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Space Launching Site Protection

against Lightning Hazards

launching pad, because of its activity, is particularly sensitive to

the risk of lightning. The use of Standard IEC62305 "Protection
against lightning" establishes the general framework for the Lightning
Protection System (LPS). However, the specific activity of a launching
pad requires special analysis on specific points of the LPS. Indeed,
it is necessary to take into account the lightning conductor system
particularity on the one hand, and the launcher electromagnetic
susceptibility on the other hand.

This paper presents the general methodology used to define the LPS
of a launching pad. The analysis is based upon expertise, numerical
simulation and experiments performed at launching pad sites.

Introduction

Arocket launching pad is, by its very nature, a zone particularly sensitive
to the risk of lightning. Generally located in parts of the earth globe
where lightning activity is strong, launching installations are in addition
being built in obstacle-free zones measuring a few square kilometers
and comprise tall structures; all of these elements unfortunately favor
lightning attraction.

While the metallic structures of the launcher building complex can be
used as a lightning conductor and can thus drain the lightning current
in a natural way, in many cases they present the major disadvantage
of being lower than the launchers that they could protect.

This is why a launcher lightning protection must be built in a specific
way; the protection depends on both the launcher and on the way it is
operated in its various configurations before launching.

Various lightning protection solutions can be used according to the type
of launcher and its management. Protection solutions based on gantries
can be used and various types of lightning rods with their specific
down-conductors (draining current solution) can be implemented.

Even though there is no record of serious incidents on CSG (Centre
Spatial Guyannais, the Guyana Space Center) launching sites, its
lightning protection system has changed over the past thirty years
because the obligations to take lightning risk into account have become
increasingly constraining.
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Consequently, the launcher protection solutions follow the changes in
the international standardization and lightning risk management.

For this particular activity, though, the application of standards is not
sufficient to guarantee the absence of any lightning risk. Nevertheless,
standards define a minimum applicable framework for the design of
the protection.

The objective of this article s, first, to briefly present the phenomenology
of a lightning aggression on buildings and the specificity of a launching
site subject to such an aggression. Then, the safety of the installation
and evaluation of the lightning protection devices are discussed.

Lightning protection of a launcher

On November 14™ 1969, 36.5 seconds after lift-off, Apollo Xl
triggered a lightning discharge, followed by another stroke a few
seconds later. This event is the most famous lightning strike of a
rocket; by chance, it did not have serious consequences on the
mission. Although the ground installations of the launching pad in
Florida, with a high keronic level, had lightning protection, the risk
after lift-off had clearly been underestimated. The knowledge of the
attachment mechanisms in the first seconds of flight, the impact of
the ionized exhaust plume on the electric field and the capacity of
the rocket to trigger the lightning discharge had been very widely
underestimated. This incident imposed a modification of lightning risk
management after lift-off.
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However, the modification of the lightning risk management rules did not
prevent the loss of the Atlas Centaur rocket on March 27%, 1987, struck in
flight, which led to the destruction of the rocket. This accident definitively
showed that the risk of lightning is an important problem in all phases of
the life cycle of a rocket.

In the rocket assembly phases, the risk of a direct lightning strike is lower
because the launcher is protected inside buildings with metal framework
structures, offering significant protection. However, this risk must not be
underestimated because of a pyrotechnic issue, which concerns all of the
Electro Explosive Devices (EED) of the rocket and also all of the electronic
control devices. All the same, in these assembly phases, the analysis that
must be carried out remains an indirect lightning analysis.

In the transfer phases of the rocket, when part of the rocket or the whole
rocket is outside the building complex, direct lightning becomes a main
risk. In such a configuration, the rocket cannot be protected by a system
like a lightning conductor system and its protection can only be guaranteed
by proper weather forecasting.

The difficulty lies in obtaining a reliable forecast over a period of a few
hours, with weather configurations that can change very fast.

If we take the example of the CSG launching pads, the lightning forecast
is based on weather radar giving the evolution of storm cells, but also on
more specific devices giving information on the electric activity of these
cells, namely:

e anetwork of field mills "MAC" ( “Moulin A Champ” in French)
giving the intensity of the electric field on the ground in real-time;

e the"THOR" (Thunderstorm Occurrence) system based on radio-
electric interferometry techniques and giving information on the electrical
activity within storm cells. This system makes it possible to follow the
movement of the electric activity and makes it possible to differentiate
cloud-to-cloud discharges from cloud-to-ground discharges.

In the phase before lift-off, the rocket is parked on the launching pad for
several days and protection cannot be ensured by weather forecast alone.
Protection is thus ensured by lightning conductors and possibly by a
mobile gantry. This phase is particularly critical, on the one hand because
the probability of lightning is strong due to the size of the installations
and, on the other hand, because of the launcher state with all pyrotechnic
systems, the loading of propellants, the control systems and the payload.
In this configuration, the launcher must be protected from any direct
lightning strike, but also from all significant electromagnetic coupling
phenomena.

Finally, the launcher lift-off phase is rather similar to the transfer phases,
since the launcher cannot be protected by an additional system. Only
the weather forecasts can predict the lightning risk and thus give the
authorization for rocket launch. Nevertheless, the problem here is a little
different from that in a transfer phase, in the sense that only a short
temporal window is required for the weather forecast.

Lightning in a few words

Lightning is a complex natural phenomenon. Before looking at the
lighting protection system (LPS) of a rocket, we will recall some
characteristics of the physics of lightning and of the reasoning
behind the protection. It is important to note that there are many
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physical mechanisms related to lightning and that, in the present
state of the knowledge, the physics of these has been rather well
mastered. Laboratory experimentation on long gap discharges and
experimentation on natural lightning have contributed to making
important progress on this issue. However, in spite of the present
scientific understanding of these physical mechanisms one is still not
able to predict the point of the lightning impact with good accuracy.
This is why, for two hundred years, the best protection for installations
is still Franklin’s rod.

Lightning features

As seen in [1], the initial process leading to lightning takes place
within a thunderstorm cloud, with the creation of electric charges. The
electrification phenomena within the cloud generate sufficiently high
electric fields to induce electrical discharges inside the cloud (cloud-
to-cloud, CC discharge) or between the cloud and the ground (CG
discharge). It is this last type of discharge that is of interest to us. It
generally consists of the joining of two (not simultaneously emerging)
propagating leaders one downward from the cloud to the ground and
one upward from the ground to the cloud. Because of the two possible
polarities of electrically charged particles and the two different time
orderings of the formation of the leaders, we have four different types
of connections between the cloud and the ground [2] [3].

Figure 1 presents the four configurations of CG lightning. The classification
is first based on the behavior of the initial leader (downward or upward)
and then based on the sign of the current flow of the first return stroke
(when the connection of the two leaders is made).

Positive discharge

Negative discharge

o
+
RN
Downward
leader
I l
+ + + + + - — =
leader

+
+
IT

F F + F + +
Figure 1 — CG discharge classification

In agreement with the ordering of the figures in figure 1, the most frequent
discharge is the negative discharge with an initial downward leader. The
propagation of the leader does not follow a simple curve, it has many
separate branches. In this case, the connection point with the ground
depends on local electrical conditions in the neighborhood of the nearest
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branch to the ground. We will see in the following sections, that these
local conditions are the basis of the models used in lightning protection
for buildings.

