
 

Inductive sensor for lightning current measurement, fitted in
aircraft windows, part II: Measurements on an A320 aircraft
Citation for published version (APA):
Deursen, van, A. P. J. (2011). Inductive sensor for lightning current measurement, fitted in aircraft windows, part
II: Measurements on an A320 aircraft. IEEE Sensors Journal, 11(1), 205-209.
https://doi.org/10.1109/JSEN.2010.2055559

DOI:
10.1109/JSEN.2010.2055559

Document status and date:
Published: 01/01/2011

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 23. Aug. 2022

https://doi.org/10.1109/JSEN.2010.2055559
https://doi.org/10.1109/JSEN.2010.2055559
https://research.tue.nl/en/publications/8ed6e1fc-f1c3-4231-b8e7-6add86f188f2


IEEE SENSORS JOURNAL, VOL. 11, NO. 1, JANUARY 2011 205

Inductive Sensor for Lightning Current Measurement,
Fitted in Aircraft Windows—Part II:
Measurements on an A320 Aircraft

Alexander P. J. van Deursen, Senior Member, IEEE

Abstract—A novel sensor for the detection of the lightning cur-
rent through the fuselage of an aircraft has been tested on an A320
aircraft. An accurate method-of-moment model of the window
edge provided reliable calibration of the sensor for external fields.
The data have been analyzed and the good performance of the
sensor in sensitivity and bandwidth is demonstrated.

Index Terms—Aircraft, inductive sensor, lightning, viewport,
window.

I. INTRODUCTION

A IRCRAFTS receive a lightning strike once a year on the
average. Maintenance after strike would benefit from

knowledge of lightning entry and exit points. The In Flight
Lightning Damage Assessment System (ILDAS) is designed
to retrieve the lightning attachment points [1]. To this end, a
number of sensors distributed over the aircraft continuously
monitor the local magnetic field. A lightning strike triggers the
system to store data over a time span of approximately 1 s. A
prototype of the ILDAS system has been tested on an Airbus
A320 in Toulouse (F) in the summer of 2009. Twelve magnetic
field sensors were used.

Several types of sensors have been developed for ILDAS [2].
A particular sensor was proposed that can be fitted in a window,
which is sensitive to the lightning-induced magnetic field along
the fuselage. The accompanying paper [3] analyzes the sensi-
tivity of the window sensor for various positions with respect to
the assumed circular window opening . There, it became clear
that the sensitivity depends on detailed shape of the window
metallic parts. In this paper, a numerical method-of-moments
(MoM) model provides the sensitivity of the sensor placed in
the bottom of a rectangular TEM cell. Comparison of the MoM
results for a circular opening with the analytical expressions de-
rived in [3] shows agreement to better than 0.2%. The accuracy
of the model sensor in an actual window depends on how well
the window mounting is described. It is estimated at 3%.

This paper presents the measurement setup in Section II.
Section III compares the current and magnetic field waveform
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Fig. 1. A320 aircraft with 12 sensor positions indicated. C: Cobham inductive
sensors, H01 is on top, H02 at the bottom of the aircraft; I: Ildas LF and HF
sensors; W: window sensors H07 and H08.

to show the correct operation of the window sensor. The MoM
model is detailed in Section IV. A comparison of the magnetic
field measured by the window sensors and other sensors is given
in Section V, along with the results obtained by a conformal
mapping model for the aircraft fuselage. The conclusion is that
the sensor fulfils the ILDAS requirements for the recognition
of the lightning current pattern on an aircraft.

II. SETUP

An A320 aircraft stood above a metal netting on the floor of a
hangar. The netting had the shape of a cross under fuselage and
wings, and acted as ground plane (GP) and return for the current.
Polyethylene sheets insulated the GP with respect to the floor.
The discharge of a high-voltage capacitor provided the current.
The current waveshape approximated the stroke A-component
mentioned in [4]. The amplitude was reduced to about 3 kA
because the purpose of the test was to demonstrate the correct
operation of the ILDAS system and not to establish the aircraft
safety. A Pearson probe recorded the current. The aircraft was
instrumented with a mixture of ILDAS and Cobham sensors
(Fig. 1), and the magnetic field data were recorded by the ILDAS
system and by digital scopes.

