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'Introduchon to Computational Electromagnehcs (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:

\f

v thé iImposed boundary conditions of the physical problem of

the constitutive relations of the medium

m’reres’r
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' }Introduchon 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.

'l e
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Infroduction to Computational Electromagnetics (CEM)
and Electromagnetic Compatibility (EMC)

EMC computational models and solution methods

e 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.

- G

A basic EMC model

'l e

Training School Split, 11 November 2016




-I,;._ Department of Electronics
M S =, University of Split,
“ "-_ =8 Split, Croatia

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.

o
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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

Training School Split, 11 November 2016




Lr' Department of Electronics
o] o2 .;5:-.:_~.|1. ‘ University of Split,
Il e split, Croatia

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 fo 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.

..i!ia.This approach is preferred over a partial differential equation
~ Mormulations and related numerical methods of solution, as the
Mtegral equation approach is based on the corresponding
fundewnental solution of the linear operator and, therefore,
provides more accurate resulfs.

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.

'l e
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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.

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

(Xo2, Yo2, Zo2) .-+
‘ (Xem, Yim, Zim)

(Xo1, Yo1, Zo1)

| Y (X‘L.Z, Yi2, ZLi)

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,

| e
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FD analysis of wire antennas

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

.. Horizontal antenna over imperfect ground

'l e
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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

Training School Split, 11 November 2016




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

r

ncos®—+/n—sin” ©
Ry = —
ncos®++n—sin” O

'l e

Training School Split, 11 November 2016




I,.ﬁ;:.—- . Department of Electronics

5 ;f "'_'T‘f: 4 University of Split,

il ! Split, Croatia
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

1= o ds

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 )

L
%_([I(x')g(x,x')dx#
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FD analysis of wire antennas

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

1 9 fol(x")
ox'

'

I(x')g(x,x')dx'— g(x,x')dx

jaAnwe ox

0

e This equation is well-known in antenna theory representing
o 4  one of the most commonly used variants of the Pocklington'’s
<"\ Integro-differentfial equation for half space problems.

X

_.'-'Thj,_sﬁ_in’regro—differen’ricI equation is particularly aftractive for
nymerical modeling, as there is no second-order differenfial
operator under the infegral sign.

"""""" ,’ — i
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FD analysis of wire antennas

e The electric field components are:

¢ oI(x") dg(x,x"

" " ———~dx +k2jg(x xI(x")dx'

1 j-al(x)ag(x,z)

]4%(080 ox'

L ' '
L[k,
jadrwe, . ox' dy

—L
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FD analysis of wire antennas

 Vertical wire above a real ground
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FD analysis of wire antennas

e |ntegro-differential equation for vertical wire

1 f.l'cl (Lf2)
Jh—({LjZ)

The propagation constant k is given by
k= @/ lg€n
and Zy is the free space impedance

Zp = 1“_“

|11-u

The total Green function is, as follows

Training School

Split, 11 November 2016
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FD analysis of wire antennas

e Vertical wire penetrating the ground

ground

Fg. 4. Vertical antenna penetrating the ground excited by a voltage source (a) and
by a cuirent source (b

'l e
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FD analysis of wire antennas

e |ntegro-differential equation for vertical penetrating the
ground

JArweeyy | [ 1—"1 *L"}L-l‘ (p,z,2)(Z

q—a.

P 'I'—r1 ‘F}h“'x ¥4

Jdmaey I|’ 1_,_1i.L""|.|:_..11|;:
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FD analysis of wire antennas

Integro-differential equation for vertical penetrating the
ground

z=0 and z'=0

i T
= AdA

Egfit +EaMg

= 'l._."llf k2 i = 'I,_.-"If ki ks = Ei{':: (21)

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

Training School Split, 11 November 2016
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Integro-differential equation for vertical penetrating the
gI’OU ﬂd .I.-'urlhl:rmnre

z=0 and Z <0

(23)

(2d)

The Green functions related to ransmitted field are given by:

GPip.z.z)=2 / NPT Rl — | E—, | (25)
Jo Egff i + Eplp
for points z<0 and ' = 0, and

l(pz.z)=2 / Joldpe #elfle—wE 20 ___34)
Jo Egff i +EpME
for points z>0 and z' <
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.:
liz=0")y=1Iliz=0") (27)
dliz=0") diz=0") (28)
Z e z 0 (28)
where (+) and {(-) denote above and below the interface,
respectively.
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FD analysis of wire antennas

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

.i;;gﬁ-.wher.e I,(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 o
wave >«'

. incidence

Transmitt.
wave

Incident, reflected and transmitted wave

Training School Split, 11 November 2016
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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:

E*=E +E =

— jkyji; - F

E,(sin o/sin ¢ —cos ¢ cos @ cos P)e +

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

where a is an angle between E-field vector and the plane of
vdncidence.