A second type of discharge is induced by an initial upward propagating
leader. In this case, the electric field intensification at the top of a structure
is strong enough over a large area to initiate the propagation of the leader. In
this configuration, the connection point is directly linked with the structure.
This scenario is typically obtained on structures that are over 100 m high
[3]. We will keep in memory that this height of 100 m is of the order of
the height of the lightning protection systems of the Guyana Space Center
launching pads and this point will be later used in our discussion.

The striking distance and the electro-geometric model

In the most frequent case of lightning, i.e., for a downward negative
discharge, the advance of the negative leader by jumps intensifies the
electric field between the head of the leader and the ground. When the
negative leader approaches the ground, this field is sufficiently intense
to initiate an ascending discharge from the ground. The distance in this
last phase before the connection of the two leaders is called the “striking
distance”. This attraction distance depends on the area in which the electric
field exceeds an electric breakdown value. The intensity of this valug is thus
quite large (about 500 kV/m [4]). The electric charge carried by the negative
leader makes it possible to calculate the electric field between the head of
the leader and the ground, but also the intensity of the first return stroke.
From this consideration, there is a relation between the current of the return
stroke and the striking distance. During the seventies [3][5], models based
on experimental results made it possible to establish the following relation
between the current intensity and the striking distance (1).

r=10.1" (1)

Where ris the striking distance and 7is the current of the return stroke in kA.

In agreement with the recommendations of various standardization
committees [6], this relation is used as a basis for dimensioning the
lightning protection system.

The rolling sphere method

Based on the electro-geometric model, the rolling sphere method
makes it possible to quickly visualize the lightning connection point
of a scene (figure 2). The method consists in rolling a fictive sphere
along the scene; the radius of the sphere is the striking distance for a
given return stroke current amplitude. Any point of the scene coming
into contact with the sphere is a possible point of lightning attraction.

—— Protected area

O O

D O
Figure 2 — The rolling sphere method (only the red parts of the drawing are
protected from an attachment)
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By using this method on very high structures, such as pylons, possible
attachment points on relatively low parts can be diagnosed. In fact, for
physical reasons, these attachment points are not probable, but the
method is not able to discriminate them.

A more physical approach

The electro-geometric model is a convenient engineering tool that
provides fast and efficient visualization of the risk zones, but it remains
a basic model from the point of view of physics. However, for complex
structures of great height, the improvement of the model precision
comes together with the improvement of the understanding and the
analysis of the phenomenology of lightning initiation.

Numerical approaches based on the behavior of ascending leaders
give a more realistic analysis of the influence of various parameters
(see [8] [9]). Comparisons between experiments of triggered lightning
[10] and simulations made it possible to refine the model with, in
particular, the introduction of an electric stabilization field in the zone of
field intensification, which explains the behavior of the positive leader.
These models are of particular interest in the case of high buildings,
for which the initiation and the propagation of the positive leader will
drive the attachment point.

A last point on the physics of the discharges on ground structures
is their behavior during stormy activity. The latter can last several
seconds and the electric field will therefore remain intense over this
period. Each lightning conductor and each sharp object, as well as
the vegetation, is capable of generating corona or even leaders that, in
most cases, will not be followed by a lightning discharge. The ions thus
created will produce a space charge with the temporary consequence
of a local shielding of the emission point, contributing at the same time
to a minimization of the electric field in the entire zone.

This is the reason why it remains very difficult to predict the attachment
points on any structure. Some experiments have even shown that
very sharp lightning conductors were less effective than round stems;
indeed, the sharp shape ensures a very strong intensification of the
field, but immediately generates a space charge that shields the
lightning rod making it ineffective [18]. Consequently, for a complex
environment, such as a launching pad with large-sized pylons, serving
as lightning conductors, as well as for a significant number of lightning
conductors placed on the buildings in the area, it is still very difficult to
say whether the solution chosen, even though conservative, is really
optimal from the point of view of the lightning conductor function.

Sizing of the protection system

The first function of the lightning protection system is to capture lightning.
Though the idea that in order to protect an installation against lightning
the best way is to attract it towards a controlled point is well accepted
by everybody, we must concede that it is not completely intuitive and we
must apply it with a lot of precautions and well documented rules.

The goal of the protection system is thus first to intercept all lightning
channels in the zone of the rocket, while respecting the realization
constraints related to the launcher. Studies relating to the protection system
of the Guyana Space Center (CSG) launching pad began at Onera in the
90s, with studies of the ZL2 and ZL3 launching pads for Ariane4 and
Ariane5 launchers respectively.
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In regard to the protection of the Soyuz launching pad (ZLS), the reasoning
behind the protection applied by Onera has been very similar. However,
the installation constraints had changed significantly.

As we saw, the electro-geometric model is the starting point for sizing the
lightning protection system, because the simulation tools for calculating
the attachment points of the lightning are not mature enough to be
accepted by the regulatory authorities.

The electro-geometric model is therefore applied in the design of the
system, with the objective of never having lightning on the rocket. However,
this objective is difficult to achieve. One of the main difficulties is the
requirement to leave a free opening for the launching of the rocket.

The second function of the LPS is related to the susceptibility of the
launcher due to induced EM effects generated by the currents flowing
within the protection system. The objective is therefore to maintain
the magnetic field within the launcher zone below an acceptable level,
depending on the susceptibility of the launcher to this magnetic field.

Consequently, the most efficient protection system would be a Faraday
cage. However, the problem is that such a perfect situation is not possible,
because there must be an opening in order to let the launcher penetrate
the LPS during its installation phase and to let it out from the top during
the taking-off phase.

Protection system analysis on a model structure

To understand the mechanisms of attachment on the LPS of the ZL3
launching pad at the Guyana Space Center (CSG), experiments were
carried out in France in the 90s at the Renardiéres (EDF) research
center on a 1/20 scale model structure of the launching pad (figure 3).

Figure 3 — Scale model of the Ariane 5 Launching pad

It was possible to generate long electric discharges with positive and
negative polarities at the Renardiéres site. From the phenomenological
point of view, these simulated discharges are very close to natural
discharges. This experimental test allowed the estimation of the
effectiveness of the protection system and its capacity to protect
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the launcher. Several measurements were made with two or four
protection pylons and with different offsets between the axis of the
model and the axis of the top electrode in a "needle-top-electrode/
ground-plane" type arc configuration (figure 4).

Figure 4 — Long electric discharges generated on the ZL3 mockup (launcher
and protection system)

Under the laboratory conditions, the system was never put at fault (no
discharge reached the launcher), but the main question was to know
whether a scaling law was applicable. In particular, it is known that in
the laboratory there is no direct relationship between the attachment
distance and the current of the discharge; the latter being, in this case,
a function of the voltage and of the internal impedance of the generator.

Later work [12] showed that, in the tested laboratory configurations,
the relevant parameter is the difference of height between the pylons
and the launcher. In order to test the influence of this parameter,
ellipsoids with various heights have been simultaneously subjected to
the same type of long electric discharge. For this, the former needle
high voltage electrode was replaced by a flat metal plate, of large
dimension, creating a homogeneous electric field zone at ground level
(figure 5).
ug)
(15x 18 m)

Electrodes R2

Figure 5 — Tests on ellipsoids with large plate top electrode
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For ellipsoids at equal heights, their eccentricity (and therefore, their
sharpness) influences the electric-breakdown statistics. However, the
difference of height between the electrodes very quickly becomes the
relevant parameter for ellipsoids of different heights. The explanation
must be sought in the behavior of the positive discharge. A streak
image of an upward positive leader measured between the two
electrodes (the top plate and the ellipsoid on the ground) provides an
idea of the connection between the two objects (figure 6). It is difficult
to identify the start of the leader with the streak image, because of the
mixing of time and space. Perhaps the ellipse with the most pointed
profile starts first but, even with this hypothesis, there is a faster
connection for the larger ellipse.

