire.

'l e

Clermont-Ferrand, 03 April 2018




FD analysis of wire antennas

e Green function g(x.x') is given by:

where g,(x, x') is the free space-Green function and g;(x, x') arises
from the image theory:

0.4 R 0

R:‘@_ndl Ri, respectively, is the distance from the source to the
opservelfion point, and the reflection coefficient is

_ ncos®@—+/n—sin” O

Ry = n=e — -2 x|
< o r_] =
ncos®++n—sin” O Y=antig—-
q Vo

Clermont-Ferrand, 03 April 2018
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FD analysis of wire antennas

e The linear charge density and the current distribution along the
line are related through the equation of continuity:

o ldl

T v

o After mathematical manipulation it follows:

1 jial(x')

x, x)dx'
j4rwe . ox' 8% %)

0

1 9 fal(x)

x,x)dx'
jAmwe oxy Ox' B )

Lo
Clermont-Ferrand, 03 April 2018 ET.:eerr;;'ﬂi
Auvergne
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FD analysis of wire antennas eSS e

e Combining previous equations results in the following integral
equation for the current distribution induced along the wire:

1 9 fal(x')
jAnwe ox 3, ox'

'

E™ —]a)—jl ') dx ' g (x,x')dx

This equation is well-known in antenna theory representing
one of the most commonly used variants of the Pocklington’s
integro-differential equation for half space problems.

o This infegro-differential equation is particularly atfractive for
~% L. numerical modeling, as there is no second-order differential
operator under the integral sign.

~ The glectric field components are: LCA
1 {_T ol (x") dg(x,x")

N - jmwe, ox'  ox'

L ENWERUTE’

2 lermont
dx'+k I g(X,X')I(X')dX' Auvergne
-L —L

| ’I‘al(x')ag(x',z)dx. 1 ial(x')ag(xty)dx.

- j4nwe, °, ox' 0z * jdnwe, ?, ox' dy

=IL
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FD analysis of wire antennas

 Vertical wire above a real ground

-InTegrQ‘ﬁdifferenTial equation (IDE) for
vertical wire

h+ (L2} ke
] [ I(zhgz,2)dz = EHEE‘;'E

h—{L/Z)

Clermont-Ferrand, 03 April 2018
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The propagation constant k is given by

k= sy HoEn

and Zy is the free space impedance

_ [
zﬂ o 1|.'I 2'.‘13

The total Green function is, as follows

9(z,7) = g,4(2. 7) F{fg,[z,z'}

Lﬂ:\
UNMINERSITE
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FD analysis of wire antennas

e Vertical wire penetratfing the

ground

=l L =g,

Ag. 4. Vertical antenna penetrating the ground excited by a voltage source (2) and
by a current source (b).

with
= '1..'..12 kzrut_'y.-n kﬁ'ﬁ:ﬂkz (21)

where n is the relative complex permittivity of the air-ground
interface given by (14), while &g is the complex pemittivity of the
ground determined by (15), and k is wave propagation of free space

the ground

z=0

}G“pzz}![z}dz }

11 z=0
}G (p,.z,z)l(zdz

]

Gip.z.2) = go(z.2)

Jfor points z=0 and z' =0
802, 7)+ Bulp.2,2) O P

while gp, g are defined by (13) and gs, is given by

= # £ L s
[ ,z,z'}zzf (Appe #E T =L ____jdj
Zalp? A Jol A7 Eoi+ EoliE

Clermont-Ferrand, 03 April 2018
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Integro-differential equation
for vertical wire penetrating

Furthermore

o2 " — ,
(p.2.2) = £0(.2) ,for points z<0 and z' <0
gi(z.Z )+ galp.2.2)

while g, g, gs, are defined, as follows:

Jha Ry

p Bk e
&22)=—pF— &lzZ)=

(p2.2)= 2[ (ple Heetr__ 0 a4 (24)
Baulp Jotdp: eorie + el
The Green functions related to ransmitted field are given by:
GPip2.7)= zf Jo(pe Hele—#E 2G4z (25)
Eqff i+ EoMg
for points z<0 and z’ =0, and
lipz.z)= zf Jotpe el mEl—E0___3q) (26)
Egff i+ Eppg

for points z=0 and z' <0:
Sommerfeld integrals (20), (24)-(28) are evaluated numerically
using Simpson adaptive quadrature in complex plane [21].
Furthermore, certain continuity conditions have to be satisfied
at the air-ground interface, ie.:

Iz=0")=lz=0") (27

-0t -
dliz=0") oo = dliz=0 ).‘“ (28)

dz dz
where (+) and (-) denote above and below the interface,

respectively.
m
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FD analysis of wire antennas M son. oot

e An extension to the wire array is straightforward and results in the
the set of coupled Pocklington integral equations:

1 M L./2 o)
E® =— —+k’ gy, (. X)—R.,, g. (x,x)|I (x)dx’
X ]4”0)80 nzzll _Lj‘/z axz 1 [gOI v ( ) ™ g ]

m=12,..M

..i;',gﬁ-.wher‘e [,(x’) is the unknown current distribution induced on the n-

wire axis, gomn(X.X) is the free space Green function, while
(X,x") arises from the image theory:
w G

imn
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FD analysis of wire antennas

e The wires are excited by a plane wave of arbitrary incidence

Reflect.
wave

Incident ﬁ'

wave » ’
. incidence
Transmitt.

wave

Incident, reflected and transmitted wave oM

UNINERSITE
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FD analysis of wire antennas

e The tangential component of an incident plane wave can be
represented in ferms of its vertical E,, and horizontal E,, component:

exc __ i ro__
EX=E +FE =
E, (sin asin @ — cos acos @ cos p)e "7 +

+E, (R, sinasing+R,,, cosacos@cosd)e

where a is an angle between E-field vector and the plane of
vincidence.
Ry and R, are the vertical and horizontal Fresnel reflection
coefficients af the air-earth interface given by:

ncos@—+/n—sin’ @ cos@ —+/n—sin” 6
Ry = — Ry = —
ncos@++n—sin” 4 cos@ ++/n—sin" 6

n.-r=-xsin@cosP—ysin@singp—zcoso m
L]

n-r=—xsin@cos@— ysin@sin@+ zcos@
" ¢ Y ¢ % Clermant

Auvergne
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FD analysis of wire antennas (g — =i

 The E-field components are given, as follows:

nm dxv kzj.Gn(x,x')In(x')dX'

X

lj-al (x") oG (x x")
]4M0 n=1 L

1 Z Bl(x)aG (xx)
]472’0)80 — ox' dy

Lﬂ

nm

| Z al(x)aG (xx)
]471'(080 = ox' 07

.... M and Green function G is given by:

Gnm (’x’ X ') — gOnm (’x’ X ') — RTM ginm ('x’ X ') |_|N1'.'En5|.rE'
Clermant
Auvergne
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FD analysis of wire antennas (g =)= S

BEM solution of Pocklington equation system

e The BEM procedure starts, as follows:

e Performing certain mathematical manipulations and BEM
discrefisation results in the following matrix equation: gy

N, - the total number of elements Z[Z]pk {1}, ={V}p
k=1

g ‘.[Z]p,( - the interaction matrix: b-12...M

Z];k =—I I{D}p {D'}Z gﬁ(x,x')dx'dx+k2 I J‘{f}l{f'}z g ;; (x,x")dx"dx

Al, Al Al, Al

e The vec’ror {\/} represents the voltage {V} = — j4nwe, I Ex (x){f} dx
olomg the segmen’r ! o g

Clermant
Auvergne
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FD analysis of wire antennas

The BEM field calculation

%  Department of Elecfronics

University of Split,

i Split, Croatia

e Applying the BEM formalism 1o field expressions it follows:

=L, ¥ AG,, (x,x'
P » j nm (x x ) dx

ox'

xi +1

nm

243

Lm
UNINYERSITE
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'+ k? j G, (x,x")I. (x")dx'|;

=N is the total number of boundary elements on the j-th wire

e
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Computational examples
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Vertical wire: Clermant
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e Single wire above a lossy ground

GB-IBEM - Somm
GB-IBEM - RC

———  5E - BE M

"

Re(Z ) Resistance (12

Redl) [A]
Im{l) [A]

: : —_— GB-IBEM - Somm
60 - - v ' GB-IBEM - RC

GBE-IBEM
—_— = == WEC

50

3

40

=
8
t
4
I
o
£

]
x [m] x [m]

30

Fg 2 Current distribution (L=1 m, a=0005 m, i=2m, o=1 m5/m, =10, Vp=1V, f=1682 MHz]

Re(l) [4)

Distance [wavelengths] Distance [wavelengths]

Fig. 5. Current distribution induced along the vertical wire penetrating a ground for various lengths of ground stake and voltage source at bottom end of the air stake.
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FD analysis of wire antennas

Computational examples

Numerical results are obtained via TWINS code for:

Single wire above a lossy ground
Wire array above a lossy ground

Practical example: Yagi-Uda array for VHF TV applications
Praictical example: single LPDA for ILS

oM
UNMIVERSITE
Clermant
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FD analysis of wire antennas

Space current distribution for =3,0000E+08 Hz

o 7
7
7

Dipole above a PEC ground, f=800MHz, L=A

Clermont-Ferrand, 03 April 2018 ucwrsr:‘;ngi
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FD analysis of wire antennas

Space current distribution for f=3,0000E+08 Hz

i s
7 7

/

Dipole above a lossy ground, f=300MHz, L=1/2, €= 30, ¢=0.04 S/m JeQ)]

" e, , Clermant
Clermont-Ferrand, 03 April 2018 Auvergne
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FD analysis of wire antennas

ce current distribution for f=3,0000E+08 H=z

LN

P 5\
X

Space current distribution for =3.0000E+08 Hz

Y
SR

“‘“ﬁ%p/ane: Currents and far-field pattern for the Yagi-Uda array
“above a PEC ground (reflector, fed element + director), UL‘I‘I

UNINYERSITE

© 8=0.0025m, L =0.479m, L=0.453m i L =0.451m, d=0.25m V=1V
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FD analysis of wire antennas

Space current distribution for =32,0000E+08 Hz

PR

z 5
\

A

Space current distribution for f=3,0000E+08 Hz

\

£\
/

2607 2807

“ﬁf(yplane: Currents and far-field pattern for the Yagi-Uda array

e ‘above a real ground (reflector, fed element + director), m
" a=0.0025m, L =0.479m, L=0.453m i L;=0.451m, d=0.25m V =1V Dttt
Clermant

Auvergne
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FD analysis of wire antennas

o "'Dipole on"r‘\,e-n’nozfor Ground Penetrating Radar (GPR) applications

ARRRRRRRERNRND

@ GPR dipole antenna
|

retlected
incident ™y wave
wave
air (&g, o)
Ko
lossy ground
(£, W, G)

transmitted
wave

GPR dipole antenna azbove a lossy half-space

-
-

,

Clermont-Ferrand, 03 April 2018

@ Department of Electronics
=, University of Split,
#  Split, Croatia

— f=1MHz

— f=10MHz

—— =100 MHz
f =300 MHz

Broadside transmitted field (V/m) into
the ground for different frequencies
(L1 m, a=2 mm, h=0.25m, V,=1V,
srg=10, 6=10 mS/m)
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FD analysis of wire antennas
Yagi-Uda array for VHF TV applications

14

Eeflector Driven Dhrector

Element

Geometry of Yagi-Uda array with 15 elements Wég)

UNINERSITE
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FD analysis of wire antennas MR e

Yagi-Uda array: technical parameters

Number of wires N=15
Number of directors 13
Operating frequency f=216MHz (frequency of 13th TV channel)
Wire radius: a= 0.0085A=0.0118m
Director lengths |,=1,=0.4241=0.589m, [,=0.420A=0.583m,
[,=0.407A=0.565m, 1.=0.4031=0.56m, [,=0.398A=0.553m,
1,=0.3941=0.547m, I5- [,,=0.390A=0.542m
Reflector lengths [,,=0.475A=0.66m

 fed-element length |,,=0.466A=0.647m

. Distance between directors d =0.3081=0.427m
Distance between reflector and fed-element d,=0.2A=0.278m

Conrnputqiional aspects
° A=3g
LjOT: 583m, NTOT:225 m

UNINERSITE
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FD analysis of wire antennas

Space current distribution for f=2,7600E+08 Hz

Space current distribution for f=2,1600E+08 Hz

i
&
4

N X Yplane: Currents and far-field pattern for the Yagi-Uda array Lm

UMINYERSITE

=3 Clermont-Ferrand, 03 April 2018 El;.levrenr‘r?t:




@ Department of Electronics
=, University of Split,

FD analysis of wire antennas [ (=)= S
Log-periodic dipole array

LPDA impedance and radiafion properties repeat periodically as the
logarithm of frequency (VHF and UHF bands; 30MHz to 3GHz).

The LPDA antennas are easy to optimize, while the crossing of the feeder
between each dipole element leads to a mutual cancellation of
backlobe components from the individual elements yielding to a very
low level of backlobe radiation (around 25dB below main lobe gain at
HF and 35dB at VHF and UHF).

The cutoff frequencies of the fruncated structure is determined by the
electrical lengths of the largest and shortest elements of the structure.

-y

o “&e use of logarithmic antenna arrays is very often related with electronic

am: steering. An important application of LPDA antennas is in air
fraffic L@s if an essential part of localizer antenna array.

A typical localizer antenna system is a part of the electronic systems
known as Insfrumental Landing System (ILS). Localizer shapes a radiation
po’r‘rem providing lateral guidance fo the aircraft beginning its descentf,
Interc@pting the projected runway center line, and then making a final

opproac‘n m

UNINERSITE
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FD analysis of wire antennas

The length of actual wire is
obtained by multiplying
the previous length and
factor T:

\ FEEDER

- ' LPDA geometry

@ Department of Electronics
=, University of Split,
& Split, Croatia

A look at areal localizer
antenna element
geometry...

: -

UNINERSITE
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FD analysis of wire antennas

LPDA in free space

e |PDA is composed from 12 dipoles insulated in free space.

e The radius of all wires is a=0.004m while the length of wires are
determined by the length of 1st wire L,=1.5m, and factor T=0.9.

‘a All dipoles are fed by the voltage generator V =1V with

\ﬂvonoble phase (each time phase is changed for 180 ).

- G

e ‘The operating frequency is varied from 100 MHz to 300 MHz.

Clermont-Ferrand, 03 April 2018 Auvergne
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FD analysis of wire antennas

LPDA in free space

- ~Absolute value of Current distribution along 12 dipoles versus BEM nodes
gi at f=100MHz, f=250MHz and f=300MHz Lo
Clermont
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FD analysis of wire antennas

I A LPDA in free space

Radiation pattern

f=100MHz

=250MHz

I

=300MHz

m
UMINERSITE
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=300MHz

250MHz
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FD analysis of wire antennas (=

e realistic geometries of localizer
antenna systems.

f=110MHz

1=0.983

0=0.1876

L,=1.27m
d,=0.4765m

n=7 —wires per LPDA
a=0.002

Nieg=11 - SEgMents per wire

Lo
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FD analysis of wire antennas

e realistic geometries of localizer
antenna systems.

LA
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Electromagnetic Field Coupling to
Overhead Wires

The EM field coupling to lines or cables can be analyzed by using the
antenna theory, or TL model.

*The TL theory does not provide a complete solution if the wavelength of
;[he field coupling to a line is comparable to, or less than, dimensions of the
ine.

?h all cross sections, but is not valid for lines of finite length, particularly for

*The pri;cipal feature of TL approach is simplicity and relatively low
computational cost.

0
i;;iﬂ%e TL approach is sufficient approximation for long lines with electrically-

‘case of high frequency excitations.

LoM

UHINERSITE
Clermant

Clermont-Ferrand, 03 April 2018 Auvergne




f’—;———:¢ Department of Electronics
$Hw =, University of Split,
et Split, Croatia

EM Field Coupling to Overhead eres

*The analysis of the finite length lines requires the antenna theory
approach.

*The main restriction of the wire antenna model applied to longer
lines is a high computational cost.

- FD antenna theory formulation is based on the Pocklington

integro-differential equation. The numerical solufion is carried

out via the corresponding Galerkin-Bubnov scheme of the
‘\ Indirect Boundary Element Method (GB-IBEM).

« FB#transmission line model is based on the corresponding
Telegrapher's equations.

“»The transmission line equations are treated using the chain matrix

appfoach
oM

UHIYERSITE
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EM Field Coupling to Overhead Wires

*The PEC overhead wire of length L and radius a,at height h above
a lossy ground, illuminated by an incident E-field, is of interest.

Finite length line above a lossy ground

Clermant
Clermont-Ferrand, 03 April 2018 Auvergne
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EM Field Coupling to Overhead eres

The antenna model: FD analysis of single wire

*The spatial current distribution along the wire is governed by the Pocklington
integro-differential equation: (ox) = g, (ox)— R, g ()

E = ]a)— j I(x ) dx'~

1 a , , —j : _ncos®—+n—sin’ O
? K . - .
= ncos®++/n—sin’ O

jAmwe dx )

) AP0
Th‘é‘trcmsmlssmn line model: FD analysis of single wire

*Voltages and currents along the line induced by an external field excitation
can be obtained using the FD field-to-transmission line matrix equations.

e}
g
vog

UNINYERSITE
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Computational examples:
Wire above a PEC ground

1.0E-01

1.0E-02

1.0E-03

Abs (1) [A]

1.0E-04

1.0E-05

1.0E-08

1.0E-07
1.0E+04 5.0E+06 1.0E+07 1.5E+07 2.0E+07 2.5E+07 3.0E+07

f[MHz]

Computational examples: Wire above a lossy ground

1.0E+01 1.0E+01

1.0E+01

1.0E+00 1.0E+00

1.0E-01 1.0E-01 4

1.0E-02 1.0E-02

1.0E-03 1.0E-03 4
"

Abs (1) [A]
Abs (1) [A]

—_—TL
s NEC rC

—TL
—NEC rc

1.0E-04 1.0E-04 |

1.0E-05 ——NEC Somm 1.0E-05 | =——NEC Somm 1.0E-05
—CEM | ——BEM
1.06:06 o=0.1S/m, £r=10 10806 1 0=0.01S/m, £r=10 1o
1.0E-07

1.0E-07
1.0E+04 5.0E+06 1.0E+07

1.0E-07
1.0E+04 5.0E+06 1.0E+07

156407  20E407  25E+07  3.0E+07
f [MHz]

1.5E+07  2.0E+07  2.5E+07  3.0E+07
f [MHz]
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1.0E+00

1.0E-01 4

1.0E-02 4

1.0E-03

1.0E-04 1

—TL
[====NEC rc
==——=NEC Somm
[ B E M

0=0.001 S/m, €r=10

1.0E+04 5.0E+06 1.0E+07 1.5E+07 2.0E+07 2.5E+07 3.0E+07

f [MHz]

> Gurreht induced at the center of the line above a PEC ground versus frequency

« (L=20m, a=0.005m, h=1m E,=1V/m — normal incidence)

o Clermont-Ferrand, 03 April 2018
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EM Field Coupling to Overhead eres

The antenna model: FD analysis of multiple wires

 The currents along the wire array is governed by the set of
coupled Pocklington equations

m L2

——> | { >k }[go,m(x X) =Ry 81 (6| 1, (X)X

n=1 ~L,/2

J47wa€0 m=12,...
)y St

'-\h_e Green functions for the source and image wires, respectively

Clermont-Ferrand, 03 April 2018 Eh‘i”;’r‘;,ﬁ‘é
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EM Field Coupling fo Overhead Wires

Computational example: Current distribution along two coupled
wires over imperfect ground

f=20MHz, & =10, o=0.001mho/m, h=1m, D=0.5m,
L=30m, a=0.15¢cm, $=180° , 8 =30° , o =0°

—8— h=5m —&—h=10m —¢—h=15m —6—d=0.5m —&—d=7.5m —¢—d=15m

1.6E-03
1.4E-03
1.2E-03
1.0E-03
8.0E-04
6.0E-04
4.0E-04
2.0E-04

0.0E+00

—O0—Re(l) —B—Im()) —&—abs(l)

lm
UNINERSITE

Clermont
Auvergne

Cg[rent distribution along the wire for angle of incidence #=120" , £=30° , #=0" on (a) first wire, y=0 (b) second wire, y=D
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Computational example: Coupling from HF Transmitter to PLC System

PLC systems aim to provide users with communications means
using the already existed power line network.

e One of the principal disadvantages of this technology is

vamrelated to EMI problems, as overhead power lines at the

W& \frequency range from 1 to 30 MHz behave as transmitting
\&n’renncs or receiving antennas.

e An ‘analysis of overhead power line as an EMI victim is
unger’rgken using the wire antenna theory approach.

