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Abstract—Static charging of an aircraft surface can lead to electromagnetic disturbances on aircraft
radio and avionic systems. This phenomenon is called Precipitation Static. Arc discharges are the main
causes, and they often occur when there is a bonding defect on the surface of the aircraft. In order to
ﬁnd these bonding defects, often the whole aircraft has to be scanned. This paper presents a method
that aims at reducing the time needed for the search of outer bonding issues. The system is composed of
an instrumentation to be used in-ﬂight, that measures the electromagnetic emissions of P-Static sources
using several sensors placed on the surface of the aircraft. Then, given several signals measured from
sensors and using a time domain location method based on delay estimation, it is possible to compute
the source position. The method is validated on a simpliﬁed fuselage mock-up with satisfying location
performance.

1. INTRODUCTION
Static charging of an aircraft surface can lead to electromagnetic interference on aircraft radio and
avionic systems. These eﬀects were ﬁrst observed in the beginning of the 20th century, when aircraft
began to operate under all weather conditions. The relation between static noise in radios (associated
with electrostatic charging) and precipitation conditions led to the name Precipitation Static (PStatic) [1]. Studies following World War II allowed a better understanding of aircraft charge and
discharge mechanisms. They showed that an aircraft is charged in-ﬂight mostly by three mechanisms
that are triboelectric charging, engine exhaust charging and exogenous charging (cross electric ﬁeld).
However, triboelectric charging is the most considered phenomena as it occurs mainly when an
aircraft ﬂies in precipitation conditions (clouds, storms, snow . . . ), and can result in disturbances
on communication and navigation systems [2]. The electric charge deposited on the aircraft surface,
leads to electrical discharges from the aircraft, which generate the electromagnetic noise responsible for
P-Static. These are corona discharges from aircraft extremities [3] surface discharges (streamers) that
can take place on insulating surfaces [4], and arc discharges (sparks) that take place in the gap between
two metallic parts electrically disconnected (bonding defect) (Figures 1(a), (b) and (c) respectively).
These discharges have been well described and studied in the past [5].
Moreover, P-Static has been studied since several decades with for instance test campaigns led
at the US Navy [6] or with Boeing commercial airplanes [7], or on helicopter with S-70B-2 Seahawk
version of Royal Australian Navy [8]. These studies resulted on the development of techniques to
alleviate P-Static, some of which are used nowadays as standards on every aircraft. In fact, current
design rules manage the discharge of the aircraft through diﬀerent solutions that are presented in [9].
They consist of static dischargers (or static wicks) implemented at aircraft structure and that maintain
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Figure 1. Electrostatic discharges on the aircraft surface. (a) Corona. (b) Streamer. (c) Arc.
corona discharges at low radiated levels, as well as painting speciﬁcations for electric charge ﬂow and
bonding speciﬁcations to avoid arcing. Some documents provide guidance for design like ARP5672 [10].
In several cases, communications disturbances were reported to be caused by bonding issues, i.e.,
arcing [1]. The hardest part of the troubleshooting process for P-Static is thus the search for bonding
defects, using several known tools (artiﬁcial charge application, ohmmeter) [10]. Electric charge can
be deposited on the surface of the aircraft by means of low noise corona or pressurized charged air. If
suﬃcient charge is deposited on an unbonded element, an arc discharge takes place in the gap between
this part and the rest of the airframe. It can be monitored using a communication device. However,
high voltage methods can be hazardous to persons and there is a risk of fuel ignition. Moreover, as the
whole aircraft has to be scanned, several days of tedious work are required.
In this article a new solution to this problem is presented, which aims to complement the
troubleshooting process of ARP5672 [10]. The proposed tool is composed of several sensors placed
on the outer surface of an aircraft, connected to an acquisition system. Then a post processing location
method is applied. The proposed system may be able to estimate the position of the static noise source
via its electromagnetic emissions. Then, once the aircraft is on ground, only a reduced surface is tested
using classical tools, allowing faster troubleshooting process and correlation between a given bonding
defect and a given P-Static issue.
2. LOCATION METHOD
A P-Static source generates electromagnetic pulsed emissions that can be picked up by sensors. This
way, a collection of pulsed signals is obtained. Then, a post processing phase (location method) takes
place in order to extract information from these measurements, that can lead to an estimation of the
position of the source. Electrostatic discharge location is a topic that has been largely studied in the
past, mostly for partial discharges in high voltage facilities [11–13]. Several methods exist in order to
locate a wideband source and in the vast majority of cases it involves the use of an array of sensors. The
nature of the sensors can be acoustic, electromagnetic (VHF/UHF), optic and even chemical [14, 15].
In most cases the delay between measured signals is used as an input for a location method and it is
also the case for the proposed method.
2.1. Time Delay Estimation
As the signals measured by the sensors are pulses, it is possible to determine the delay between each
signal. However, the precision of the location method developed is linked to the precision of the
time delay estimation. Considering a transient source as an electrostatic discharge, a collection of
measurements is obtained and the time delay between these signals is determined using several methods
(manual marker placement, cross correlation . . . ) as described in [13]. However, these tools are well
adapted to Line-Of-Sight (LOS) situations, where the waveforms coming from the sensors are similar
(correlation). For the location of P-Static sources on the surface of an aircraft, often the sensors and the
source will be in Non-Line-Of-Sight (NLOS) situations. This aﬀects the waveform of the signal, that is
dependent on the path of the electromagnetic emissions. This phenomena is known as pulse distortion
and is presented in [16]. In this study and as a ﬁrst approach, the delay estimation is performed by
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placing markers manually on a common extrema of the signals coming from sensors. The diﬀerence
between markers give the Time Diﬀerence Of Arrival (TDOA) between a pair of sensors.
2.2. Hyperbolic Location Method
The delay between signals is used as input for the location method. To illustrate the principle of these
methods let’s consider an array of sensors and a transient electromagnetic source. As the sensors are
separated by a given distance, the signal coming from the source reaches the sensors at diﬀerent times,
thus allowing an estimation of the Time Of Arrival (TOA) or the TDOA between signals as it will
be illustrated later in Section 3.2. Once the TOAs or TDOAs are known, a location can be made
either using sphere equations or hyperbolic equations respectively. For example, a 3D arrangement of
three sensors (A0 , A1 , A2 ) and a partial discharge source that radiates in all directions is presented in
Figure 2(a) and on the plane in Figure 2(b).

