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A Deterministic VOR Error Modelling Method —
Application to Wind Turbines.

Ludovic Claudepierre, Rémi Douvenot, Alexandre Chabongl €hristophe Morlaas.

Abstract—VOR devices are sensitive to multipath. These per- Nevertheless, these recommendations are very restridtive
turbations yield an error on the azimuth information received practice, every country applies its own speci ¢ rules on the
by the aircraft. This article presents a simulation method b tolerated bearing error. For example, in France the error

estimate the impact of the environment on the received VOR . . .
signal. This method uses a two-ray model and a hybridisation must besmallerthan 3 on 95 % of the ight inspection

between parabolic equation (PE) and physical optics (PO). fe Mmeasurements and never exceesl .
direct eld between the VOR station and the aircraft is given by In order to evaluate the scatterers impact the VOR

a two-ray model, PE is used to compute the propagation between signals, electromagnetic simulations are required. Itiqdar,
the VOR station and the obstacles, and PO is used to compute 4o \OR receiver model needs an accurate determination of

the scattered eld. Finally, the VOR error is deduced from the . . . .
direct and the scattered elds. The hybridisation between FE the amplitude, phas@nd direction of arrivabf the scattered

and PO is performed as follows: the obstacles are meshed and €lds [3]. Among the different scattering objects potetifia
the PE incident eld is cast as a plane wave on each facet to erected nearby a VOR station, wind turbines are a common

ef ciently compute the scattered eld. The simulation method is  concern for civil aviation. Accurate results on that type of
confronted to in- ight measurements in the presence of a wid structure are usually time and memory intensive [4], which

farm around a VOR station in Boulogne-sur-Mer, France The t tric studv. Th th thod has t h
maximum VOR error along the trajectories is retrieved within 1.1 prevent any parametric study. fhus, the method has 1o reac

degree and the statistical behaviour is reproduced. The stadard @ Compromise between accuracy of the result and time re-
deviation is within 0.3 degree, and the skewness and Kurtosi quirement. Note that the term “scattering” used in thiscéeti
differ of less than 2 between simulations and measurements denotes the elds radiated kscatterers, notablse ection and
Finally, parametric studies performed with this method show diffraction.

that the rotor-blades can be neglected in this scenario. Its also In literat thod ina th ind turbinad
shown that the knowledge of theaircraft trajectory is of major n literature, methods using the wind turbimadar Cross

importance to predict or reproduce VOR error measurements. ~ S€Ction(RCS) have been proposed by De la Vegaal. [5].
. . . The authors calculate the intersection between the second
Index Terms—VHF devices, computational electromagnetics, . . .
multipath channels, radiowave propagation, wind farms. Fresnel ellipsoid and the obstacle from which they deduce
areas of strong and weak impact. Calo Casaneival. [6]
have used a similar method with the wind turbirgeection
. INTRODUCTION coef cient from the ITU recommendation [7]. Areas where the
HF Omnidirectional Range (VOR) devices are essentiperturbations are maximum can be delimited. These 2 methods
for the navigation of aircraft. Used as radio beacongre fast but use coarse approximations on the scattering
they give their bearingi.e. their heading with respect to thecalculation. Morlaast al. [4] have proposed to compute the
magnetic North. A VORstation transmits two horizontally- wind turbine RCS by the method of moments (MoM). The
polarised signals denoted as REF (reference) and VAR (va¥iOR error is then computed with the analytic expression
able) The latter depends on the bearing. These signals @@posed by Odunaiyat al. [3]. This method is accurate
either amplitude or frequency modulated. In conventior@Ry in terms of scattering computation. Nevertheless, the RCS
(CVOR), the REF is phase modulated and the VAR is amplitas to be computed for every type of wind turbine. More
tude modulated. For Doppler VOR (DVORhe modulations recently, Fernandest al. [8] have proposed to use the knife-
are reversed edge model to take into account the relief. This lattethod
In the absence of an obstacle, the eld between the VOR fast at the cost of a loss of accuracy. The combination of
station and the aircraft can be easily calculated using a tw@y-tracing andhe uniform theory of diffraction has also been
ray model [1]. However, nearby obstacles yield multipattproposed [9]. This method accounts for multiple re ections
Consequently, these parasite signals have to be accuragig diffractions. Another method is the hybridisation begw
quanti ed in order to predict issues on the bearing infoiiorat MoM and Physical Optic (PO) presented by Gonzaezl.
Building erection in the close vicinity of the civil avi- [10]. Both are accurate but also memory intensive for comple
ation systems requires an approval from the civil aviatioscenarios. Finally, hybridisations between parabolicatiqn
authority. In Europe, of cial recommendations afeased on (PE) and PO have been proposed by Morlaasl. [11] and
a geometrically-de ned building restricted area (BRA) .[2]Calo Casanovat al. [12]. These methods present a good
compromise between accuracy aimde requirement.