Clermont-Ferrand, 03 April 2018 Auvergne
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EM Field Coupling to Overhead Wires

Computational example: Coupling from HF Transmitter to PLC System
- BEM — Analytical| | - BEM — Analytical - BEM — Analytical|

Abs(l) [mA]
Abs(l) [mA]

Absolute value of the current distribution along the overhead wire

f=7 MHz, a=6.35 mm, h=1 m, 0=0.005 S/m, & =20

- BEM — Analytical

80,0

70,0
_ 60,01
£ 50,0
% 40,0
2300
) 20,0
$ ) 3 F 10,0 -
: ’ oo ‘ — 0,0 : ‘
PEC ground 0 50 100
0=0.005S/m, £ =13 xIml

"“Absolute value of the current distribution along the overhead wire m
(f=7 MHz, L=200 m, a=6.35 mm, h=10 m) dhieensine
Clermont-Ferrand, 03 April 2018 Auvergne




(R Gy Doportment of Eectro
ﬂl ] rsity of Split,
|| - i , Croatia

EM Field Coupling to Overhead eres

Power Line Communications System as EMI source

* A simple PLC system consisting of curved wires excited by the
voltage source V/is of inferest.

1-

X

/////////////////////////W

earth . O,
Clermunt

&
; Clermont-Ferrand, 03 April 2018 Auvergne
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EM Field Coupling to Overhead Wir

PLC System as EMI source

The spaftial current distribution along the curved wire

A

i
x (X, 2)

X, ¥, 2) \7'

| X
%éﬁ X, ¥|-2)

Is governed by the following Pocklington intfegro-differential equation:

v

0 9 ,
2— — . 2—»—** (s, % Cig' 25 1' 1
O{|: eses a a :|gO(S S)+RYM|: s s asas*j|gl(s \) )} + T (S)
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EM Field Coupling to Overhead eres

PLC System as EMI source

For the case of multiple wires of arbifray shape the current
distribution along the structure is governed by corresponding set
of Pocklington integro-differential equation:

82

— , s .8 )+
Bsnasm}gonm( 1 Si)

n=1..M

Clermont-Ferrand, 03 April 2018
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EM Field Coupling to Overhead eres

Clerm-::nnt

PLC System as EMI source Auvergne

BEM solution of the set of Pocklington integro-differential equation:

- The matrix equation - The mutual impedance matrix

[Z] == 1{D} {DY} g,..(s..5.) é;"de” P

k22 [I{1FY 8505 sg"df cfdf—

@ ; ) | . | ds
(VY =—jdmee [ E (5)f,(5)° 2 d&

g - S ,S m
n=1, 2, ... M TMH{D} {D} 8,,.(5,55,) é;df dé +

j=1,2, .. N

+R K22 ({11 Y 850 5

Clermont-Ferrand, 03 April 2018
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EM Field Coupling to Overhead Wires

PLC System as EMI source

% Department of Electronics
@ University of Spilit,
=+ Split, Croatia

L L
ME =— ki [e.0(sg,(F,7)ds' - [
0 0

The radiated electric field is |
given by:
E= ES +RTMEI +(RTE — Ry )(EI '
where: . |
3 Eg=— 1 ki je I(s")gy(F,r r)ds' +Ial(s )Vgo(’7 r)ds’ j| p=(r-r")xe

dl(s")

V8, (7,7 )ds }

UMINERSITE
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PLC System as EMI source

BEM solution of the electric field Clermant

Auvergne

The total field is given by:

6.0 (&), (7. f’)d—sdcf j % f)Vgo “’)df}

Y| K 2. £ &), F*)—dcf J [1: 2 (5)Vg @ r*)dé:}

jdrnwe, = Y o&'

Clermont-Ferrand, 03 April 2018




% Department of Electronics
PR University of Split,
Nt Split, Croatia

EM Field Coupling to Overhead Wire E g
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PLC System as EMI source

BEM solution of the magnetic field

—

N
H = |:H§k+RTEij+(R
k=

1

&@ofcl field is given by:

e
-

wherethe field components due to a wire segment are given by:

L 1 - 1 ~ . ds' iy 1 & 1 . _ o ds'
e __E;:[lliﬁ(f)es.xv(go(r,r )d—§d§ e =__ﬂ§j11,. ﬁ(f)es*ngi(r,r*)d—gdg

Clermont-Ferrand, 03 April 2018
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Computational example: PLC System with curved wires as EMI
source

ISOQ

1m, 2m, 3m
10m

r

\I.
= -
S .

'l e
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Computational example: PLC System
with curved wires as EMI source

Abs(1)[A]

1.8E-03

1.5E-03
1.2E-03
9.0E-04 §

6.0E-:04

g
3.0E-04 “ | !

0.0E+00 +
0 20

100
y(m)

120 140 160

Current aistribution along the upper conductor
(0=0.0065/m, £ ,=13)

-
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Axial component of the radiated E-field
(x=30m, z=10m, 0=0.0055/m, ¢,=13)

Axial component of the radiated E-field
(x=30m, z=1.6m, 0=0.00565/m, & =13)
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EM Field Coupling to Overhead eres
The antenna model: TD analysis of single wire

The PEC overhead wire of length L and radius a,at height h above
a lossy ground, illuminated by an incident E-field, is of interest.

V4

Finite length line above a lossy ground W’l
Clermant
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EM Field Coupling to Overhead Wires

e The integral equation for the transient current along the wire is
obtained by enforcing the condition for the tangential field aft

where E,"¢is the incident electric field and the scattered
electric field E ncis expressed in terms of potentials:

where charge and current densities, respectively, are related
withd#e ‘continuity equation:

. dp
Vi =-—
17 Ve

UNINYERSITE
Clermant
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Combining previous equations leads to the integral equation for
the transient current along the wire in free space:

I(z',t- R/c)

4R dz

Integrating the Pocklington equation yields the Hallen integral
equation:

'. jl(z',t-R/c)
47TR
="
-lfz., 1-R/c) is the unknown current to be determined,

. = cis the velocity of light,
3Z@-,-Ls-*the wave impedance of a free space
-Fo(1)::E, (1) are related with the reflections from wire ends

lz—2'
C

L-z7
C

)dz'

1 L
+— | E’ (7't

<
dz’=Fo(f';)+FL(f'

0

Lo

UMINERSITE

=3 Clermont-Ferrand, 03 April 2018 Clermont
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Performing certain mathematical manipulations one obtains the Hallen
integral equation for wire above a lossy half-space:

I(x t—R /c—7)
AR

(o
+—[E=| x\t- '

dx'dt =

¢ C
‘N.,&a .
Whé\e the influence of the interface is faken into account via the
space- ’nme reflection coefficient:

4 M m+
1 g,0= AS(1)+—5_¢ Z( 1)""mA",( o)
] _IB m=1
The time-domain Hallen equation is solved via the Galerkin-Bubnov

|nd|recT boundory element approach.
Clermont-Ferrand, 03 April 2018 Clermant
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The antenna model: TD analysis of multiple wires

*The PEC wires of length L and radius a,at different heights h
above a dielectric half-space, illuminated by an incident E-field,
are of interest.

H’n [

(Xom, Yom, Zom)

! a
(X02, Yoz, Z02) .--+ |
\ (XLN'l: M ZLM)
! |
! |
| ¥

x , ) Z - " 1
(%01, Yo1. Zo1) (XL2, Yi2, Z12)

3 UNIYERGSITE
Straight thin wires at various heights above a dielectric half - space Siermont
. uvergne
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EM Field Coupling to Overhead Wires

Transient response of M parallel wires above a real ground is governed by
the set of the coupled space-time Hallen integral equations:

R
oI (x',t——)

M
47R,, B 47R, oM

UNIYERSITE
Clermant
Auvergne

B xOV

Unknown time signals F,, (f) and F,(f) related to the multiple reflections of
ﬂ}f_‘-§ien’r currents at the wires free ends are given by:

M BT (x't— I(x't——>——

K. ®)= Z.[ 4 R(“ dx Z“.r @.2) 47R

1 IE (x |x X
ZZ
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EM Field Coupling to Overhead ere '

For the case of a dielectric half-space the set of Hallen integral equations simplifies into:

I(x t— K.
——— € dx'=

L,

— — 1 x—x'
F, (t-2—20y 4 F (=22 "%y _[Ee’“‘(x - | |)dx'
c 2Z,

] 2 ] 2
; xX=x)"+(y-y),
8. = Arcig \( )+ (=Y

4z

' ES(x\,z,)=EN(x,t=T)+E (x',t-T)
I -the ’rime'r‘equired for the wave to travel from the highest wire to the height z of the
observed v-th wire.

- The reflected field:
: ref ' _ inc ' .
EJ(x\t=T)=r -E7(x'1- Lm

UNINYERSITE

: Clermant
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The set of Hallen integral equations is handled via the TD scheme of the
Galerkin-Bubnov Indirect Boundary Element Method (GB-IBEM).

- local approximation for the current on a wire:  I{E3R) :{f}T {1}

ARplying the BEM discretisatfion leads to a local system of linear equations for

df‘.iéﬁ‘v’rh observed wire: p
8§ H—{f} UF acadil o -] [t iy aeadi)l ]

s=1| Al AL ¢ Al Al

=— j | E2E ‘){f} dx'dx

0 AL Al

+I Fo(t—x *o

’){f},dx+ j FL(t—xL"_x){f}.dx

Lj=1,22N-- mdex of the elements (s-th source and the v-th observed wire, respectively N - total
numberbf segmen’rs M - actual number of wires.

Clermont-Ferrand, 03 April 2018
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the matrix equo’rion:

[4,,]= j ] {F} {FY dxax; [a]=[ [ L (‘9){f} (£} dxud

4 R Al; Al

Al; Al

(8., 1=5— ] J{rhAr} dxdx J[c,]= | [ — R(O){f} {r}, dxd

0 Al; Al Al; Al

*©)
47[R 0 Al; Al

[c;]= H Ly Ay avax [D= | [{r}ArY axd
TR U U axan L (8) iy {FY dxds Lo

*
Al Al 4 R (L) UNIYERSITE
Clermant
Auvergne
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TD antenna model

* The weighted residual approach in the time domain:

0 | A ]{I} —{g}a}h_o k=12, .., N,

*the recurrence formula for the fransient current at j-th space node and k-th
fime node:

all previous discrete instants

w:\
UNINERSITE
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Geometry observed —a thin wire
above lossy ground:

r'(8,t) = Ko(t)

4,8 e_m — n+l
r'(6,t) = — —1 K"l (at
@=L ) ek e

Clermont-Ferrand, 03 April 2018 Clermont
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EM Field Coupling to Overhead Wires
TD antenna model: Inclusion of ground conductivity

- Inclusion of r’( &,1) into the model leads to the following matrix equation:

A . -{4} = [BIE} oo

i

vog

UNIYERSITE
Clermant
Auvergne
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EM Field Coupling to Overhead eres

TD antenna model: Inclusion of ground conductivity

- Additional vectors are expressed as follows:

{A}= I H (Y ArY Have {1} de

0 Al

t_RfZ_(ZnH)L_f

IC C J. I{f}J{f}IT H.dx'dx{I(7)}dt

Al Al

o Fo_QniDL_x_

C C C
*

Clermont-Ferrand, 03 April 2018
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EM Field Coupling to Overhead eres

TD antenna model: Inclusion of ground conductivity

- Assembly into global matrix system yields:

|:A ]{I} ,_B = {g} previous time + { g} previous time
@

instants instants

g}= {1}\ e +[BHE), 1o

Clermont-Ferrand, 03 April 2018
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EM Field Coupling to Overhead eres

TD antenna model: Inclusion of ground conductivity

- After time sampling, recurrent formula for the unknown current:

AN

jitjl, R gj previous time gj previous time
e instants instants

ajj

where:

\;;ﬂ\‘ - current for the j-th space node and k-th time node
k

- N2 number of space elements

a;.,' - member of matrix [A] for i-th source space node and j-th
~_ Observation space node, where /]

- .member of vectorsiig} { } for j j-th observation space node

UNINERSITE
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TD transmission line model

e Voltages and currents along the lines due to an external field can be
obtained using the matrix equations.

Clermont-Ferrand, 03 April 2018
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EM Field Coupling to Overhead eres

TD transmission line model

*The solution of the TD transmission line equations is carried out via the FDTD
method.

*The solutions of MTL equations by FDTD:

[w’“]:(%ms][aﬂj [(%[RS][C]—1)[‘/1"]—Z[Rs][ll"”’2]+[VS"]+[VS"+1]+%[Rs][C]([Eﬁl]—[E}jl])}

[vk"“]=[Vk"]—%[crl([1:“’2]—[1:_*3’21)HE”J [ A

m]:@ [RL][QHJ K% [&][q—ljmﬂ‘m‘{“*]+z&][ Mj]%“[@][q( B HE )

3/2 7+/2 1 +H HH +H At H3/2 /2
L 1=1; ]_Xx[L]_( e HY, ])—[LT( (B HE D~ S (B HE], ])jk=1 ...... x Vg

UNINYERSITE
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EM Field Coupling to Overhead Wires

Compvutational __exdfrnple: Transient response of GPR dipole antenna
af the centerof the line

E -

gtion: Gaussfah pulse
a = : -

o LT

T

-
-
-

reflected
wave

E
=
E
z
T
=
o
=
=
(7]
=z
w

air (e, Wo)

lossy ground
(£, W, G)

transmitted
wave

1
15
Time (ns)

. ol(x',t—R /v—-1)e '

dx'dt

Lo
Clermont-Ferrand, 03 April 2018 Clermont
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EM Field Coupling to Overhead eres

Compvutational example Transient response of GPR dipole antenna
at the cen’rer Of ’rhe Ilne

~

VIRRANRREN

- 1.-:

Jtion: Gouss:

i“_“IIQI

x1 073 helght uniformly distributed followmg [0 275m;0.725m]
1.5

<
=
=
@
[
=
|
(&)
St
| =
(1]
@
=

—Mean value (determ.) .
—<I>, stoch. 3 pts
—<I>, stoch. 5 pts
—<|>, stoch. 7 pts

Stochastic case #2: wire height uniformly distributed
between 0.275 and 0.725 m

WUHNIYERSITE
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Computiational example: Transient response at the center of the line

The excitation: EMP

E——— The excitation: Gaussian pulse

1,6E-03
1,4E-03
1,2E-03
1,0E-03
{"| s8oEo04
R N
| <C 6,0E-04
=
4,0E-04
2,0E-04
0,0E+00
-2,0E-04
-4,0E-04

0,0E+00 2,0E-07 4,0E-07 6,0(E-0)7 8,0E-07 1,0E-06
t(s

—
Transient current at the center of the line above
dielectric*half-space (L=20m,h=1m, & =10)

Transient current induced at the center of the wire above
a lossy ground (L=1m, € =10, 0=10mS/m)

UMINYERSITE

Clermont-Ferrand, 03 April 2018 Clermont

Auvergne
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Configuration:
- [=1 m, a=2 mm, & =10

g

- Incident electric field: | i UNIWERSITE
E)icnc (t) — EO (e—at _ e—bt)

Clermaont
Auvergne

o JE=1V/m, a=4"107 s7,b=6"108 5"

¢ -

I[A] x 1E-4
I [A]x 1E-4

14 16
t[s]x 1&9 t[s] x 1E-9

Transient current at the wire center, various conductivities:

Clermont-Ferrand, 03 April 2018
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EM Field Coupling to Overhead eres

TD antenna model: Inclusion of ground conductivity
- Notes

U GB-IBEM expanded to numerically model ground
conductivity

O Time dependent part of the reflection coefficient is
modeled via additional vectors

. 1 Convolutions integrals highly computationally inefficient

@ Further modifications regarding computational efficiency

- necessary

m
UNINERSITE
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EM Field Coupling to Overhead ere

Computational example: Transient response of a two -wire array above a PEC ground -
comparison between IFFT-NEC2, GB-IBEM and TL

T
!!!!E!!
i
|
5

o

L_N:, a=2cm

Excitation: EMP
EO_’IWm a=4"10’s" , b=6"10°%s""

oM
—a— [FFT-NECZ2 TD GB-IBEM UNINYERSITE

Transient current induced at the center of wire 2 Clermant
] Auvergne
Clermont-Ferrand, 03 April 2018
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EM Field Coupling to Overhead ere

Computational example: Transient response of a two -wire array above a PEC ground -
comparison between IFFT-NEC2, GB-IBEM and TL

“&I.IW!'.EW.“MIHIA‘I
o[ L TTAL TR TN NS T
L T AN s e N
.l.l.lrlﬂ“llll- -ﬂ-.-l

il
e
|

ssiil
T =a

noo s
__.._——

ii

W' IRV R T
W-!WI-EMHHI
VN TV

L
‘Iii!
Iq.

[=10m, g=2cm,
h=1m}R;=2m, d=1m

Excitation: EMP
E=TV/m;a=4"10"s"" , b=6*10%s"

Transient current induced at the center of wire 2

UNINERSITE

Clermant
Auvergne gy Clermont-Ferrand, 03 April 2018
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EM Field Coupling to Overhead ere

Computational example: Transient response of a three -wire array above a PEC ground -
comparison between IFFT-NEC2, GB-IBEM and TL

L=10mga=2cm,

h,=hs=1m, h,=2m, d=1m
Excitation: EMP
EO:TV@JQ=4*1 0’s', b=6*108s""

L
uul

-
Nigws

N
o
=
=
i

_

f
'.IU.IIH.‘IMIIIHI.H!H.IMI
MAS T

|£l:l ll 1] b I:._'l
IBEN
i "

'-’llf-lﬂm.lﬂ"llhnl
IRV VA S R
]

: e —
I 1 2 3 4
L]
—u— [FFT-RECZ ) G-

WUHNIYERSITE

Clermant . Transient current induced at the center of wire 2
Auvergne Clermont-Ferrand, 03 April 2018
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EM Field Coupling to Overhead ere

Computational example: Transient response of a two-wire array above a PEC ground -
comparison between IFFT-NEC2, GB-IBEM and TL

[=10m, g=2cm,
h=1m}R;=2m, d=1m

Excitation: EMP
E=TV/m;a=4"10"s"" , b=6*10%s"

LA -
UNIVERS ITE Transient current induced at the center of wire 2

Clermant _
Auvergne Clermont-Ferrand, 03 April 2018
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Computational example: Transient response of a three -wire array above a PEC ground -
comparison between IFFT-NEC2, GB-IBEM and TL

1[4 x 1E-3
L O O S R~ L.
.