(a)

(b)

Figure 2. (a) Representation of sphere equations for three sensors. (b) Representation of hyperbolic
equations for three sensors.
If the TOA to ﬁrst sensor is known, the delays between signals allow a determination of the distances
between the source and each sensor, as described in [17]. The source position is placed at the intersection
of spheres, whose radiuses are dependent of the TOA. On the contrary, if the TOA to ﬁrst sensor is
not known, TDOAs can be calculated and sphere equations can be arranged to represent hyperbolic
equations as in [17]. The source position is represented by the intersection of these hyperboloids. On
a plane, this is represented in Figure 2(b). However, in general, if a source is to be located on a 3D
distribution of sensors, four sensors are needed to obtain a unique solution given that there are four
unknowns (x, y, z and TOA to ﬁrst sensor). There would be 4 sphere equations and 3 hyperboloid
equations. It is important to note that the number of sensors used has a big impact on the location
precision [18]. Moreover, in order to solve these equations to ﬁnd the source position it is necessary
to use numerical methods as Least Squares (LS) [13], Newton-Raphson, [11] or others [19], to reach
an approached solution. An exact solution to sphere equations can be found in [20]. These hyperbolic
location methods perform very well when all sensors are in LOS with respect to the source. Moreover
the precision is improved when the source is placed between all sensors [12]. However, in the context
of this paper, the discharge takes place on the surface of an aircraft, a convex structure with sensors
placed on the surface. In most positions, sensors and discharge are in NLOS conditions and can be
subjected to pulse distortion as in [16], depending on the geometry of the considered path. Given this
situation, a localization method that takes into account the geometry of the aircraft is needed.
2.3. TDOA-Based Inverse Method
2.3.1. TDOA-Based Method Principle
Given the NLOS situation between sensors and the ESD source, an inverse method is developed.
The principle of this method is to obtain the position of an electrostatic discharge using the TDOAs
between sensor signals. The eﬀects of the aircraft structure are taken into account using geometrical
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Figure 3. Inverse method process.