Figure 6 — Streak image of an upward positive leader at the top of the two
ellipsoids

As a conclusion, the laboratory experiments do not make it possible
to give the actual effectiveness of the lightning protection system.
However, they contribute two important items of information:

a) The presence of two leaders on two separate objects of different
height is possible. This behavior will exist for natural lightning. As far
as the LPS protection is concerned, the question that arises is thus
to evaluate the capacity of a leader to propagate from the top of the
rocket placed inside the protection system. This specific point cannot
be covered by normalization rules.

b) The laboratory discharges allowed realistic attachment models to
be obtained. These models were used to analyze the leader starting
configurations and can be used as a basis to answer the previous
problems [11] [12].

Lightning protection system design

Itis difficult to define and optimize a launcher lightning protection system
using laboratory experiments and the knowledge of lightning attachment
mechanisms on tall structures. This is why the design of the lightning
protection system is done almost exclusively using the electro-geometric
model, as defined in the international standard procedures. However,
these standardized approaches cannot guarantee a total reliability of the
launching pad lightning protection system.

Therefore, in order to comply with the electro-geometric model and to
intercept most of the lightning strike, it is necessary to place lightning
conductors in the launcher zone. With respect to the CEl 62305 standard
[6], the most constraining protection level is "LPL I" 3 kA, which gives a
radius of 20 m for the rolling sphere.
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The installation of pylons is costly and must be taken into consideration.
The smaller the number of pylons, the lower the LPS budget will be.

Several solutions are possible considering these constraints.
Umbrella

This is a system with conducting wires linked onto a single dielectric
support, placed at the top of the gantry. It was the principle of the
protection system used on the shuttle launching pad at the Kennedy
Space Center. With such a protection system, with four electric cables
descending to the ground, the electro-geometric model reveals a
good protection for the high parts of the launcher. However, the
application of the electro-geometric model reveals a protection default
for the lower parts (figure 7). For example, if we want to protect this
50 m-high rocket with a 90m-high mast and four wires placed at 45 °,
the electro-geometric model shows that the structure is not protected
for lightning currents of 3 kA (radius of the sphere = 20 m); this
structure is protected for 5 kA currents only (sphere of radius=30 m).

Figure 7 — Application of the electro-geometric model to an umbrella LPS

Figure 8 shows the unprotected area of the structure for a protection
level “I”. Obviously, the lower part of the structure is not a lightning
attachment zone for physical reasons, as we have mentioned
previously; however, this solution will be eliminated, because it does
not comply with the electro-geometric model. In addition, we will see
hereafter (next section) that other more physics-related reasons will
eliminate this solution. However, this shows one of the limitations of the
model used in the standard for the umbrella type of protection system.
100 ‘ 100
— FLrotected structure | |

80 1% AN L
\ X Area prot}t'ed by the wires
60 60 o
< r=20m \ / \
407 ; 40 .
' \ . r=30m /
Unprote(fteg area

><Area br?tected by the ground
0 ‘ - m ‘ . ‘ m

1 0 1 r y
0 20 40 60 80 100 0 20 40 60 80 100
Figure 8 — Limits of the protected area

\
— FLrotected structure

20 : 20 -

Association of lightning conductors

To protect the launcher efficiently, the simplest solution is to place
several metallic pylons at a distance lower than 20 m. Solutions
with three or four sufficiently high pylons both guarantee lightning
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interception and comply with the electro-geometric model for lightning
strokes of intensity higher than 3 kA. Under these conditions, it is
rather easy to perform the lightning conductor function.

Electromagnetic sizing of the protection system

We have seen that rocket protection against direct lightning is rather
gasy to achieve by positioning three or four pylons of great height
around the rocket. The difficulty that arises now is the susceptibility of
the launcher and the critical electronic equipment to the magnetic field
induced by the lightning current in the protection pylons. A launcher
such as ARIANE 5 is hardened against a direct lightning strike of 5 kA,
with a 4 us rise time and a 500 us decay time [13][14].

By the way, the hardening of the rocket on the launching pad must be
evaluated with its umbilical connections, which means with all of its
connections to the nearby infrastructure (in particular, the tower).

Applying Ampere’s law, a 5 kA current on the rocket generates a
magnetic field of around 200 A/m. Although the aggression of an
indirect lightning strike does not expose the launcher to the same
constraints as a direct effect, we will consider that the magnetic field
produced by the lightning on the pylons should not itself exceed the
value of 200 A/m in the launcher area.

This hypothesis makes it possible to simplify the study of the rocket
susceptibility on the launch pad, by concentrating on the maximum
field constraint to which it can be exposed.

If we choose the solution consisting of a protection system with four
independent lightning conductors, installed on the four corners of a
square base with 40 meter edges, a lightning current of 200 kA could
appear in any pylon individually and generate a magnetic field greater
than about 2 kA/m in the launcher zone. This value is not acceptable
in view of the rocket susceptibility. It is thus necessary to modify the
system in order to minimize this constraint.

We have seen that the solution for the LPS is to guarantee a situation
as close as possible to a Faraday cage. However, it must remain at
least open on one side and on the top for the regular installation and
take-off phases of the rocket respectively. In the following, several
solutions are proposed.

Separation function

The goal of the separation function is to reject the lightning current to
the earth, as far away as possible from the launching zone. The ideal
protection system is to use four pylons (for the lightning conductor
function described above), each of these supporting catenary wires
with insulators. The catenary wires themselves interconnect four
lightning rods placed on the insulators to a faraway independent earth-
termination system.

The insulator must prevent an electric discharge between the wires and

the top of the pylons. This is the system that is currently in operation
on the Arianeb ZL3 launching pad.
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Insulator

b) Transverse magnetic field plane-section at the level of 40 m
Figure 9 — Maximal magnetic field in the launcher area

This solution has the advantage of minimizing the magnetic field in
the launcher area. In a nominal operating mode of this protection, it is
rather easy to maintain low intensities of the magnetic field and for it to
be compatible with the susceptibility of the launcher (figure 9).

However, this solution presents two disadvantages that should not be
underestimated if we want to maintain the effectiveness of the lightning
protection system during its entire operational life. Let us consider the
example of the ZL3 again for our purpose.

The first problem concerns remote connection exiting the launching
area. For example, the LOX tanks and the water tower; between these
two zones and the launcher pad there are large metallic pipes. These
pipes are very close to the LPS grounding system (figure 10). The
potential rise going together with the lightning current in the ground
can induce a current in the pipelines; this current can, firstly, modify
the magnetic field on the launching pad, but it can also affect the
safety of the LOX tanks.
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Figure 10 — Seen from above the ZL3 launch pad

The second problem is related to the maintenance of the insulators
at the tops of the pylons. The efficiency of the separation function is
based on the insulation capacity of the isolators. The problem is the
degradation of the dielectric rigidity, on the one hand due to ageing
and on the other hand because of surface pollution of the isolators.
A strong lightning strike may therefore produce a breakdown of
these insulators if they are not as perfect as expected; under these
conditions, the pylon will become a shunt for the current due to its
impedance being lower than that of the wires. A significant part of the
injected current is thereby conducted to the normally protected zone!