Yy,
iy,

H=Ho )
/// 7 ///////W t[=]% 1ET

hy
7
/////////////////////////////////{/:/{r/{{//////// [—=— FFT-HECZ TD GB-IHEM

H=Ug

11 om, a=2cm,

h1=h3=J [I], h2=2m, d=1m
E =10

Excitation: EMP
E=TV/m;a=4"10"s"" , b=6*10%s"

» t[z]x 1E-7
| —a— |FFT-MEC2 TD GB-IBEM

UMIYERSITE 5 i .
Transient current induced at the center of wire 2

Clermont-Ferrand, 03 April 2018
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EM Field Coupling to Overhead ere

Computational example: Two wire array: PEC and dielectric half space comparisons

ll'-l'll-llll-l!l’.ll\'m-‘.“
L by L WV LY U SN

The results obtained via
Transient current induced at the center different approaches agree for
of wire 2 — PEC ground early time instants in both
cases.

At later times TL fails to
ensure valid results due to
limitations of the model itself
(radiation effects).

Transient current induced at the center m
of wire 2 — dielectric half-space

UMINYNERSITE

Clermont-Ferrand, 03 April 2018 ELEJET,?;
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EM Field Coupling to Overhead ere

Computational example: Two wire array: PEC and dielectric half space comparisons

mﬁ!ﬁ’i\!ﬂlﬂ The behaviour of 3—yV|res
Il.llﬁimnlrmlmllnm above PEC ground is
similar to a two-wire
array.

Transient current induced at the center
of wire 2 — PEC ground

For dielectric half-space
NEC 2 produces non-
physical solution
(magnitude increase) at
later times.

m
UMINERSITE

of wire 2 — dielectric half-space Clermant
Auvergne

Transient current induced at the center

Clermont-Ferrand, 03 April 2018
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Electromagnetic Field Coupling to Buried
Wires

EM field coupling buried wires in frequency domain has been
studied using the wire antenna theory (set of the Pocklington
equations) and Transmission line method (Telegrapher’s
equations).

o 4w The Pocklington equation is solved via the Galerkin-Bubnov

< ischeme of the Indirect Boundary Element Method (GB-IBEM),

hile the tfransmission line equations are treated using the chain

matrix, method and modal equation to derive per unit length
pardmeters.

O
Clermant
Clermont-Ferrand, 03 April 2018 Auvergne
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EM Field Coupling to Buried Wires

The antenna model: FD analysis of a single wire

*The spatial current distribution along the wire is governed by the
Pocklington integro-differential equation:

By 10
e j4nwe,, oxy Ox'

The straight wire buried in a lossy earth,
illuminated by the transmitted E-Field

ncos@++/n—sin’ @ exe 4 UNIVERSITE
- o : : Clermant

Auvergne

Clermont-Ferrand, 03 April 2018




Fr— ,.-'_ - % Department of Electronics
_L‘ = E’l.._x % University of Split,
e Split, Croatia

I
The geometry of horizontal buried thin wires

The antenna model: FD analysis of multiple buried wires

* The FD analysis of multiple wire array buried in a lossy ground is carried
out via the set of Pocklington integro-differential equation:

The geometry of horizontal
buried thin wires

R, =R ’ Lm

2mn 1mn Clermant
]

o Clermont-Ferrand, 03 April 2018
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EM Field Coupling to Buried Wires
The antenna model: TD analysis of single wire

*The transient current distribution along the wire is governed by the space-tfime integro-
differential equation of the Pocklington type:

tR*

Ixt-Rv-t)e ™’
O7)—— 2 __ix'dr
j j O

LA

UNIYERSITE
Clermant
Auvergne
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° ° ° ° “
EM Field Coupling to Buried Wires weg)

The antenna model: TD analysis of single wire arivens v

Auvergne

* Analyfical solution: The Pocklington equations can be transformed into a differential
equation of the form:

Undertaking certain mathematical manipulations the solution can be obtained in
Ft_;:gg_:lose form:

where*.

1

L Y
2In = v q—gﬁﬁﬁ?
2d 547, +1 s, +1

R(sy)=

Clermont-Ferrand, 03 April 2018
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EM Field Coupling to Buried eres

The TL model: FD analysis of multiple bureid wires

= Field-to-fransmission line matrix equations are given by:
d r A
7 (2]
d A
i@ 7]

‘h"'\,‘he Longitudinal impedance matrix is of the form:

|Z]=jolLl+|Z, ]+ 2]

Auvergne

Clermont-Ferrand, 03 April 2018




@ Department of Electronics
o =, University of Split,
' Split, Croatia

EM Field Coupling to Buried Wires

Computational example: Current distribution along the wire immersed
into the sea water.

Wire geometry: L=120m, a=0.6m; L=160m, a=0.8m; f=1MHz
The sea waterparameters: € =80 and o =45/m.

N
o

—x—King L=120m —&— King L=160m
—— Proposed —— Proposed

18
16
A14
g12
310
2 8
< 6
4
2
0

Current distribution along the wire w;l

UMIYERSITE
Clermant
Auvergne
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Computational example: Current induced at the center of the wire
buried in a lossy ground versus frequency

The wire (L=20m, a=0.0056m), buried at depth d=1m in the lossy ground
Is excited by the plane wave E,=1V/m (normal incidence).

(0=0.01 S/m, . ; ’ (0=0.1S/m, & =10)
€ =10) \ :

0
35
0
25

Abs(l)[mA]

& 5]
Abs(I)[mA]
Abs(l)[mA

UHIYERSITE

Clermont-Ferrand, 03 April 2018 Clermant
Auvergne
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EM Field Coupling to Buried eres

Computiational example: Transient response at the center of the line

The L=5m long wire with a radius of a=1cm is buried at depth d=1m in
dielectric ground with € =10.

The wire is illuminated by the transmitted EMP: [N (a2,
E,=52.5kV/m, a=4*10¢%"1, b=4.78*108s"

600
500
400
300
200
100

0

-200 .

UNINVNERSITE
~300 Clermaont
-400 Auvergne

-500
0.E+00 1.E-07 .E- 3.E-O7 4.E-07

Trans:ent currrent induced at the center of the straight wire: Comparison of direct TD approach to
an indirect FD approach+IFFT

Clermont-Ferrand, 03 April 2018
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Computational example: Transient
response at the center of the line

Lo o =~ whOo

The transmission lines buried in a lossy :

0.0E+00 2.0E-07 4.0E-07 6.0E-07 8.0E-07 1.0E-06

ground with permittivity &£,=10 and s
conductivity ¢=0.001S/m are of interest. -

3.0

Conductor radius is a=1cm while length 25
L and burial depth d are varied. =

15
1.0
0.5 4]

0.0 mrRRaato QooEE
0.0E+00 4.0E-07 6.0E-07 8.0E-07 1.0E-06

The excitdition:

2 E"(t)=E,e ™

—60°
[=200m, d=1m —A—0-60°

—»%—6=80°

(I R O SO X N )

0.0E+00 2.0E-07 4.0E-07 6.0E-07 8.0E-07 1.0E-06
UNIYERS ITE[ t(s)

ELEJ:ET;,?; Clermont-Ferrand, 03 April 2018




- @ Department of Electronics
-, g+ University of Split,

EM Field Coupling to Buried Wires IM&S=' i

Computational example: Frequency response at the center of the line

= Current induced at the centre of the wire

€ =10
- plane wave excitation E;=1 V/m

UHINERSITE

Clermont-Ferrand, 03 April 2018 Clermont
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EM Field Coupling to Buried Wires IM&S=' i

Computational example: Frequency response at the center of the line

= Current induced at the centre of the wire

= £ =10
- plane wave excitation E;=1 V/m

] Gn, 0=0.01 S/m

o1 o5 09 13 1,7 21 25 29

4
4 -
3
3
2
2
1
1
0

UNINYERSITE
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EM Field Coupling to Buried Wires IM&S=' i

Computational example: Frequency response at the center of the line

= Current induced at the centre of the wire

= £ =10
- plane wave excitation E;=1 V/m

L=10 m, 0=0.001 S/m

UNINERSITE

Clermont-Ferrand, 03 April 2018 Clermant
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EM Field Coupling to Buried Wires IM&S=' i

Computational example: Frequency response at the center of the line

= Current induced at the centre of the wire

= £ =10
- plane wave excitation E;=1 V/m

L=10m, 0=0.01 S/m _ °NEC:RC 1 B il 7Yy

0,9 1,3 1,7 2,1 , , 0,1 0,5 0,9 1,3 1,7 2,1 2,5 2,9

f[MHz] f[MHz]

UNINYERSITE
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EM Field Coupling to Buried Wires IM&S=' i

Computational example: Frequency response at the center of the line

= Current induced at the centre of the wire

= £ =10
- plane wave excitation E;=1 V/m

L=10 m, 0=0.001 S/m

UNINERSITE

Clermont-Ferrand, 03 April 2018 EL%L"P;,?;
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EM Field Coupling to Buried Wires IM&S=' i

Computational example: Frequency response at the center of the line

= Current induced at the centre of the wire

= £ =10
- plane wave excitation E;=1 V/m

L=10 m, 0=0.01 S/m

UHINERSITE
Clermant

Clermont-Ferrand, 03 April 2018 Auvergne
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EM Field Coupling to Buried Wires IM&S=' i

Computational example: Transient response at the center of the line

- direct TD method of solution

L=1 m, d=30 cm, o=1 mS/m.

—TD —TD
----- FD+IFFT BEM --=== FD+IFFT BEM

L=10 m, d=4m, 0=1 mS/m i L=20 m, d=15 m, 0=1 mS/m |

Clermont-Ferrand, 03 April 2018
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Config. 2 '\,

Config. 1 \f t\/
[N/
}/' // }/ // ///1

‘ 10m ‘ 5m ' 10m
-

Config. 4

777
77 /T AT 77
7 77

Clermont-Ferrand, 03 April 2018
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Transient Analysis of Groundig Electrodes

#

‘!mé

*Grounding systems, (vertical or horizontal electrodes, large
grounding grids) are a fundamental part of lightning protection
systems (LPS).

*The principal task of such grounding systems is to ensure the
safety of personnel and prevent damage of installations and
equipment.

““-The secondary purpose of grounding systems is to provide

common reference voltage for all inferconnected electrical
Gnd*elecTron|c systems.

¢ Wh|Ie the steady state behaviour of grounding systems is well
mveshgo’red and understood, the transients studies are more
demchdmg

Clermont-Ferrand, 03 April 2018
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Transient Analysis of Grounding Electrodes

* Transient analysis of grounding systems are related to analytical
approaches, transmission line models or full wave (antennaq)
models.

*The antenna model is based on the Pocklington integral
equation formulation featuring the rigorous Sommerteld integral
approach to account for the treatment of the half-space effect.

‘ wlhe frequency response is obtained multiplying the input
npedance spectrum with Fourier transform of the current

citation waveform.
The-’rranmen’r response is computed by using the Inverse Fourier
Tronsform (IFT).

cqmplex groundlng systems of arbitrary shope

| e

Clermont-Ferrand, 03 April 2018 Auvergne
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Transient Analysis of Grounding Electrodes (Y4

UNINERSITE

Clermant

The antenna model: FD analysis of single grounding E5HEeIt
elecrode of arbitrary shape

*First the single wire grounding electrode of arbitrary shape is
considered.

air (6o, o)
earth (€, Uy, O)

‘Herizontal electrode Ring electrode

°The spaﬂriol current distribution along the wire is governed by the
homogeneous Pocklington integro-differential equation:
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Transient Analysis of Grounding Elecrodes
The antenna model: FD analysis of single grounding

elecrode of arbitrary shape g

UNMINERSITE

Clermant
Auvergne

The Green function components:

2 2k’
Yot (kI +k)

" 2 2
U*=[D,A) e J,(Ap) 2 dAD,( D) =—5——F——F—5=
! e o(40) KNtk n(k k)

e

Clermont-Ferrand, 03 April 2018
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Transient Analysis of Grounding Elecrodes
The antenna model: FD analysis of complex grounding
systems

*There is a number of configurations of practical grounding systems:

Config.1.. Config. 2 ".
ey y |4

10m
Config. 4

g

UNINERSITE

Different grounding grid configurations
9 99 9 Clermant
Auvergne
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Transient Analysis of Grounding Elecrodes

*The spatial current distribution along the wire is governed by the set of
coupled homogeneous Pocklington integro-differential equations:

*The excitafion is incorporated into formulation through the boundary

condition:

where |, denotes current generator and [, current in the injection node.

{g?tq junction consisting of two or more segments the continuity properties of
field must be satisfied, which is ensured by the Kirchhoff current law:

th
veg!

UNIYERSITE
Clermant
Auvergne
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Transient Analysis of Grounding Elecirodes

Numerical solution Lo

UMIYERSITE
Clermant
Auvergne

*The set of Pocklington equations is handled via the (GB-IBEM).

- local approximation for the current: =2 1ufu@={73, {1},

1—
- the system of equations: M =T§ f

147
2

ahu z| =-||{D} {D o (858" ) —2=d{'—2d

S Y1211}, = 20, =~ [P0 ot G2

n=1 i=1 2.5\-;\' | ; s ds, gy,
m=1,2,...,N, i=12,..N_ ki -, n_[[{f}{f},. Zoun (5,1-5",) gdg“ dgdg

v’ i _jljl{p} (D} (5o s*)—é,d(—gdé#

+ 2

ky +k; 5 '
+k; -sm-sn*jj{f}j{f } @i (505 %, )—{d{ _g d¢

-1-1

+s]-s7'jj{f} (£} G (s,,08' )—é»(—§ e

—1-1

Clermont-Ferrand, 03 April 2018
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Transient Analysis of Grounding Elecirodes
oM

UMINERSITE
Clermont

NumeriCCll SOlUﬁOH Auvergne

*The calculation of fransient response is carried out by means of Inverse

Fourier Transform. V() =I(f)Z(f)

I.(s)-5-5"kl+VV |g, (s, ,s, )ds'+
o

1 &k -k
EX'(s +—2—L | I(s,")-5-5% |kl +VV S8, )ds'+ | m=1,2,..N,,
G b9 Y hecrved KICYRRS ERAAA LA

+ [ 1,(s)-5-5%G,(s,,,s,)ds’

Clermont-Ferrand, 03 April 2018
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Transient Analysis of Grounding Elecirodes

Transient voltage assessment

e Assuming the potential in the remote soil to be zero, the voltage
between the point on the wire and remote saoil is :

E)I(s) go(r sYds '+

ﬁ—@jmm)

- 8. (17, s¥)ds'

k+k2 2 Os*

Lm
UMINERSITE
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Transient Analysis of Grounding Electrodes

UNINERSITE

Numerical results: Ring electrode Clermont

Auvergne

RING r=3.6m r=5m r=7m Er=10 sigma=0.001

r=3.6m|| ||

air
s T
d

ground £ ., ] r=5m L
1. i [

T T T

1 | | [ R

| | [ R

| | [ R

*4 local approximation
« ¥or the current:

f1(5)=%§(5—l);
fz(g) =1_§2§
£i(&) = %5(5 1)

Transient impedance of ring grounding electrode for various radii
Clermont-Ferrand, 03 April 2018




x Department of Electronics

@ University of Spilit,
| wE=-" Split, Croatia

Transient Analysis of Grounding Electrodes

LCA

Numerical results: Ring electrode

Clermont
Auvergne

TRANSIENT IMPEDANCE - RING [ZO3 Er=10 Del=0.44 r=7m
R | R
[ | | | | [

60—

sigma=0.001

air
s T
d

e o

sigma=0.01
T T

[or the current:

f1<z:>=§5<5—1>;
£ =1-&
f3(§)=%§(§ +1)

t(s)

Transient impedance of ring electrode
calculated for various soil conductivities

Clermont-Ferrand, 03 April 2018
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du(x,1) +L di(x,1)
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Transient Analys

A comparison of the transient impedances obtained via different approaches ( AM versus TL)
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Transient impedance of grounding grid
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Transient impedance of complex grounding system

Clermont-Ferrand, 03 April 2018

ing gri

IS O

Ground
-layered

[ [ [/

I

t Analys

tion of multi
ding grid

[T
groun

gura

Confi

/X7 7 7/ 7 Z
ST 7 T T I T 7T

Transien
Numerical results

Various configurations of grounding grids




. Department of Electronics
kL University of Split,
i e Split, Croatia

Transient Analysis of Grounding Electrodes

Numerical results: Grounding grid: AT versus TL approach

Grounding system of interest is composed of grid 60mx60m
(6 by 6 10m square meshes); wire radius 0.007m; depth: 0.5m;
p=100Qm; £=36. The grounding grid is energized at certain
points by the double exponential current source:

i0)=Io (e 4”) (32)

where 7, =1.2k4. a=00142.10°. 5=1.073.107°

central injection

Corner injection

\ _ Wl
C ylm] 40 !

0
B0 60 il
(b)
Fig. 2 G1_'0u11d11}g grld under central injection of the current source (double Fig. 3.Spatial distribution of the voltage induced along the grounding grid ?:gd :S;pactiﬂﬁbmm(:)f ﬂ;:e 1011::;:1 ‘f“‘Tf a;°"f0;12; .g'gi,‘;“‘;‘;;%ﬁ“‘;{
eXpOlleﬂt].al eXCltathn) (center injection) at T7=0.5us computed via: (a) AT approach; (b) FDTD- TL Mh_ B o R L B
s approach; (¢) AT approach, corner injection.
pproac!
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Transient Analysis of Grounding Elecrodes

Numerical results: Grounding grid: AT versus TL approach
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Transient Analysis of Grounding Electrodes

Numerical results: Multi-layered grounding grid

LoM

UNHINERSITE
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Configuration of practical
wind-turbine grounding systems: 3D view
Transient response of complex grounding system

f Ground

Clermont-Ferrand, 03 April 2018

Transient Analysis o

N

7p]
o
=
O
S
>
T
®)
S
=
-
O
[l
O
-
(@)
(@)]
=
[®)
-
>
o
S
(@)
>
D
Q
S
o
@)
&
=
=
7))
(]
P
O
RS,
|
£
-
Z

Clermant
Auvergne

-
Configuration of
UNINYERSITE

: - -i"fd, A
practical
grounding systems:

wind-turbine
Top view




@ Department of Electronics
=, University of Split,
“  Split, Croatia

Transient Analysis of Grounding Electrodes Lo
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Numerical results: Complex grounding grid for wind-turbines

Configuration of
practical
wind-turbine
grounding systems:
Top view

Configuration of
practical
wind-turbine
grounding systems:
3D view

& a) 3D view b) top wiew

#Potential distribution along the surface above the grounding system for wind turbine
g Clermont-Ferrand, 03 April 2018
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Transient Analysis of Grounding Elecrodes

Numerical results: Complex grounding grid for wind-turbines

Lightning
strike

« Model of a WT grounding
system

i ) Wind turbine
Figure shows a WT subjected to a

lighting strike.

