N
N

N

HAL

open science

Design and implementation of DC-to-DC converter
topology for current regulated lightning generator

Vincent Andraud, Rafael Sousa Martins, Clément Zaepffel, Romaric
Landfried, Philippe Teste

» To cite this version:

Vincent Andraud, Rafael Sousa Martins, Clément Zaepffel, Romaric Landfried, Philippe Teste. De-
sign and implementation of DC-to-DC converter topology for current regulated lightning generator.

Review of Scientific Instruments, 2021, 92 (10), pp.104709. 10.1063/5.0060247 . hal-03472078

HAL Id: hal-03472078
https://hal.science/hal-03472078
Submitted on 9 Dec 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03472078
https://hal.archives-ouvertes.fr

Design and implementation of DC-to-DC converter
topology for current regulated lightning generator

V Andraud?, R Sousa Martins?, C Zaepffel?, R Landfried? and P Testé?

IDPHY, ONERA, Université Paris Saclay, F-91123 Palaiseau, France
2Laboratoire GeePs, CNRS UMRS8507, Université Paris Saclay, CentraleSupélec, 91190 Gif-sur-Yvette,
France

E-mail: rafael.sousa_martins@onera.fr

Abstract

When aircraft are impacted by lightning strikesustural fuselage and components are stressed by
electric and thermo-mechanical constraints, whighbdse a need for reliable experimental test benches
to design accurate and enhanced lightning protextibhe aim of this work is to investigate, desgd
compare different topologies of DC high-current gqators in order to experimentally reproduce the
continuous lightning current waveform componentligpito produce an electric arc up to 1 meter long.
An electrical model of a standard lightning C*-wéoren for 1 m long arc is set, leading to an equewal
resistor varying from 4 to 8. This model enables a theoretical comparison éetwthe DC/DC
converters Buck and Buck-boost topologies to geaesach a current-regulated waveform through a
load using a capacitor bank and applying a mininmitral stored energy criterion. The experimental
implementations of Buck and Buck-boost configunagiare designed and tested. Optimizations about
the accuracy of the current regulation through lhee# loop and the respect of components operating
electrical and power parameters are presentedarticplar, the implementation of a snubber filtada

a frequency control of the switching operationsictare mandatory elements in the operation of DC
converters, are described to prevent the circarhfdamaging initiated by transient overvoltage geak
Both Buck and Buck-boost configurations are expentally implemented to perform a standard
C*waveform through a @ resistor and the Buck configuration proves abiittygenerate electric arcs
up to 1.5 m respecting the standard aeronautic feaveof lightning.

I/ Introduction
A. Lightning on aircraft

Lightning strike is a phenomenon that cannot beetméhed in the aeronautical industry since an aftcr

is statistically stroke every 1000 to 10000 fligbuurs!? The new generation of aircrafts with outer skin
and wings made of composite materials addressesssemws to the consideration of the direct effects
of lightning. Whereas the aluminum material canugadthe direct electric and thermo-mechanical
damage provoked by a lightning strike without risés the aircraft structure, carbon composite has
lower coefficients of thermal and electrical diffuss causing that the damage from the impact zone i
not supported by the overall structure. It is thasessary to understand the physical mechanisms tha
are implied in this lightning direct strike phename to aeronautical material and to develop and
optimize lightning strike protections. There is age bibliography about the modelling and the
simulations of lightning arc interactions with aeaotical materiat.” As the lack of relevant
experiments prevents from relying only on the éxissimulation codes, lightning generators need to
be designed and constructed to reproduce lighttests in laboratory and to create experimental
reference database for the physical parametelgeqgflienomenon.



In the context of protection of aeronautical equépin from lightning strikes, standards and
recommendation of lightning current waveform hasrbsettled to reproduce experimentally the direct
effects of lightning over aircraft equipmeftsThe document introduces different waveform phases
non-superposed current waves that can be teshent sitccessively or independently in order to sapar
the different kinds of structural damages inducgdhose different phases as depicted in Fig. 1. The
objective of the generator developed in this papey accurately reproduce the C-waveform described
in the ARP5412A recommendation document. The C-feawreis represented as a continuous square-
shaped current of 200 to 800 A that is maintainaéuhd 250 to 1000 ms resulting in at least 200 C of
charge transfer.

Current
A 200 kA
2 kA 100 kA
10 C 200 to 800 A
200 C
A B C D
-« —> « » —> Time
<0.5ms <5ms 250 to 1000 ms < 0.5ms

Fig.1. The standardized lightning current waveforms

However, as during the continuous phase the arahalative motion to the aircraft due to thelawvf

the arc root does not dwell on the same point efdincraft for the total duration of the C-waveform
Thus, the standards also introduce a truncatedvefaan called C* that is simply a shorter versidn o
the C-waveform: its intensity is 400 A in averaggintained for 5 to 50 ms thus delivering 2 to 20
C.1°The standard also states a charge transfer of &#@und the setpoint. To ensure the respect of
these boundaries, the objective in this work ifirtdt variations of +10% around the 400 A setpoint
current level. This more severe limitation will @@accurate physical parameter estimations itéurt
experimental studies.

This relative motion between the arc and the diredao triggers considerations about the lengtthef
arc column for the representability of the phenoomernndeed, during the lightning strike, the steady
arc column is elongated in the crossflow directionil it reattaches to another point of the aircraf
fuselage. The reattachment of the lightning chaisnedferred as restrike when the arc roots leaps f
one attachment point to another or as swept stvaken the arc roots glides on the surface. At
atmospheric pressure and with air injection, Wutzkal!* measured a minimum relative velocity of
20 m/s above which the electric arc channel divieots a steady column and is subject to reattactimen
These experiments were led using copper as electraderial and performing electric arcs of 100 A
and 10 mm. So, in order to reproduce experimentallightning restrike with a relative velocity of
20 m/s and respecting the 50 ms arc duration re@mded by the standards, the minimum length of
the electric arc has to be 1 m. Therefore, theatibje of our lightning generator is to reproduce an
electric arc of 1 m respecting the standard C*-i@we — a 400 A average intensity with a maximum
variation of £10% during 50 ms. Moreover, when #e length is extended due to a relative motion
between the arc and the aircraft, its electricaépiial increase¥. When restrike occurs, as the length
of arc suddenly decreases, its electric potentiasds well and the lightning generator has t@best
enough to provide a regulated current of 400 Aeespg the standard C*-waveform. Indeed, using a
rocket sled Dobbing and Hansémpropelled a test vehicle at a speed of 72 m/sutfivca 600 A



stationary arc and observed a voltage drop of 8.2 kess than 4 ms (4 ms being their smaller tivats
step) occurring during a restrike.