Mesh cage

Given the cost related to the maintenance of a protection system based
on the separation function, an alternative solution is to use the pylons
as down-conductors for the lightning current. By connecting the top of
the pylons with electric cables, we build a large-sized meshed system,
close to a simplified Faraday cage. The minimization of the magnetic
field in the launcher area is obtained by the current distribution through
the four pylons and by the geometrical effect (i.e., the canceling of the
field between two conductors carrying equal currents) this guarantees a
shielding effectiveness at the center of the system. The better the balance
of the currents is, the better the shielding performance of the system.
Figure 11 presents the ideal solution for the magnetic field of four pylons
built on a square base with 60 m edges. This figure shows that the value
of the magnetic field at the center of the zone is much lower than 200 A/m;
this solution is thus possible from the point of view of the electro-geometric
model, as well as from the point of view of the maximum acceptable
magnetic field. Because only based on geometrical symmetry properties,
this solution is independent of the current strike frequency spectrum.

Figure 11 — Magnetic field for a perfect current balance on four pylons built on
a square base with 60 m edges
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In reality, the lightning connection point breaks the symmetry of the system;
it is thus necessary, before making the choice of the final LPS design,
to evaluate the parameter that most influences the current distribution.

With simple simulation models, it is possible to estimate the effect
of the various resistances and inductances of the system on the
solution. In a simple way, the LPS can be represented by figure 12
with three groups of impedances, which are the impedances of the
connection cables (Zwire), the impedance of the pylons (Zpylon) and
the impedance of the grounding system of these pylons (Zground).

Zwire

/ Zpylon
.| {FA

[] zground

Figure 12 — Equivalent circuit of the pylons and the injection current

Taking into account the impedances of the various conductors and the
point of impact of the lightning, the solution is now dependent on the
spectrum of the aggression.

For a simple geometrical configuration (figure 12) and by using an
electrical circuit-based simulation tool like a PEEC tool, it is easy to
estimate the weight of the various impedances in the balance of the
currents in the system. However, to simplify the numerical model,
the current waveform used to simulate the lightning is this wave A of
Standard ED84, namely:

i(t)=1, (e"’” —e’ﬁ')

where o and S are the coefficients given in table 1.

I 218810 A
a 11354 5
p 647265 5

Table 1 — Coefficients for the waveform A

With a nonsymmetrical lightning current injection, the connection wires
between the pylons have significant influence. With a low impedance
value of these connections we can expect a balance distribution of
the current in the four pylons. The impedance of this connection is
controlled by the inductance of the wire and this inductance is higher
than the pylon inductance. These connections will strongly influence
the current distribution. A significant improvement of the impedance
can be obtained by increasing the number of conductors between
each pylon. Indeed, with several separate parallel cables we create
an equivalent conductor, with a characteristic dimension much greater
than the radius of the elementary wire and thus with a lower inductance.
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Table 2 gives the distribution of the current in the four pylons for two
configurations:

e asingle connection cable between two pylons;

e four wires with 1m separation between two pylons.

With four wires, the reduction of the impedance allows a better balance
of the current in the four pylons and of course a minimization of the
magnetic field in the launcher zone. The result approaches the optimal
solution of the perfect equal current distribution.

Pylon A Pylon B Pylon C Pylon D Std
1 cable 26053 37907 98599 37907 32801
4 cables 34496 43324 79232 43324 19866

Table 2 — Maximal currents in Amps for a 200 kA injected current

The results in figure 13 show the improvement of the magnetic field
due to the use of multiple parallel cables between the pylons.

Figure 13 — Magnetic field in the launcher area for the two configurations (a) single
cable between the pylons (b) four wires, between the pylons, separated by 1m

The second element that may have a theoretical impact on the current
distribution is the resistance of the pylon grounding system. However,
for an aggression of waveform A (200 kA) on a given pylon, table 3
shows that the resistance value of the ground electrodes must be
relatively high to obtain a well-balanced current distribution. However,
a high value of the ground resistance would not be desirable for a lot of
other reasons. Especially, they would not guarantee the draining of high
current flows into the ground as expected of such grounding systems.

Rgroun 4 (Q) Pylon 1 Pylon 2 Pylon 3 Pylon 4 Std
1 33660 43205 79489 43205 20239
10 43690 47435 66030 47435 10077
20 46783 48800 60922 48300 6467
50 49184 49714 53348 49714 1921

Table 3 — Current distribution over the pylons for various values of the
resistance of the ground electrode (R, ) and standard deviation (Std) of the
current for each R configuration

round)

ground

Consequently, it is out of question to think of deteriorating the quality
of the ground electrodes in order to improve the current balance in
the pylons; the grounding system resistances cannot be an adjustable
parameter to control this current distribution.

Optimization of the mesh cage

The main difficulty with this solution is the balance between the minimization
of the magnetic field and the penetration of the rolling sphere.
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Indeed, from the point of view of the electro-geometric model, it is
necessary to bring the pylons as close as possible, but in this case we
increase the residual intensity of the magnetic field induced by the lightning
impact on the LPS at the level of the rocket area. A compromise must thus
be sought between the maximum intensity of an acceptable strike on the
launcher and an acceptable electromagnetic environment due to a strike
on the LPS. To have a protection of level | according to the IEC62305
standard, the protection for a current intensity higher than 3 kA leads to a
rolling sphere radius equal to 20 m. To obtain this protection, the maximum
distance between the pylons must be of 40 m.

A simplified simulation of the two solutions, with 40 m or 60 m separation
between the pylons, corresponding to a rolling sphere of 20 m or 30 m
respectively, shows that the solution with closer pylons (20 m) cannot
ensure a sufficiently low level of the magnetic field (figure 14). Moreover,
one solution with pylons on a square base with sides measuring 40 m
also has strong constraints, such as the proximity to the rocket during
the launch.

a)

Figure 14 — Maximum magnetic field within the LPS (a) distance between
pylon 40 m (b) distance between pylon 60 m

The lightning protection system is finally made of four 90 m-high
pylons on a square base with sides measuring 60 m. The pylons will
be connected by their tops with a set of four parallel wires.

Evaluation of the solution selected

Three main criteria have been retained for the design and the realization
of the lightning protection system of the Soyuz launching pad (ZLS) in
Guyana. Those are:

o the system effectiveness, namely the launcher must be
protected from any lightning strike of intensity higher than 5 KA,

e the cost of the system;

e the maintenance of the system.

The effect of the last two criteria was to favor a mesh cage solution,
with the use of pylons as down-conductors for the lightning current.
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The preliminary study made it possible to define the broad lines of
the LPS design, pointing out the important role played by the cables
between the tops of the pylons in the system effectiveness.

For a current of 5 kA and a 30 m rolling sphere, the standard gives
a Type Il protection level, but this solution was found as the best
compromise between a direct lightning strike of 5 kA on the rocket
and a high level lightning strike of 200 kA on the LPS.