The influence of WT itself (tower,

blades etc.) is neglected.

Wind turbine
grounding
system

”

ELE“"":’ N Wind turbine subjected to a lightning strike
uvergne
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Transient Analysis of Grounding Elecirodes
Numerical results: Complex grounding grid for wind-turbines

Typical grounding system (placed in a homogenous soil; p=1200Q/m, &,=9)
consists of:

- a square of galvanized steel flanges (Fe/Zn 30x3.5mm — gray line) at the 2m
depth,

- 2 rings (Cu 70 mm? - black line) at different levels (smaller: 3.25m radius at 5cm

depth, the larger with 6.8m radius buried at 55cm depth) and additional four
COppPEr wires.

The lightning current is expressed by the
double exponential function:

UNINERSITE
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Transient Analysis of Grounding Elecirodes
Numerical results: Complex grounding grid for wind-turbines

Figure shows the transient response of the grounding system. Dashed
line represents a ten fimes higher input current waveform for the

comparison purpose.

Transient behavior of the grounding system

U:f:\
UNINYERSITE
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UHIYERSITE
— i R Co Auvergne
MO horiz. elec. |40 L Dollnagnd Lot

Numerical results: Complex - honorz oec |-

[7| e— e horiz. elec. [y

grounding grid for wind-turbines | =mmm aenJ

Induced feeding point transient voltage for different
lengths of additional horizontal electrodes

MO hariz. elec.
5m horiz. elec.
— G horiz. elec.

~ Additional horizontal electrodes
on wind turbine grounding system

Th\e"“__;gfqunding system Is
upgraded with four 5m or 15

m leng horizontal electrodes. Transient impedance for different lengths
R, of additional horizontal electrodes
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Transient Analysis of Grounding Electrodes

Numerical results: Complex
grounding grid for wind-turbines

Additional vertical electrodes on wind
starbine grounding system

The= grounding system s

upgradgd -  with vertical

electrodes of various lengths

(3M; 5.5m and 15m).

| e

-
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a5 b MO var. elac,

3mver. elec. .
—AmMverelec |
25 | m=rm——— 1amvwer. elec.
10% current

30 -

Induced feeding point transient voltage
for different lengths of additional vertical electrodes

MO ver. elec. :
Imver. ele. |17
— Amver. elec. |1
[ oo 1amver. elec.

Transient impedance for different lengths
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Transient Analysis of Grounding Electrodes

Numerical results: Complex grounding grid for wind-turbines
The maximum step voltage - outside of the outer ring electrode (appx.

at the point: (5.5m, 5.5m).

1= 0041753 us 1=0.17433 s

1= 10.8264 s

Transient GPR above the grounding system —spatial distribution m
Clermant

Auvergne
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Transient Analysis of Grounding Electrodes

Numerical results: Complex grounding grid

Electric field distribution on the earth surface

Clermont-Ferrand, 03 April 2018
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Transient Analysis of Grounding Elecrodes

Frequency Domain Transmission Line Model

The field coupling to grounding grid due to indirect lightning strike is
handled via transmission line (TL) approximation.

Impact of
lightning
channel

Square grounding grid

Figure 1. Hlumination of grounding system by a

lightning strike. w'l
- - »

UNINERSITE
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Transient Analysis of Grounding Electrodes

The field coupling to grounding grid due to indirect lightning strike is
handled via transmission line (TL) approximation.

Y IT the propagation occurs in two-directions; x and vy,
ol . ; N . . ,
' +(R+ jel)i = E;; the corresponding differential equation in scalar potential
In two-dimensional (2D s given by:
- H=xary '
ol 2 2
0 du A g -. 2\ s
+——-2{RG + jolRC + LG - LCw” |u

Jl i

— (G jeC =
| dn N

Where: e
5 HEI
w o diffracted voltage. ;
i o total current. o
K L, C and G are per unit length parameters of the
buried interconnected conductors.

E;; 218 the tangential excitation component of the electric

field.

Once the diffracted voltages is computed at a certain
frequency has been obtained in all points of interest, the
currents in interconnected conductors of the grounding
orid are computed obtained by means of a numerical
integration of the following line current equation:

e’ e 5 ' cn
+H(R+ jolyi=E  y=xoary .
- i) - .
an

UNINYERSITE
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Transient Analysis of Grounding Electrodes

The field coupling to grounding grid due to indirect lightning strike is
handled via transmission line (TL) approximation.

The spatial derivative approximation at point (, jJ
using simple finites differences is given by:

-2 X
o1 I [{ ) N -
= if ) E , — 2
3 3 W il
dr Ax '

A I:['.r" | )l ,‘l
2 2 Wil T i TW il
dy Ay : ' :

L (),

o 2Ax

UNINYERSITE
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Computational examples: Modeling of an indirect lightning strike

Figure 4. Buried horizontal electrode illuminated by
lightning channel.

Current (A
Cumrenti A)

ST roTroor

(=]
[
=]

Time 1 s)

Figure 5. Transient induced current at electrode extremity
(point A).

Clermont-Ferrand, 03 April 2018
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Figure 7. Induced current in branches A and B of the
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Transient Analysis of Grounding Electrodes

Computational examples: Modeling of an indirect lightning strike

¥
From : (200.200,-0.5)
o (200.260-0.5)
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10 20 30 40 350 0 1o 20 30 40
Time (Ms) Time i |s)

Figure 8 Induced voltages along profile 1. Figure 9. Induced cuurents along profile 1.
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Transient Analysis of Grounding Elecrodes

The antenna model: Direct TD analysis of single
grounding elecrode

Generalized wave equation for lossy media is given by:

1 0°A, 0°A. 0 JA,
_ > _|_ > _|___
UE Ox ot £ Ot

Clermont-Ferrand, 03 April 2018
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Transient Analysis of Grounding Elecrodes

The antenna model: Direct TD analysis of single
grounding elecrode oM

WUHNIYERSITE

Clermaont

Green function is determined by a differential equation: Auvarane

Clermont-Ferrand, 03 April 2018
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Transient Analysis of Grounding Elecirodes

The antenna model: Direct TD analysis of a single elecrode

Combining previous relations leads to the Pocklington equation for the
grounding wire in @ homogeneous lossy medium:

5 o Tan wear

inc 2
O i, OF; _ﬂK 1 32
UE Ox

{@e incident electric field along the electrode does not exist: JaEENl)
'ms results in a homogeneus TD integro-differential equation:

1 9 9° o0

R R LA

UE Ox~ dt~ &£ ot

The cgr_rentisource IS Included into the integral equation through the ¥R

Auvergne
Clermont-Ferrand, 03 April 2018
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Transient Analysis of Grounding Elecirodes

Numerical Procedure

The space-time dependent current along the electrode can be
expressed, as follows:

I(x',t—R/v)=il(r—R/v)Ni(x')

where stands for the set of linear base functions.

w%Performing certain mathematical manlpulatlons it follows:

9 R

2€y

_ﬁli(t—r,-,-) £ Iaf () ) e o +——I s e

Al Al ox ox' R Al Al

o
2&v

f (%) f, (x) dx'dx |=0 '
! WA

UNINERSITE

o 0
=)
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Transient Analysis of Grounding Elecirodes

Numerical Procedure

In matrix form the following time domain differential equation is obtained:
82 ! a ' !
[M]y{l(l‘ )}+[C]§{I(f )+ K@)} =0

o and carrying out the marching-on-in-time procedure:
Z[Mﬁ+;mcﬁ+,6At ]I :—Z{—ZM +(1-2p)AtC, +(%—2ﬁ+7,jm } I

i=1

{M i—A=PAC, + (5 + - yj ArK }1}“2

where t‘he'sitability is achieved by choosing: |HEESEEPSN] =
by r=>s B=7 Ve

Clermont-Ferrand, 03 April 2018 Ehi"e"r‘;,ﬁ‘é
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Transient Analysis of Grounding Elecirodes

Numerical Example

Numerical example is related to the grounding electrode of length
L=10m, radius a=5mm immersed in the lossy ground with er=10,

6=0.001S/m.

o 4w Grounding electrode is excited with the double exponential current
i;;i*'*‘\-.‘:%ulse

defined ;With: l,=1.1043A, a=0.07924-10’S", b=4.0011-107s"":

'l e

Clermont-Ferrand, 03 April 2018 Auvergne
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Transient Analysis of Grounding Electrodes
Numerical resulis
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Analytical approach
Pocklington equation:

Analytical solution:

1,(1)=1, (e_m —e_ﬁf) .

w:l
UMINYERSITE

Clermont
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Analytical versus numerical results Ruvergne

&, tlo

Analytical results for the transient current induced at the center of the electrode
are calculated with (43) and are compared to the results obtained via numerical
approach. The results shown in Fig. 8 are calculated for the grounding electrode
with £=10 m, buried in a lossy ground with the conductivity 1 mS/m. The
agreement between the results is very good.

The results shown in Fig. 9 are related to calculations performed for electric prop-
erties of the ground ¢=0.833 mS/m and £=9. It is worth emphasizing that low
ground conductivity is considered. The electrode is buried at depth 4=0.5 m.
Length of the grounding electrode is L=200 m. The agreement between analytical
and numerical results for the current induced at the center of the electrodes is very
Horizontal straight thin wire buried in a lossy medium good. especially for the longer electrode.

= Analytical TD
= = = GB-IBEM FD & IFFT

Analytical TD
= = = GB-IBEM FD & IFFT

Current (A)
Current (A)

0:2 0:4 0:6 0j8 0 10 20 30 40 50
Time (us) Time (us)

Fig. 8. Transient current at the center of the grounding electrode. 0.1/1 us pulse [ Fig. 9. Transient current at the center of the grounding electrode. 1/10 s pulse

Clermont-Ferrand, 03 April 2018
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Transient Analysis of a Lightning Rod

\l.-“.

-

-Lightning protection system (LPS) in terms of
lightning rod aims to capture a direct lightning
strike.

*The protection area around the rod can be
determined by applying the scattering theory
approach.

sl he first step in the process is to obtain the

¥
-

'c‘&gl'ent distribution along the rod.

According to the image theory lightning rod is
modelled-as a thin wire antenna excited with
thecurrent source at the both wire ends.

oM
UNINYERSITE

Clermont [
Auvergne
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Antenna model of a lightning rod
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Transient Analysis of a Lightning Rod
Time Domain Antenna Model

The corresponding wave equation in free space is given by:

v .kEhe magnetic vector potential is defined by relation:

Conibir#ing previous relations leads to the corresponding Pocklington
equation for the unknown current:

Clermaont Clermont-Ferrand, 03 April 2018
Auvergne s ;
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Time Domain Antenna Model

The incident electric field along the electrode does not exist i.e.:

witch results in a homogeneus TD integro-differential equation:

The Curffé*nt source Is Included into the integral equation scheme
through the symmetric boundary condition:

_...-r"f I(-L)=1(L)= Ig

UNMINERSITE
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Time Domain Antenna Model

Charge Distribution
The current distribution and linear charge density along the rod are related

through the continuity equation:

of _
0z

4\
~ Ch rge density along the rod at the any moment is readily computed by
integrating the current derivation:

Y

m
UMINYNERSITE

Clermant
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Transient Analysis of a Lightning Rod |

Numerical Procedure

The space-time dependent current along the rod can be expressed,
as follows:

t—R /c) f£(2)

sWhere stands for the set of linear base functions.
-0
Péi‘ormmg certain mathematical manipulations it follows:

af (z af (Z) z}—();
T

j=12,..N

Lo

WHIVERSITE
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Transient Analysis of a Lightning Rod |

Numerical Procedure

Using BEM discretization, results in the linear equation system:

Jof, (z) 9f; (2) (z) .

—R,/c)f, (z)f; (2)dz'dz+c’ t—R, [c)———= I dz'dz |=0;

Al, AL,

m=1,2,..N; n=1,2,...N
In matrix form the foIIowmg TD differential equation is obtained:

m;"\;i . [M]a_ﬁ{m V+[K{IE)} =0

.. an@-@€arrying out the marching-on-in-time procedure:

Ilk =_i|:_2Mji +(%—2ﬂ+7)At2Kﬁ:|Iik_l_Z|:Mﬁ +( +ﬂ y)At2K11:|Ilk =2

i=1 n=l1

!
. A mant
Clermont-Ferrand, 03 April 2018 Auvergne
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Numerical Procedure

The spatial derivation of the current is calculated using the FD scheme:

0z Az

Ar & {al(zi,tj)_i_al(zi,tjﬂ)}

Q(Ziatk) -

23| oz 0z

m
UMINYNERSITE

Clermant
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Transient Analysis of a Lightning Rod

Numerical Results

Computational example is related to the single lightning rod of length
[=10m and radius a=0.019m.

The rod is excited by the double exponential current pulse

Clermont-Ferrand, 03 April 2018 Auvergne
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« The lightning strike, either direct or
indirect, is a common cause of serious
damages and malfunctions of power
installations and telecommunication
equipmnt.

o MAs measurements are usually difficult to

< ferform and very expensive, it is essential

to@nalyze this problem through numerical
modelinge

- One of the possible approaches is

relatedt0” based on transmission line (TL) .

approximation and the finite difference =y
time-domain (FDTD) method. 6m m
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Transient Analysis of a Lightning Strike

Time Domain Transmission Line Model

The field coupling to electrical tower (pylon) due to indirect lightning
strike is handled via transmission line (TL) approximation.

—

PP R rr
b}

Figure 1. Electric tower and its equivalent representation by
interconnected conductors.

(1

Node
1

UMINERSITE . ; .
c l ermont Figure 3. Topelogical approach of an electrical tower.
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Transient Analysis of a Lightning Strike

Time Domain Transmission Line Model

2ler) +Rilx.1)+1L o 1) =vg(x.1) ~ig -C (fr }: _ (gr }:_1

[

I

] dx | ot . AF
l

P [ - (2)
E}J{I.IJ+C31-(.L.I) :fs(x._a‘) (9
dx dt

L, R and C the per unit lines parameters which can be
caleculated and derived from the formalism developed by
A Ametam et al [7] or by that of J.Gutierrez et al [8] for
the wvertical conductors, and for the horizontal ones the
formalism described in [9] has been used.

ve(x.t) and is(x,f) are the equivalent sources of

voltage and current due to the lightning wave [5].

v (x.1)= — ElfT (x.7)

————+&1(x.1)

a&r (x.1)
o

h
with: §T(x.r}:‘[Ef{x.z.I}fz and £; = EZ(x. h.t) m

is(x.t)=-C
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Transient Analysis of a Lightning Strike

Computational examples:

Current

im Lighming dis:ha ge
generalor

I65m 155
o G N
L3
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Ll L2
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L L¥
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o~ —
L& Lia

-

Figure 4. Configuration to study the direct impact {adopted
model ).

A

The direct impact is modeled by a biexponential
current generator: ilf)= I, le ™ — ¢ |
with [, =1.06337 kA, a=188x10"s" | and
B=16%10"5"

T | | Perfict graund
———————t———F Sai: 100nm

o e e

— — ot 100

Figure 5. Voltage at the top of the tower

a-our caleulation result, b- published results [ 3].
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Figure 6. Voltage in different arms
a-our caleulation result, b- published results [3]).
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Figure 7. Geometry of the problem.

The channel base current s given by:
ile )= 1o lexp(—rt ) — exp(—t )

K

With: @ =3x10%s7 . A =10"s" and I, =10 k4.
Clermont-Ferrand, 03 April 2018
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Figure 9. Current induced at the base of tower.
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Transient Analysis of a Lightning Strike

Computational examples: Lightning channel current
Frequency Domain Antenna Model

case of an equivalent voltage source the excitation Is
expressed in terms of the incident electric field E}*(z) and the
unknown current distribution I{z') along the channel is governed
by the following integral equation [42]

L &
E:R'[Z} = f Iiz" |Ili'2 { E] gg[f,f}d.f +Zcl(Z) (29)
L

MraegE,

where g,(z,2) is the homogenous medium Green function, k is the

propagation constant and Zs is the impedance term to account for
- the losses.

B oy o of the lihtning channet On the other hand, if the current source is used the incident
field E;'“(z) is set to zero. Thus, in the case of a current source at the

dipole center integral Eq. (29) simplifies to homogenous one.

PEC ground

1 L 4% o
j‘lﬂf'ﬂt‘gz—_‘rf L“E]'|'l"2 * E]Eﬂ[faf}i? +Zs5l(z)=0 (30)

Note that the excitation is incorporated into the formulation
through the forced condition within the numerical solution
procedure [42].

UNMINERSITE
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Transient Analysis of a Lightning Strike

Computational examples: Modeling of a lightning channel current
Frequency Domain Antenna Model

f(Hz)

Fig. 8. Frequency spectrum of current at the height =500 m (unit current source)
T

\Ibtl”! .WW

fHz

Fig. 9. Frequency spectrum of curre tthe height h="500
- 2 km channel.

=) - [¥] w rs = @
T T T T T »
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Transient Analysis of a Lightning Strike

Computational examples: Modeling of a lightning channel current

H =7500m
R=0.07Q2/m
& 1=085

Lightnig channel current versus time for different heights along the

PEC ground LM

Clermont-Ferrand, 03 April 2018 Clermont
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T TOLD HIM NOT TO TRY READING
"WAR AND PEACE™ ONl HIS WAP PHONE '

m

2= 10 kVIm, HIO, o5ery= 0.5

E
E
=
[T
I

DON'T BELIEVE EVERYTHING YOU ° 2
READ ON YOUR WAP WRAPPER ! J, [mA/m~]

m
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Human Exposure to Electromagnetlc Fields

In the 20th century, occurrence of EM fields in the m

UNIVERSITE

Clermant

environment has significantly increased. Auvergne

There is also a continuing public concern associated
with the possible adverse health effects due to human
exposure to these fields, particularly exposure to HV
power lines and radiation from cellular base stations
and mobile phones.

"!;
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Human Exposure to Electromagnetic Fields

Non-ionizing radiation

« Non-ionizing fields are split into two main categories; LF (up to about
30 kHz) and HF frequencies (from 30 kHz to 300 GHz).

« At ELF (up to 3 kHz), the wavelengths are very long (6000 km at 50
©.48Hz) so that there is no radiation and electric and magnetic fields are
" dnalyzed separately. ELF fields are generally used for power utilities
?ﬁansmission, distribution and applications) and for strategic global
commumications with submarines submerged in conducting seawater.

r

. RF‘ﬁ_eIds lie in the frequency range from 30kHz to 300 GHz and are
used for RTV, radar, and other RF/microwave applications.

| e

Clermont-Ferrand, 03 April 2018 Auvergne
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Interaction of humans with EM fields

The LF fields may cause excitation of sensory, nerve and muscle cells.

Humans are particularly sensitive to HF fields as the body absorbs the
radiated energy, and the related heating effects become dominant.

The humans absorb a great deal of energy at certain frequencies, since
\ 2 the body acts as an antenna if the body dimensions parts are
zomparable to the field wavelength.

 .\Whepgthe body size is half the wavelength, the resonant frequency is
reached and a large amount of energy is absorbed from the field at
frequenmes between 30 MHz and 300 MHz.