B. Other lightning generators published for C-waveforms

Few references of other lightning generators asglae in the literature. Whereas the high-current
transient A, B and D waveforms issued from thethgig standard can be reproduced using passive
electric circuits — Sousa Marties al* and Leichaué? present a RLC circuit triggered by a spark-gap
and Kovalchuket al!®present an adapted Marx generator — C-wavefornmbeareleased with active
and passive circuits. Caldwedt all’ use a motor/generator set that is spun up andgératrates
hundreds of amperes when released. Dobbing*étstdre 700 A in a 3 tonnes and 0.56 H coil with
lead acid batteries and discharges it to produce gy to 5 m long with a current decreasing frod 70
to 350 A in 50 ms. Leichau@presents a Buck converter using a PWM mode wittequency of
operation of 5 kHz that produces a square shapedntuvaveform of 200 A with a margin of £25%
and lasting 1 s through a2resistor.

C. Electrical model of a C*-waveform lightning component

Neglecting the phenomenon of plasma sheath thatc#&ed at few hundreds of micrometers in the
vicinity of the electrodes, the common electric mlaaf the electric arc consists in time-varyingses..
This model is all the more relevant the longer éne column i$32°In particular, Sunabet al*
measured the equivalent arc resistance for a rahgarrent values of few hundreds of amperes. A
domain of interelectrode distance from 0.6 to ncurrent from 50 A to 10 kA is investigated ahd t
mean electric field and linear resistance (assurtiiggarc channel is axisymmetric) are given for
integration times over 100 ms. These experimerdw shlinear arc resistance ofBm for a current of
200 A and 2.4)/m for a current of 400 A. In his simulations oételectrical mean resistance value of
a DC arc Chemartfdindicates a mean value ofm for 500 A electric arcs considering the first 50
ms of arc lifetime. So, in order to take into aautlne upper estimation of resistance for an eteatc

at 400 A, a 42 equivalent resistor is considered to model a bmg larc at 1 atm and for the duration
of 50 ms.

Meanwhile, the high-current that goes through tteepaovokes self-induced Lorentz forces that form
loops in the shape of the arc column so that inotibe considered a straight axisymmetric coldmn.
The real length of the arc column is thus more irtgyd than the distance between the arc electrodes.
Tanakaet al?* show experimentally that a factor 1.6 must be dddeDC arc currents of 100 A over
the inter-electrode length to represents the ezajth of the arc. Tholiat al? numerically estimate this
factor to be 1.8 for 400 A DC electric arcs. Thasprder to design a lightning generator that wdagd
robust enough to provide energy to a 400 A DC &t m during at least 50 ms, an electric behavior
model of an & resistor is chosen considering a factor 2 oveririter-electrode length to take into
account the tortuosity shape.

TABLE | . Electrical characteristics of the C*waveform s$tabin this work.

Current  Equivalent Time Charge Current  Maximum/Minimum

(A) resistor duration (©) margin Current
(@) (ms) (%) (A)
400 4-8 50 20 10 440/360

D. Discussion on the source of energy



An 8 Q resistor that is traversed by a 400 A current iregua source of energy that could provide an
electrical power of approximately 1.3 MW. Such eeleof electrical power cannot be delivered by a
simple laboratory three-phase grid power. Thusetergy has to be stored in an intermediate energy
source that could provide such a power.

Banks of batteries have long been used as a D@esaund the technology is well established. Their
main advantages are their high energy densities,eéhase of use and their prices. But as the expei

is being conducted indoor, this technology getsyrdrawbacks: this necessitates a high maintenance
level with a cooling system and a ventilation sgsfer the escaping hydrogen gas and implies many
security issues. A Flywheel could be an interessiolgtion for high power systems but the cost ef th
corresponding infrastructures does not make ibdst option. Loading energy in an inductive coil is
also an interesting option for its high densityeaergy: a capacitor or a battery is used to accateul
magnetic energy in the form of current through ¢bé and this energy is suddenly released to the
system. In our case, as a maximum current variatfah0% of the setpoint current is permittied

50 ms, the characteristic electric time= L/R, with L being the inductance value afdthe load
resistance, of the energy discharge has to be drdQrtimes the arc duration time 50 ms. As the
equivalent resistor of the circuit i<X8 this would result in an inductance value of adrH to have

a7 of 500 ms. A simple model of infinite solenoid stwothat for an air coil of copper component,
considering the coil wire has a sufficient secs@e so that its resulting resistance is less th@nthis
equipment could weigh up to several tens of tomelscecupy several hof space. This would be too
difficult to manipulate in a laboratory.

The most interesting solution for our problem résdo capacitive energy storage as for their safety
advantages - they can be drained out of energygandbe utilized indoors — that for their use ofeeas
Also, they do not require much maintenance, arepaatnand are relatively fast to load. Their main
drawback for the detailed application is that tideynot provide a DC current when connected to a
resistor. This can be solved using DC/DC conveojgologies that will be discussed in the next secti
Their only counterpart is that their main fast-slihg components, the high-power IGBT and diode,
have a limited operative voltage. For the availdig-power components in the laboratory, the model
of IGBT chosen has a limit operative voltage of Kb Considering an energy transfer from the
capacitor energy storage to the electric arc @sigithout any losses, the minimum capacitanceevalu
that is required to limit the voltage level is giMey:

2 RI?At

(1)

whereR, |, At andV are respectively the equivalent arc resistaR)8the average current (400 A), the
required duration time (50 ms) and the maximumagstof the capacitors (2.5 kV). This results in a
minimal capacitance of 60 mF. In this work, a bahk capacitors of 22.5 mF each and with maximum
voltage of 2.5 kV for a resulting capacitance a2 5ImF is used to grant some leeway and is pretente
in the following sections.

The main objectives of this paper are to desigautjn simulations and to build a lightning generator
that would be able to generate a 400 A DC elecrcof 1 m long during 50 ms. Section | has
introduced the electrical behavior in terms of &leal components of an electric arc with the mamdid
characteristics. Section Il aims to compare thdopeances of the different DC/DC high-power
converters circuits through simulations with a mmiom energy criterion. Section Il discusses about
the experimental implementation of the selecteduitis and deals with the transient overvoltage
problems with the design of a snubber circuit. écti®n 1V, the different measurements and restlts o



the generation of a C*-waveform using an equivalenistor and a real electric arc are presentdd wit
a comparison and discussion of the experimentébpaances of the different circuits.