The authors are with ENAC, TELECOM/EMA, F-31055 Toulouseariee In this paper, an ef cient hybridisation between PE and
and Toulouse University, F-31400 Toulouse, France. PO is detalil da, d tested. For th k f . thi
E-mail: douvenot@recherche.enac.fr is detailedand tested. For the sake of conciseness, this

Manuscript received month XX, 201X hybridisationis denoted as PEPO in the following. In addition,
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after the overall presentation of this method, the simaiati currents on each obstacle are known, the scattered elds
results are compared with two sets wF ight inspection are computed on the observation points considering a at
measurements around a CVGiRationin Boulogne-sur-Mer dielectric ground. Finally, the direct eld is combined thet
(France). To our knowledge, such a comparison has negeattered elds to obtain the VOR error. This method can
been published previously. Thikenessbetween the simulated be performed on a standard computer in reasonable time
and the measured VOR errois terms of maximal error and with a good accuracy. This allows to perform multiple
and statistical moments up to order 4 is presented to shparametric studies, for example to test several con gareti
the interest ofthe simulation methodAfterwards, the PEPO of a wind farm. Moreover, the main output of the method is
method is used to emphasise the high variability of the errtire VOR error, which can easily be interpreted by air transpo
with the aircraft trajectory. authorities. Note that PEPO is valid for any type of scattere
This paper is organised as followBvo-ray model, PE, PO, for which the PO approximation holds.
and hybridisation argresented in Section With the VOR  Several hypotheses are made in the PEPO method. Two of
receiver modelIn Section Ill, the method is tested throughhem are speci cally discussed here. First PE is only used
comparisons with ight inspection measurements in Bougnbetween the VOR station and the scatterers. PE could also
sur-Mer (France) in the presence of wind turbines. Sectibn be used from the VOR station to the obstacle (direct eld),
introducesa parametric study to highlight théte differences from the obstacle to the aircraft (scattered eld) and frdva t
between the ight measurementsainly come from the differ- VOR station to the aircraft (direct eld) as proposed in [18]
ences in the measurement trajectarfesummary of this work consider the relief. The computation time of PE increaseis wi
is provided in Section V with leads for future improvementshe vertical domain size i, logN, with N, the number of
vertical points. The vertical domain should correspondhi® t
Il. PRESENTATION OF THEMETHOD ight altitude for the direct and the scattered elds. Thus i
A. Overview of the PEPO Method would be time-intensive to use PE in these two areas. In the
- . ase of scatterers close to the VOR station, the trajectory f
The PEPO method hybr@ses three .metho_ds (Figure AE‘\E VOR station to the aircraft and from the obstjacle ?Z) the
The eld from the VOR station to the aircraft is calculate ircraft are similar. Moreover, the VOR error depends on the

with a wo-ray mode| [1]. The elds from the VOR Statlonra{io between the scattered and direct elds, and the rédief

to the scatterers are simulated with PE. Then, the scatte e ounted in the same way on these two signals. Finally, as

elds are computed by PO. The scattered and the direct el %oposed in [11], PE is only used between the VOR station
are combined to calculate the VOR error. The block diagra; d the scatterer’