It is worth noting that children have a higher resonant frequency than

adults. LN

o M, UMINERSITE
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Dosimetry

- Theoretical models are required to interpret and confirm the
experiment, develop an extrapolation process, and thereby establish
safety guidelines and exposure limits for humans.

Sophisticated numerical modeling is required to predict distribution of
internal fields.

Today realistic computational models comprising of cubical cells are
mostly related to applying of Finite Difference Time Domain (FDTD)
simethods.

In certain studies, the Finite Element Method (FEM) is considered to
be a*Mmore accurate method than the FDTD, and a more sophisticated
tool_when the treatment of irregular or curved shape domains is of
interest.

_._I_,,..-"'

Boundéry Element Method (BEM), fast multipole techniques and
wavelet techniques can reduce the computational task.

Clermont-Ferrand, 03 April 2018
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Dosimetry:Low and high frequencies

« The induced currents and fields in human organs may give rise to thermal
and nonthermal effects.

« When man is exposed to LF fields the thermal effects seem to be
negligible, and possible nonthermal effects are related to the cellular
: level.

“* 1e knowledge of the internal current density is the key to understanding
thelinteraction of the human body with LF fields.

« 'The kej point in HF dosimetry is how much EM energy is absorbed by a
biological body and where it is deposited.

 The Basifbfdosimetric quantity for HF fields is the specific absorption rate
(SAR). -

'l e

Clermont-Ferrand, 03 April 2018 Auvergne
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Dosimetry: Exposure to static fields WI
Clermant

FORMULATION: Laplace equation Auvergne

3D electrostatic field distribution between a VDU and the head is governed by
the Laplace equation for electric potential &:

i’ W boundary conditions:

on the display

on the head

) on the far field
V n 0 boundaries \

3D model of the head located in front of a VDU

Clermont-Ferrand, 03 April 2018
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Dosimetry: Exposure to static fields - FEM SOLUTION Clermant

Auvergne

Applying the weighted residual approach to Laplace equation yields:

jV2¢Wde -0 Performing some mathematical manipulations gives:

Q 8(0
The Galerkin-Bubnov procedure (W=N) it IVWWJCIQ = ngde
Q r

follows:
[Vovn ae = ja‘”N dT

Q F

'ds@,y‘nann condition:
Bn

The unknewn potential over an element is expressed by linear @ = Z“N-
combination of shape functions:

The shape functions:  JYAeas =%(Vi B e )

The global matrix system: The electrostatic field from

[a] {a} ={0} expression: E=—-Vo
Clermont-Ferrand, 03 April 2018
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Dosimetry: Exposure to static fields- Computational examples

IE field| -
) IE field|

|E field|

)
a -\. i,
“ & A )Electrostatlc field strength [V/cm] on the faces. a) Person 1; b) Person 2

Dos)‘netry Exposure to LF fields: Cylindrical body model

IL,
2 2z ]kR

- 1 ,
inc — g I I =N
L — jL[aZ +7 185 (22 2)dz + Z (1) Mg 2 ) = j

[Z]; = [J.{ } J.{D} g.(z,2")dz ' dz +

4 TTWE

[Z]’ 1 i v J’ 2 r v ' T
ZZ:; ALk =1V}, k J.{f}j.[{f}igE(z,z)dz dz]+.|-ZL(z){f}j{f}i dz
and j=1,2,..M b A I

The equivalent antenna model of the human body

Clermont-Ferrand, 03 April 2018
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Dosimetry: Exposure to low frequency fields: Realistic approach:
anatomically based body model

The Formulation:
The equation of continuity

VJ+a’0

‘F@r&he time-harmonic ELF

exposures it follows:

V[(0'+ja)e)V¢} =

The alr-bady interface conditions

UNINYERSITE
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Numerical method: The Boundary Element Method

The beauty of BEM...
 BEM tends to avoid volume meshes for large-scale problems.

methods, such as FEM or FDM, in terms of accuracy and efficiency.

m
UMINYERSITE

Clermant
Auvergne

BEM formulation is based on the fundamental solution of the leading operator
for the governing equation thus being competitive with other well-established

The problem consists of finding the solution of the Laplace equation in a hon-homogenous

mgdia with prescribed boundary conditions

“\  EETE

on [

The integration domaln is considered piecewise homogeneous, so it can be decomposed
into an gsseqbly of /' homogeneous subdomains @, (k= 1, m).

Clermont-Ferrand, 03 April 2018
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The Boundary Element Method

Green’s theorem vyields the following integral representation for a subdomain:
0¢
+ P
f[¢ on

where ¢ is the 3D fundamental solution of Laplace equation, 99" [on
is the derivative in normal direction to the boundary.

<" Discretization to V, elements leads to an integral relation:
L]

Potential and its normal der|vat|ve can be written by means of the interpolation
functfdﬁs Z/

UNINERSITE

Clermont
Auvergne
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The Boundary Element Method

The system of equations for each subdomain can be written as:

Ho-G22 —¢
on

where H and G are matrices defined by:

The matching between two subdomains can be established through
thelr shared nodes:

Clermont-Ferrand, 03 April 2018
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Computational Examples: Exposure to power lines
The multidomain body of revolution model

The well-grounded body of 175cm height exposed to the10kV/m/60Hz power
line E-field. The height of the power line is 10m above ground.

Human body

Ground
plane

The boundary element mesh m

UNINERSITE

Clermant
Auvergne
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Computational Examples (cont’'d): Exposure to power lines —

The current density values increase at Comparison between the BEM, FEM and experimental

narrow sections such as ankle and neck results for the current density at various body portions,
: expressed in [mA/m?]

Part of the Experimental

The comparison with the cyilindrical model bOdy
Neck 4.66

Pelvis 2.25

Ankle 18.66

The calculated results via BEM agree well with FEM and
5 e | experimental results.

Current
Exposure scenario density

The main difference U]
is in the area of ICNIRP guidelines for
ankles and neck. The occupational exposure
peak values of J in .
those parts maintain ICNIRP gulFlellnes for general
the continuity of the public exposure

axial current
throughout the body.

J___(cylinder on earth)

zmax

I nare (DOdy Of revolution
model)

Clermont-Ferrand, 03 April 2018
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Computational Examples (cont’d): Exposure to power lines
MALARDALENS t{ﬁt;sm A

The realistic models of the human body

The electric field in the air begins to sense the presence BEM with domain decomposition and
of the grounded body at around 5m above ground level. triangular elements (40 000) is used

3D mesh: Linear Triangular Elements

Scaled potential lines in air

Electric field in the air near the body M w\

UNINERSITE
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Computational Examples (cont’d): Exposure to power lines

Front and side view of equipotential lines in air are presented.

The presence of peaks
in current density values
corresponds to the position »
of the ankle and the neck. i

led Equipotential lines in air

Y

LY
h — ]

1e-04 0001 0 X

Currant dansity along torso (A m)

body is unable fo-capture the current density peaks tomicel oty o oxpased o BLF el s ol
in the regions with narrow cross section. (E=10KVm . =60 kHz). Lm
UNINYERSITE
Clermant
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Computational Examples (cont’d):Exposure to power lines

UHINERSITE
Clermant

The mesh and scalar potential for the body model with arms up is presented. Auvergne

thé®body with arms up

-
=
Front and" lateral view of
equipotential surfaces for
the HAU medet exposed to
a reference incident field £z
= 0.25 V/m.

FOTENTIAL [V] HEIGHT [m]

Clermont-Ferrand, 03 April 2018

Scalar potential in the vicinity of the body

The numbers on the left
indicate voltage, while
the numbers on the right
indicate height of the
equipotentials taken at
2.5m away from the
subject, i.e. when
equipotential surface
become parallel to the
ground.
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Computational Examples (cont’d):Exposure to power lines

Distribution of axial current density along the torso and head in function of the height for the HAU, HAO, HAD and HNA models.
The observation line corresponds to the line connecting points A and B.

E; = 10 [k

The bigger cross-sectional area
acts as a natural protection to the
heart, while the raised arms
protect the neck.

£
=
[=
1)
a
I
]
L]
=
=
=4

Absolute value for the axial current
density along the arms in function . —7
of the:HAU, HAO and HAD models. 12 14 16

Posilion akong the Torso and Hagd [m]

Ez= 10 kvim]
[SHEULDER T ELROW

The observation line corresponds to
the line connecting points A and B.

|Axal CLrent Dersity] [Am’]

[
0102 03 04 05 0B 07 D&
Posilion song the Am [m]

Maximal values of-cUrrent density
are reached by the HAO model,
in accordance to the larger area | Geometry of the arms in
exposed to-the normal field. N | HAU. HAO and HAD models.

= m

Clermont-Ferrand, 03 April 2018 UNIVERSITE
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Computational Examples (cont’d):Exposure to power lines

Axial current density along the legs for the HNA, Induced current density for

HAU, HAO and HAD the various body models
E, = 10 [Kwm]

Comparison between
the

following body models
is presented:

e NO arms

e Arms up
-H"'-u.
ity e (60° from
horizontal plane)
e Cylinder

|Axlal CLrrent Densitg) (&

02 04 05 DE Q7
Poeition akong the Leg [mi] . . 12 13 14 15 1
R - = Hedght [m
Whe ma imum values the current density at the height of the
ankle-are.o

Ez = 10 [k .
I o Comparison between
Arms up —a—

e —— the following body
| Il models is presented:

ICNIRP

2
Safety Standards J,[mA/m?]

Occupational 1 2

e No arms
exposure

e Arms up

(60° from horizontal
plane)
e Open arms

5 10

General public
exposure 19

Current Density along torso [Fu'mzl

Peak values of-the current density in the ankle for some typical
values of electric field near ground under power lines are

Height [m]
presented in th%I table\k m

Clermont-Ferrand, 03 April 2018 UNIVERSITE
Clermont
Auvergne
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Computational Examples (cont’d):Exposure to power lines WDl
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Variations of conductivity in the heterogeneous representation

Tissue conductivities in S/m at 60 Hz
E, = 10 kVim, HIO, Gsgru= 0.5

Tissue SETA oi/oy | SETG  a/ay,
Embedding tissue | 0.50 1.00 0.22 1.00 -
Heart 0.11 0.22 0.08 0.36

Brain 0.12 0.24 0.04 0.18 ' —
Eve 0.11 0.22 1.0 4.55 . ) [
Liver 0.13 0.26 0.07 0.32
Intestine 0.16 0.32 1.15 5.27

Height [m]

HIO, Oty = 0.5, Ogprup = 0.22

5 .
HIO, Ogerpy = 0.5, Oggrye = 0.22

SETH2 ——
SETG —=— _|
SETD

SETHT —— |

3 456 7 8 9 10 11
J_ [mAfm?)

Axial current density along the centre of with
different sets of conductivities

Height [m]

i oK i Note on numerical results
o L7 Due to the variation in the conductivity
5 10 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50 there iS a Significant Variation in the induced

E, [mVv/m] E. [mVim] : . R
E- field along the centre of the torso and head E- field along the centre of the torso E-field while the variations of the current

for the HIO model for SETG and head for the HIO model for SETG density are negligible.
and SET_D'l condyctivity scenarios and SETA conductivity scenarios

Clermont-Ferrand, 03 April 2018
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Computational Examples (cont’d): Pregnant woman Exposure...

BEM model and exposure results (left).

Observation line along the spine of the foetus Conductivity Scenarios

[S/m] ‘eek & ‘eek 1. ‘eek 26 Week 38

f : Scenario
Ii.sE-ﬁ 1.41E-6 2.1E-6 7.4E-7 - -
) o, 0.23 0.23
1.10
0.20

9.2E-7 |1.3?E-6 ) - 1 7@‘5?4

I3.4E-B

1.64
0.52

1.34E-6 1.4E-7 1.7E-8
U_Body0 U_Foetus U_Skin E_Body

'B

|2.0E-6 |1‘4‘l E-6 I 6.19E-7 i

9.5E-6 1.37E-6 5.70E-7

|2.3E-B |1‘35E-6 |5‘11E-?

E_Body U_Uterus U_Body

LCA

UNMINERSITE
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Computational Examples (cont’d): Pregnant woman Exposure... Auvergne

x‘ﬁ*um\“

B261U
E- field and scalar potential Lateral view at 8,13, 26 and 38 gestational weeks

The uterus, due to its higher conductivity comparing to the maternal tissue,
tends to concentrate the field lines.

Clermont-Ferrand, 03 April 2018
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e The key point in HF bioelectromagnetics is how much EM energy is absorbed by a
biological body and where it is deposited.

The basic dosimetric quantity for HF fields is the specific absorption rate (SAR) being
defined as the rate of energy W absorbed by or dissipated in a unit mass of the body:

Gap=9P _d aW _ .dT
dm dm dt dt

expressed in watts per kilogram of tissue, [W/kg], where Cis the specific heat capacity of
¥ tissue, Tis the temperature and ¢ denotes time.

\ .
‘f tissue, SAR is proportional to the square of the internal electric field strength:

Thelecalized SAR is directly related to the internal field and the main task of dosimetry
inwolves.the assessment of the electric field distribution inside the biological body.

Clermont-Ferrand, 03 April 2018
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Dosimetry: HF Exposures
Electromagnetic scattering problem - Solution method

Hybrid Element Method (HEM - BEM/FEM)

Advantages of HEM

« HEM combines the symmetric matrix generated by FEM with the accuracy
provided by BIE formulations.

-::gﬁ-Efficiently terminates the computational domain.
. aterial properties can vary arbitrarily within the computational domain.

» Manipulating the Maxwell equations the time-harmonic EM fields can be
expressed as follows:

Vxﬁjﬂwyﬁzo

B, _ 1
Vx(LVxEj+(ja—we)E=o Vx(—.
au O+ JWE

UNIVERS ITE Clermont-Ferrand, 03 Aprll 2018
Clermant s
Auvergne




Human Exposure to Electromagnetlc F|elds
Dosimetry: HF Exposures
Boundary Integral Equations for EM fields

Applying the 2" Green Theorem yields the integral representations
of the E and H fields:

6
W

\mﬁliM formulation
- WApplying the Green theorems to FEM governing equations and featuring the
weak.formulation of the problem for 2D it follows:

1  OE
U " on

1 1 oH
. —VH_ VW .+ jouH W, dQ = | ——W, —=dI’ g
. J;!{O'—'— . % l+]a)ﬂ % l}d . l an m

Jjoe Lo+ jwe

UMIVERSITE

Clermu nt
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Dosimetry: Thermal response

*The principal biological effect of HF exposure is heating of the tissue.

*Therefore, to quantify hazardous EM field levels thermal response of a human
exposed to the HF radiation is also considered.

« The bio-transfer equation expresses the energy balance between conductive
heat transfer in a volume control of tissue, heat loss due to perfusion effect,
¢ « metabolism and energy absorption due to radiation.
D St

mm stationary bio-heat transfer equation is given by:
- 5

VOAVT)+W,C,, (T, ~T)+0, +Q,, =0

the arterial the electromagnetic

thermal P
conductivity a, temperature power deposition

_ tissue temperature tr:-fVOIigr:ft:Iec t:febslgi‘c:llﬁc heat the power produced m
ASElLE e by metabolic process

Clermont-Ferrand, 03 April 2018 ELEJET;;?;
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Dosimetry: Thermal response

The electromagnetic power deposition Qg is a source term deduced from the
electromagnetic modelling, and determined by relation:

The inhomogeneous Helmholiz-type equation is given by:

NV -W,C,T=-W,C,T,+0,+0y,)

oundary condition for the bio-heat transfer equation, imposed to the interface
between skin and air, is given by: g = H(Ts _Ta)

- 5
where“q denotes the heat flux defined as: qg=-

while H, T and T, denote, respectively, the convection coefficient, the temperature
of the-skKin, and the temperature of the air. m

S :
Clermont-Ferrand, 03 April 2018 Eluevrerp;r:\é
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Dosimetry: Thermal response

The Bio-heat Transfer Equation: The solution by FEM
Applying the FEM solution the bio-heat transfer equation one obtains the following

[K[{T} ={M}+1P]

maitrix equation:

The matrix system elements are:

Lm
UNINERSITE
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Dosimetry: HF Exposures

Computational examples: HF exposures

e — [ 1 [ [

iy L [—— ™™ mode, 2.4 cm eye madel |
42685
37356
533247
26476

} 2574

100.01
14262

85257
47.B5
0.46762

™

SAR Wkg )
a

5]

VAN

a7 0.as 11.08 1.27 146 2 22
Freguency (GHz)

Figure 2 Electric field distribution in the upper left portion of . N . .
Figure 3 Logarithmic plot of whole eye averaged SAR for TM plane wave in the frequency range 0.7—4.4 GHz and power densi
the human head due to TM plane wave at frequency f= 0.85GHz F_‘g 5mW cr‘:gz P & P 4 1} po ty
o - » d4— B
and power density Py = 5.0 mW cm 2.
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Figura 4 Tamparaiura riss in tha human aye due i a TM plane weve with frequancy {=0.85 GHz and power dendity Figure 5 Logarithmic plot of average and maximum temperature rise in the human eyes due to TM plane wave in the frequency range C le rma nt

F:=5mWcm? 0.7-4.4 GHz and power density P, = 5 mW cm 2
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Human Exposure to Electromagnetlc F|elds
Dosimetry: HF Exposures
Computational examples: HF exposures

e fthe results from hybrid BEM/FEM numerical computation of electric
field induced by plane wave with power density of 10 W/m?2

SAR in the eye due to EM wave with power density 10 W/m? at:
(a) f=1 GHz (b) =2 GH_z.
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Dosimetry: HF Exposures
Computational examples: HF exposures

0.00482 00113 0.0181

m Temperature rise in the eye due to EM wave with power density 10 W/m? at
B (a) =1 GHz (b) f=2 GHz.
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Dosimetry: Human Exposure to Transient Radiation

Laser Source Modelling

® Laser energy H (r, z, t), absorbed by the eye tissue at the »* node
with cylindrical coordinates (r,z), is given by a product:

H(r,z,t) = al(r, 2,1) ®

where:
@ - is the wavelength dependent absorption coefficient of the specific tissue
1 - is the irradiance of the #% node, given by:

2r2
I(r,2,t) = Ip exp — o) exp

where:

Is - is the incident value of intensity
W - is the beam waist

T - is the pulse duration

Bioheat equation is supplemented with natural boundary condition
equations for cornea, sclera and domain inside the eye, respectively:

—k% =ho (T —Tout) +oe (T* -T2 VT, @

ar
—k gy = s (T-T)els o

IS Q
—k@=0e1‘3 @ / o
on 2N
T Q 1 .
‘-\ M

where:

k - specific tissue thermal conductivity

he - heat transfer coefficient of cornea

hy - heat transfer coefficient of sclera

& - Stefan—Boltzmann constant

£ - emissivity of the corneal surface

Tamb - temperature of the ambient air anterior to the cornea
Ta - arterial blood temperature taken to be 36.7°C

e Second term on the right handside of Eq. (2) is approximated by
oeTPr (T — Tams)

Heat transfer

The mathematical model is based on the Pennes’ bioheat transfer
equation

In Pennes’ model, the rate of tissue temperature increase is given by
the sum of the net heat conduction into the tissue, metabolic heat
generation, and the heating (cooling) effects due to arterial blood
flow:

E;f YV (kVT) + WiCpso T —T) + Qm+H O

Bicheat equation is extended with the new term H representing heat
generated inside the tissue due to laser radiation

Numerical Method

The equation (1) is discretized in two spatial dimensions and solved using
the weak formulation and the Galerkin-Bubnov procedure

A total number of 27,595 triangular elements and //,094 nodes were
generated using the GID 7.2 mesh generator

Solving part was done by algorithm written in MATLAB

The equation is first solved for the steady-state case, i.e. when no external
sources are present

Latter, these results are used as initial conditions in the time domain analysis
with included external source, i.e. laser radiation

X WY - e+ S a4 { B oTRIGHTE <)

h[Ca) {13} €Tz [
= 0¥+ @5+ 1) (0} + "‘“T“’"”"‘T;T;:;;ﬁg o b Gy w:\

UNIYERSITE
Clermant
Auvergne

Finite element formulation of the equation including the boundary conditions.
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Dosimetry: Human Exposure to Transient Radiation

Results (2090 nm Ho:YAG laser)

*  Maximum temperature of 69.424°C,
is obtained on cornea-aqueous
boundary, as shown on Fig. 6.