Figure 15 — Rolling sphere on the LPS of Soyuz launching pad in Guyana

Then, the adopted solution must be analyzed with the particular
operating constraints of the Soyuz launching pad; for example with
a gas pipe of a very large dimension (figure 16). On the one hand,
this zone does not allow the location of the pylons in a perfectly
symmetrical configuration and we must recall the influence of the
system inductances on the balance of the currents. On the other hand,
the latter analysis is unable to take into account the impedance of
the grounding network; it has only shown that the ground resistance
could not be a driving parameter. However, the ground network cannot
be comparable to a simple local resistance on each pylon. It is thus
necessary to study the global behavior of the site upon receiving a
lightning strike, by taking into account the actual geometry and the
ground parameters.

Impedance of the grounding network and pylons grounding

It is widely known that the grounding system is a critical point of the
lightning protection system. Indeed, if one wishes to minimize the
overvoltage induced by the lightning current, the ground connection
must have low impedance. The element that will condition the
grounding value is the ground in contact with the ground electrode and
of course, the conductivity of the ground is not an easily modifiable
parameter. This will impose a dimension of the ground electrode
according to the conductivity of the ground, with the disadvantage of
increasing the impedance with the size of the buried system for low
conductivity ground.

In the case of the Soyuz lightning protection system, we have evaluated
the impact of the grounding of the pylons. The problem here is very
specific, but it makes possible an evaluation, in a concrete grounding
configuration, of different grounding system solutions.

For mechanical reasons, the Soyuz launching pad is built on a rock
zone. The ground topology and the final installation of the site result in
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the fact that each pylon cannot be put to ground identically. Figure 16
presents a cross-section of the ground, with the two different added
dirt and rock ground layers, respectively of resistivity of 30 Qm and
300 Qm.

Added ground

\VAVAVAVAVAVAVAVAVAV,vavavaye oot
TAVAVAVAVAVAVAVAVAVAVAVi .S 18220

\VAVAVAVAVAVAVAVAVAVAVAva~a~e S Suui
TAVAVAVAVAVAVAVAVAVAVAVAVAS IS

and picture of the flue (flame exhaust)

From a general point of view; the launching pad ground consists of two
different layers. The deepest layer has a resistivity of 300 Qm; a more
conductive ground of 30 Qm was brought back onto this layer. The
grounding of the pylons in the flue (flame exhaust) is thus more difficult
to perform and is the cause of local ground electrodes of lower quality.
However, since all of the grounding systems are interconnected, the value
of the ground resistance of the entire site is very low. Therefore, for the
low frequency components of the current spectrum the behavior of the
grounding will be good; however, for the high frequency components,
the inductance of the ground electrodes will deteriorate the performance
of the grounding.

However, by using the impedance parameter, it is difficult to quantify
the quality of the site. Indeed, this impedance is frequency dependent
because of an inductive behavior.

In order to evaluate the behavior of a ground electrode subjected to a
lightning excitation and to evaluate the impact of its inductive part, we will
first analyze the overvoltage ¥ related to the current flow in the grounding
system. In a very simplified way, the latter can be written as follow:

v-ri+2% )
dt

and in the frequency domain:

V=RI+jLol =V =(R+ jLw)] (3)

The ground makes this simple problem complicated, because the real part
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and the imaginary part of the impedance are both frequency dependent.
Therefore, we must first understand the frequency behavior of a ground
electrode as a function of the ground conductivity.

The first important parameter of a ground electrode is its resistance. For
a given ground conductivity, the ideal ground electrode is a metallic half
sphere. Comparison with other ground electrodes geometries shows
that a buried ring, of equivalent dimensions, leads to values close to the
resistance value of a half sphere. Table 4 presents resistance values for
different shapes of ground electrodes and for the two values of electric
conductivities encountered in the Soyuz launching pad.

This table shows that, with the constraint of obtaining equivalent values
of ground resistance, the differences in the conductivity of the layers
causes a need for the size of the ground electrodes to be 10 times
larger for the pylons inside the flue. However, if the ground electrode
is larger, it is legitimate to raise the question of its performance for the
high frequency components of the lightning waveform.

The impedance of a buried ground electrode can be analyzed using the

The propagation coefficient inside the ground is given by:

y =+jou, (o +kwe) - y =] jou,o

“)

Let us consider a single buried line of radius a, at a depth d within a
ground of conductivity & (figure 17).

L

\/

7(0)

}T

Radius a
Figure 17 — Buried line

The impedance per unit of length of the transmission line model is
given by:

transmission line model [10]. Although approximate, this model gives 7 @ |, Ko gy V26 5)
good results. A comparison between this model and a more complete £ 8 27 Vod
electromagnetic solution yields very similar results for the value of the
input impedances of buried cables [15]. where ¢ is the skin depth in the ground at the frequency f.
p:l:3ogm £ =300 Qm
(2
r R 1 r=1lm r=1lm
2707 R=477Q R=477Q
o
1 1 8
L R=———In (—’:] Radius =1 cm Radius =1 cm
2ro wr a
d o , r=lm r=lm
T a = 2ad d:Im d:Irn
Rod a<d Z7=613Q Z=61330
adius a a<r
1 2L
,77—5,777777_ R= E{ln (7] —1} Radius =1 cm Radius =1 cm
d —L d=1m d=1m
@' =~2ad L=628m L=628m
¢ Radius a a<d 7-530Q 7=53.00Q
a<k L
777777 1 2L L Radius =1 cm Radius =1 cm
d I R= In| == |-1+—
L L 2oL a 4d d=1lm d=1lm
‘\ a<d L=1m L=1m
o
Radius a L<d Z=217Q Z=217Q
{ AL Radius =1 cm Radius =1 cm
Y~ 2noL a
o Radius a Z=238Q Z=2380Q
Table 4 — Value of the ground electrode resistance for various shapes and ground resistivity (p)
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¥, =1.781...
1 (6)

N7 S 1o

The admittance per-unit length Y, is given by:

o=

Y

Y =~

g Zg (7)

The admittance per-unit length Z_ is given by:

Z = é

¢ Y

gZ (@)

Z(0) = <

O~ 07

By using (8), we show that the impedance of the ground electrode
increases with the frequency; at low frequencies the latter is driven
by the static resistance, whereas at higher frequencies the real and
imaginary part of the impedance are approximately equal and both
increase with the square root of the frequency. A numerical application
is done for a 100 m length line, for the two values of the site ground
electric conductivities (figure 18). At high frequencies, the impedance
of a buried line in the ground is both resistive and inductive.

1.0E+03
[=100m
1.0E+02
1.0E+01 / ——————
€ '/
& 1.0E+00 =
S z
1.0E-01
, —— RPZ(0) (ho=30, L=100)
! -==- IPZ(0) (rho=30, L=100)
1.0E-02 1+ — RP Z(0) (ho=300)
! ---- IPZ(0) (rho=300)
1
1.0E-03 ! |

1
1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+07

Frequency (Hz)

1.0E+06

Figure 18 — Real part and imaginary part of a 100 m length buried wire, for two
values of the ground electric resistivity

If we want to perform a more precise analysis of the weight of the real
part compared to that of the imaginary part of the ground electrode
impedance, we must choose a relevant frequency. For this purpose,
we choose the frequency for which the derivative of the function
f()=1,sin(2x ft) gives the same maximum derivative value as the
lightning excitation, namely:

dl

i 2nf 1

The average rise time value of the lightning excitation varies depending
onthe standard applied. The maximum derivative value of the waveform
A of the ED84 standard is significantly higher than the values listed in
the other various standards. Table 5 presents a standard comparison
of the values recorded for the first negative short stroke. For the
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analysis of the impedance, we take the value of 6.5 10+'° A/s given by
the IEC 62305 standard. In this case, the equivalent frequency for the
impedance calculation is of approximately 50 kHz.