Icsoc?rljipr: Z%/eesdalr? d 'r:;%lijgtaio?\'p;tr;:rrl:ocl)lfmgg/longust; tfcl)rr? a?;;’::r; The receiver model is static. This assumption needs to
e discussed. Indeed, the rapidly rotating blades and the

coordinates and geometry of the obstacles, coordinatdseof . . .
g y moving aircraft induce a Doppler effect on the scattered. el

observation points, and relief. Afterwards, the incideatds Nﬁvertheless unlike at radar frequencies, the blades buist
on the obstacles are computed by PE. In this step, the IrtCIdgonsidered dielectric at VOR frequency, which reducesrthei

igigr:cgg:\czlggvigggrtﬁggybgsgtizearvialo%tocs r}idirg’:]%at e{:od'ltribution in the total scattered eld [14]. Moreover, Maas
q y q al. [4] have shown that the Doppler shift effect on the

for_wmd t_urbmes, the shadowing effect can be neglected eﬁvelop of the VOR error is negligible. So, this static reeei
validated in [13].

model can be used for VOR error modelling in the presence
Two-ray model of wind turbines.

+ at ground

B. VOR to Aircraft Propagation: Two-Ray Model

The direct electromagnetic eld radiated by the VOR an-
PO tenna is calculated at a point= (r, , ') in the spherical
+ at ground coordinates system centred on the VOR station. The two-ray
model [15] that takes into account a at dielectric ground by
considering both the actual and the image sources is used.
First, the horizontally polarised electric elf s from the
actual antenna, calculated in free-space and oriented &ton
is expressed as

PE
+ relief

: ) . r ,
Figure 1: Overview of the method. oPant g (ant kor) »

Ers(r) = 5 Cant— ; 1)

The incident elds are then interpolated on a polygonalith ¢ the vacuum impedanc&y the wavenumber, anByy;
mesh of the obstacles to obtain equivalent currents under the power provided to the antenr@a,,; and n are the gain
PO assumptions. These currents are calculated for saatteesnd the phase of the radiation pattern of the VOR antenna in
either metallic or composed of dielectric slabs. Once tthe direction of observation.




IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS, VOKX, NO. X, MONTH 201X 3

Direct eld (Two-ray model)

Inputs
- VOR radiation pattern 1

and coordinates. Forward s X Outputs
: » Scattered eld§ » VOR error
- Geometry and propagation 1 (PO) > computation - Total scattered eld
coordinates of PE > > - VOR bearing error
the N scatterers. (PE)
- Relief. N N
- Observation points. Figure 2: Synoptic of the PEPO method.

In the presence of the ground, the electromagnetic eldherek; is thez component of the wavevector corresponding
radiated by the image sour&e,, is computed similarly [1]. to the spectral variable and is the horizontal step for the
Thus, the direct eld is given by propagationF and F ! denote the Fourier transform and

_ ) inverse Fourier transform, respectively.
Ear = Ers* Eim; @) In this split-step method, the propagation is applied in
where is the Fresnel re ection coefcient of the groundtwo steps. First, the propagation through a homogeneous

considered as dielectric with nite conductivity. The regon atmosphere is applied in the spectral domain. Second, ®phas
coef cient for the horizontal polarisation is given by screen is applied to take into account the refractive index i

ko, K the space domain. At this step, the relief is accounted by a
= . (3) staircase modelling that is accurate for moderate slopgls [1
Koz + Kgz The Discrete Mixed Fourier Transform [18] is used here. It
where ko, and ky, are the vertical components of thes an efcient and stable numerical scheme for the Fourier
wavenumbers of the incident and transmitted waves, reansform in the presence of ground re ections.
apectively. They are given b, = kocos; and kg, = To take into account the dielectric behaviour of the ground,
kg k2 si® ;, with ko and kg the wavenumbers in the the Leontovich impedance boundary condlt!on is considered
[19]. The ground roughness can be easily accounted by
modifying the re ection coefcient [20]. At the top of