Il/ Theoretical comparison and design of high-poweGenerators
A. Context and Adaptation

DC/DC converters are electronic circuits that cohwe source of direct current from one voltage
operative level to another. There are differentigiof topologies, but they all use the same corwers
pattern with few variations: a switch enables tift she circuit from an Off-state to an On-statetlat

the source of energy — a capacitor bank in our ege®vides energy with a regulation on the current
level to the load — an arc equivalent resistorn@&ad schemes involve a coil that helps to slowrdow
the current variations and to provide an intermiedsiorage of energy and also a diode that regulate
the current flow.

The converter topologies compared in this papep@gented in Fig. 2. In the Buck configurationgwh
the switch is activated in Fig. 2(a), the energynfrthe capacitor is discharged in the load resistor
through the coil. When the switch is deactivateBim2(c), the current is maintained in the loasigtr
passing through the coil and a free-wheeling ditdéne Buck-boost configuration, when the switeh i
activated in Fig 2(b), the capacitor dischargesisrgy in the intermediary coil whereas the curien
maintained in the load resistance thanks to a tilacitor. When the switch is deactivated in E{g),

the energy stored in the coil is discharged thrahglresistor and the filter capacitor.

(a) (b)
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(©) (d)
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FIG. 2. Presentation of Buck on-state (a), Buck off-sfajeBuck-boost on-state (b) and Buck-boost
off-state (d)

Buck converter is referred to as a step-down cdavéecause it steps down the voltage of the supply
to the load. Thus, the operative voltage of thel lcesistors — the electric arc in this applicatiae
limited by the maximum voltage of the supply capmsi. Buck-Boost converter is able to function as a
step-down or a step-up converter so that the aperabltage of the load resistor is able to outheie
maximum voltage of the supply capacitors.

The main utilization of DC/DC converters consistEontrolling the output voltage by implementing a
fixed duty cycle using a PWM modeAs in this application the objective is the reprciitbn of the C*
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current waveform, the focus is the regulation eflttad current. Then a closed loop command streictur
has been selected: the current in the load is medsund depending on its value, the switches enable
the circuit to provide energy to it or not, incre@sor decreasing its current level, thus creathng
regulation.

B. Theoretical comparison of the Buck and Buck-boost performances

In order to compare the different topologies, aiteda are, from the available capacitor bankroad
110 mF, the minimum voltage — and thus the mininemergy — that is required for maintaining a current
of 400 A through resistors oféd and 8Q — that are, respectively, upper bound values aiftet arcs

of 50 cm and 1 m, as mentioned in previous sectlaring at least 50 ms. The current variation must
not exceed 10% of the setpoint current. As allttpmlogies resort to a load inductance that help to
smooth the current waveform, the analysis alsddasnsider the minimum value of inductahcthat

is required for every configuration.

In the simulation, the topology of RLC-circuit, Bucircuit and Buck-Boost circuit are compared — the
RLC circuit not being a proper DC/DC converter Betving here as a reference case. For all the
topologies, the algorithm that is implemented fonwations consists in calculating the electric
parameters of currents and voltages in every nadeébeanch at the different instants of commutation
of the switches, and the different durations ofstate phases (the time duration the circuit reguive
increase its load current from 360 A to 440 A) @ifistate phases (the time duration the circuitiness

to decrease its load current from 440 A to 360 varying parameters are the initial voltagehim t
source capacitor bank and the inductance value.

The algorithm equations are represented with teecisted schematic diagrams in Fig. 3. During On-
phase, the average load currkyis 400 A and the load current variatidixis 80 A for the Buck and -

80 A for the Buck-Boost whereas during the Off-phdbke load current variation is -80 A for the Buck
and 80 A for the Buck-Boost. For every iteratidme tlgorithm calculates the new values of the node
voltage of the bank capacitde and of the coil branch currelatand the phase duratidh The iteration
number is referred as n in the equations presented.
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FIG. 3. Electrical equations of the Buck on-phase (a),kBBoost on-phase (b), Buck off-phase (c),
Buck-Boost off-phase(d).

Table Il summarizes the minimum initial bank caparcvoltage and the minimal inductance coil values

for which the different topologies under test camerate a regulated current of 400 A with a £10%
margin through respective load resistor values axfid 8Q2 for at least 50 ms.



TABLE Il . Results of the electric performances of the diffie topologies

Topology Equivalent Time Capacitor Coil
resistor  duration Voltage Inductance
@) (ms) V) (mH)
RLC 4 (8) 50 1900 (3500) 70/90
Buck 4 (8) 50 1900 (3500) 1
Buck- 4 (8) 50 1000 (1500) 1
Boost

It can be concluded from this table that the cirthat reaches the best performances for our prolrie
terms of energy efficiency is the Buck-boost toggldt can match the criterion charging the capacit
bank to only 1 kV for a €2 load and 1.5 kV for an  load thanks to the use of the intermediate coil
that is able to transform the capacitive energy intluctive energy with better energy density. Tike

of inductive energy decouples the voltage levehefcapacitors from the voltage level of the egeng
arc load resistance. Indeed, in the Buck configomathe initial voltage in the capacitors need$¢o
superior to the arc voltage of 3.2 kV resultingiira 400 A current flowing through ar(Bresistor.

In the other hand, the inductance value given ByRhC configuration value is in the order of magde

of 0.1H, which would result in a coil mass of more thare donne to keep a resistance inferior .1
So, despite RLC circuit has the advantage over @C¢Dnverters of not requiring any power switch
IGBT or power diode, it is excluded in the resthi work.

Looking closer to the Buck-boost configuration, ttenversion of the capacitive energy to inductive
energy is only effective if a high level of curraststocked in the intermediary coil — reachingio@

few KA in our configuration. This represents a mmgligible problem because the available power
switches IGBTs have a 1.2 kA current limit. A sadat for this issue is to add several of these
components in parallel. Two IGBTs were added irajpalrfor the Buck-Boost configuration to reach
an operative current of 1.5 kA but this solutiorcrgases driver issues and costs. The solution
implemented in this paper is to add another feddbmap regulation on the current that flows inte th
coil that has a priority over the one regulating tbad current, so that the switch components are
protected from a level of current they cannot eadiMeanwhile, if the priority is given to the
intermediary coil current, the load current squfamen is inevitably deteriorated as the only way to
prevent a surge of current in the coil is to disgbat in the load resistance. However, this migt
acceptable and stay in the limit of the 10% mamgiar the set point current value. This issue well b
treated in the following sections.