Standard di/dt (A/s) Observation
Wave A (ED84) 13.910+1 Maximum derivative value
ED84 3.210+1 15t negative short stroke
IEC 62305 6.510+1 1stnegative short stroke
Stanag 4.010+10 Negative Lightning Flash

Table 5 — Steepness value of the 1stnegative short stroke

At this 50 kHz frequency, we can estimate the input impedance of a
buried wire according to its length and the ground conductivity.

Figure 19 gives this input impedance for our two values of ground
conductivities. For the weakest conductivity, this impedance is
significantly larger and is obtained for a larger length of the buried
cable.

Moreover, the characteristic length to obtain a stable value of the
impedance is about the distance between two pylons.

The estimation of this impedance shows that it will be very difficult to
obtain a grounding resistance of the two pylons in the flue comparable
with the two other pylons anchored in a good ground. Moreover, the
imaginary part of this impedance (inductance) is not negligible and
we have seen that the inductances of the entire grounding systems
were the main contributors for the balance of the currents at high
frequencies.

1.0E+03
— RPZ(0) (ho=30, F=50kHz)
\ -=== IPZ(0) (tho=30, F=50kHz)
1.0E+02 —— RPZ(0) (ho=300, F=50kHz)
---- IPZ(0) (tho=300, F=50kHz)
1.0E+01 \
e N o
& 1.0E+00
S T N~
1.0E-01 K /
f 1
! .
10602 |
1.0E-03 . . . . . .
0.0 200 400 60.0 80.0 100.0 1200

Distance (m)
Figure 19 — Variation of the real and imaginary parts of a buried wire, as a
function of its length

Numerical evaluation of the solution selected

In order to analyze the impact of the ground network on the current
distribution more precisely, it is necessary to perform a global analysis
of the site.

This can be done with a 3D computer code that solves Maxwell’s
equation. On the Soyuz LPS, this was done with the ALICE FDTD code
from Onera. With the use of this method, it was possible to take into
account the global geometry of the ground and of the wires buried in the
ground [17]. Figure 20 presents a view of the model used. The principal
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Figure 20 — FDTD numerical model of the SOYUZ launch pad

ground network is the bunker ground network coupled to the foundation
ground network around the site. This ground network must ensure the
equipotential link of the site during the lightning stroke. Because of its
dimensions and of the number of buried wires, the resistive value of the
ground impedance is very small but this is not the case of its inductance.

As for the pylons, these are first grounded with a local ground electrode
and second with a connection to the foundation ground network by
buried bare copper wires.

With an independent ground electrode for each pylon and a connection of
these pylons to the global ground network, we have in this configuration
No. 1 an almost optimal basic configuration that we can evaluate.

In this configuration, with a current injection in Pylon C, the 3D numerical
simulation yields a first evaluation of the currents and magnetic field
levels; figure 21 shows a shift of the minimum magnetic field area
toward Pylons A and B, which are the closest to the bunker. This shift is
the consequence of too large currents in Pylons A and B, combined with
bad ground electrode values for Pylons C and D.

N P
AN

Figure 22 — Numerical model of the SOYUZ launching pad, with additional
ground electrode (configuration No.2)

The results of configuration No.1 show that the grounding impedances
of Pylons C and D must be decreased for better symmetry. This is why,
in configuration No.2, we have placed an additional conductor between
Pylons C and D and the large foundation ground electrode (figure 22).

The simulations performed in this new configuration show that
the additional connection in the ground makes it possible to move
the minimum magnetic field zone towards the center of the pylons
(figure 23). A comparison of the intensities of the currents in the pylons
for an injection in Pylon C shows that the addition of ground electrodes
for Pylons C and D makes it possible to approach an optimal balance of
the currents (table 6).

Figure 21 — Magnetic field level in configuration No.1

Aerospacelab

Pylon Configuration No.1 Configuration No.2 LIRIC
A 49.6 43.6 34.5
B 60.5 54.4 43.3
C 52.3 60.3 79.2
D 374 416 43.3
Table 6 — Current constraint (A) of the 1stnegative short stroke
Issue 5 - December 2012 - Space Launching Site Protection against Lightning Hazards
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Figure 23 — Magnetic field level in configuration No.2

The entire set of simulations performed on the lighting protection system
shows the three parameters influencing the magnetic field minimization
in the launcher pad, namely:

e the geometry and the distance between the pylons;

o theimpedance value of the connecting wires between the pylons;

e  the impedance of the grounding system of the pylons.

While for the two first parameters a simple visual control can give a
quick evaluation of the performance of the site, this is not the case for
the buried part of the LPS. It is thus necessary to evaluate the behavior
of the grounding of the pylons.

Experimental evaluation of the lightning protection system

From the point of view of the respect of the standards, various actions
are carried out. The first action consists in checking whether all parts
of the site are well connected. The second action consists in evaluating
the resistance of the grounding of the installations. The third action is
the evaluation of the magnetic field associated with the lightning strike.
In many cases, the magnetic field evaluation is based on analytical
formulas and numerical simulations on simplified structures, and the
resistance evaluations are performed by static measurements after
construction completion.

Aerospacelab

In complex sets of buildings it may be necessary to supplement the
lightning paper studies by experiments. The IEC 62305-4 standard
proposes an experiment with a lightning current generator.

In this chapter, we will present the principle of the test in a general
case. We will show the choice of the generator to obtain an appropriate
current waveform having the spectrum of a standardized lightning
strike. Then, we will strive to adapt the test procedure to a site like
a launching pad and we will show some results allowing a lightning
qualification of the site.

As an illustration of our presentation, we will show results obtained
during experimentation that we performed, in order to qualify the
Soyuz launching pad for the effects of a lightning strike; thus, one of
the goals was the dynamic evaluation of the LPS.

The experiment also made it possible to evaluate the susceptibility
of various sensitive links, such as power networks to a lightning
excitation.

The experimental principle

For physical reasons, it is not possible to inject a current having the
characteristics of a real lightning current into a large building, both
from the point of view of its intensity and from the point of view of its
distribution onto the structure. The lightning current distribution on a
structure is a function of both the point of impact and of the current
dissipation paths in the ground (figure 24). If we modify one of these
two parameters, we modify the current distribution in the structure.

|

Figure 24 — Lightning current distribution in a structure and within the ground

We thus see that in the absolute, it is impossible to generate an identical
current distribution between a natural lightning strike and an artificial
lightning strike. The experiment requires a localized generator that induces
a specific current distribution, which depends on its position and on
the feeders used for the return current (figure 25). In order to obtain a
distribution as close as possible to the real lightning current distribution, we
must multiply the number feeders. Furthermore, this testing methodology
is very constraining because it requires the placement the generator on the
structure and it requires feeder installation for the return current.

There is an alternative solution to analyze the global building response to a
current impulse. For this purpose, the feeders of the previous problem can
be used as injection lines. In this case, we have as many excitation states
as the number of feeders. The solution of the global problem is obtained
by a superposition of the elementary problems (figure 26). In this new
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configuration, the generator can be placed at ground level, which results
in an easier configuration test. However, by decomposing the test, we
highlight the ground influence in the return of the current and the interaction
between the two grounding systems. Indeed, we can either use the ground
as a return conductor or a wire between the grounding of the building and
the generator (figure 27).

