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Abstract

The economical relevance of Reusable Launch Vehi@RiV) highly depends on the Maintenance,
Repair and Overhaul (MRO) costs, which should kb ks low as possible. For that purpose, providing
efficient solutions for assessing the health stdta launcher is a crucial matter. This work airhs a
proposing a new paradigm for the assessment dfahkth of wires inside a launcher. After a desmipt

of the big picture of such a supervision systeswiability is examined in detail, considering mlission
constraints.

1. Introduction

The philosophy of space programs has radically gédrsince its beginning. The development of comiakuses
and the modification of the economic environmentehled to rethinking reliability of launch vehiclas well as the
cost-effectiveness of the whole chain of producfitn It is nowadays necessary to take into accdiam the first
concept study, and all along the conception, thigeelife-cycle of the concerned systems. The nidéa behind the
RLV paradigm is to lower the cost/payload ratiohatie help of reusability. If we consider Cd thejpct design cost,
Cb the launcher build cost, Cmro, the Maintenafepair and Overhaul (MRO) cost, NI, the numberapinichers
built in the program and Nf the number of flight g@uncher, the total cost per mission Cm can Ipeessed as :

cd , cb
Cm = NINT + NF + Cmro (@D}

For a single-mission launch vehicles, Nf = 1 andr€ims low. In comparison, the RLV concept is ecoiwatly
interesting only if Nf tends to be high and Cmr&épt as low as possible. For that reason, aneffienaintenance is
a key factor to the economic success of such pjend new tools and processes for maintenancendéight
equipment monitoring are needed. In the same tNhean be extended only if reliability is high.

During a mission, launchers are subject to vergmeenvironments. Next to the engine, the temperaises a lot in
a limited period of time, and at the same time témeperature goes low next to the tanks due togamwiz environment.
There are a lot of vibrations and accelerationigdgihAmong all launcher systems, the harnessegpanicularly
exposed to the stress induced by this environniBemperature variations cause dilatation, which ead to
permanent breakdowns. Vibrations due to acceleratEn cause short disconnections around connedtuwrse
transients may be extremely short (a couple of sieconds) and impossible to detect once the lauighébay, but
strong enough to perturb or stop the mission.stbeen shown in [2] that a vast number of faultsuaing in aircrafts
happen during flight operations because of flightditions. Mechanical stress can also alter théecliec part of
wires, which can quickly erode in a phenomenoredathafing, leading to short-circuit risks. In ai, temperature
cycling causes significant stress on the dielecfiwires, reducing their performance and relidpili
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There are several maintenance options to counttdracisks of breakdowns due to wires. A first optivould be a
systematic complete harness replacement, which mlmerequire any previous analysis of any strud¢tweakness.
However, the cost of this option is high becausedtires disassembly, reassembly and functioredldhg. Another
possibility could be to keep the same harness letweissions. The health of the harness could bmasd by a
combination of visual and functional checks. Howewathout disassembly, visual checking cannotXeestive and
it could be a delicate task, especially in compaanchers. Another option would be to provide diiregf monitoring

of the health of harnesses, any solution that wptdgide such a functionality could be designethsd wires are kept
in place and could be useful for researching peemtidamages. Finally, an online harness monitoragld also

provide the ability to monitor the harness durifights, searching for intermittent faults in additito permanent
damages. In this last solution the monitoring systbecomes a full part of the launcher, the monitpis permanent,
and every equipment could stay in place.

In this paper, we propose a solution that implememtline and offline monitoring of harnesses, by thean of
reflectometry. This technique, which consists ialgning electromagnetic wave propagation in a medibas been
successfully used in the field of cable diagnosismhany years. This method achieves a high prectisiaetecting
and locating small defects and rapid transientgois-destructive, and is easily configurable. Tmsaextent, the
reflectometry signal can be forged in order tcséitne Electro-Magnetic Compatibility (EMC) patterfiherefore, it

is a great candidate to cover the objective ofssssg health of harnesses. Some previous work éas tone in
aeronautics to make this technology available fodime monitoring and it could also be beneficial aerospace
industry.