Another problem with the Buck-Boost configuratiantihat the voltage at the terminals of the IGBTs
devices is higher than the initial voltage of tla@k capacitor because of the inversion of polaftye
load resistance whose high voltage point is refetoethe circuit mass. Consequently, when IGBTs
devices switch off, one of their terminals is rdisethe voltage level of the capacitor bardspvhereas
the other terminal is referred to the negativeagst point of load resistancesdé = - R hrcwith R
being the equivalent arc load resistor. Thus, tiitage between the terminals of the IGBT s devises
given by:

Vit = Veap + R larc (2)



Considering the values of Table Il for respectigeiealent load resistors of@ and 8Q, this voltage
reaches 2600 V and 4700 V. The value of 4700 Y{dsdeptable as operative voltage because it is over
the IGBTs voltage limit. The resume of operativdtages and currents of Buck and Buck-Boost
configurations main components to reproduce a C¥efiam of 400 A is given in Table Il

TABLE IIl . Comparison of Buck and Buck-Boost componentsatper voltages and current
Topology Equivalent Capacitor IGBTs IGBTs Feedback
resistor initial operative  operative loop
Q) voltage voltage current  regulations
V) V) (A)
Buck 4(8) 1900(3500) 1900(3500) 400 1
Buck- 4(8) 1000(1500) 2600(4700) 1500 2
Boost

[1l/ Experimental set-up and design of a snubber
A. Description of materiel under-test

The same equipment has been used for the both &wtBuck Boost topologies: This consists of a
capacitor bank composed of five capacitors of marinvoltage 2.5 kV and with 22.5 mF each, another
capacitor bank composed of two capacitors of 10ea¢h and with a maximum voltage 5 kV, an air-
coil of a variable inductance from 2 to 10 mH fariaternal resistance of only 3hwith a total weigh

of 300kg, single switch IGBT modules from Dynexnseonductor (DIM1200ASM45-TS000) that
possess a collector-emitter maximum voltage valué.®kV and a maximum continuous collector
current of 1.2 kA, fast recovery diode modules fioymex Semiconductor (DFM750AXM65-TS000)
with a maximum repetitive peak voltage of 6.5 k\dantotal forward current of 2.25 kA (750 A per
arm).

The current measurements are realized using a PEWT @C CWT60LF probe. The voltage
measurements are made using voltage probes oénefeNorth Star PVM-1 - and of reference Lecroy
PPESKV.

Figure 4 presents photography of the high-powdttiong generator assembled; the red cylindricdl coi
has been moved 3 m away using long wire so thatdignetic field does not disturb the signals of the
electronic microcontroller closed-loop part of tenerator.



FIG. 4. Assembly of the high-power lightning generator

Feedback-loop regulations are implemented fordhd kcurrent in the Buck topology and for both the
load current and the intermediary coil current e Buck boost topology. It involves one or two

measurements of current, a treatment and a coropansa setpoint value from a microcontroller and a
communication to the IGBT switch to activate orcteate it as depicted in Fig. 5.

microcontroller
output input 2

- input 1 -

|
|

e

Zgll
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|

LI

$

>
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||
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FIG. 5. Schema of feedback loop of Buck-boost circuit

B. Transient Overvoltage problems and snubber design

First, lightning generator regulation loop prineigk tested and characterized experimentally at low
power (a few hundreds of volts maximum in the epex@urce capacitor bank for setpoint currents of a
few hundreds of amperes) for both Buck and Bucksboonfigurations. Peaks of voltage of hundreds
of volts that are not predicted by the simulaticodels are appearing at the IGBT terminals, espgcial
during the switch-off phases. Indeed, a configorabf a capacitor bank of 10 mF initially charged a
400 V and using an air-coil of 2 mH (internal résigce of 0.82) and aiming to discharge a regulated

10



200 A current in a 0.© load was carried out. Figure 6 represents theranpatal graphs obtained for
this configuration with the Buck circuit.
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FIG. 6. Presentation of experimental curves with Buckfigomation for low power applications (a)
shows the overvoltage peaks of IGBT for 5 commatetiand (b) is a zoom of one overvoltage peak.

As it can be seen in the curves, the overvoltagereach almost 2 times the initial voltage levelhia
capacitors — reaching a value higher than 700t¥ierBuck topology for an initial voltage of 400 S0,
expecting to charge the capacitors to an initidlage of 2 kV as required for an electric arc ohédter
minimum, an overvoltage peak of 4 kV might be expédn case of a proportional overvoltage peak.

This overvoltage peak issue is a wide subjectudiss in the area of power converter circuits and i

mainly caused by peripheral parasitic inductai¢é&sindeed, in both Buck and Buck-boost

configurations, when the IGBT converter switchdstbie current that goes through the loop involving
the source energy bank capacitor and the IGBT sugdiops from a value up to 400 A for Buck

configuration (1500 A for the Buck-boost case)a@ooz And when the IGBT converter switches on, the
current that goes through the loop involving thadei suddenly drops as well.

Considering the inductance formed by this branahpmsed by the parasite inductances of the IGBT
device and of the capacitor bank, and by the wegigvalent inductance, this steep variation ofexir
provokes the apparition of an overvoltage peakesg®d by the following equatiéh

Al

V=L,—
P At

(3)
with V being the transient overvoltadg, being the total peripheral parasitic inductance &hbeing

the current variation during the switch-off phasel At being the turn-off delay time (3.1 ps for the
described model of IGBT module).

Power switch technologies are usually protectedhfthis overvoltage peak resorting to damping
circuits called Snubber circuits. Amongst other aadages, it also reduces the electromagnetic
interferences (EMI) that could affect the circuitdahe commutation losses of the switcHeBhe two
main kinds of snubber filters are the Resistor-Cédpea (RC) and Resistor-Capacitor-Diode (RCD)
damping circuits and consist in converting the nedignenergy of the parasite inductance circuit in
electric energy through a capacitor placed in pelred the switch?® The resistor and the diode enable
to control the flow of current going from the sviiieg circuit to the snubber circuit.