atmosphere and in the ground, andhe angle of incidence.
The ground permittivity used to de né&y is complex and - ) _ S
includes the conductivity. the (_:omputatlon domain, a hyperbolic tangent apodisason i
The two-ray model is used to compute the direct el@PPlied: _ _ . .
received by the aircraft from the VOR station. .The advgntages of simulating the glectromagnetlc wave in
this area with PE are many. PE takes into account the radiatio
. ] . . pattern of the VOR antenna and accurately considers thed reli
C. VOR Station to Scatterers: Parabolic Equation the ground composition, and its roughness. In particular, a
PE is used to calculate the electromagnetic propagatigfultilayer ground can be considered, to model a snow layer
between the VOR station and the scatterers because off(i)tlsexamp|e_
robustness and accuracy in the presence of irregular an®n the other handhis method implies a 2D approximation.
dielectric grounds [16]. Moreover, the radiation patterin orhis classical approximation for moderate reliefs neglect
the antenna is taken into account. The cylindrical cooté®a the scattering by side relief. Except for very mountainous
(;'5z ) centred on the VOR station are used. environments, this approximation is relevant and extegiv
PE is a forward 2D propagation method. Therefore, thgsed [16], [12]. In the case of a sharp relief, the validity
scene is considered invariant by rotation around zhexis of the azimuthal invariance could be questioned. The other
and the backward propagation is neglected. limitations of PE have no consequence since the scatterers
From the 2D Helmholtz equation, these approximations a@ge in the paraxial cone of validity [18], and the neglected
the introduction of the reduced variahle= E: © eX° lead packscattered wave is of no interest here.
to the standard PE valid for small angles around the paraxialrhe amplitude and the phase of the elds are both important

direction given by [17] in the calculation of the VOR error [3Therefore, the grid size
@u jko 1 @u and z are chosen so as to obtain an accurac:6fdB
5° 5 gz t(n® DuGz) o @ litude and3 in phase. Th iteri d
@ ACE ; ; in amplitude and3 in phase. These criteria ensure a goo
) 0 accuracy on the VOR error since the eld scattered by the
wheren is the refractive index. obstacles is in itself weaker than the direct eld (typigadt

The split-step Fourier formulation is applied to solve thigast 10 dB weaker).
equation iteratively [18]. The propagation is performedtie

spectral domain whereas the atmosphere is considered in g€hcident Fields on the Scattererstybridisation

spatial domain. Expression (4) is nally solved by To perform an ef cient computation of the elds radiated by

jko(n? 1) the induced currents on each facet, the incident eld isllgca
2 represented as a plane wave. This can be achieved by taking
ik 2 ®) a sufciently ne mesh such that the equivalent current on
1k3 : : y d
ko Fu(:z) one facet has a constant magnitude and a linear pHse.

u( + ;z)=exp

F ! exp
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method can be applied for metallic onultilayer dielectric re ection coef cientincludes the complex permittivity and the
slabs.A simpli ed model for the multilayer blades of the wind conductivity of the surfacerhe method has been validated for
turbines is used [14]. wind turbines at VOR frequency in [11], [14].

The incident eld being a plane wave, it is entirely descdbe The contribution of lightning-rods in wind turbine blades i
by its amplitude, its phase, its polarisation, and its dicgcof taken into account by means of a canonical RCS expression
propagation. The hybridisation between PE and PO consist423].
the characterisation of this incident plane wave on eachtfac
. The cylindrical coordinates are use_d here..The inciderdt ek \yOR Error Computation
is computed by PE on a vertical axis that is commonly the
central axis of the obstacle. The direction of incidencehef t
eld on the n'" facet is given by its wavevector. The verticaPUtPUt ofthe_ demodulator.
componentk;, is obtained by a linear interpolation of the In a previous stepthe elds scattered by each facet are

phase of the incident eld whereake radial component of clusteredwith respect to their azimuth of arrival. The am-
the wavevectok - is calculated as plitude and phase of the direct and multipath signals are
n

q calculated at the receiveonsidering that the on-board antenna
kn = k& K2: (6) is omnidirectional and horizontally polarised.
The VOR error is thembtainedoy combining the multipath
The incidence direction on the™ facet is nally deduced with the direct signal according to Odunaiya and Quinet [3].