The paper is organized as follows. First, the otflmetry technique is presented. Then, detailsheretivironment
and harness configuration are given. After thatwiedescribe the faults that we aim to detect &whte, which will

help quantify the requirements of the applicatibhen, the general organization of the monitoringtem will be

presented with a focus on the most critical aspetctie system, which could affect the feasibilifiythis concept.
Finally, the concept will be validated after havirggified the achievable performance, with the fedlpn analysis of
the digital system on the one hand and with thp b€k simulation on the other hand.

2. Reflectometry

Reflectometry is the study of reflecting waves medium. It is used in a wide range of fields saslacoustics, optics
or electromagnetism. For example, a well-known iggfibn is radar measurements in aeronautics, lbrasound for
medical purpose is also a derivative of the thedmeflectometry.

The base principle is the following: a wave is gatedd by a reflectometer at a specific locatiothef medium and it
propagates through the medium. Any singularitytia tmedium redirects the wave and its energy intdtiphe
directions. The reflectometer has also a sensoc#pdures the global response of the medium terleegy introduced
into the medium. The state of the medium is esthblil by analyzing this global response. For exarmaplecho during
a radar detection indicates the presence of amadbsfor the electromagnetic wave traveling in fepace, and
moreover, the delay between the instant of gemeradf the incident signal and the reception of ritigected one
carries the information of the distance betweerdtitected object and the observer.

Reflectometry in wire diagnosis has been used alsiase the creation of electromagnetism as a fiélghysics,
mostly for the purpose of detecting a severe cwt lime, but its generalization to complex systefiasembedded
electronic sensors is recent [3], [4]. When the ion&ds a combination of two wires, the wave propageais limited
to one dimension and the nature of the wave whiopggates is the combination of voltage and curi#fet call the
wire system the Network Under Test (NUT). Figurdustrates a reflectometer monitoring a simpleeaietwork.

Traveling wave

Pulse generator / /
+ Cable 1 Cable 2 Termination
Sensor -

Reflected wave

Impedance Z1 Impedance Z2
Figure 1 - principle of cable diagnosis via refleatetry

In the case of complex networks, such as onesmiageseveral junctions, or combining differentsset devices, the
resulting response is complex and its analysis fesochallenging. Each ramification of the netwoekerates an
ambiguity in the interpretation of echoes, and pmént may act as filters for the traveling wavelueng the tested
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area or making it completely unreachable. The duobtion of several sensors, plugged at differetreenities of such
a network can be used to suppress ambiguitied [B$ approach, as well as others [6] [7], enalilesdevelopment
of embedded solutions based on microelectroniccgavior online diagnosis. Such solutions have Iseenessfully
used in a large variety of fields, from automotisgstems [8] to aircrafts maintenance [9]. The peegrof
microelectronic components, combined with new dignacessing methods, gives today the possibiitygach higher
levels of performance and thus detect smaller tefec

3. Description of the specific environment of RLV for reflectometry usage

Within the frame of project CALLISTO [10], a mooiing system for harness diagnosis has been coedidi is
important to detail the environment in which it Mié deployed and the constraints it can geneoatihé dimensioning
of the solution.

First of all, a RLV possesses many types of calsiesie are used for connecting antennas to comntiomca/stems,
other to carry power, some transport command ssgimamechanical parts, and so on. All these typesble are
subject to deterioration over time and present Humetion, which can hinder flight operations. Hoxge, some are
more critical than others and the gain of addingsses is not evident for all. Actually, adding senssmakes sense for
complex topologies and for cables that are haractmess. Thus, in the case of CALLISTO project, eslglarrying
power from batteries to RLV’s organs have been ehds demonstrate the performances of the reflestignsystem.
They are among the critical ones because they pallvenportant organs of the vehicle, are instaliedbughout its
structure, and they form a complex topology, makihgm the best candidates for monitoring demorstratn
addition, the low frequency currents they carrgésily manageable for a reflectometry sensor, dteroto assure
complete harmlessness on the system.