11



The snubber capacitor must have a capacitahael) as low as possible to be able to evacuate quickly
the overvoltage peak in a RC circuit but also lghugh to damp the magnetic energy from the parasit
inductance. Thus, th&x,y» parameter of the RC circuit is given by equation

- L,AI? (4)
snu AVZ
with AI being the absolute current variation during thédwoff andAV the maximum overvoltage

peak acceptable at the terminals of the IGBT swittlus, a capacitance snubber value can be designed
only with access to the total peripheral parasmitictance.

The total peripheral parasitic inductance can lighty evaluated by a geometrical model of the d@ircu
to determine the wire inductance as done by Yarteshal?®. It can also be evaluated experimentally
measuring a ringing cycle between the inductancaiitiand a known value capacitor placed at the
terminal of the IGBT switch during a switching-gfhasé®. This last method is implemented in this
work: different values of capacitan€ have been added in parallel to the switch. Meagutihe
frequency of the ringing cycle from the capacitorthe parasitic inductance, a mean valud,pfs
determined with:

1
by = ®)
wheref is the ringing frequency experimentally measuned &, is the value of the test capacitance.
Figure 7 presents the curves obtained with Buckigoration for different values o as a test capacitor
and shows the ringing phenomenon. The dataseth@neh¢asured values of the ringing frequency and
the estimation of.,, are summarized in Table IV. The additional stragiuictance brought by the
paralleling of the different test capacitors isleeted is this calculation because the capaciéomsinals
have been welded directly on the IGBT switch teatfsn

() (b)
—C=1.8uF ——C=80uF
800 b ]
—without filter a0d ——C=40uF
~ 6007 _ 600
s )
: :
400 " S400/
E 2
2001 200
0f 0f
0 100 200 300 400 0 200 400 600 800
time (ps) time (ps)

FIG. 7. Presentation of the ringing phenomenon usingu#fit values of C(a)without filter and
with C = 1.8 pF and (b) with € 40 pF and C = 80 pF.

TABLE IV . Experimental determination of L
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Capacitor Frequency Parasitic
value of ringing  Inductance

(KF) (kHz) (kH)
1.8 125 0.9
40 25 1.01
80 18 1.03

The experimental results give a parasitic induaanahe order of magnitude of 1 pH. It appears als
from those results that the addition of a capaditgrarallel to the switch is already sufficientdamp

the switching-off overvoltage. However, this simplation is dangerous and stresses the IGBT switch
as during the switch-on phase the energy accunaligt¢he parallel capacitor is discharged backén t
IGBT without any current limitation. This discharigea potential source of breakdown for the device.
For this reason, most snubber circuits possessistaethat limits this current. Considering thia¢ t
variation of current is up to 400 A in the Buckatiit and 1500 A in the Buck boost circuit when the
IGBT switches-off, the maximum overvoltage peakegtable being set at 100 V and with the parasitic
inductance mean value of 1 uH, snubber capacifaespective capacitance values 16 pF and 190 pF
can be chosen using Eq. (4).

From these values of capacitances, a RCD-snubbairitcis added in parallel to the switches. Its
operation is represented in Fig. 8. During the dwiff phase, the current going through the pacasit
inductive circuit do not abruptly vanishes but Ideato charge the snubber parallel capacitor pgssin
through the diode module as shown in Fig. 8(a). dibde is advantageous here: it enables to by-pass
the resistor so that the peak of voltage is rapidiisorbed by the capacitor and no energy is laten
resistor. During the switch-on phase, the snublpacitor gives back its energy, discharging itsesur
through the IGBT as shown in Fig. 8(b) — the resistlue being chosen so that the current intensity
remains in acceptable levels.

(@) (b)

Dsnubber Csnubber Dsnubber Csnubber

Rsnubber Rsnubber

Lparasitic Lparasitic Lparasitic Lparasitic

I M o o—Lp-—nme
FIG 8. Representation of an RCD-circuit operative dampihgvervoltage peaks during (a) switch-
off phase and (b) switch-on phase.

To ensure an efficient damping, the cycle compdnethe charging and the discharging phases of the
snubber capacitor must be faster than the cydait€h-on and switch-off phases of the IGBT. Indeed
if the capacitor does not evacuate all its energind the switch-on phase, it would be partly clearg
during the next switch-off phase and might not bke @o damp the magnetic energy — and so the
overvoltage peak - of the next cycle. This problamillustrated in Fig. 9 with the Buck-boost
configuration. In Fig. 9(a), a snubber RCD of valGe= 100 pF an®R =1 Q is implemented whereas

in Fig. 9(b), a snubber RCD of valués= 100 puF andR = 10Q is implemented. During the switch-off
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phase, the current that is stocked in the snuldygaitor is measured positively and the overvoltage
the terminals of the IGBT is reduced. During thétslhiwvon phase, the capacitor discharges its energy
with a RC time constant of 100 ps in Fig. 9(a)ch#ag a peak current value of 300 A and a RC comsta
of 1 ms for a peak current of 30 A in Fig. 9(bpdk current peak levels are linked with the opegati
voltageV (300 V in this example) and the snubber resist&iogleax= V/R. It can be observed that in
the Fig. 9(a), the current going out of the snuldaacitor drops to zero before the next switch-off
phase and no overvoltage peak occurs in this Heggwhereas in Fig. 9(b), the current does nqt dro
to zero at the switch-off phase and an overvoltagesient peak is observed. However, the peak of
current that occurs during the discharge of thédkaucapacitors is traversing the IGBT in addition
the operating current and stresses the device, @husvervoltage peak level has to be acceptenhip |
this peak current as a compromise.

(@) (b)
600 400 600 ‘400
‘ IGBT voltage IGBT voltage |
500 | [~ Snubber current| 500 /| —— Snubber current i
- - ;
4001 ‘ L 200 400 vy 1200
= \ el W s | — - L
% 300 - o 300 / / =
= | c
%200 R ° E 8200/—" ‘/‘/O £
= = = “' : | -
g “ g / | G
100 100! | / i
-200 | | -200
0 0 \_/
-100 -400 -100 -400
24 26 28 3 0 05 1 15 2 25
time (ms) time (ms)

FIG 9. Comparison of two snubber designs witlr 100 pF andR = 10Q (a) orR=1Q (b).