Eighteen scenarios were tested, with different current en-
trance and exit points; the successful outcome of the current
pattern recognition has been presented in [1]. In this paper, two
measurements with the window sensors in the main current

1530-437X/$26.00 © 2010 IEEE
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Fig. 2. Photograph of a window sensor. Two twisted wires form the central bar.
The boxes provide connections and termination of the coaxial cables that act as
outer perimeter of the figure-eight. The cables are mostly laid in a region of low
magnetic flux, between fuselage and the top rim of the window pane mounting
flange.

path are analyzed: current injected at the nose and retrieved at
the vertical tail fin as in records 10 and 11 of the series taken
on June 9, 2009. A window sensor is shown in Fig. 2.

III. WAVEFORM

The inductive sensors, coils, and window, deliver a signal
proportional to the time-derivative of the magnetic field. The
signals of the Cobham inductive sensors are integrated numer-
ically in the scopes. A combination of passive and active in-
tegrators restored the waveform of the inductive ILDAS sen-
sors. The passive integrators were the first stage and filtered fre-
quencies higher than the band of interest [5]. Active integrators
extended the frequency range down to 100 Hz. The signal ac-
quisition chain contained three high-pass filters, two at 100 Hz
in the integrator and one at 85 Hz before the analog-to-digital
converter (ADC). Special shielded coils and integrators with a
bandwidth down to 0.16 Hz could record the quasi-continuous
part of the lightning current wave form [6], but these were not
implemented in combination with the window sensors. Because
the frequency band of interest for the A-component is far above
the three crossover frequencies, the response of the window
sensor is only slightly affected by the high-pass filters, and a
simple procedure redresses the signal. Three time-domain fil-
ters, each with a frequency-domain representation ,
correct the recorded window sensor data. Fig. 3 shows the orig-
inal response for window sensor H08, the corrected response,
and the current scaled to the same amplitude and shifted in time
for optimal coincidence. The current and corrected responses
coincide to within the noise of the data, even after smoothing has
been applied to reduce digital noise. At the end of the record, the
difference amounts to 1% of the maximum; this can be readily
attributed to the limited resolution of the input before correc-
tion. The data for sensor H07 give similar results, but are not
shown. At frequencies of interest here, the metal parts around
the window sensor can be considered to be impenetrable for
magnetic fields. This allows the analysis described in Section IV.

Fig. 3. Output of the integrator for window sensor H08 in arbitrary units, before
(lower curve, heavy due to digital noise) and after (upper thin curve) correction
for the time constants, in comparison with the current. Corrected output and
current are barely distinguishable on this scale. The difference between these is
shown, multiplied by a factor of 10 and shifted over �40.

(a) (b)

Fig. 4. (a) Midbody cross section of TEM cell, with path of the sensor lead
indicated by the thin line at the bottom. (b) Bottom view of the TEM cell with
window opening. The septum is indicated by the dashed lines. The circles at the
septum ends represent the current sources.

IV. SENSITIVITY

The interpretation of the window sensor data requires two
steps. First, the magnetic field pattern outside the aircraft
placed above the GP needs to be known. The nearby return
concentrates the current distribution at the bottom the aircraft
fuselage (ACF). The concentration depends on the width of the
GP. EADS modeled the aircraft by a finite-difference time-do-
main (FDTD) method, which included the aircraft metallic
and nonconducting parts. The FDTD mesh could be rather
course compared with the window size, because the magnetic
field at the window position was required, without the
window opening. The FDTD input data are EADS proprietary
information and this calculation is not discussed here further. A
simpler method relies on conformal mapping (CM); details are
given in the Appendix. In this method, the ACF is represented
by a well-conducting tube above a conducting GP of finite
width. The diameter of the ACF is 3.95 m, the GP under the
fuselage was 13.2 m wide, and the distance between the ACF
bottom and GP was 1.70 m.