Results (1053 nm Nd:YLF laser)

* \Versatile laser, alongside thermal effects, can evoke the plasma-
induced ablation and photodisruption

LCA

UNINERSITE

Clermant

Figure 9: Detail of power density distribution around posterior part of the eye
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Integral methods in HF dosimetry and dical
applications: Ongoing work

Set of coupled surface integral equations (SIE) - solution via
Method of Moments (MoM)

Fig shows the SAR distribution
in the brain at =900MHz due to
the vertically polarized incident
plane wave (P = 5mW/cm?).

The brain electrical parameters
are: €r=46, 0=0.85/m.

The obtained numerical results
_pfor peak and average SAR:

iy

SAR [Wikg]

SARmMax=0.866W/kg,
ARavg=0.158W/kg.

UNIVERSITE | SAR distribution at f=900MHz
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HF Dosimetry: Ongoing work

More realistic brain geometry (sulci, gyri)

Incorporation into more realistic

simulation scenario (whole head),
hybrid FEM/BEM formulation

The model was constructed from magnetic resonance imaging (MRI) of a 24-year
old male [Laakse, Brain stimulation 8(5), pp. 906-813,2015.]

Study on difference when using compound and extracted organ models (when to
use single organ, when complete body) - work currently under way, eye example...

g

@ E FAKULTET ELEKTROTEHMIKE, hario Cvetkowic: Determinictic-Gtochactic Dosimetry of the Human Brain: Application to Transcranial Magretic ot

2 STROJARSTVA | BRODOGRADNIE Stimulstion and High Frequency Electromagnetic Exposure | ¥ ERS LT
UHINERSITE SYEUCILISTE U SPLITU iy ki e Clarmant 86

Clermant Auvergne
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Various TMS coils, arbitrary position

Circular 8-coil Butterfly (10" ) Frequency dependent brain tissue params

Frequency 2.44 kHz 2.44 kHz 2.44 kHz Tissue parameters (avg. Brain)

Radius 4.5 cm 3.5cm 3.5cm [C. Gabriel, TECh.Rep. AL/OE'TR'1996'
0037]:
Turns 14 15 15

Current (max) 2843 A (8KA) 2843 A (8kA) 2843 A (8kA) € =46940

Developma fhgeo_r‘f;etrical brain model 0 =0.085855/m

2

CAD model Discretised (MeshLab)

. -
) o

Brain model.dimensions (average
human brain gize [Blikey, Glezer 1968]) Width 140 mm

Voo
Height 93 mm

UNMINERSITE

Clermont
Auvergne
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MULATION Equwalence theorem

LY

t elec’frlc and magnetlc Relationship between scattered and
incident fields

WERRERND

!_‘:-L'nc . H ine
N

Ey, Hy
E1, 041
i)

Fig. 1. Human brain as a lossy homogeneous dielectric (sa, pa) placed in the incident field (Fine_ffinc) of a TMS coil. a) Original problem, b) Equivalent
problem for region 1, ¢) Equivalent problem for region 2.
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On the Use of Boundary Element@ethodin

Bioelectromagnetics
Transcranial Magnetic Stimulation (TMS)

FORMULATION Equwalence theorem
: 3 3 « Scalar and vector potential

-Lt|:r:|_,ur/ FI? )Gr(r, 7)dS”

En / i ﬂ_j {:.'3_".:}".’_:1.” 1?? iF!l ds’

Pnlr) =
WE, JS

- 1 e i 4t 1
) = — / Vi - J(F)GL(r, ) ds

v -' o
(7)) = =2 / Vs - M(7)Gn(7,7) dS’

Wwnlr) =
o Wty J 5
- System of Electric Field Integral Equations
(EFIES) ¥

) ] I [ I ds'+

(7IVGy(7,7)ds’ —|—j 'lIlr ) x V'Gy(r,7)dS"

0= jwps / J(7)Gy(7, ) dS'+
! J(7# 7V Gs(r, ) ds’ —|—/ Ulf ) x V'Gy(r,7)dS" m

UNMINERSITE
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On the Use of Boundary Element@ethod:in
Bioelectromagnetics

Trqnscrqnlal Magnehc Stimulation (TMS)

J“ﬂ“l mn,1 mn:l

[J“ﬁ“?. mn,2 mn:'z

[
|

UNINERSITE

Clermont
Auvergne

[Crnn,1 +Dmﬂ| !an-! i
1

[Cmnz + Dnm 2]
—|—§ﬂfn/sj;‘_ fm{-z"-:] A X fulF )} x V'Gi(7,7)dS' d§ =
/f;a(ﬂ CEmeds Li=1
o i=2
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On the Use of Boundary Elemen
Bioelectromagnetics
Transcrania\!\\.Mcflgneﬁc Stimulation (TMS)
NUMERICAL SOLUTION: Method of Moments (MoM)

%

-
s -
-

o,

-
-

-
=
=
-
-
—

Brain model

Slika 4.2: Detaljni model mozga

Brain model
UNIVERSITE Slika 4.3: Detaljni model mozga
Clermant

Auvergne Clermont-Ferrand, 03 April 2018
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Electric field distribution in the model of a human brain (coil positioned 1 cm over primary motor cortex

Electric field

Electric field
Emax = 138.4188 [Vim]

Electric field
Emax = 118.2815 [V/m]

Emax = 86.8302 [V /m]
/\\\
-

0.1

0.05 0.1 -0.05 ] 0.05

-0.05 0
X-os
80

0s
0

20 40 60 100 120

20 40 6 80 100

Electric field Electric field Electric field
Emax = 86.8302 [V /m] Emax = 118.2815 [Vim] Emax = 138.4188 [V/m]
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Biomedical Applications - TMS SUdETghe

MA‘SMHgALfﬂs ﬁgssngsm
. . : . ESKILSTUNA VASTERA
Induced electric field vector directed parallel to the surface of a brain

E-pole, sagitalni presjek

Sagittal Transversal Coronal
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An Efficient Model of Transcranial Magnetic
Stimulation Based on Surface Integral Equation
Formulation

Mario Cvetkovié, Student Member, IEEE, Dragan Poljak, Senior Member, [EEE and Jens Haueisen, Member, [EEE

TABLE I
CoOIL PARAMETERS

Circular _ S-coil _ Butierfly Induced B — field
Frequency TR IHEH: IHEHe :
Radius of turn 45 cm 3.5 cm at the braln

No. of turns 14 15
Coil cument 2843 A 2843 A surfacelens

z-axis [m]

Dt
L x-axls [m]
y-axisIml a5 T -0.08

BT

01 02 03 04 05 08

z-axis [m]
z-axis [m]

s

z-axis [m]

T
~ ’ -0.05 H\"hx - s
. 0 x-axis [m] L g x-axs [m] 2 | 0 . :

) 1 : :
y-axis [rif 015 -0.08 y-axis [m] g5 = -0.08 y-axis[m]  —pas . #

E [V/m] £ [Vim g | e
20 40 BO B0 20 40 [:[n] 80 100 20 40 60 80 100 120 BTl
a) b) 0
0.2 04 0.6

Fig. 4. Induced electric field on the brain surface due toc a) Circular coil, b) Figure-of-8 coil, and c) Butterfly coil. All coils are placed 1 cm over the primary Fig. 6. Magnetic flux density on the brain surface due to: a) Circular coil,
b) Figure-of-8 coil. and ¢) Butterfly coil. All coils are placed 1 cm over the

motor cortex.
primary motor cortex.

Induced & — fietd at the brain surface
Clermont-Ferrand, 03 April 2018
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Fig shows the myelinated nerve fiber with an arbitrary
number of Ranvier's nodes represented by a straight thin
wire antenna.

—_,_E";’)'”g Electrode
g Node of Ranvier Internode

Myelinated fiber Thin wire antenna model

Elec’rrode nerve fiber stimulation is taken into account by
’rhe equivalent current source [, located at the fiber

beglnmng

‘Thié?:urren’r source |, represents the nerve fiber stimulation
used-in electro-acupuncture or PENS, which both make
= use of thin needles injected through the skin. Lm

UNINYERSITE
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Human Exposure to EM Fields:
Biomedical Applications - Modeling of nerve flber excﬂa’rlon

Antenna Model
liz = -0.6 la: liz=-0.6 laz liz =-0.6 las

" Ranvier nodes

««Passive nerve fiber model
=06 |,
L~ jonic current in non-activated Ranvier’'s node
Id_ infracellular current flowing into the observed Ranvier’s
node
oM

=3 Clermont-Ferrand, 03 April 2018
Clermant
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Mathematical Model

Intracellular current distribution along a straight thin wire is
governed by the FD Pocklington integro-differential
equation:

v I( d —yzjg(x,x')la(x')dx'=0

janwe , 3\ ox*®

e g(x,x') - lossy medium Green's function:
(0 =

\\ ¥ complex propagation constant: gz ]@U—a},u%g

r

“« R-a distance from the source to the observation point:

e R= (x—x’)2 +d’
* _EF; complex permittivity of a medium;

.O
-

UMIVERSITE

Clermont-Ferrand, 03 April 2018 Clermont

Auvergne




pre= e Department of Electronics
il 1iﬁ ) P

Human Exposure to EM Fields: eSS Universty ot seit.

&4 Split, Croatia

Biomedical Applications - Modeling of nerve fiber excitation

Mathematical Model
Boundary conditions at the nerve fiber ends:

LO=I, (D=0

*The current generator [, af the fiber beginning
eSealed-end boundary condition at the fiber end

The properties of the lossy medium, nerve fiber membrane
and myelin sheath are taken info account by means of the
conductivity and relative permittivity which are obtained
fr@m the cable equation and TL equation:

UNIVERSITE

" where Vis the transmembrane voltage.
= Clermont-Ferrand, 03 April 2018 Clermant
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Biomedical Applications - Modeling of nerve flber excﬂahon

Mathematical Model
Combining previous equations yields:

* 0 a: the resistivity of axoplasm
°rm: the myelin layer resistance for unit area
*cm: Capacitance of the Ranvier's node membrane per

;unit area
-a' the inner axon radius

w ongulor frequency

tm
UNMINERSITE
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Numerical Solution

Homogeneous Pocklington integro-differential equation s

numerically solved via GB-IBEM
Using the boundary element formalism, Pocklington equation is
transformed into the set of linear equations:

Z[z]{} =0, j=12,.n

i=l

n - number of boundary elements
[Z]j; - mutual impedance matrix representing the interaction of

the observation boundary element j with the source boundary
element i

[Z II g(l x') =7 II ' : G(x,x')dxdx'
ALA

]4m'0&. ALAL

e .
{a};, - solution vector

Clermont-Ferrand, 03 April 2018
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Parameters

Radius including the
myelin sheath

Inner axon radius 0.64b

Internode length 100-2b

Nerve fiber length b4
int 10

1.
Resistivity of the 11

axoplasm
Myelin resistance for

) 10
unit area

Membrane capacitance
per unit area
Clermont-Ferrand, 03 April 2018
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Passive nerve fiber

When modeling the passive nerve o —crrss
fiber, the ionic current in each = = Antemna
Ranvier's node is to be taken into o
account.

Three Ranvier’'s Nodes Fiber

-y @ \
- \a

Ranvier node 1 Ranvier node 3

NV O D [ “\l’/

S T

Ranvier node 2

Intracellular current along the nerve fiber,
t=1ms, L =8mm

Clermont-Ferrand, 03 April 2018 UNIVERSITE
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Human Exposure to EM Fields:
Biomedical Applications - Modeling of nerve fiber excitation

Passive nerve fiber Nine Ranvier's nodes Fiber

.E Node of Ranvier 1 Node of Ranvier 3 Node of Ranvier 5  Node of Ranvier 7 Node of Ranvier 9

£ \J/ \ f—\lf—\ /R VA S T W S A
R N/ AN N \ N AN Y N A L N

Node of Ranvier 6 Node of Ranvier 8

Node of Ranvier2 Node of Ranvier 4

Node of Ranvier 2

== CRRSS | | L CRRSS
== == = Antenna == == = Antenna

Intracelluldr current in the passive Ranvier's Intracellular current in the passive Ranvier’s
node 6, L =2 cm [m

hode 2, L=2cm
UNINERSITE
Clermaont
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Aclive nerve fiber

e Fig shows the model of an active nerve fiber presented on a myelinated nerve
fiber with 3 active Ranvier's nodes and 4 internodes.

Active nerve fiber model

.,,i,,&.. Each node is represented by a wire junction of 2 thin wires representing an

g ‘\i?c’rive Ranvier's node. Three additional current sources at the active Ranvier nodes
epresent an ionic current /; of the activated node, determined by analyzing the
CRR&&model and the analytical expression for the ion current.

lonic current of
activated node

of Ranvier UNIVERSITE
Clermont

Auvergne
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Acltive nerve fiber

« The Kirchhoff's law has to be satisfied at the junction:

[.=041I .., +0.6/

i,j+1 i,j+2

where [;;,; represents the ionic current value flowing out of the junction in one
direction and [, is current flowing out of the junction in the opposite direction.

0.41i, j+1 0.6li, j+2
—>

-

> ———————————— 90—

€j nj+1i  iNj+2

Two wire junction representation of the active nodeted node of Ranvier
UHIVERSITE
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Active nerve fiber

e The infracellular current for the
active nerve fiber is also calculated
with 9 Ranvier's nodes and 10
internodes.

Node of Ranvier 2 Node of Ranvier 6

m— CRRSS
== == = Antenna

m— CRRSS
== === Antenna |-

Intracellular current in the active Intracellular current in the active
Ranvier's node 2, L =2 cm Ranvier's node 6, L =2 cm

Clermont-Ferrand, 03 April 2018 224
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Ongoing work

* The specific research activities (RA):

» This enhanced nerve model finds the application not only in
diagnostics and therapeutic purposes but also in gaining a
fundamental knowledge regarding potential adverse effects on
human health due to undesired exposure 1o EM fields.

VS
\E Studies on electrical excitation of nerves, among other aspects
involve;
= nrerve excitation using stimulating electrodes,
-+ .nerve conduction velocity tests,

- ex’rthoI fleld coupling to nerves due to human exposure to EM

rod\o’non sources. oA 205
Clermont-Ferrand, 03 April 2018 Clermont
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Concluding remarks

The presence of electromagnetic fields in the environment and related
possible health risk represent a controversial scientific, technical, and
often public, issue.

Theoretical models for electromagnetic and thermal dosimetry are

required to interpret and confirm the experiment, develop an
. aextrapolation process, and thereby establish safety guidelines and
\ ®exposure limits for humans.

. }ome examples of possibleb biomedical applications of EM fields are
discgéé’ed (Transcranial magntic Stimulation — TMS, Nerve fiber
excitation.)

. The*-‘t‘i‘é"é; of sophisticated numerical methods is necessary to accurately
predict the distribution of internal fields. oA

d UNIVERSITE 22
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NUMERICAL MODELING OF
PLASMA PYSICS

PHENOMENA
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On the Numerical Modeling of Some Fusion
Related Phenomena - applications of CEM
methods in magnethohydrodynamics

(MHD) phenomena analysis

] modlfnccahon ond extension of the GB-IBEM, FEM, BEM and

VArSS & hyk.fmd Technlques are required for an efficient numerical
’rreo’rmen’r CIfIC fusion-related problems.

BERNNTARRERRLIR

e In por’rlquetr MH? equilibrium in an axisymmetric plasma shape, as
depicted imFig.

m
UMINERSITE
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Applications of CEM methods in MHD
phenomena analysis

e The dynamics phenomana in tokamaks are governed by quasi-
stationary Maxwell’s equations:

Faraday’s law
Ampere’s law

Gauss’ law for magnetism

with _‘fﬁe generalized Ohm’'s law

and.ferce balance equation

where p stands for the kineftic pressure.

i Clermont-Ferrand, 03 April 2018 Clermant
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Applications of CEM methods | MHD
phenomena analysis

In the plasma region, the plasma velocity is determined by the
momentum balance

dp
at
while mass density o conservation yields the continuity equation

+V:(pv)=0

av+v = xB -V
PEU‘U—]X p

\En_ the basis of previous set of equations MHD problems is formulated
‘In terms of the Grad Shafranov equation (GSE) which is in cylindrical
coordinates (o ,®, z) given by:

where zb IS the magnetic flux function, while J is the toroidal component
of the plasma current.

Clermont-Ferrand, 03 April 2018 UNIVERSITE
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«..-FEM solufion of Grad-Shafranov equation

The G(‘gﬁ;Shéjfranov equation could be written in a form:

1 0¥
—;gledg = E[ILlOI"J¢Vdeg2

. Perfo?ming some mathematical manipulations leads to the
weak formgtation of GSE:

W,dQ= jﬂorJ W,dQ

oW oW, oW W
BRY ERY ]dQ Ilaw

+
or or dz 0z r or

Clermont-Ferrand, 03 April 2018
Clermnnt
Auvergne




‘ CROATIAN =g Department of Electronics
RESEARCH f—L" ﬁ? University of Split
.J UNIT H ﬂ'\!_‘h T Y P

s«....FEM solution of Grad-Shafrano dudﬁon

e
.
>

b O

«! Using the friangular finite elements and linear shape
0 functions, salution over the element is given by:

F A8 i S =

' .- 3

=V, 0)=) Y f(r,2); W, =f(r2)

& s ) ) i=1

o By choésinw some shape and test functions (Galerkin-

BUBAOV schig )ﬁ’rhe local matrix system on the element is
given by: =* v

S Y
Z{ﬂar ¥ o

obtained, white* the infegral on the right hand side should be,
in genetal, calculated numerically.