Another solution is to reduce artificially the frezncy of the regulation adding a delay in the
microcontroller code so that the switch-on phaseslibbnger than the RC snubber discharge. This idea
is illustrated Fig. 10. For the Buck-boost configimn, a frequency limitation is established totshvi
the IGBT — 50 kHz in Fig. 10(a) and 250 Hz in Fi§(b). In Fig. 10(b), a RCD snubber is implemented,
with R andC values of 1@ and 100 pF respectively. In both configuratiohs, $etpoint load current
is 200 A and the limitation current in the interriagg coil is set to 800 A. In Fig. 10(a), it can be
observed that the setpoint current is respecteth aimaximum variation of 10 A (5%), but the
overvoltage peaks reach over 1 kV in Fig. 10(c)mhs in Fig. 10(b), the maximum variation is 100 A
(50%) of the setup current but the overvoltage peaés not exceed 100 V in Fig. 10(d). Thus, a
compromise must be found between the acceptableatage peak level and the regulation of the
current waveform.
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FIG. 10. Comparison of current waveforms and overvoltag&péar switching frequencies of
50 kHz (a), (c) and 250 Hz (b), (d).

In addition, to minimize this overvoltage peakhe thigh-power level experiments, an effort is made
reduce the peripheral parasitic inductance chantjfiaggeometry of the circuit. Indeed, whereas the
previous circuits were mainly made of bus barsoimnect the components, a second circuit version for
high-power tests is built with large and thin pt&até aluminum.

IV/ High-Power experiments and Results

A. Experimentswith resistor as an arc and comparison of Buck and Buck-boost performances

Before comparing the performances of Buck and Bambst topologies in the case of a real lightning
arc, a first comparison is made replacing the gra 4Q resistance. This resistance is supposed to
represent, for a current of 400 A, an arc of 1 goading to Sunabet al!® and of 0.5 m for Chemarfin

For both topology, the initial voltage of the caipachank is incremented until finding a setup thatld
create a C*-waveform (400 A for 50 ms) through ltieed resistance to respect the energy criterion. A
close attention is taken for the tension in thenteals of the IGBT switch and the diode modules to
avoid destruction of these components due to comiont overvoltage as discussed in Sec. Ill. The
maximum allowed frequency of commutation is finabt to 5 kHz. Indeed, it turns out experimentally
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that it is enough to respect the 10 % margin ofendrsetpoint and because this is one order of iatm
less than the maximum switching frequency of thBTGthen this component is not stressed. In both
configurations, once the current setpoint is redctiee microcontroller stops the regulation aldont
after 100 ms. In the case of the Buck-boost condition, the efficiency of the regulation also degen
on the level of current that is allowed in the imediate coil. This current is limited to 1500 Aths

is the limit level for the coil and for the IGBTsM0 IGBT with a limit of 1200 A are placed in paedl

in this configuration). Moreover, whereas in thecBgonfiguration, the current at the load resistaisc
directly regulated, in the Buck-boost configuratitirte intermediary coll is first charged untiléaches

its limit current value (1500 A) then, the currémthe coil is discharged in the load resistandd tire
load current reaches the setpoint value (400 Avéder, the load resistance might consume all the
energy gathered in the coil before it reaches ¢fygoint value. To avoid this, the IGBT is switcheu
every 2 ms to reconnect the coil to the capaciémkiand so to reload its current until it reachgsra

its limit value as long as the load current doesreach the setpoint value. The load current duttieg
switch-on phase is maintained thanks to a 5 mérfilapacitor placed at the terminals of the loadelVv
the load current reaches 400 A, the proper reguigthase starts: the current in the load is regdlat
except in case the coil current exceeds its impbsedcurrent. In this last case, the IGBTs switufh
and so the coil evacuates its current in the loa@®0 us before the load regulation restarts. Resfl
Buck-boost and Buck configurations for &4esistance are represented in Figs. 11 and 12e [Buck-
boost configuration, the initial voltage is 1600axd curves of the load and intermediary coil curren
waveforms are represented in Fig. 11(a), whereawvahtage at the terminals of IGBT and diode are
shown in Fig. 11(b) for one commutation. In the Baonfiguration, the initial voltage is 2000 V, and
the load current waveform is represented in Figa)l 2vhereas the voltage at the terminals of IGBd a
diode are shown in Fig. 12(b) for one commutation.

(a) (b)
2000
—load current 3000 —IGBT voltage
|, |l——coil current i —diode voltage
A T liv 2500 | |
1500 M l..wa.“.""c'u"m IV ||
I‘I 'HH"“H\ HM"I\ p,lﬁw'.‘ I‘IM"H‘ 000! h!
T | |l W 3 |
t \
£ 1000 | n\ & 1500, \.
= | I
- _o |
4
; ﬂ > 1000} /-‘
500 1 | !
/‘MWWW/\/\ ‘
/,rff WV‘I‘\\\\ 5001 “ ‘
‘ \
0 | o e
50 100 150 200 529 5295 53 53.05 53.1 53.15
time (ms) time (ms)

FIG 11. Currents (a) and voltages (b) waveforms of Bucgb@onfiguration for a @ load

resistance
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FIG 12. Current (a) and voltages (b) waveforms of Buckfigpmation for a 42 load resistance

In Fig. 11(a), initially, the IGBT switches on atiee capacitor bank charges the coil for 10 ms timsl
reaches its limit current value of 1500 A. Thefiiyst regulation phase of the current in the ctirts:

the current is sent from the coil to the load tesise during 200 ps and then the coil is reconddote
the capacitor bank until it reaches its maximunugall his regulation lasts until the load curreactees
400 A at 74 ms. Then, the proper regulation ofitlagl current starts and is maintained from 74 ms to
157 ms. In this configuration, the regulation af tbad current and the limitation of the coil cutrare
both respected. In Fig. 11(b), voltage waveformthefsame setup are represented at the terminals of
the IGBT and diode modules for one commutation. Udleage level at the terminals of both modules
— maximum 2800 V — is higher than the initial vgkaof the bank capacitor because of the inverdion o
polarity of the load resistance whose high voltagmmt is referred to the circuit mass. As discussed
Sec. Ill the transient overvoltage peaks is meastn@m Fig. 11(b) and reaches a level of 2800 V
whereas the operative voltage of the IGBT reach#02/ in the non-transient phase. A 100V
difference voltage is considered acceptable indevfdestruction risks for the switching devices.