The VOR error is the bearing error due to multipaththe

from For a CVOR, the errot® is given by
kn Nt an 2 0 1
8, = e (7) o] _
0 an cos( n)sin(’ n)
Let b, be the barycentre of the" facet. The incident eld "¢ =tan 1% ”;; § . (10)
is rst interpolated at the same altitude bs. Then, a phase 1+ an cos( ) cos( n)
shift is applied on the eld to account for the radial distanc n=1
betweenb, and the central axis of the obstacle. Thus, thﬁherean’ n, and' , are the amplitude, phase, and azimuth
incident eld on each facet is obtained. of the n™ multipath, respectively. They are relative to the

amplitude, phase, and azimuth of tdgect eld. The error
for the DVOR can be described by another expressiith
the same input§3].

‘As the incident eld (Ei;H i) is a plane wave, the elec- Thjs calculation does not take into account the dynamic
tric and magnetic currents on the" facet have constant effects due to mobile scatterers and aircraft.

magnitudes and linear phases. Moreover, the re ection and
transmission coef cients can be calculated from the materi
characteristics to deduce the re ected el ;H ;) and the )
transmitted eld(E ; H ;) at the interfaces. Then, the complex): Meéasurement Campaign
amplitudes of the current¥,, andM ,, atb, are given by The case of 9 wind turbines ENERCON E-70 erected
_ ) around the CVOR of Boulogne-sur-Mer (France) at the fre-
Jn =M (Hi(on)+ H (bn) H (bn)); (8) quency of 113.8 MHz is studied (Figure 3)hey are placed
M n fin  (Ei(bn) + Er(bn)  E(bn)); along 3 different azimuthsQ( is towards East). These az-
wheren , is the vector normal to the surface at the pdipt imuths and their distances from the VOR station are predente
The far- eld radiation integral§l] are used to express thein Table | The reliefs between the VOR station and the wind
electric eld E, scatteredby the current on faceh. The turbines are given in Figure 4.
constant complex amplitudels, andM ,, of the electric and ~ These wind turbines, represented by yellow circles in Fégur
magnetic currents densities on th® facet are put out of the 3, are composed by a metallic conic mast (height = 98 m, top

integral. Only the linear phase term remains. One obtains diameter =2 m, and bottom diameter = 7.5 m), a hub modelled
by a metallic rectangular parallelepipeti (11 4 m®), and 3

E. Scatterers to Aircraft: Physical Optics

IIl. COMPARISON WITHMEASUREMENTS

. ik n

En(r)= iko °r\n (Ffn Jnt+t My) e " blades (length = 35 m) modelled by 2 parallel dielectric slab

74 In 9) (spar with , = 5 and thickness = 44 mm) with a metallic

e Jko(8n fn) (r° bn) gr©: rod (lightning protection with diameter = 10 mm) between

Sn
whereS, is the surface of th@™ facet o is the free-space _ VOR - wind turbine
impedance, and,, = r,f, is the vectorfrom the barycentre Azimuth distances (m)

pf theT n‘_h facetb, to the observation point. This equation 1 4402 | 4674 | 4978
is valid in the far- eld of the facets. 22 3540 | 3839 | 4144
The phase integral in (9has a closed-form formulation 40 4437 | 4674 | 4920

[21] obtained from the Fourier transform of polygonal shape

functions [22] The ground, considered as a perfect plane 'il'éelble I: Polar coordinates of the 9 wind turbines studied at

taken into account using the image theory [1]. The grour%oulogne-sur-Mer?l’here are 3 wind turbines per azimuth.
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thewind turbines This is of the same order as the error due to
the wind turbines in the rst 15 NM. Thisesidualerror can

be explained by the presence of other scatterers and noise in
the system. After 15 NM, the error due to the wind turbines
is preponderant and the measurements are used for testing th
PEPO method.