In this cose the Gaussian three point quadrature rule for the
integraton over triangle has been used. wog 232
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FEM soluhon of Grad-Shafranov equation

o I this cdse each triangular element has been
’rronsformed to the unitary triangle:

3
r=2 1(&.E 2= 2488
HEE)=1-E-& = =
0.(&.8)=¢

0, &) =¢
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. To evcluq’re m’r:egral over triangular element, the values of the
grqhng funsc’rlon in the predefined points p, fo p; have to
3 “Iculcr’red '

m_g’re; nd correspondmg weights are given in the

s

Numerical iw fon is

carried oufusing®
expressior.
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lest example No 1 : Rectangular plasma

BRERY I

Y(Whb) for: rectar}\gt‘fl\ar plaséaa - FEM solution for # 1] ,=1

LCA
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pd JRUNE _
wer o @ST example No 1: Rectangular plasma ﬁ

Y(Wh) for rectangular plasma FEM solution for: # ,rf s=r‘z’

LCA
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Future work: Boundary elemenf soluﬁon of
Grad-Shafranov equation (GSE)

ermgre, the Green infegral representation of GSE:

Where: stands for the fundamental solution.
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On-going work
In deterministic
and stochastic
modeling
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Ongoing work: Finite element (FE) solution
of Current Diffusion Equation (CDE)

In static equilibrium, the governing equations of resistive MHD

Gauss’ law for magnetism
Ampere’s law

Faraday’s law

Force balance equation
Generalized Ohm’s law

LCA
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Ongoing work: FE solution of CDE

® Assumption of axisymmetric plasma, in cylindrical coords, hence
(3D problem >> 2D)

®Magnetic field B and current density J via magnetic flux function and
poloidal current function
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® Averaging on surface of constant radius,
©.4%(2D problem >> 1D problem)
) <o U

(2 [L"’ (Vo

-~ oV’ l() pl S \ R
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Ongoing work: FE solution of CDE

® Current diffusion equation or magnetic flux diffusion equation

Ot oo (=) V' Lop \ j \ R* [ Op of (g) \°"

® Initial and boundary conditions

® Parabolic type PDE
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WRCL

%
_03
® Weighted residual approach

® Solution domain (radial profile):

® Multiplying by W, and integrating over domain, strong formulation

‘ Tf- g ._) ) 1 0
— W, dp = / (— pad l W, dp — / pWidp; j=1,2,
‘ o Op dp Q

oy
-
' (i
‘3- _

JL oW 1 c)L ’
A— L d — lp = W dp
/ ap r)p @+ Joc Ot Widp= '/QPI 74P

243
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Ongoing work:

Some numerical results:

T T T

— — — Analytical — — — Analytical
FEM-Hermite % FEM=-Hermite []

+  FEM-lincar . +  FEM-linear

dfdx (Wb/m)

L
0.1 0.2 0.3 0.4 0.5
x

Fig. 3. Poloidal magnetic flux for =905 s.

T

—— CRONOS

— — — Analytical
FEM-Hermite

+  FEM-linear ||

dy/dx (Wb/m)

| L L L | L L L L L | L L L
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 0.1 0.2 0.3 0.4 0.5
X x

Fig. 11. First derivative of the poloidal magnetic flux for ~=1095 s with non-

inductive current sources.
m
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Fig. 8. Poloidal magnetic flux for /=905 s with non-inductive current sources.
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The main activity — implementation of the FORTRAN solver for tokamak
transport equations based on the Finite Element Method (FEM).

There are 6 1D transport equations:

current diffusion

ion density

electron density

ion temperatures
electron energy transport

rotation transport

oM
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ION DENSITY

g B
(EL) ; ﬁ @p) v nl} + F =V (Sl exp SiJimp ' n-i)

ELECTRON DENSITY

a B
(Ep_ﬁ'ﬁ_ﬂ )(Vn"]—i_ To = V'(Se.exp = Seimp " Ne)

ION TEMPERATURES

3(d By 0 2 ey =
5 (E BTN P) (”fTiV 3) HVE (gt Tivd) =V 3 Qiexp — Quimp * Ti + Qi + Ozt + Qi

ELECTRON ENERGY TRANSPORT

3 (0 By @

(nrv) v
> (e " 28, a_P) neTeV'z) +V'2 2 (qe + Tove) = V'3[ Qeexp = Qe,imp  Te + Qie — Qyi

ROTATION TRANSPORT

(%| _;?D "ap )(V (Rym;n;u; ﬁﬂ) + V;(Uf,r,u,exp — Ui gp,imp ~ Uip + Uzi,.:p)

m
UMINYERSITE

Clermaont
Auvergne

Clermont-Ferrand, 03 April 2018



o Department of Electronics
University of Split,
Z Split, Croatia

. .
EUROfusion Q}

2 ) TS+ VS 2 (@ Tir) =V Ouerp — Quimp T+ O+ Qi+ 0y o o) Wne) + e =V (Seery — Seimp i)

28,
(ﬁlp —- p} W) + 5T =V (Stexp — Stimp 1)

; (i_%'ﬁﬁ) {“Irl'?';J +F;$ (g, +T.¥.) = F';[Et.n' - aq,l.-:' T+ 0 _Eﬂ]

1D core transport equations are given in generalized form:

a(x)-Y(x,t)—b(x)-Y(x,t—1) 1 4
h + c(x) ox (—d(x)—x e(x) Y(x, t))

=f(x) —g(x)-Y(x 1)

with generalized form of boundary condition:

Y (x,t)

v(xbnd) T + u(xbnd}y(xbndr t) — w(xbnd}

bnd

h ... time step
a(x), b(x), c(x), d(x), e(x), f(x) and g(x) ... transport coefficients computed separately for each equation
LCA

Y(x,t) and Y{x,t-1) are the value of interest at the current and the previous time step, respectivel
UMIVERSITE
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The solution on a segment is expressed in terms of a polynomial

expansion over a set of basis functions:

V(D) = ) Vili(x)

Base and test functions are chosen to be the same (Galerkin Bubnov's

h .
SC Eme) N!(x) — Wj(.rj fﬂr‘;:j

Linear shape functions:
e _ . N§'(x)- *’Z(x,) ~
2 7% N”(xj““ — J}{J N;z(x}

Ni(x) = N =f
£ o—o—o

lm
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Applying the Galerkin Bubnov discretization procedure he global matrices are
obtained in the following form:

LHS - Y**'! = RHS

1
h-e(x)D; (x)N;(x)dx

LHS — f \c(x) a(x) + c(x) - g(x) - h+# h‘ N, ()N, (x)dx + f
0

fh d(x)D;(x)D;(x)dx
0 dN;(x)
Di(x) = I

1 1
RHS = Y™ - I c(x)b()N; (x)N; (x)dx + f h-c(x)f(x)N;(x)dx + h- BOUNDARY
0 0

ay|*

BOUNDARY = d(x) - N;(x) ax
0
LOA
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Ongoing work: FE solution of transport equations

=) EUROfusion “f;\}

According to weighted residual approach the generalized form of transport equation:

ad(x) aY(x,t) %Y (x, t]
c(x)-a(x)-Y(x,t)—c(x)-b(x)-Y(x,t—1)—h- . — h-d(x)

dx dx dx?
ae( )Y(x t)+ h-e(x)- o¥(xt) =h-c(x) - f(x)—h-c(x)-g(x)-Y(x,1)

is multiplied by the set of test functions and integrated over domain:

Y w ' b Y 1)-W lh 9d(x) 9¥(x0) w

() a() - ¥ (x,0)- ;[x}—fc(x)- (- Yere - 1) Wy - [ 02022
1 %Y (x, 1) de(x) 1 Y (x,t)

_J'; h-d(x ) 3x2 Wf J. h- TY(_ x,t)-W {IJ+L h-e(x)- e W;l':x)

1 1
~ [ he@ @ w0 = [ e g @) ¥ G0 W)
0 W]

m
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-

Output profiles from 1D core transport equation

Input data:

equilibrium code: EMEQ
number of radial points: 50
time step: 1le-3 s

number of time points: 10

Initial profiles are from mdsplus database.

LCA
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* current diffusion

* rotation transport

lm
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1,00E+20
8,00E+19
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* ion density
4,00E+19

2,00E+19

0,00E+00

1.2E+20

1E+20

BE+19
6E+19 » electron density
4E+19

2E+19
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* ion temperatures

» electron energy
transport
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Ongoing work: FD and TD analyzes of the transient
field generated by GPR dipole antenna

subsurface
ﬁnder
investigation

Fig. 1. Principles of GPR use
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Ongoing work: FD and TD analyzes of the transient
field generated by GPR dipole antenna

f

/ reflected wave

air
(Eo 1)

lossy ground
: ﬁE-EQ}JOJ
transmitted wave '\ d

Fig. 2. GPR dipole antenna horizontally located over a dissipative half-space
LoA
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Ongoing work: FD formulation

® Reflected/transmitted field formulas:

1 J‘sz (x")og(x,y,z,x") |
- dx

B JATWE £ ¢ 12 OX' 0x

L/2
—y? J. [(x")g(x,x")dx']
—L/2
1 L2 01(x") 0g(x,y,z,x") |
dx

f dx’ dy

Y jAmwe, pp L2

1 J-LKE 0l(x")dg(x,y,z x") ,
, dx
dx' 0z

JATWE £ 5 L2

Clermont-Ferrand, 03 April 2018

@ Department of Electronics
Tmee:  University of Split,
Z Split, Croatia

E_TRO
g, yv,z,x")=T -
Ry

n cosd — \n— (sind)?2
Rry = -
n cosd + n— (sind)?2

2 \/n cos?
n cosd + y/n— (sin9)?2

T=FTM=

n—1
R =

2n
n+1

LoA
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Ongoing work: TD formulation

® Reflected/transmitted field formulas:

*
1—‘rﬂT

R B =15+ 1-
Lo 5 I i-21 ) 7= 0+
) [ OLXT) e jrmf(f}j— £ dvdr ‘
ar| 1o R R

_ & -D
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Ongoing work: Numerical results

A The field above the lossy ground

WUHNIYERSITE

Clermant
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Fig. 4. Radiated field above a lossy half-space (e/~10. =10mS/m)
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Ongoing work: Numerical results

B The field propagating into the lossy ground

af d=0.2m

Fig. 6. Transmatted feld mte soil (=10, c=10mS%/m)
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v _0Ongoing work : Determinsitic modeling

(9
M
o

O

WG2: Numerical Artifacts
IEEE
International Committee on Electromagnetic Safety

On-going WG 2 Activities

Table 1: Smootled geomeny paramelers
Gromeiry Points Tetrahedra
sphere_199_244 809 199 09
sphere_406_494_1690 406 1650
sphere B03 734 3815 803 3815
sphere 1081 976 3134 | 1081 51594
bram_ 250 232 514
bran_ 500 433 1871
brain_E00 BES 3542
brain_1200 1405 5771

Table 2: TMS coll paramerers

Cirenlar Inclined

Radius [cm] 4.5 5 35
Turns [-] 14 15
Cusrent 2.843 2843

[ka]

UNHIYERSITE IEEENICES TC35 - Subcommitiee 6: EMF Dosimetry Modeling

C le rma nt January 2017, Plantation, FL, USA
Auvergne
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v _0Ongoing work : Determinsitic modeling

<
A
9

>
WG2: Numerical Artifacts

IEEE
International Committee on Electromagnetic Safety

Araie
s ‘
1
405 -.
T S g™

il
T T

a

Fig B Mape of the indeced elecinc feld over the sphere swiface, due fo cincslar codl al-b} and butterfly- coil <3<, Besults ebiamed by a) and <) SIEMeM for
smoothed srfice compreng of ¥76 miangles, k) approsimate EM sobatan wsing BEM (E as wnknowns, B mmposed by the souree], and d) FEM umag gnd
Tesalution o 0.5 i

Table 4 Compariven of mazimum indwsed elbertric feld (Vim) ohiained nsinz different samerical mo-dels for the caze of cirolar codl and spherical
promerry

Surface, conforming Woxgls, nomcondorming Surface, conforming

Triamgles EEM BEM Vozels FEMEEM FEMUVBEM SIE

compleie approxemate compleie approxEmae
144 83399 E8.003 854 (10mm) 300 55217 2 % B401
404 90,013 39,508 1718 (Hunump 70,050 18,102 105,5686
734 90,548 @1.6%1 4105 {Bmm) 90,204 2190 7. 1056624
¥ OF Y o7 5T E347 (5 Zmn) T TRR TR N TaR TR

UNIYERSITE IEEE/ICES TC95 - Subcommittee G: EMF Dosimetry Modeling

c le rman t January 2017, Plantation, FL, USA
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Ongoing work : Determinsitic modeling

* Non-nomogeneous head model
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Ongoing work : Determinsitic modeling

* Non-nomogeneous head model

Table 1: Tissue dielectric parameters according to the 4-Cole-Cole Model
in [14]

1800 MHz

ye (vitreous)
Head skin
Skull and mandible

Grey matter

Figure 2: Model of the human head with insets showing different subdo-
mains (tissues).
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Ongoing work : Determinsitic modeling

* Non-nomogeneous head model

Figure 3: Electric field induced on the surface of the human head model due
to 900 MHz horizontally polarized plane wave a). Direction of the

electric field b).

LCA
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Ongoing work : Determinsitic modeling

*Non-homogeneous head model

Figure 5: Induced electric field in the coronal cross-section of the head due
to: a) 900 MHz HP, b) 900 MHz VP, ¢) 1800 MHz HP, d) 1800

Figure 6: Induced electric field in the transverse cross-section of the head
due to: a) 900 MHz HP, b) 900 MHz VP, ¢) 1800 MHz HP, d)

Figure 4: Induced electric field in the sagittal cross-section of the head due
1800 MHz VP.

to: a) 900 MHz HP, b) 900 MHz VP, c) 1800 MHz HP, cl) 1800
MHz VP.
- oM

UNINERSITE

Clermont-Ferrand, 03 April 2018
Clermant

Auvergne




Department of Electronics
University of Split,
Split, Croatia

Ongoing work : Determinsitic modeling

* Non-nomogeneous head model

Hindawi

Mathematical Problems in Engineering
T > = o

Volume 201 TABLE I:

Tissue

Brainstem E 1043
Cerebellum 0 6.114 1039
H kin 4 . 3 1050
Liquor 7 2 1035

Research Article s e o

Mandible 0 ] 343 1900

A Study on the Use of Compound and Extracted Models in .
the High Frequency Electromagnetic Exposure Assessment ; i o

ary body
107
040
1000
1000
1000
1039
ectrical Engineering, Mechanical Engineering and Naval Architecture, University of Split, a 206 55.017 160 107¢
2, 21000 Split, Croatia 10
37, 21000 Split, Croatia 9 N E 1100
100
1100
1100
49.076 5 1100

athematical Problems in Engineering

Retina

_ Pupil

Aqueous humor
Anterior chamber
Posterior chamber

\
Limbus
7 Ligaments L
Ora serrata

FIGURE I: Sagittal cross-section of the human eye depicting various tissues. WHIYERSITE
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Ongoing work : Determinsitic modeling

* Non-nomogeneous head model

Mathematical Problems in Engineering

(a) (b)

FIGURE 3: Models for the brain comparison: (a) homogeneous brain model, (b) three-compartment head model, and (c¢) compound model.
Overlay on two latter models is showing various head tissues surrounding the brain.
LU"'\
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Ongoing work : Determinsitic modeling

* Non-nomogeneous head model

Mathematical Problems in Engineering

0.000198 0.0776
[

(b)

0.00256 191e — 05 0.0774
| E— |
(©) @
FIGURE 4: Induced electric field due to 1 GHz EM wave on the surface of the eye (anterior and top view). (a, ¢) Compound eye model: (a)
horizontal polarization and (c) vertical polarization. (b, d) Extracted eye model: (b) horizontal polarization and (d) vertical polarization. m
UMINVERSITE

Clermont-Ferrand, 03 April 2018 Cler mant
Auvergne




Department of Electronics
University of Split,
Split, Croatia

Ongoing work : Determinsitic modeling

* Non-nomogeneous head model

0.00264 0.00151
[

0.00233 0.000716 0.112
- _— ]
() (d)

FIGURE 5: Induced electric field due to 1800 MHz EM wave on the surface of the eye (anterior and top view). (a, ¢) Compound eye model: (a)
horizontal polarization and (c) vertical polarization. (b, d) Extracted eye model: (b) horizontal polarization and (d) vertical polarization. m
UMIVERSITE
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Ongoing work : Determinsitic modeling

* Non-nomogeneous head model

Mathematical Problems in Engineering

0.0321 0.217 0.402  0.0141 0.645  0.000401 0.0776 0.155 0.000326 0.0775 0.155
N | |

(b)
. ol

0.209 0412 0. 0148 0.164 0.313 0.00193 0.113 0.224 0.00357 0.114
| |

(©) @

UCT. IVERSITE FIGURE 6: Induced electric field in the transverse cross-section of the compound eye model (a, ¢) and the extracted eye model (b, d). Incident
ermont EM wave of (a) and (b) 1 GHz horizontal (left) and vertical (right) polarization and (c) and (d) 1800 MHz horizontal (left) and vertical (right)

Auvergne polarization.
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Ongoing work : Determinsitic modeling

* Non-nomogeneous head model

E-field (V/m)

b

0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0

Aqueous h.

Lens (layers I-V)
Vitreous humour
Retina

Choroid

Sclera

Aqueous h.

Lens (layers I-V)
Vitreous humour
Retina

Choroid

—— Compound eye —— Compound eye —— Compound eye —— Compound eye
model (HPol) model (VPol) model (HPol) model (VPol)
—— Single eye model (HPol) —— Single eye model (VPol) —— Single eye model (HPol) —— Single eye model (VPol)

(a) (b)

FIGURE 7: Comparison of the induced electric field along the pupillary axis of the compound and the extracted eye models, respectively, (a)
1 GHz, both polarizations; (b) 1800 MHz, both polarizations.
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Ongoing work : Determinsitic modeling Veg

UMINYERSITE
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* Non-nomogeneous head model

Mathematical Problems in Engineering

FIGURE 8: Induced electric field on the surface of the brain due to 900 MHz horizontally polarized EM wave: (a) homogeneous model, (b)

three-compartment model, and (c) compound model.
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Ongoing work : Determinsitic modeling

* Non-nomogeneous head model

0.4 0.000624

0.00167 0.201
_—— L e— _——
(b)

FIGURE 9: Induced electric field on the surface of the brain due to 900 MHz vertically polarized EM wave: (a) homogeneous model, (b)

(©)

three-compartment model, and (c) compound model.
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ng

E (V/m) E (V/m) E (V/m)
0.000874 0.29 0.579 0.000177 0.232
0.05 0.1 0.15 02 025 03 | S — -

@) (b) (c)
FIGURE 10: Induced electric field on the surface of the brain due to 1800 MHz horizontally polarized EM wave: (a) homogeneous model, (b)

three-compartment model, and (c) compound model.
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Ongoing work : Determinsitic modeling

* Non-nomogeneous head model

Mathematical Problems in Engineering

E (V/m)
0.253 0.504 0.000121
005 0.1 015 02 025 03 035 04 ] E—

(a) (b) ()

FIGURE 11: Induced electric field on the surface of the brain due to 900 MHz vertically polarized EM wave: (a) homogeneous model, (b)

three-compartment model, and (c) compound model.
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* Non-nomogeneous head model

—— Compound model
—— Three-layer model
—— Homogeneous model

FIGURE 12: Comparison of the induced electric field along the
sagittal axis of the homogeneous, the three-compartment, and
the compound models, respectively, due to 900 MHz EM wave,
horizontal polarization, and incident on the anterior side.

Grey matter
Brain

Compound model
‘Three-layer model
Homogeneous model

FIGURE 13: Comparison of the induced electric field along the
sagittal axis of the homogeneous, the three-compartment, and the
compound models, respectively, due to 900 MHz EM wave, vertical
polarization, and incident on the anterior side.
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* Non-nomogeneous head model

Mathematical Problems in Engineering

04
0.35 [-[f—
0.3 psi -

AVa

—— Compound model  m=m
—— Three-layer model £
—— Homogeneous model

FIGURE 14: Comparison of the induced electric field along the
sagittal axis of the homogeneous, the three-compartment, and
the compound models, respectively, due to 1800 MHz EM wave,
horizontal polarization, and incident on the anterior side.