In Fig. 12(a), load current waveform of the Bucpdtogy is represented for an initial voltage of @00

The regulation of the load current at a setpoivllés direct and lasts 100 ms until the microcolter
algorithm stops it. In Fig. 12(b), voltage wavefarof the same setup are represented at the teaminal
of the IGBT and the diode modules for one commaratConversely to the Buck-boost configuration,
the low voltage point of the dipole resistor isedity connected to the reference mass in this cask,
the highest operative voltage point of the circauithe positive terminal of the capacitors. It edso be
observed from Fig. 12(b) that the transient oveagd peak reaches a level of 2000 V whereas the
operative voltage of the IGBT also reaches 200@ tha end the cycle in the non-transient phase. In
this configuration, the effect of the overvoltagmk is shown to be negligible.

Both Buck-boost and Buck topologies enable to perfa regulated C*-waveform of 400 A through a
load resistance of @. As predicted in the theoretical simulations 0€.9¢ an initial voltage level of
2000V is enough to achieve this performance forBbek configuration whereas the initial voltage
level required is highest than expected for thekBmost configuration. This is probably due to the
current coil limitation that deteriorates the eneopnversion from the capacitor voltage to the coil
current — the advantage of getting a higher endegysity from an inductance source than from a
capacitive source is minimized if the level of et is limited. Still, for the same performancés t
Buck-boost configuration requires 20% less voltagethe initial load of the bank capacitors, which
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represents 36% less energy. In the other handBtio&-boost circuit introduces a higher level of
operative voltage at the terminals of the switchdélements, which remains acceptable forCarésistor
load.

B. Experimentswith electric arcs and comparison of Buck and Buck-boost performances

Figures 13(a) and 13(b) present the performanceltsesf, respectively, Buck-boost and Buck
configurations current waveforms with electric amstead of a load resistance. The ignition of the
electric arc is made using a conductive thin whig is likely to explode when the current riset ioy
Joule effect. This rapidly heats the surroundimgad contributes to generate a lightning-like pla®’
The wire is placed between a positive electrodimgoetungsten rod of 10 mm diameter, and a negativ
electrode consisting of a square aluminum plat#06f x 400 x 2 mf A high speed camera (HSC) is
used to evaluate the arc’s shape and behaviorHB® is a Phantom V711 from Vision Research
(CMOS sensor of 1280 x 800 pixels of 209uand is set to work with a sampling rate aroundp8.

In Fig. 13(a), arc current waveforms of the BuckeBiatopology are represented for an initial voltage
of 1100 V, an electric arc of 150 mm as an intectbde distance, a setpoint value of 400 A foratite
current and a limit of 800 A for the intermediat@l current. Initially, the IGBT switches on andeth
capacitor bank charges the coil for 7 ms untg&ahes its limit current value. Then, the firstulagon
phase starts: the current is sent from the cdhécarc resistance. It can be observed that thrergun

the wire does not increase fast in this phase duha first 31 ms, and then a sudden surge ochats t
matches the wire explosion — as it is confirmedh® HSC. This surge reaches the set point current
value at 32 ms and provokes the saturation of diheiot probe that is operative for current levelder

1.2 kKA. Then, the regulation of the arc currenttstand is maintained until 132 ms. Nevertheless,
despite the setpoint value, the arc current isonbt unstable — it varies from 250 to 1000 A afte
first peak of current — but also has a mean val@aund 600 A. This can be explained by the tlaat

the electric arc does not consume enough energyacouate the coil current correctly. Indeed, thke co
current regulation has the priority over the aroeut regulation to avoid a surge of current inc¢bé
that could damage the switching devices.

In Fig. 13(b), the arc current waveform of the Buokology is represented for an initial voltage of
2 kV, an electric arc of 1 m as inter-electroddatise and a setpoint value of 400 A of the arcufeig
14(a) presents the arc voltage waveform for thée @and Fig. 14(b) present the time varying resistor
the arc that is obtained by dividing the voltagéhat terminals of the arc by the arc current. it ba
observed that the current reaches the setpoing walless than 2 ms whereas the voltage of thesas

to 2.8 kV. During this time, it has been confirmadHSC that the ignition wire has not exploded yet.
The surge of voltage might be explained by theease of resistivity of the copper wire at high
temperature and when this wire starts phase chdogeto Joule heating. Indeed, the maximum
resistivity of solid copper is reached at tempaetl085 °C just before the fusion point. For a @pp
wire of 1 m and of 280 um diameter, it results iresistance of 1.2 considering the resistivity as a
function of temperature. This value, that is irdetio the 8.52 measured in Fig. 14(b), indicates that
this surge of voltage can be a result of a phaaags effect. At 3.5 ms, the current suddenly dtops
320 A and the voltage to 1.7 kV. The HSC confirtmst the wire has already exploded and plasma is
forming. Then the current takes 5 ms to reachmaffa setpoint. From this point, the current is
regularized until 200 ms when the microcontrolteps the algorithm, while the voltage variates from
1.7 kV to 1 kV and the arc resistance varies betvZeand 32. At the end, the current regulation around
the value of 400 A lasts more than 90 ms. Afterethe of the regulation, the arc vanishes and tistoe
value measured between the two electrodes incredke®vervoltage peaks are observed at the
terminals of the switching devices during the tramsswitching off phases of the regulation.
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FIG. 13. Current waveforms of Buck-boost configuration #150 mm arc (a) and of Buck
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FIG. 14. Voltage waveform (a) and time varying resistarxeof Buck configuration for a 2000 mm
arc.

C. Discussion and Analysis of different topologies performances

These results showed that for a load resistor Qf #oth Buck and Buck-boost configurations can
perform the C*-waveform of the lightning standardwith an advantage for the Buck-boost
configuration that requires less energy. For tlee aeith electric arcs, only the Buck generatopizust
enough to perform this C*-waveform. Indeed, the that it has a direct feedback loop on its current
level makes it more flexible to the fast variatiafishe plasma resistance — especially duringitgion
phase when the conductive medium changes fromeaficopper at room temperature conditions to
high-density plasma. The Buck-boost is less flexihle to his intermediate conversion of energygusin
a coil. The main problem being that the low-resistaand highly-inductive coil must be limited inntes

of energy storage to avoid an operative currertdrighan a few kA. A simple solution would be te us
an external resistive circuit to damp the energthefcoil in case the current in the arc is todhhBut
adding this extra circuit would have two drawbadkss would consume energy by damping the coil
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current and thus deteriorate the efficiency ofdineuit. Also, this would require at least two ath@BT
switches in addition to the two ones that are dyamplemented in the Buck-boost configuration to
regulate the flow of current going out of the imtexdiary coil. As previously mentioned, the IGBT
module is the weakest component, using as less asipossible is a preferable strategy. In the end,
only the Buck was able to perform a C*-waveform dots up to 1.5 m. Table V summarizes the final
parameters and components of the Buck generatdrfaséhese arcs.