Second, the penetration of the magnetic field through the
window opening and its mounting needs to be calculated. Point
of special attention have been discussed in the accompanying
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Fig. 5. Meshing, intensity of the electric field, and current density near the
window, shown upside down. The window mounting cross section is case c) in
Fig. 6.

paper [3]. The sensor is thought to be mounted at the outside
of the bottom of an existing TEM cell [7] which replaced
the aircraft. The TEM cell limits the calculation effort. It is
a closed structure except for the window opening, and it is
excited internally. This guarantees that the effects of the field
penetration through the window model prevail. The rectan-
gular measuring section of the TEM cell is 0.91 m long in the
direction of current flow, 1.40 m deep, and 0.90 m high. The
current carrying septum is asymmetrically placed at the height
of 0.72 m, and it is designed to give the TEM cell a wave
impedance of 50 . The TEM cell has been modeled by the
Feko MoM.1 Two voltage sources at 2 MHz excite the TEM cell
at both ends of the septum. The choice of frequency depends
on two factors: wave length effect should not interfere in the
quasi-static regime, and the ratio of scalar-to-vector potential
contributions must remain manageable with double precision
arithmetics. The phases of the voltage sources are chosen
opposite in order to enhance the induced electric field over the
static field. The variation of in the -direction is negligible
within the window area. The presence of the side walls causes
a parabolic variation of the field in the -direction parallel
to the long axis of the window. At the window edge, the field is
6% smaller than at the center. Increasing the size of the TEM
cell by a factor of 1.5 decreases this variation to 2%, a factor of
2 even down to 0.7%. The 2% variation is acceptable in view
of the measurement accuracy. The corresponding scale factor
of 1.5 also keeps out-of-core computation time manageable,
within 22 h on a 3-GHz, quad core PC with 8-Gbyte memory.
The magnetic field at the bottom is then 199 A/m per kA of
current, in absence of the window.

A circular window of radius 0.165 m is calculated first
and acts as “calibration” because an analytical expression for the
sensitivity is available; see [3]. The actual window has the shape
of a rounded rectangle of 0.33 0.23 m (Fig. 5). The long axis
stands perpendicular to the current flow, as in the fuselage. Its
length is twice the circle radius . Several approximations of
the conducting parts of the window mounting have been studied
and are given here:

1Online. Available: http://www.feko.info/.

Fig. 6. Three mountings of the window sensor, shown half but with correctly
scaled shape. The heavy horizontal lines represent the fuselage extending to
the right, thin lines the mounting. Inside is up, outside down. The vertical
dashed–dotted line is the center line of the window. Thin dashes indicate the
path of integration to obtain the induced voltage. The upper thin dashes in case
c are a good approximation of the actual wire path shown in Fig. 2.

TABLE I
VALUES FOR EFFECTIVE FLUX CAPTURING AREA � OF THE SENSOR, IN UNITS

OF cm . THE FIELD INTEGRATION PATHS ARE INDICATED IN Fig. 6

a) window-sized opening in a flat panel;
b) with additional U-shaped mounting flange;
c) with mounting flange approximating the actual shape.

The cases a)–c) refer to the shape of the shapes shown in Fig. 6.
The sides of the triangular MoM elements are 5 up to 7 cm on
the body of the TEM cell and reduce to 1 mm near the sharp
edges of the window opening. The number of elements varies
between 20 and 60 10 . Meshing, current density, and inten-
sity of the electric field for case c) are shown in Fig. 5. The
induced voltages are obtained by integrating the electric field in
the middle plane over the thin dashed lines indicated in Fig. 6.
Integration occurs by the trapezium rule up to 5 mm from sharp
edges. In order to deal with the diverging nature of the fields
near those edges, field values between 1–5 mm from an edge are
fitted to the expected behavior for the circle
and integrated analytically. A similar fit is used for the windows.
The voltages can be converted into sensitivity of the sensor, ex-
pressed as effective flux capturing area

(1)

where the permeability of free space. Table I summarizes
the values for . The effective area of the circle agrees within
0.2% with the analytical expression cm . Because
of the agreement, there was no need felt to sacrifice the TEM
cell and actually make the opening in the bottom. The value
of for case a) is the maximum attainable for the window.
As case b1) shows, the presence of a second rim deeper inside
reduces the sensitivity appreciably. The path c2) is similar to
b2), but it is not shown in Fig. 6 for the sake of clarity. The
actual sensor has about 77% of the sensitivity of case a without
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TABLE II
MAGNETIC FIELD AT FOUR SENSORS FOR AN

INJECTION CURRENT � � 3.11 kA

flanges. Based on the variation between cases b2) and c2), the
accuracy is estimated better than 3%.