In this last case, we clearly see that the distribution of the current is
influenced by this wire. In the case of an independent ground electrode
for the generator, for the building ground, the influence on the current
distribution will depend on the interaction between the two ground networks.

!

Générator

feeder

Local earthing
electrode

Figure 25 — Experimental feeder installation usable to inject a current in a building

feeder n°1

/

Generator

feeder n°2

,,,,,,,,

feeder n°3

Générator

Figure 26 — Experimental feeder installation usable to inject a current in a building
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feeder n°1

Generator

feeder n°1

Figure 27 — The effect of the ground on the current distribution

With the same principle, a third solution consists in placing the generator
far away from the building. On the one hand, in this case, the impact on
the current distribution in the structure is low (figure 28); on the other
hand, the constraints on the injected waveform, and more exactly on
its rise time, limits the distance between the generator and the building.

-
4

g N

p \ Local earth electrode

Foundation earth electrode
Figure 28 — Current injection on a building with separate ground system

A preliminary analysis is thus aimed at finding, with respect to the
generator characteristics, an optimal distance of the generator to the
building. With a generator based on a capacitive discharge (figure 29)
it is easy to determine the component of the injection circuit according
to the desired current waveform (waveform A).

i(t) R

-

o

Figure 29 — Electrical circuit of a capacitive discharge
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We recall that the waveform A is given by:
it =1, (e'“’ —e'ﬂ')
And the current for an overdamped capacitive response is given by:

V. —(a- —(a+
i(0) = (e ) — el
2Lp,
with:
R , 1
a=—, ——and p?2=g4%—@?
2 e P

By identification we have:

2 GFB) R g oo

2 2L

1
L(at2 —pé)

In afirst step, the calculation for a one-hundred-meter line gives the circuit
parameters presented in table 7. The distance between the generator
and the building being tested fixes the circuit inductance. This enables
us to calculate the generator capacity C and the circuit resistance R to
obtain a current injection waveform having the waveform A signature.

The level of the injected current will depend on the initial charge of the
capacity; for our application with a voltage of 30 kV we can expect a
current of 400 A in the structure.

Consequently, from a theoretical point of view, it is rather easy to
determine the optimal parameters that will allow a waveform A current
injection. However, the application to a real situation shows that the
most influent parameter is the resistance, because it depends on the
ground and in particular it depends on the ground electrode, which is
not perfectly controlled.

Line

17 p inductance Resistance  Capacitance
s s H Q F
11354 647265 1.16E-04 77 1.17E-06

Table 7 — Calculation of the circuit components

Thereby, for a given site, it will be necessary to optimize the generator
ground electrode and locate it as far as possible; if necessary, the
introduction of an additional resistance in the circuit could lead to a
significant improvement. In the same way, the impedance can also be
optimized to obtain a high impulse current.

Test procedure on Soyuz LPS

In the case of the LPS of Soyuz launching pad we have had another
problem, indeed it is not possible, for safety reasons, to inject directly
at the top of the system and we had to adapt the test procedure to take
this constraint into account.

We must thus ask ourselves the question of which information is
expected in the test?
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The numerical simulations showed that the relevant parameter, which
is difficult to control, was the pylon grounding system impedance. We
thus defined a test procedure to qualify this dynamic impedance as
well as possible. Thus, the current injection was done at the base of the
pylon (figure 30). In this configuration, it was possible to evaluate the
pylon grounding system and the respective weight of the impedance of
the aerial parts in the current distribution and the weight of the buried
conductors of the LPS.
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Figure 30 — Potential and current distribution for the injection at the pylon feet

In order to be able to conclude on the symmetry of the current
redistribution, a global set of measurements has been recorded with
the four possible successive positions of the generator (figure 31).
The interest of this approach is to have a global understanding of the
behavior of the system.

Local earth Generator

electrode C'

4 D~100m

Injected
current

Injection on pylon D

Voltage
measurement

2\ %

Al
Figure 31 — Schematic representation of the injection points (here, injection in Pylon D)

The measurement lines are an electric cable installed at approximately
80 cm from the ground (figure 31). They connect the pylon and its
associated reference ground electrode. They are used both to inject
the current and to measure the surge voltages.
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== Measurement line

Figure 32 — Injection and measurement line

The injected current is measured in the four injection configurations.
For each configuration, the overvoltages have been measured on the
3 other pylons. Voltage measurements have been based on the same
local reference principle, using the same cables as for current injection.
The voltage measurement was obtained by opening the cable at the
level of the pylon (figure 34).

The constraints of the Soyuz launching pad environment do not make
it possible to place the reference ground electrode of the generator
in perfectly symmetrical position relative to the LPS the figure 33
presents the actual positions of the four ground electrodes for the four

injection positions.
60.00
4
\ 1

60.00

Figure 33 — Injection and measurement line
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Figure 34 — Current and voltage measurement
Evaluation of the grounding impedance

Preliminary work consisted in the implementation of four reference
ground electrodes, almost identical in regard to voltage measurements
and current injection. The installation of identical reference ground
electrodes would facilitate the analyses carried out later on. The
injected current in the four configurations is shown in figure 35. The
recordings show that the four injection configurations are completely
comparable. An example of the voltage measured is presented in
figure 36. The curves correspond to the overvoltage in Pylons A, B
and C for an injection in Pylon D.
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Figure 35 — Injected current in the four configurations
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Figure 36 — Voltage measurement
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For each injection position we have a measurement of the associated
overvoltage in the three other pylons. Thus, we can define a coupling
impedance between the voltage measured and the injected current
(z,). This impedance provides information on the grounding of the
pylons but what about exactly of this measurement.
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Figure 37 — Electrical diagram used for the determination of the coupling
impedance

For a given voltage measurement, the equivalent electric diagram of
our coupling impedance is given in figure 37; its value is given by:

1
Zn =T Z,
i
Zl ZZ ZIZZ
Onthe one hand; the above formula shows that the coupling impedance
is high in three cases that can be independent: for a high value of the
impedance Z,, a high value of the impedance Z, or a high value of the
Z,xZ, product, compared to the impedance value Z,, (2,2, > Z, ).
On the other hand, Zm is small for a low value of Z, or a low value of
Z,, or alow value of Z,xZ, compared to Z ..

In fact, the value of the coupling impedance cannot be higher than the
lowest value of the impedances Z, and Z,. To find low values of these
impedances, as shown in table 8 and table 9, we can either have low
values of the grounding impedance or a strong value of the connection
impedance (Z,,) between the pylons.

In the test, the measured coupling impedances are low. Consequently,
for the lightning protection system analysis, we must differentiate
between the interconnection impedance behavior and the ground
electrode behavior.

Impedance ()
A B C D
Injection A -6.6E-3 -3.4E-3 -19.3E-3
Injection B -6.5E-3 -11.8E-3 -6.6E-3
Injection C -3.3E-3 -12.6E-3 -18.4E-3
Injection D -21.6E-3 -7.2E-3 -19.1E-3
Table 8 — Static coupling impedance (f=0 Hz)
A 6.6 mQ B
[ < []
A 6.6 mQ A
19 mQ 21 mQ 12.6 mQ 12 mQ
v 18'mQ v

\
—
L

—
s
19 mQ

Figure 38 — Diagram of the coupling impedance (static)
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Impedance (Q2)

A B C D
Injection A 64.0E-3 26.5E-3 64.7E-3
Injection B 63.1E-3 73.5E-3 28.7E-3
Injection C 26.3E-3 81.1E-3 92.1E-3
Injection D 71.3E-3 30.0E-3 89.9E-3

Table 9 — Dynamic coupling impedance

A 64 mQ B
[ L]
A 63 mQ
64 mQ 71mQ 81 mQ | 73 mQ
\/ 90 mQ v
] >
D L < J C
92 mQ

Figure 39 — Diagram of the coupling impedance (dynamic)

By construction, we know that the pylons are interconnected, by
both the aerial parts of the lightning protection system and the pylon
interconnections buried within the ground. Due to this status, the values
of the connection impedances cannot be large. With this assumption
and the measured values of the coupling impedances, we can say that
the impedances of the pylon grounding system are low and with the
symmetry of measurements these values must be equivalent.