R 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- 0 cos@ ++/n—sin" 6

QAT n -r=-xsinfcosP—ysinfsing+ zcosf
Training School Split, 11 November 2016
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FD analysis of wire antennas
 The E-field components are given, as follows:

L
j e (x)aG"’"(xx)dx' K2 j G. (63 (x)ekx’
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’ A ')

Training School Split, 11 November 2016
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FD analysis of wire antennas

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: e

e

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

k=1
. ‘_[Z]p,( - the interaction matrix: p=12...M

(2], = | [{D} (DY 8, Conntvassk* [ [{} (] &, (nxi'ar

Al, Al Al, Al

« Vectors{fland {f'} contain shape functions f (x) and f (x’), while {D} and

{D'} contain their derivatives.

* .The \(eCTé)-'r {V}, represents the voltage {V} =-jdnwe, I E™(x){f} dx
along the segment: ! o g
o B
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FD analysis of wire antennas
The BEM field calculation

 Applying the BEM formalism to field expressions it follows:

nm 243

ox'

) _Ii . Yit1n aG , ' Yistn
_— j”’"(xx)dx'+k2 j G, (x,x")I. (x")dx'|;

= [\lj'iis"’rhe total number of boundary elements on the j-th wire

'l e

Training School Split, 11 November 2016




@ Department of Electronics
PR University of Split,
S Split, Croatia

FD analysis of wire antennas

Computational examples

Vertical wire:

e Single wire above a lossy ground
« 'L Wire penefrating the interfacearray above a lossy ground

X
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GBE-IBEEM
- NEC

0
x [m] x [m]
Fig 2 Current distribution (L=1 m, a=0005 m, h=2m, »=1m5/m, &£=10, V=1V, [=168.2 MHz)
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GB-1BEM - Somm
GB-1BEM - RC

| &

Re(Z |- Resistarce [(J]

GB-IBEM - Somm
GB-1BEM - RC

[ &

Im{Z ) - Raactanca [{1]

a0
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D Poljak et al. / Engineering Analbysis with Boundary Elements 50 (2015) 19-28

Re(l) [A]

NS
=3 -2 -1 o
Distance [wavelengths] Distance [wavelengths]

Fig. 5. Current distribution induced along the wertical wire penetrating a ground for various lengths of ground stake and woltage 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
Practical example: single LPDA for ILS

Training School Split, 11 November 2016




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

o 7
7
7

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

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

i s
7 7

/

Dipole above a lossy ground, f=800MHz, L=4/2, &= 30, 0=0.04 S/m
'l ™
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FD analysis of wire antennas

ace current distribution for f=3,0000E+08 H=z
LN
P 5\
X

Space current distribution for =3.0000E+08 Hz
B e W

£\
E=511

"“ﬁgp/ane.' Currents and far-field pattern for the Yagi-Uda array
: “above a PEC ground (reflector, fed element + director),
- 8=0.0025m, L =0.479m, L,=0.453m i L ,=0.451m, d=0.25m V =1V

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

PR

z 5
\

A

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

£\
==

2607 2807

"ﬁf(?/plane: Currents and far-field pattern for the Yagi-Uda array
e ‘above a real ground (reflector, fed element + director),
., a=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
Yagi-Uda array for VHF TV applications

14

Eeflector Driven Dhrector

Element

T | Geometry of Yagi-Uda array with 15 elements
o e
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FD analysis of wire antennas

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 I,=1,=0.424A=0.589m, [,=0.4201=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
Lio= 5:83m, N; ;=225

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

i
&
4

N X Yplane: Currents and far-field pattern for the Yagi-Uda array
'l B

Soft COM 2016 Split, 22 -24 September 2016




@ Department of Electronics
et University of Split,

FD analysis of wire antennas "= »ce

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.

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
approach.

'l e
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FD analysis of wire antennas

A look at a real localizer
antenna element
geometry...

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

\ FEEDER

4 ‘ LPDA geometry
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FD analysis of wire anienna§ ==

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.

e "—"-. i

'l e
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"~ FD analysis of wire antennas

LPDA in free space

- Abso/dte value of Current distribution along 12 dipoles versus BEM nodes
it at f=100MHz, =250MHz and f=300MHz
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LPDA in free space

Radiation pattern

f=100MHz

=250MHz

7

I

=300MHz
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=300MHz

Split, 11 November 2016
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FD analysis of wire antennas (g == R

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
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FD analysis of wire antennas &= =<

realistic geometries of localizer
antenna systems.
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FD analysis of wire antennas

e Dipole antenna for Ground Penetrating Radar (GPR) applications

. 014 -
@ GPR dipole antenna — T=1MHz
— f=10MHz
L I 012 —— f =100 MHz
f =300 MHz
retlected o
incident ™y _ wave
wave ) ED.DS
air (£p, o) 3
¢ H 006
(i 7
. lossy eround noa
transmitted ) {1—:} = )
wave E] .I"'I': 0.02 \
e e e
0 Ee—== h . Ay