—— Compound model
—— Three-layer model
—— Homogeneous model

FIGURE 15: Comparison of the induced electric field along the
sagittal axis of the homogeneous, the three-compartment, and the
compound models, respectively, due to 1800 MHz EM wave, vertical

polarization, and incident on the anterior side.
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s
UROfusion G}

eed TOr uncertaintv quantitication:
| o

Sources of uncertainty (environmental facts, unknown or partially
known input data, geometry variations and variations in material
properties)

d  Monte Carlo simulation allows the assessment of a large number of
virtual systems relying on various scenarios of the input parameters.

Advantages: -
universal method, i.e. it does not depend on the model type
statistically well defined: convergence, confidence intervals, ...
non intrusive, i.e. it is based on repeated runs of the model
convenient for distributed computing (clusters of PCs)

o Drawbacks:

Scattering of output is investigated point-by-point.

The convergence rate is low.

m
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accurately account for uncertainties and to assess confidence intervals in
the set of obtained numerical results.

UQ in 4 steps = ~
o 3 E ] fll'
tep.d Statistical ~ I e
Uncertainty propagation moments o
v =1 i
Step 1 I
Step 2 Modal|s] of the system ] iy
Quantification [ Reliskility g
of sources of Input = Output ¥ prababilin | ! i
uncertainties variables i varlabiles
Aesponse POF I']",
L2 a
Step 4 J4
Ranking sources of uncertainties e T o [
{Sensitivity Anahysis) "'ﬁ I:‘-. baptoiy e v senalthity snaligsts &

o So far, we have applied the method in the areas such as:

» Ground Penetrating Radar (GPR)

» Electromagnetic-thermal dosimetry

» Biomedical applications of EM fields

» Buried lines

» Grounding systems

» Instrumental landing systems for air traffic control applications

m
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s Henristic Basic idea: close to PLE (spectral method] — choice of polynomial basis
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Application Of 'I'he UNCERTAINTY PROPAGATION METHODS |
Stochastic Collocation to: [

Statistical o
moments

- GPR antennas J_L
- HF dosimetry: the brain A
and eye exposures J“"_
- Grounding electrodes -

mechanical models, HDR, 2007

. .
Garcia, Electromagnetic Compatibility Uncertainty, Risk, and Margin Management, 2010
_ INSTITUTSKOLLOQUILM FAKULTAT FUR ELEKTROTECHNIK UN INFORMATIONSTECHNIK

S woch,ders § 1 2015, soric um 1315 o Raum ¥ 1508 WISTITUT FUR INFORMATIONSTECHNIK

.
™
L
c
'
\
A}
L

PHILOSOPHY OF THE STOCHASTIC COLLOCATION (SC) - GENERAL FRAMEWORK FOR UQ
@

Basic idea: close to PCE (spectral method) — choice of polynomial basis

Finding a polynomial approximation of the Finding @ polynomial approximation of the U Q m 4 Steps

function of a real variable . 1 function of a random variable: R 1
J(x)= < J(X)=—7= Step 3

I+x 1+X°

" : Uncertainty propagation

i
i
" | f : —
f(x)= Y fL(x) i N . Step 1 : »
’ = i fx)y= Zo-f:["(‘\ ) Step 2 Model(s) of the system I T\;
! i= = 17
| -
i
i
i

Quantification .
UNINVERSITE

of sources of Input Output
ﬂ uncertainties variables variables Outputs C l E r m ﬂ nt
T s

Problem:
= Step 4 a J
= :

{L,(X)}yeic,  nthorder polynomial basis

Ranking sources of uncertainties
(Sensitivity Analysis)

Bonnet et al., Numerical simulation of a Reverberation Chamber with a stochastic collocation method, 2009
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INSTITUTSKOLLOQUIUM FAKULTAT FOR ELEKTROTECHNIK UND INFORMATIONSTECHNIK
TECHNISCHE UNIVERSITAT
MEN

Am Mittwoch, dem 9.12.2015, pricht um 13:15 im Raum H 1508 STRIT FOM BFORRATINSTE




»  Department of Electronics

'* ” University of Split,
LJ UNIT =" Split, Croatia
s _Ongoing work : stochastic electromagnetlcs

THE STOCHASTIC COLLOCATION: PRINCIPLE (1) 1».
l'r @ L et s

1=0

EZ")=3 EZ)L(1) Li)=5, EE@H=EZ:1) [ pdf )7 (du =3 a1 (1)
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o* = [[ EZ":u) —{E(:z"“;f}}]2 pdfdu o' =] [§E )L fu:n—érqﬂ-:(zﬂ] paf (u)du
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D D
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RESEARCH
UNIT

NUMERICAL EXAMPLES: CASE #2 - RV2 = epsr h
v @
o Output = E- field inside soil /
£ 1 #% P L=1m,h=03m,d=1m,a=674mm
= R /,:&__ Random parameter = soil permittivity (e.)
L\/M (&,): central location, epsr®=15
Uniformly distributed: U[2;28] (no dim)

Output = E- field inside soil /
L=1m,g.=15, d=1m,a=6.74mm
Random parameter = height of the antenna above soil
(h): central location, h®=0.3 m
Uniformly distributed: U[0.05;0.55] (in m)

~
ANE

RV1 - 8C 3-5-7

RVZ - 5C 3-5.7 => SC convergence +
robustness

Need: 5 SC pts (mean,
—-<E: -8C3
il std)
<E»-8C5
4>, -SG5
---<E>+rxE -8C5
|| <E>-5CT
« <E>q_-SCT
x <Er4o, -5CT

—<E>-SC3
—sEo, -SC3
=> SC convergence + e

robustness
Need: 5 SC pts (mean,
std)

[—<E=-5C3
B> -SC3
—<E>+a, -5C3

<E=-8C5
«<Er-0, -8G5
~<E>+a, -8C5

~<E»-8C7
» <E>a -SCT
x «B>4o -SCT
- Deterministic case. = Deterministic case

- mean trend

- huge variability 05 1 N 15 2 25
ime. s

= Model sensitivity:
- weak over entire
simulation interval
=> Deterministic case
- mean trend
- different from
numerical case #1

= Model sensitivity:
- high before 18 ns

- weak after 18 ns ~Deterministic case

Mean of E-field, mv/m

= Overview
- 5C fast convergence
- differences between modeling
x10* RV1and RV2

COST Action TU1208, 4th General Meeting, Athens, Greece, Oct. 2015

E
s
E
=
k]
-
w
s
=
&
3
=

= SC aims
- assessing mean trends

05 1 1.5 2 25 3 - providing variability range

Time, s x m—a

COST Action TU1208, 4th General Meeting, Athens, Greece, Oct. 2015

SENSITIVITY ANALYSIS FROM VARIANCES

Case #4
including h, £, and d

NUMERICAL EXAMPLES: CASE #3 - RV3 = d it e ey Tollig cases BT3RS

UHINERSITE
Clermant
Auvergne

i
R

Mean of E-field, mVim

e

I

RV3 - SC 357

05 1 15
Time, s

Output = E- field inside soil /
L=1mh=03m,¢=15a=674mm
Random parameter = E-field depth (d)
(d): central location, d°=1 m

Uniformly distributed: U[0.5;1.5] (in m)

= SC convergence +
robustness

Need: 5 SC pts (mean,
std) from 12 ns

—<E>-SC3
B>, -SC3
—<E>+g, -8C3
<E>-SC5
+<E>.0, -SC5
+-<Ex4a_ -SCE
~<E>-SCT
» <E>0_-SCT
« <E>+0, -SCT

= Model sensitivity:
- huge over total
simulation interval
= Deterministic case
- insufficient (mean)
- overwhelming
regarding SC mean
= Analysis +/-std
- SC convergence
- differences between modeling
RV1 and RV2

==Deterministic case

25 3
x10*

COST Action TU1208, 4th General Meeting, Athens, Greece, Oct. 2015

Influence, no dim

14
~Influence(E) - SC RV1
~Influence(E) - SC RV2

1.2 ~Influence(E) - SC RV3

@

Influence(E); =

Variance(E|RV}))
Variance(E|tot)

= Ranking random

parameters from most
to least significant (from
E-field variances)
#1=RV3

#2 =RVl

#3 =RV2

Focusing on:
- depth accuracy
- antenna height

Relative least influence
of soil permittivity

- sensitivity analysis

- conductivity?

COST Action TU1208, 4th General Meeting, Athens, Greece, Oct. 2015

Clermont-Ferrand, 03 April 2018
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o e Grounding electrode

NUMERICAL EXAMPLES: CASE #1 - 1 RV (1) NUMERICAL EXAMPLES: CASE #1 - 1 RV (2)

WRCL

Output = space RMS current

L=50m

Random parameter = soil conductivity

(): central location, G%=5.05 mS/m
Uniformly distributed: U[0.1;10] (in mS/m)

Output = current at the center of
grounding electrode ;L =50m

Random parameter = soil conductivity

(©): central location, G°=5.05 mS/m
Uniformly distributed: U[0.1;10] (in mS/m)

L=50m, o uniformly distributed between 0.1 and 10 mSim

L=50m, o uniformly distributed between 0.1 and 10 m8im
“Mean value {determ.) T .
=M e (dete

—<l>, stoch. 3 pts bl + st e yel ?a‘m“"' )
~<l>+std(l), stoch. 3 pts: 251 Ll melestdl). stoch. 3 pis

<I>, stach. 5 pts <>, stoch. 5
=<|>+std(l), stoch. 5 pis.

<I>, stoch. 7 pts

= <|>+std(l), stoch, 5 pts
<I>, stoch. 7 pis
~=<|>+std(l), stoch. 7 pis

+-<|>+std(l), stach, 7 pts

=3

=)
e
&

o
e

Mean(current rms), A
[ad
Wean{current), A

e
Y
-]

. 3
25 50 Time, s
Position, m

= SC convergence (5 pts) = Maximum current gap with determ. = 50 mA at = SCrobustness
(Mean + 5td) the center of the electrode

Meed: 5 SC pts (mean, std)
=k N

EFFECT OF DISTRIBUTION PARAMETERS: CASE #2 FES IS

* @
Qutput = current at the center of - : *  OQutput = current at the center of grounding
grounding electrode ;L= 50 m electrode ;0 = 5.50 mS/m
Random parameter = soil conductivity o i *  Random parameter = length of the electrode
(@): central location, G%=5.5 mS/m ; - : / (L): central location, L°=50 m
Uniformly distributed: U[1;10] (in mS/m) L — Uniformly distributed: U[45;55] (in m)

=55 mSim, L uniformly distributed between 45 and 55 m

L=50m, & uniformly distribued between 1 and 10 mS/m

~--Mean vakue (determ )

=<l stoch. 3

-<l>+tdl), stoch. 3 pts

<l stoch. 5 pls

- <|>+stal), stoch, 5 pts
<l>, stoch. 7 pts

==sl>+stdl), stoch. 7 pts.

—Mean value (determ }
—<l>, stoch, 3 pis
—+-<l>.std(]), stoch. 3 pis
=<l>+ste(l), stoch. 3 pis,

<I>, stoch. § pts
= <>-s1d(]), stoch. 5 pis
|-+-<I>+stci]), stoch. 5 pts

—<lz, stoch. 7 pts
o-<I>5td(l), stoch. 7 pis
+-<P-stei), stoeh. 7 pts

Mean(current), A
Mean(current), A

4 5 [ xio®
%10 Differences between Cases #2 & #3
. X Differences between Cases #1 & #2 I . => Increasing current « maximum » levels L]
= Minimizing SC requirements (mean . = Minimizing SC requirements (mean and 4 SR
ith 3 => Current « maximum » = 0.165 A (#1 & #2) std convergence with 3 pts) + Slight drifts in time
convergence with 3 pts) = Slight drifts: time = 1.50 & 1.64 s = Weaker sensitivity of L (relatively to o)

Time
3 ime, s
Time, s

WUHNIYERSITE
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eBuried line

Antenna theory formulation: A horizontal thin Numerical results: IRV
wire buried in a lossy medium

desminkte

—-5C 391

s 53 301
86 591

/‘Yﬁ;
<

R——y

Current at the centre of the wire relving on RVI (@)

Current at the centre of the
wire relying on RV3 (d)

0z 63 w4 05 o5 07 08
i

Lot

EUROREAN COCPERY

nsient
SE Aok IR e Lo e

Variance convergence in relation to svstem N
-y & . R —— 3-RV full tensor optimization
sensitivi =T :
t_y ﬂ (asymmetrical SC)
Tomrveimeths  E
=Gap-RV3 -5 pls > 7 pts 4 —Giap T34 a5 TS
s e

SC gap (variance), 4B

PR S R VY

e

%455 08 @7 88 65 1
e )

Variances of current computed from different
Relative gap (variance of the current) while stochastic modelling
increasing SC orders for 1-RV siochastic models

meanioaront (mA)

&

[} LE 1

04 08
Time (5)

61 62 63 84 68 08 a1 08 88 o 61 62 63 04 68 68 af 68 08 1
Tone ) e )

y i 3
Relative gap with increasing SC orders (RV3) Hgf:::;ﬁ‘z ;"] frf;;:”;xzjis(f () Zf[’;)

Currents at the centre of the wire
("full-tensor” model)
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COMPUTATIONAL EXAMPLES

»  Theeye

a

Re{F]_Levelset

Re(EL Leveisel
85 w1 27 B2 %8

024 27 52 TE 104 13 155 181 207 252 258 04 27 53 T8 104 B

E-field mean in the z-plane inside the eye (stochastic variations due to plane wave
(10W/m?)at f=6GHz, a) SC with n=2 and b)SC with n=4.
-~ E D 5 t COST Action BM1309 3th General Meeting.

[umPuN COOPERATION Prague, November 2015
IN SCIENCE AND TECHNOLOGY
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‘Workshop on Verification, Validation and Uncertainty Assessment in Medical EMF Applications Z

STE cp
.N’“;; vAS"‘

5 :‘ PASCAL ‘.
COMPUTATIONAL EXAMPLES
n  The eye u
] Figure shows the SAR variance computed for different
planes(x y and z).

oe

SAR variance inside the eye due to plaﬂe wave 10W/m? at f= 6GHz and SC approximation

with n=2: a) z-plane; b) x-plane and y-plane.
COST Action BM1309 3th General Meeting.
Workshop on Verifi Validation and Uncertainty Assessment in Medical EMF Applications

EUROPEAN COOPERATION Prague. November 2015
1N SCIENCE AND TECHNDLOGY

SITE, 5
v i

COMPUTATIONAL EXAMPLES
»  Theeye D
O Figure shows mean and variance of SAR for 2 RVs :

a b

s o
SAR induced due to plane wave 10W/m? at f=6GHz, SC with n=4 (cornea conductivity+ relative

permittivity); a)mean (x,y,z-planes) and b) variance (y, z-planes).

~ t COST Action BM1309 3th General Meeting. =
Os Workshop on Verification, Validation and Uncertainty Assessment in Medical EMF Applications
EUROPEAN COOPERATION Prague, November 2015

1N SCIENCE AND TECHNOLOGY
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(‘f“
¥ eHuman brain

COMPUTATIONAL EXAMPLES ' -+-brain Iength'

s The brain -+ brain width
QO  Figure shows the SC convergence for mean of SAR maximum -.-brain height

COMPUTATIONAL EXAMPLES and for different RVS (RVK; k=1,.... 5).
s The brain
U Figs show mean and variance of the temperature rise in the
brain.

&
[}
32}

24510

4s 5 55 6
2

= brain length i ity Assassment in Medisal EMF Applcations
X tAr " : 5 Assasement i Medic wppii

+brain height

Mean(dT), degree C
= [=>]

VarldT), degree C*

M

Mbrain Iu;ql\

. 5 6 % s 5 6 Mibron 4 ; 5 ) 6
#5C points, no dim #5C points; no dim In-n-ml #SC pOII’TlS, no dim
Fig. 6. Mcan of temperature risc in function of number ~ Fig. 7. Variance of 1o ure riec in fmction of o
of SC points (3, 5, 7) at frequency 900 MHz number of SC points (3, frequency 900 Mz 3
II AL

O A trustworthy result is obtained for independent (individual) Fig. 6. Mean of temperature rise in function of number
RV with only 3 full-wave simulations. 0 of SC points (3,5, 7)at frequency 900 MHz.
COSE  sem/mem 2016, Siena, Traly, 20-22 Seprember 2016 : I = II

IN SCIENCE AND TECHNOLOGY

Ot umber x 107

Fig. 8. Influence criterion I‘f in function of outputs

(1: E-field, 2: maximum SAR, 3: mean SAR, 4:max

temperature, 5: temperature rise) and RV (brain's length,

COMPUTATIONAL EXAI\IPLES brain's width, brain's height, relative permittivity (&)
n The b]‘(:'fﬁ brain, conductivity (&) brain) for vertical pDLlrIZIIIDI]

n

-=brain length
-+ brain width
-+-brain height

=
4l

O Figs show mean and variance of the temperature rise in the
brain.

-

-t
gaxi0® r

Var(dT), degree C?

o
)

sl

i
< brain gt Ll
) il —] 1 =
T — il ol | * 45C poieis; no dim °
4 sscponn rodm * * 150 ot nodm » NN | 1 ! oLl !I # SC points; no dim

Output number

Var(T), degree C
Influence. no dim

Mean{dT), degree C

Fig. 6. Mean of temperature rise in function of number ~ Fig. 7. Variance of temperature rise in function of
of SC points (3, 3, 7) at frequency 900 MHz. number of SC points (3, 3, 7) at frequency 900 MHz.

: : g i Fig. 9. Infl criterion 1] in function of output i i e i i i
0 A trustworthy result is obtained for independent (individual) “‘? E-ﬁel:. u;":ﬂ:;I'ufi;m;;R.";: :::l:f';:RD:E:: Fig. 7. Varlance,t of temperature rise in function of

RV with only 3 full-wave simulations. temperature, 5: temperature rise) and RV (brain's length, number Of SC POlﬂtS (3~ 5, 7)‘ at ﬁ'equeﬂcy 900 MHZ
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e The presentation deals with computational models applied in CEM,
EMC, BIOEM and MHD.

A crash-course on the theory of thin wire antennas and related
numerical methods for solving some FD and TD integral equations,
together with some engineering applications, is given.

Furthermore, AT and TL models are used to analyze overhead wires,
buried lines, PLC configurations, lightning channel and grounding
systems.

:_&QHumon exposure to non-ionizing EM fields, LF and HF exposures are
v Siudied. Some biomedical applications of EM fields, related to TMS, PENS
d TENS are also covered.

The last part of the presentation is devoted to some MHD topics
pertaining to the modeling of fusion phenomena.

Finolrifﬁqme stochastic analysis methods applied to various area of CEM
perjroi‘nirfg' to on-going research activities are outlined. Vg
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There is scarcely a

subject that cannot be
mathematically treated and the

effect calculated beforehand, or
~“ble results determined beforehand
Sfrom the available theoretical and

r

0

"After solving the towns equation,

practica [ dhta. the stranger rode off, into the setting sun.”

Nikola Tesla
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We made models in science, but we also
made them in everyday life.
STEPHEN HAWKING
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