considerations for signal propagation. Unlike hyperbolic location methods, this allows the use of two
sensors minimum to estimate possible source positions as in Section 3.3, as the source is necessarily on
the surface of the structure. A simpliﬁed computer 3D model of the structure (mock-up, aircraft) is
created. The surface of the model is then discretized into a collection of points. Then, each point is
considered as a source, one at a time, and the distances to sensors are calculated using a propagation
model. The distances to every sensor are then converted to TDOAs and stored, thus creating a database
of TDOAs to sensors and the associated source positions. Thus, in the case of an aircraft, when P-Static
phenomena occurs in ﬂight, the measured TDOAs to sensors are compared to those of the database and
possible source positions are obtained. This process is presented in Figure 3.
The base of the location method is the propagation model as it conditions the TDOAs stored in
the database, and therefore the accuracy of the source estimation.
2.3.2. ESD Signal Propagation Model of Mock-up
A simpliﬁed model is developed for an aircraft fuselage using MATLAB. It consists of a cylinder that
represents the fuselage, and a half-sphere for the cockpit. Three sensors are considered on the outer
surface (Figure 4(a)) in order to increase location accuracy.

(a)

(b)

Figure 4. (a) Simpliﬁed fuselage/cockpit model. (b) Helix length equation.
Using this simpliﬁed geometry, assumptions are carried on. The ﬁrst one is that on a cylinder
surface, for a source in NLOS conditions with respect to a sensor, the TDOA signature corresponds
to a propagation along the shortest path on the surface which is a helix (a great circle for a sphere).
The second assumption is that for LOS conditions, the propagation of the discharge emissions follows
a straight line between the source and the sensor. Using this model, the distances between each point
of the structure and the sensors are calculated. The expression used are presented hereafter.

Progress In Electromagnetics Research C, Vol. 62, 2016

93

2.3.3. Shortest Path on Cylinder
Table 1. Helix length calculation case-by-case.

θA − θM < π
θA > θM
θA − θM > π

|θA − θM | < π
θA < θM
|θA − θM | > π

ε = +1
t = [0; θA − θM ]
−zM
b = zθA
A −θM

LHelix = [(θA − θM )R]2 + (zA − zM )2
ε = −1
t = [0; 2π − (θA − θM )]
zA −zM
b = 2π−(θ
−θM )
A

LHelix = [(2π − (θA − θM ))R]2 + (zA − zM )2
ε = −1
t = [0; |θA − θM |]
M
b = |θzAA −z
−θM
|
LHelix = [|θA − θM |R]2 + (zA − zM )2
ε = +1
t = [0; 2π − |θA − θM |]
zA −zM
b = 2π−|θ
−θM |
A

LHelix = [(2π − |θA − θM |)R]2 + (zA − zM )2

For each point on the cartography of the surface of the cylinder, a helix propagation model is
programmed. This model computes the distance between a discretization point and the sensors following
the shortest helix possible. The shortest helix is computed following a case-by-case study (Table 1).
The surface of the cylinder can be unrolled to become a plane in which the helix becomes a simple
line. Using Pythagoras’s relation the calculation becomes simple as in Figure 4(b). In order to test the
program, the parametric equations of the shortest helix linking two random points on the surface of a
cylinder are used [21]:

x(t) = R cos(t + ε θM )
y(t) = εR sin(t + ε θM )
(1)
H(t) =
z(t) = zM + bt
With:
• θA is the angle in cylindrical coordinates for points A, the receiver sensor, and for point M, the
transient source.
• The coordinates of the receiver sensor A and the transient source M :




xM = R cos(θM )
xA = R cos(θA )
yA = R sin(θA )
yM = R sin(θM )
M
(2)
A
zA
zM
• b is the reduced lead of the helix. It represents the length of translation for a rotation angle of
1 rad.
• ε = +1 or −1 is a parameter that forces the right (+1) or left (−1) rotation direction of the helix.
• ε = +1 or −1 is a parameter that ﬁxes the correction of the length of the helix (ε = ε ).
In order to consider the shortest possible helix, four diﬀerent cases have to be addressed, they are
presented in Table 1.
2.3.3.1. Shortest Path on a Sphere
Considering the cockpit model, the same study is made to determine the shortest path on the surface
of a sphere. One can demonstrate that the shortest path between two points on the surface of a sphere
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Figure 5. Geometry conventions for great circle calculation.
follows a great circle (a circle that has the same center as the sphere and the same radius) [22]. In
spherical and cartesian coordinates, points P and Q on the surface of the sphere can be deﬁned as in
Figure 5. The corresponding equations are the following:




R
xp = R cos(lonp ) cos(latp )
yp = R sin(lonp ) cos(latp )
latp
(3)
PCartesion
PSpherical
lonp
zp = R sin(latp )
 It can be determined using deﬁnition of the
Additionally, let α be the angle between vectors P and Q.
scalar product. The length of the shortest path between P and Q is the length of the circle arc, which
leads to the following expressions:


 ·Q

P

Circle arc length: P
Q = Rα
(4)
α = cos−1
R2
The TDOA between a source on the cockpit and a sensor can be determined using the length of the
circle arc.
2.3.3.2. Shortest Path on Simplified Fuselage
As the shortest path between two points on the surface of a cylinder and a sphere are respectively a
helix and a great circle arc, for a combined structure, the shortest path will be a combination of a helix
and a great circle arc (Figure 6).

Figure 6. Shortest path on a combined cylinder/half sphere model.
The intersection point between the cylinder and the sphere is found by minimizing the sum of the
resulting helix length and circle arc length.
2.3.3.3. Shortest Path on LOS Conditions
In LOS conditions, the shortest path is a straight line. The length of this line is calculated by subtracting
the coordinates of source and sensors and calculating the norm of the resulting vector. TDOAs are
calculated using this length also.
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(b)

Figure 7. (a) Aircraft fuselage downscaled mock-up. (b) Arc discharge generation setup.
3. EXPERIMENTAL RESULTS ON CYLINDER MOCK-UP
3.1. Measurement Setup
In order to validate the propagation models to be used with the inverse method, a mockup is built. First,
a 1 : 6.5 downscaled fuselage mock-up is used, it consists in a simple cylinder with 60 cm diameter. Three
identical simple UHF sensors are placed on the surface as they are widely used for these applications [13].
These sensors are actually three identical 7 cm-long whip antennas that operate around 1 GHz. They
are connected to three synchronized channels of a digital oscilloscope (Lecroy WR640ZI, bandwidth
1 GHz, Sample rate 20 Gs/sec) using identical cables in order to have the same added delay for each
sensor. An arc discharge is generated at the surface of the cylinder using a High Voltage generator
(Spellman SL40150) that charges an insulated metallic patch by means of low noise corona (Figure 7).
The emissions of this arc discharge are measured using the UHF sensors. As the test setup is placed in
an anechoic chamber, reﬂection paths are avoided, leaving only surface propagation along the cylinder
surface.
3.2. Signals Measured at Sensors

Sensor Output (V) Sensor Output (V)

The measured signals at the sensors outputs are the following (Figure 8(a)).
In fact, once a collection of signals is obtained by measurement (Figure 8), a characteristic extremum
is used as a reference for time delay. For this study, the ﬁrst minimum is considered. The time reference
value is read using a marker leading to an error associated to the marker position. This may be a
problem when the ﬁrst extrema are not trivial to identify. In the case of Figure 9, all signals present a
minimum that can be easily identiﬁed. An error tolerance of 100 ps is estimated around the marker to

Sensor Output (V)

100 ps

(a)

(b)

Figure 8. (a) ESD emissions on sensors — Mock-up. (b) Error on TDOA Estimation.
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take into account the error on marker placement. For each signal, the time corresponding to the ﬁrst
minimum is noted Ti , and the error is included using an interval:

error
error 
Textrema,i = [Ti,min ; Ti,max ] = Ti −
; Ti +
(5)
2
2
The TDOAs are then calculated using interval arithmetic:
T DOAi,j = [Ti,min ; Ti,max ] − [Tj,min ; Tj,max ] = [Ti,min ; Tj,max ; Ti,max ; Tj,min ]