0 02 04 06 08 1 12 14 16 18 2
z ()

GRR dipole antenna above a lossy half-space i

the ground for different frequencies
..-r’f (L1 m, a=2 mm, h=0.25 m, V=1V,
: £,=10, =10 mS/m)

'l e
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e Pocklington integro-differential equation:

L/2 L/2 '
E;xc:ja)ﬁ j I(x')g X,x')dx'_;i j aI( )g(x xv)dxv

4 jamwe, ox ox'

~L/2 ~L/2

e The transmiftted electric field components:

_ 1 { Lf A (x") 9G(x,x', 2) L2 }
ff

dx'—y’ I G(x,x',2)I(x")dx'

-L/2

jAnwe, ox' ox'

-L/2

I L/2 1 1
. ] j d(x) IG(x,x,2) .,

jAnwe,, ;, ox' 0z

G(x,x")= F?rng (x,x',2
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The current and its first derivative at the i-th boundary
element are given by:

I{D} I{D} g(x,x' dx'dx+7/2_[{f} I{f} g (x,x')dx'dx

]4607[8
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ZT’%} G(x,x',2)I(x")dx ']

Lol 1, =1, = dG(x, x ,z)
]47[608 ZZ Ax I 0z

eﬁ' ]_1 i=1 xllj
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e The computational example; dipole antenna
(L=1m, a=2mm, h=0,25m, & =10, c=10mS/m).

e Terminal voltage is V;=1V.

e The operating frequency: from 1MHz to T00MHz.

E,— component E, - component

Jransmitted field (V/m) into the ground at f= 1MHz
Training School Split, 11 November 2016
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f=100MHz

E, — component E, - component

. Jransmitted field (V/m) into the ground

o
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e £, component of the transmitted field versus depth in the
broadside direction for different operating frequencies

g Bro‘ddside transmitted field (V/m) into the ground for different frequencies
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e The FD analysis of E-field fransmitted into the material half-
space due to the GPR dipole antenna radiation is based
on the Pocklington IDE and related field formulas.

e The Influence of the earth-air interface is taken into
account via the simplified reflection/transmission
coefficient arising from the Modified Image Theory (MIT).

\u The Pocklington IDE is solved via the Galerkin-Bubnov

\ﬂ_ variant of the Indirect Boundary Element Method (GB-

IBEM) and the corresponding transmitted field s
determined by using BEM formalism, as well.
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‘UMMARY -SPECTRAL APPROACHES 5
we L.

Instead of considering the random output Y = M(X) through samples,
Y is represented by a series expansion

« Heuristic

too

Y = Z i Z; Sudret, PCE Theory, Numerical Methods &

4

where: =0 Applications Parts | & Il, MNMUQ, 2014

? {Er'j:};:f; is a numerable set of random
variables that forms 2 basis of a suitable
space H o ¥

Fi
Uy

@ {yi} o is the set of coordinates of ¥ in
this basis

Random N-vector: X = (X;.Xo. ..., X

= Actually ‘
Polynomial basis: " (X function of X

Truncated series expansion

, SV nn Expansion
EMC illustration: Y = current / 1,~5 . 3 pa-vanx)| coefficient
=0 vy=0 By ... U
IIF'E!.'
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“SUMMARY - PHILOSOPHY OF THE STOCHASTIC q
COLLOCATION 1

Basic idea: close to PCE (spectral method) — choice of polynomial basis

Finding a polynomial approximation of the Finding a polynomial approximation of

function of a real vanable ] the function of a random vanable: |
f(x)= , ffX}:Hf_

Lagrange polynomials

|
|

. |
flx)= 2> fiL(x) |
i=l) |
|

|

|

|

Lagrange polynomials

f(X)= 2 fiL(X)

=0

{L,(x)},., nthorder polynomial basis

T X—X; -
Lx)=]] - ; Stochastic collocation method
0 %=X,

JI=‘

We can demonstrate:

1 *
i *- { = : f—
f.=f(x,) pO= e T Y = f(X) |

-

Bonnet et al., Numerical simufation of 2 Reverberafion Chamber with a stochasfic collocation method, 2009
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SUMMARY - SC PRINCIPLE (1) q
v L.