1____I____I____I ______ :_ 1 I :
< o7
§
Figure 3: Wind farm at 5 km from the CVOR of Boulogne-sur- & -1 +---r---r-- 7 !
Mer (France) and measured azimuths (Source: Géoportail). 1 oo : :
-2 9 —— windturbines  |-=--- -l
||— Masts only ! ! ! ! | ! !
= = None 1 1 [ [ [ [
B0 ARE ERARS ERARS RS RRAA AR AR AR RS LR
0 5 10 15 20 25 30 35 40 45 50
p(NM)
(a) Radial' = 10 .
S 3 qmssmeccecoe oo
R e \Windturbines
S —  Masts
2 H= = None  L__L__
1
-50 T T T t T t T T T 1 E 0
0 1000 2000 3000 4 000 5000 ;5
p(m) ol I iy

Figure 4: Relief pro les (relative to the VOR station altite)
between the VORtation and the wind turbines along the three
different azimuths 34—

o
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p(NM)
them. This wind turbine model has been validatettler the (b) Radial” =6 .
PO approximations in [14] Figure 5:Measured VOR error with respect to distarfce
During the ight tests, the VOR error has been measurdtle three campaigns and on the two azimuths 10 and
on six azimuths (blue lines in Figure 3) around the VOR ih = 6.

three different con gurationgorresponding to three different

dates The oscillations visible in the green plot of Figure 5 betwee
no wind turbines within 15 km around the VOfation 25 and 30 NM and between 40 and 45 NM are due to the
(May 2009); recombination of signals which relative phases varies from
the 9 wind turbine masts at less than 5 km fréine@ VOR  constructive to destructive interference. This phenomeiso
station see Table | (July 2012); denoted as scalloping [24]. The exact position of the maxima
the9 complete wind turbineat less than 5 kn(fNovember and minima of the scalloping are almost impossible to ptedic
2012). because they imply the knowledge of all the scatterers posi-

Only the measurements on the azimuthss 10 and tions with an accuracy of typically= 8. Also, scalloping is

' = 6 are presented here. These azimuths are the most always visible on the data because 9 main scatterers are

relevant to test our method since the error due to the wilfivolved, which implies complex signal recombinations.

turbines exceeds the residual eraiready present without the Consequently, the order of magnitude of the measured VOR

wind turbines The observation points are measured by an oafror and its statistical behaviour are expected to be deyured

board GPS receiver and the exact orientations of the hubs byethe simulation method rather than the exact positionbef t

known. maxima and minima.
The results of the three measurements campaigns on th&he ight altitudes and the azimuths of the aircrdfa-
azimuths' = 10 and' = 6 are plotted in Figure 5. A jectorieswith respect to the distance from the VOR station

residual errowith peaks as strong ds already exists without are plotted in Figures 6 and 7, respectively. The receiver
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trajectories are slightly different on the three measurgme
campaigns for the same radial, in both altitude and azimuth .o - ___________________

The differences between the measured VOR error with mast T T
only and with the wind turbines are mainly due to the azimuth os N
variation asexplainedin sections IV-A and IV-B. R A T
= AN > S
2 10 4 O AREla ST TS
3 | f ! ! : | :
3200 | | ' ' '
e \Windturbines 1 ' 1 1 1
-105 +§ - e P
3180 e \Nindturbines E E E E E E E
! MaSts 1 1 1 1 1 1 1
— : b None I I I I 1 1 1
+ 3160 L ! -11 i i i } } } t t } i
:g ' ' 0 5 10 15 20 25 30 35 40 45 50
z : | o)
£ 3140 v (a) Radial' = 10 .
< : : :
3120 - M o 2ot age o AR
L B LT
3100 —t—t—t+—t+—+—+—+—+— as b
0 5 10 15 20 25 30 35 40 45 50 | | ' ' ' '
(a) Radial' = 10 . AN RV A Y E____:____E__ 47 _:____E
N (W | | C\
3400 —esessoneennneas - 65 T f RS- A RRREEEIEEE Y
{|—— windturbines h h h h | | ' ' ' ' ' ' ' \'\
3200 Masts I . ! . . T e e e e e i i e
None ' ' I - - ' ' ' ' ' N
I . - o 7.5 | Winduurbines h\‘
3000 ---p--spossposorosomo oo A None A AN
£ ) ! ! ! ! ! -8 f f f } } t t } } i
T 2800 po-opooopoooroooroos i e CTTTT 0 5 10 15 20 25 30 35 40 45 50
2 1o : p(NM)
§ 2600 1 : oo (b) Radial' = 6 .
2400 gommpomerr e ; Figure 7: Azimuth of the aircraft for the three measurement
2200 —+ T P N Ll b T TR SRR, campaigns on the azimuths= 10 and' = 6.
R e e ] 1 1 [ [ [ [
2000 —t—t+——+—+—+—+—+—+—
0 5 10 15 20 25 30 35 40 45 50 . . . . .
H(NM) In this con guration, the VOR error is simulated with the
(b) Radial' = 6 . PEPO method for the 4 scenarios: with and without the wind

Figure 6: Flight altitude of the aircraft for the three measu turbine blades, and on azimuth0 and 6.

ment campaigns on the azimuthss 10 and' = 6.