(6)

These TDOA intervals are used for comparison with the TDOA database of the model, and will give
more possible sources taking into account the marker positioning error. In the frame of this paper, only
the error in determination of the time delay is addressed. However, each source of error is to be taken
into account to ensure that the actual P-Static source is included in the estimated zones. In fact, two
main sources of error are identiﬁed. These are measurement errors and model errors.
They can be described as follows:
Error related to measurements
• Dispersion (cables, coupler, sensors, instrumentation).
• Extraction of measurement from ambient signals (phase shift by denoising techniques).
• Error in Delay estimation (already taken into account).
Error related to modelization
• Propagation model accuracy and relevancy.
• Simpliﬁcation of the aircraft structure.
This process will be addressed in a future work.
3.3. Source Location
After determination of the TDOA’s (T21, T31, T32) and use of the inverse method described before,
a location estimation is obtained for each of the TDOAs represented in a pink area in Figure 8(b), as
well as the intersection of these zones represented in a green area in Figure 10.
In Figure 9 the points plotted on the surface of the cylinder are estimated sources obtained by
crossing the TDOA database with i) Measured TDOA 2-1 between sensors 2 and 1. ii) Measured
TDOA 3-1 between sensors 3 and 1. iii) Measured TDOA 3-2 between sensors 3 and 2. The points
from the database that match with the measured TDOAs are plotted in the 3D model. In addition,
a tolerance parameter is also used on TDOA values in order to take into account measurement errors
(instruments ∼ 100 ps, delay estimation ∼ 100 ps in the case of this setup). Figure 10 shows the results
of the intersection of the three estimated zones i), ii) and iii) of Figure 9.

Figure 9. Estimated sources using one TDOA at a time.

Figure 10.
TDOAs.

Output for intersection of three

Figure 11. Test points and accuracy considerations (largest distance from the real source to the
furthest estimated source).
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Table 2. Accuracy considerations (largest distance from the real source to the furthest estimated
source).
Position
F1
F2
F3
F4
F5
F6

Localization accuracy
Within 10 cm radius
Within 10 cm radius
Within 15 cm radius
Within 15 cm radius
Within 15 cm radius
Within 10 cm radius

Several source positions, presented in Figure 11, are tested and the performances are assessed.
The estimated zones contain the real source and, as presented in Table 2, the largest distance around
the source is 15 cm (possible points are represented in green on Figure 10). The estimated precision is
therefore within a 15 cm radius and this is the case for all tested points (F1 to F6 in Figure 11).
4. CONCLUSION AND FUTURE WORK
This article presented a novel method for P-Static source location to be used with measurements
performed in ﬂight. The propagation helix/circle model for a simpliﬁed fuselage is implemented and
tested using a mock-up cylinder. Measurements performed on the cylinder mock-up show a rather
satisfying correlation between the propagation model and measurements as the located sources are
at most within a 15 cm radius from the real source. This validates the geometric approach for the
estimation of TDOAs for source location.
The next step is to implement propagation models for wings and tail stabilizers and to validate those
models using the same approach as presented in this paper. Furthermore, after the model validation, a
ray tracing software (ASERIS-HF from Airbus Group Innovations) and a CAD model of an aircraft will
be used in order to increase the ﬁdelity between model and real aircraft. Simulations will be validated
with aircraft tests on ground and in-ﬂight.
Several important aspects are to be developed as modeling and testing become more representative
and complex. The ﬁrst is instrumentation. In order to measure ESD pulsed signals in a real environment
(real communication signals, electromagnetic noise . . . ) it may be necessary to amplify and ﬁlter the
sensor output before applying the location method.
The second one is to automate post-processing of the measured signals, to determine the time delay
between signals as precisely as possible.
The third one is the error management. In fact, the presented measurements attest that the location
method principle is valid and the inverse method is able to estimate possible source positions. But in
the case of a more complex propagation model and as in the ﬁnal system, these sources of error are to
be taken into account in the inverse method in order to ensure that the estimated zones on the aircraft
surface contain the real source.
As a P-Static troubleshooting tool, this system can complement the troubleshooting process of PStatic events and potentially reduce the duration and number of interventions for bonding fault search.
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