{%; }oc j<. defined by the Gauss quadrature rule

'
x

e I Ny _ .
;:LE -f{x}dx:%miji.rj}

<¥ >=< f(X)>= _[:#e_if{x}dt

Replacing fix) by its expansion

L(x;)=0; —> Allthe terms are equal to 0 except at its particular collocation paint i:

_
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SUMMARY - SC PRINCIPLE (2) 5
ﬁﬁ ”

E{En:r}=iEtE°JL.[r] L(t,)=6, E(Z")=E(Z"1,) j'r«*fff'{u}f{u}du=imﬂh}

imil] i imi]

Mean value derivation

(E@Z°n)= [E@Z"wypdf wdu  (EZ%0)= T E,(2°)[ L () pdf wdu =3, & E, (2°)
o] iml) i T '

]

Variance derivation

|[E{E°'u} (E(E”-n}f pdf w)du & —J[Z’w’“mm gw l:'"]:|1'?d.l"{uﬂ.l'u

g = J'E s u;pdf{u;du-’vj'a:z“ u){ E(Z°, r‘r* pdf (u)du +{E(Z", r}‘u J'pdf[mdu

&= [E*Z .u],uq'.l"[u]du—._lillE{E .:)}}E[z ) pdf (u)du +{ E(Z" .:}}

n ¥

o* = [ E*Z".w)pdf wydu—(EZ" .0} = (E*2".0)-(EZ".0)’
i

o= ia@!;',:[}fuj—

Yok o* = (EZ".0)-{EZ°.0))
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SUMMARY - SC PRINCIPLE (3) 5
ﬁ @ PamcaLl
« Determination of weights w, and points x,
: : fi=Fx)= 7
- Computation of the system response 1+x,
* Mean value and variance e e rome
. 0, SHe0 1
assessment methods are given by: : 0.5000 1
0L 1G6T 1.7321
Ve - ~ 3 06667 0
< f{X} g Zfﬂ;fr 0L 1G6T -L7321
rr 0.0459 23344
: ¢ aasal a7
var(f)=Y @ f-< f(X)> 0.0459 23344
i=
N y -
g 05331 1]
2221 -L35E6
ool -LEETO

Small number N of collocation points !
Normal distribution (Gauss-Hermite)

General approach

COST TU 1208 Split, Croatia, 7 November 2016

Training School Split, 11 November 2016

152



= Randam parameter; F=d=2"1 "
7" central value, ii" Random Variable (RV)

SUMMARY - SC PRINCIPLE (4)

=1

v !
Extension to multl-RV

arbitrarily given _Statistical moment_| Computation
| r|| I:"_I' <
= Uniform, mormal, exponential . . . laws (i) B mean(l) = 3 3 wiwiley
- Stat moments from output I computed from nd T s Li wlast 1%, — [mean(h)]?
"1 + 1 wedl chosen™ weighted () points I; [3] -'F -I-J o b
P {- "."' ) 1-I'I-| h[.'l-ll_-rln-.v.--.[f':.— 1 [ Rt bl T A Bl ¢ |||.|]
| Mean nl) =2 Wt .i' | Varance f:l; a= .__q.'..l'_' - ||Irlr | | -—|| sorian-oaldl %
: — n m ® i — TREaR -\..l'
4 | kwrtosia(l) = EI f [“ '--.i;':lllrfl"ﬂ__"_l;_J. .}r
M I Ilng | 1= =01 o
« Uncertainties = al =
[ 13
- &} (=] 3 ‘lll
= (L a
1 P I
o 14} e
a3k m ll'uJ[
=
. i 0 i ] -t ""W_L‘L, - .
Validation - : 2
18 & |‘|
[}
B i M
J‘:I:II .:E II
- .4 -'.-l-""ﬂ_I '
af A
2l
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The honzontal dipole antenna placed above the dielectnc
half-space has length =1 m and radius =674 mm Both
length and radius of the antenna are considered as determunistic
parameters.

Two parameters are modelled as random mput variables
following the vmform distnbutions: the height of the antenna:
h~ U (0.275,0.725) m and soil permuttivity £,.~ U (4, 30).

V() = Vo -\mt, e 0wl g=i2nft

|, 35C
- elit, 350
© e|mda, 3850
“Ix, 55C
- - wl>+3', 550
- |3t 550

e | - <P, TSC

- 2l . v <hug

- - <f>+3%, TRC | |:;.;.';:$m

v e 75O | - 1, (30,0, 5.728m)
; ; L e ; I 140, 0.725m)
10 I 30,8, 0.2781m)
. {na)

Fig. 6 Curent at the center of the wire with two random input variables: soil
permittivity and antenna height: {I) is stochastic expected value and g; is
standard deviation (nmltivariate example)

Fig. 4 Current at the center of the wire with antenna height as random Fig_ 2 Curent at the center of the wire with soil permittivity as random
variable: {I} is stochastic expected value and ; is standard deviation variable: (I) is stochastic expected value and g; is standard deviation
(univariate example No. 2) (univariate example No. 1)
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There is scarcely a subject that cannot be
mathematically treated and the effect
calculated beforehand, or the results

determined beforehand from the available

theoretical and practical data.
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We made models in science, but we also
made them in everyday life.
STEPHEN HAWKING
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