B. Simulation Results

For the PE simulations, the ground is considered as a ho-
mogeneouslry ground( ;, =25, =0:02S.m ! [25]). The
horizontal step is 50 m and 256 points are taken on the 200 m
of altitude. These values are typical at this frequency amd f
a moderate relief [26]. Figure 8 gives the 2D electromagneti
eld normalised with distance computed with PE between the
VOR stationand the wind turbine at azimuth and distance
4402 m from the VOR (see Table 1). This illustrates that
the relief is important in the modelling. The two-ray modefigure 8: Electromagnetic eld normalised in distance com-
considers the same ground composition. puted by PE from the VORtationto the wind turbine 1. The
The mesh strategy used for PO follows three criteria. Firstlief is in dark blue.
to ensure that the incident eld can be assimilated to a plane
wave on each facet, the maximal variation of the amplitude Figures 9a and 9b give the simulated and measured VOR
on each one must not exceed 10 %. Second, a minimum oé@or due to the mast during the July 2012 campaign for
facets is used to describe a circle. Finally, if the obséomat ' = 10 and' = 6, respectively. Figures 10a and
points are not in the far eld of each facet, the mesh is re nedOb give the VOR error due to the complete wind turbines
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during the November 2012 campaign with respect to distance
on the azimuths = 10 and' = 6, respectively. We
remind thathe aircraft trajectory varies with the measurement

campaign.
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Figure 10:Measured and simulated VOR error with respect
to distance in the presence of the wind turbines (November
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Figure 9:Measured and simulated VOR error with respect tments for the four measurements and the corresponding simu-

distance in the presence of the masts (July 2012) along tlations. The maxima obtained by simulations are of the same
azimuths. order as the measurements, the difference being alwayfsmal

to 1:1 . In Figures 9 and 10, the maxima in the measurements

First, in Figures 9 and 10, traforementioned residuatror correspond to maxima in the simulations. Therefore, the-max
is visible from 0 to 15 NMBetween 15 to 50 NM, the globalima are localised with the correct order of magnitude. Note

behaviour of the VOR error is retrieved: the error enveldhiat the maximum errors obtained by simulation are larger or
globally matches, and the main oscillations are retrieved. €qual to than the measured ones. This could be expected since
The behaviour of the results are quanti ed by their maxthe extreme values are usually reduced during measurements
ima and their statistical moments [27]. The second momepgcause of the complex environment.
corresponds to the standard deviation. The skewness and thieor the same reason, simulations slightly overestimate the
Kurtosis are the third and fourth moments normalised by tisandard deviations. However, the differences between-sim
standard deviation, respectively. Skewness gives the strgm lated and measured standard deviations are smaller®tBan
of the distribution whereas Kurtosis denotes here the axca#hich shows that the dispersion around the mean value is in
Kurtosis, i.e. the atness of the data distribution compared t¢ghe same order.
the Gaussian distribution. Skewness and Kurtosis diffsen The skewness and the Kurtosis of the measurements and
smaller than 2 between two distributions are generally esedsimulations are also in good agreement (differences smalle
denote a good agreement [28]. than 2). The skewness is close to zero for all the data, which
Beforehand, a data processing step is performed: a low-pégsiotes a symmetrical dispersion of the error betweenip®sit
Iter is applied to remove the noise and the data are boundedd negative values. The Kurtosis is generally slightlgéar
between 15 and 50 NM. An example of processed datatien 0, which implies a distribution slightly more peakyriha
shown in Figure 11. Then the moments are calculated.  a Gaussian.
Table Il gathers the maximum error and the studied mo- Finally, considering that the maxima and statistical be-