TABLE V. Summary of parameters and components for thetedleonfiguration

Initial . Stored Coil \GBT p.eak Current Maximum Current
Capacitance transient . Current R
topology  voltage (mF) Energy Inductance voltage setpoint ripple duration
Vv k) mH A ms
(v) (k) (mH) V) (A) (A) (ms)
Buck 2300 112.5 298 10 2400 400 150 100

Based on the work of Sunabeal'® and Chemartiret all®, the linear arc resistance value was firstly
supposed to be between 2.4 an@/d without considering the tortuosity factor, anetvieeen 4 and

8 Q/m considering it. Therefore, for the Buck configtion, different arc lengths were experimentally
reproduced by increasing the inter electrode digtawith a 100 mm increment, and increasing the
initial voltage level. The highest length perfornweith the experimental setup described was 1.5 ttm wi
an initial voltage of 2.3 kV, and reminding thab &V being the absolute maximum operating voltage
of the capacitor bank. An image of this arc takemB8C is presented in Fig. 15. As it can be obskrve
the arc column is not straight, presents tortucsiy does not seem likely to be planar as discusged
Tholin'® Considering inter electrode distances from 100tmrh.5 m and without referring to the real
length of the tortuous electric arc, the mean lirsga resistance can be measured by dividing treame
arc voltage by the regulated current level. The rmealue obtained is around ZBm and is in
accordance with the experiments results of Sufiabe

FIG. 15. Image of a C*-waveform electric arc of 1.5 meters

Moreover, to check the robustness of the lightigegerator when a restrike phenomenon occurs, tests
were conducted using an air blower placed at 50ahthe arc column. The muzzle velocity of the air
was about 60 m/s and its velocity dropped to 25ah00 mm. the positive electrode - a tungsten rod
of 10 mm diameter and 1 meter long — is placedzbatally at 10 cm over the negative electrode - a
square aluminum plate of 400 x 400 x 2 ftmerovered by a layer of 500 um dielectric paikhie Thitial
voltage in the capacitor is 2 kV and the curremfpsint is 400 A. The current and voltage waveforms
are depicted in Fig. 16.
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FIG. 16. Voltage (a) and current (b) waveforms of a blown a

It can be observed in the Fig. 16 that despitestpeificant drops of arc voltage, especially the on
occurring at 45 ms, the current waveform remaiablstbetween its set point values. The arc voltage
drop occurring at 45 ms is a result of a restréke] decreases from 1.6 kV to 200 V in less than300

A sequence of images of this restrike is preseimt&ay. 17.

(b)

(c) (d)

to +193 ps ty +258 ps

FIG. 17. Sequence of pictures issued from a restrike phenomfrom instanbt 44.904 ms (apt(b)
to + 64 us (c)d+ 193 us (d)ot+ 258 ps

It can be observed from the Fig. 17 that the oleskphenomenon consists in two consecutive restrikes
one for the square aluminum plate electrode irbtteom electrode from images (a) to (b) from Fig. 1
followed by on for the tungsten rod above electrisdm images (c) to (d). For the first restrike ths
layer of dielectric paint recovers the square atwmi plate, no restrike can occur at its surfaceisTh
the observed restrike occurs because the electricrasses the total 400 mm length of the plateisind
able to restrike at its other edge which is notgmted by the layer. A distance of 400 mm is messur
between the two successive arc roots but it ipassible to estimate the real distance of the lzaamel
that is vanishing during this restrike since juse @amera was used. For the second restrike, the ar
channel that is vanishing is even partially oubefpictures. Considering that the arc resistasiaedund
2.5Q/m, as measured in the previous part, and thae tises drop of 1.4 kV for a 400 A arc current,
1.4m of arc column are estimated to have vanishedhgutie two restrikes. Thus, the lightning
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generator developed in this work has proved tdobeta provide a robust current regulation thatdesm
to overcome the fast length variations of the afarmn occurring during restrikes.

V/ Conclusion

A theoretical and experimental study comparingpgormances of Buck and Buck-boost topologies
as high current generators for lightning arc ufh ta long and respecting the C* waveform was carried
out.

As previous electric simulations of arcs showed sigh C*-waveform arcs can be modeled as linear
resistors from 2.4 to &/m, a comparison of DC/DC converters Buck and Boe&st topologies and
RLC circuit, using a capacitive load as energy seuwas conducted considering the lowest level of
energy criterion to furnish a C*-waveform through&Q resistor. Buck topology turned out to require
an initial voltage level of 3.5 kV in the capacitehereas the Buck-boost topology only needed 1.5 kV
from a capacitor bank of 100 mF.

The experimental implementations of Buck and Buckst topologies have been conducted focusing
on the optimization of the feedback loop for therent regulation. The need to find a compromise
between the accuracy of the regulation and theeotsf the operative electrical parameters of every
device of loop has been addressed. Amongst otlbbigis, the transient overvoltage peak occurring
at the switching-off of IGBT switch devices — tigtikely to break components — is solved by design

a Snubber filter and by reducing the commutati@ydiency, as well as the reduction of peripheral
parasitic inductance coming from the geometry.

With these last optimizations, the Buck and Bucksgia@onfigurations have been experimentally tested
and compared with the given performance criteniaafdQ load resistor and for electric arcs from 0.1
to 1.5 m. Whereas the Buck configuration performét-waveform through both the load resistor and
electric arcs starting from 100 mm and up to aeail.5 m, the Buck-boost configuration turned out
to be inefficient to reproduce this waveform foeatic arcs. In the other hand, Buck-boost hadsh be
performance for a static resistor a€4 requiring 1.6 kV against 2 kV for the Buck configtion. This
diversion of the Buck-boost experimental perfornenfrom the simulations is likely to be caused by
the limitation current in the intermediate colil theas implemented to avoid damaging the switching
devices. Eventually, the 1.5 m C*-waveform electiic has been achieved with an initial voltage of
2.3 kV and an equivalent linear resistance of 2\ was experimentally found for 400 A arcs. It ggdv
also to provide an accurate regulation even in chserestrike phenomenon. For future works, the
lightning current generator developed in this watik be used to study and characterize the physical
parameters present in the interaction of long higig arcs with aeronautical materials especially to
study the restrike phenomenon.
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