The difficulty is to determine the value of the main impedances of
the system circuit model with the experimental data available. The
number of measurements being limited, the system that we will try
to solve must be simple. In the first order approximation, the circuit is
presented in figure 40, with a grounding resistance for each pylon and
connecting resistances between pylons.

To solve this problem, we have six measurements of the coupling
impedances and eight resistance values to evaluate.

Figure 40 — Simple electrical diagram for the measurement analysis
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The problem is underdetermined and the number of solutions is
thus important. However, by carrying out a research of solutions
by a minimization algorithm, we can show that the pylon grounding
resistances are low, whatever the impedance values between the
pylons may be (figure 41).

This result is also important because it shows that the grounding
resistances are comparable whatever the pylon, which confirms the
raw experimental measurements.
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Figure 41 — Impedance values after the optimization process

This kind of analysis makes it possible to study the dynamic quality
of the pylon grounding system. This analysis is supplemented by the
study of the local distribution of the currents. Indeed, the grounding
system is not a single system. A pylon on the Soyuz launching pad
is composed of three main reinforcements bar, which are connected
to the grounding system in three different ways (figure 42), namely:

e alocal ground termination system;

e alocal buried connection connected to the building grounding
system,

e aburied connection connected to a ring ground electrode of
the site.

Local ring earth electrode (a)

To the main building (d)

Local earth termination (c

Bare copper 120 mm?

Link to the ring earth
electrode of the site

Figure 42 — Different types of grounding systems for a pylon

The currents recorded on the three bonding connections of the
ground of the Pylon B (reinforcement N° 3) gives us a lot of relevant
information (figure 43). It is the anchorage of the pylon which drives
the maximum of current. This result is logical, the anchorage being
connected to the local ring ground electrode, which is itself connected
to the grounding circuit of the main building; this circuit impedance is
obviously the lowest.
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The share of current in the connection wire with the site ring ground
electrode is less important and it drives a current at higher frequencies.
The local ground electrode drives a low current but with high-frequency
components.

This example clearly shows the behavior of a grounding system; at low
frequencies, the entire grounding system drives the current whereas,
at high frequencies, the local grounding system becomes predominant
for draining the current.
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Figure 43 — Current on the bonding connections to the grounding system

Currents in power lines

With this experimental protocol we can obtain other information on the
behavior of the site during a lightning strike. Overvoltages induced by the
current injection on the pylon ground electrodes will induce a current on all
of the external metallic links of the site area. We can mention, for example,
the LOX pipelines, but also the power cables. This is all the more important
because the currentin these connections can induce significant perturbations
inside the building.

Let us for example take a look at the power supply cable of the Soyuz launch
pad. This connection consists of an armored cable, which ensures the
mechanical and electric protection of the power line. The shield of the cable
is connected to the ground in the power room inside the building but, for
practical reasons, it is not connected to the LPS. Inthe building, the power line
is placed inside metallic cable trays. Inside the building, we have two types
of EM shields around the power line: the first shield is the mechanical shield
of the cable, the second shield is provided by the cable trays (figure 44).
From the inside of the building (figure 45), the cable seems to be perfectly
shielded, which gives the impression that it cannot generate a disturbance!

However, the current measured around the cable tray is of about two amperes
for aninjected current of 500 amps in Pylon B (figure 46). This value is rather
important and it is mainly the result of a bad connection between the cable
shield and the lightning protection of the building (figure 47).

Shielded cable current
Current measurement

Cable trays

Power cable
Figure 44 — Power line inside the cable tray
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Figure 45 — Power cable trays inside the building
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Figure 46 — Current measured around the cable tray of the power line
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Figure 47 — Disturbance generated by the shielding current

Conclusions

The lightning protection solutions applied on the launch pad must
comply with the requirements of any type of industrial site. However,
the specificity of the launching pad installations requires a particular
analysis suitable for the launcher protection before lift-off and for the
seconds after lift-off.

In some phases of the launcher life cycle, lightning protection can

only be provided by weather forecasting, which requires an efficient
lightning alarm network.
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However, the most significant risk is still a lightning strike in the phases
before lift-off, when the launcher is on its launching pad. Indeed, the
duration of this phase is significant and cannot be covered by weather
forecasting.

At the present time, there are various solutions; these solutions often
depend on the launcher itself and on the launching procedures.

The first solution is a protection starting with a removable gantry,
which can be used for lightning protection as well as for protection
against bad weather conditions. However, during the few hours,
or even the few days, before launching, the gantry is removed and
another protection system is absolutely required. This independent
protection system is made up of several lightning conductors. The
international standards based on the use of the electro-geometric
model will impose a solution with three or four lightning conductors.

The protection system cannot however be summarized by the lightning
conductor function. Due to electromagnetic coupling, a large number
of devices are sensitive to the lightning current. For example, we can
mention the propellant stored in the rocket, the pyrotechnics devices,
electronic devices for launching management and, of course, the
payload.

Thus, indirect lightning criteria are included in the dimensioning of the
lightning protection system, in order to minimize the magnetic field
in the launcher area. We must thus find a balance between positions
close to the pylons, to satisfy the electrogeometric model, while
keeping a low level for the magnetic field.

The first option to minimize the electromagnetic field is to use the
separation function principle. In this case, we have insulators between
the pylons and catenary wires, which drive the lightning current far
away. However, it is difficult to ensure the efficiency of this solution for
a strong lightning current.

The second solution is to use the pylon as a lightning down-conductor.
In this case, to minimize the magnetic field in the launcher area, we
must obtain a good balance of the current distribution on the pylons.
The current balance is made first with multiple wire connections at the
top of the pylons and second by a good grounding system for each

pylon.

It is difficult to qualify the behavior of ground electrodes only with
local experiments and, in particular, their behavior in regard to lightning
current impulses. However, using complementarities of numerical
simulations and experimentations, it is possible to qualify the quality
of the grounding system and the impact on the current distribution,
which allows an estimation of the magnetic field in the launcher area.

Finally, an on-site instrumentation of the site with a series of current
and magnetic sensors would allow the monitoring of the actual
lightning activity on the site and the assessment of the magnetic field
mitigation M
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Cloud-to-Cloud (CC)

Cloud-to-Ground (CG)

Centre Spatial Guyannais (CSG)
Electro-explosive device (EED)

Electricité de France (EDF)

Lightining Resistive Inductive Circuit (LIRIC)
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Liquid oxygen (LOX)

Lightning Protection Level (LPL)

Lightning Protection System (LPS)

Electric Field Mills - Moulin A Champ (MAC)
Partial element Equivalent Circuit (PEEC)
Thunderstorm Occurrence (THOR)
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