V. MAGNETIC FIELD MEASUREMENTS ON THE A320

The measurements were taken with an injected current of
3.11-kA maximum value. Table II gives the corresponding mag-
netic fields maxima. Those for the window sensors are based
on the effective area of Table I and have been corrected for
the signal transfer, as discussed in Section III. Both recordings
10 and 11 show consistent results. The table also includes the
magnetic fields determined by the CM method. The field
is within 2%, and the is within 6% of the CM value. The
ratio of and is of interest here. It depends sensitively
on several factors: the radius of aircraft, the distance between
ground plane and fuselage bottom, and the actual width of the
ground plane. The latter is prone to inaccuracy, since the as-
sumed ground plane may be effectively widened by currents in-
duced in the reinforcement of the concrete floor. The actual ratio
of 4.08 compared reasonably well with the calculated value by
CM: 4.23. An infinitely wide GP would result in a ratio of 3.32,
a thin wire in a ratio of 11.

The position of the window center is 2.56 m above the ACF
bottom. The window sensor shown in Fig. 2 has a figure-eight
configuration, as discussed in [3]. The effective areas of Table I
should then be multiplied by a factor of 2. The measured
field is 12% less than calculated by CM, the field 5%. This
agreement is acceptable, in view of the limitations of the CM
method which fully omits the wings and GP thereunder. The
measured value for the sensor [8] deviates by about 5%
from the FDTD value, calculated for a fuselage diameter of 4.1
m. If the diameter would be scaled to the actual 3.95 m through
CM, the field would become 144 A/m, and the agreement would
be even better.

VI. CONCLUSION

The window sensor accurately determines the wave shape of
the magnetic field outside the aircraft. Details of the window
edge and mounting influence the sensitivity, and these have been
considered carefully in a MoM approach with fine local mesh.
With the aircraft on the ground, the accuracy of the measure-
ments also depends on the current distribution in nearby con-
ductors such as the floor under the ground plane. Such items
are difficult to model. Still, the recorded magnetic field ampli-
tudes are consistent with the other sensors used in the tests on
the A320. The window sensor measurements agree within the
ILDAS requirement of 10% well with the FDTD value available
and reasonably well with a simple conformal mapping model
for the aircraft. This accuracy shows that the window sensor is

Fig. 7. Two transformations to change the ACF over a GP of finite width into
a line dipole.

well suited for the current pattern recognition on aircraft during
lightning strike, which is the final goal of the ILDAS system.
The main benefit of this sensor is the simple mounting, which
does not require components extending outside the fuselage.

APPENDIX

The magnetic field around an ACF above a GP of finite width
can be obtained by conformal mapping in a 2-D approximation.
The GP is mapped onto a circle, and the ACF and GP circle
are considered as a magnetic dipole consisting of two lines. The
required transformations are shown in Fig. 7. In the complex

-plane, the ACF has a radius with the center at . It is placed
above a GP that extends over the real axis, centered at the origin
between . Both the ACF and GP are assumed impene-
trable for the magnetic field, which allows conformal mapping
to calculate the magnetic field. The Joukowski transform (2) [9,
pp. 58–60] maps the outside of the GP onto a circle of radius 1
centered at the origin in the -plane

(2)

(3)

The ACF remains a circle, with now modified radius and
center position . The transformation [(3)] rotates and shifts
both circles. The new center positions and are obtained
by the requirement that both circles are equiflux lines in a
bipolar system with the focus points on the real axis at

(4)

(5)

(6)

where . The complex potential
describes the magnetic field

(7)

where . For the line dipole with current through the
conductor at , returning through a conductor at , one has

(8)

where the principal value of the logarithm is understood. The
magnitude of the magnetic field at any place in the -plane is
given by [10, p. 58].
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