These cables are mainly bifilar transmission limegle of copper and polyethylene. Various modelsbeafound in
literature and they do not necessitate a compleaefiteg for simulation purpose. There are 3 typesalfle lengths
given in the scope of CALLISTO: 10.10 m for connegtboth ends of the structure, 1.05 m betweemibligbrs and
switches and 0.7 to 2.76 m for cable connected .t &tgans. The typical topology encountered is enésd in Figure
2.

Reflectometer (top)

Board Board |} - Wire Powered
DAC Section I Section | : Battery = Section Device
ADC |— Boa.rd W|r_e ® A W|r§ _Powe_red
Section : Section Section Device
Wire l Wire Low-Pass Wire Powered
Section Section Filter * -~ Section [ | Device
e ] Wire - Powered
Section Device
Wire ¢
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A Wire | |Powered
Section Device

Wire Wire Wire Low-Pass - Wire Powered
Section Section * Section Filter * - Section Device
Reflectometer (bottom)

Board Board | § Wire ¢ - Wire Powered
DAC Section I Section | : Section - Section Device
Board - Wire Powered
ADC ™ section Battery *~ [ section [ | Device

Figure 2 - Topology used for simulation

Reflectometry sensors would be installed at stiategation on the cable network in order to maxienihe coverage
done with reflectometry. It means that they neest@onnected through specific connectors on thke@and powered
up as any other equipment of the RLV. The bestibilisgis to have the sensors installed near tbegr distribution

boxes at both ends of the vehicle. It reduces didktianal cables used for in-between sensors ameépsupply and it
is a key position in the network in terms of cogera
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The complexity of the power network is not only t@nsequence of its topology, but also the consempief the
number of equipments connected to it, as seengnéR. Every element may represent an obstaclkeflectometry
analysis.

Batteries are complex electrical systems, whiclegate additional reflections on a reflectometry suee. Literature
gives us some models for them [11] and as a fipstr@ach, these models are sufficient to integriagentin the
simulation process described in later chapter.

The filter cited on Figure 2 is supposed in ourj@ecbto be a simple low pass filter with a cuta#duency of 1kHz.
The loads, representing the RLV components ardyhiggpendent of the technological choices mad¢hi®RLV and
can’t be known at this stage of the project, howewith the presence of the low-pass filter, it nfmyassumed that
they have a limited impact on the reflectometry sueas.

4. Defect modelling

During flights, harnesses are exposed to sever@osmmental conditions, like high levels of vibratiochemical

aggression, radiation, or temperature cycling. Efdhese event types could leave a trace on tefieetry measure,
and deserves a consideration. However, in the sabipe feasibility demonstration for CALLISTO, tieeare still too

many unknowns to correctly treat all possible cases

Vibration-induced chafing would be one of the mostical type of degradation. Cables affected bgndy remain

operational for a long time, as long as their inéiconductor is not affected, but as time pagbesgoating over the
conductor is removed and there is a growing pd#giloif a physical connection between two condust®hen this

happens, it generates a short-circuit, which care ltaamatic consequences. With the vibrations stélsent, the
contact between the cables becomes intermittent@mdepeat many times during flight operationghSilegradation
and the consequences it has is the first type fettleur monitoring system aims to detect and iaeal

From a reflectometry point of view, this type ofele is a hard fault, meaning a total reflectiorpadpagating signals
on the position of the defect. A sensor installedree side of this defect will see the networkfashad been cut in
half, all points after the defect becoming unreathaThe principle of the reflectometry approactpiesented in
Figure 3. The detection difficulty lies on the diwa of the defect and its position in the netwadvkultiple reflections

and attenuation can mask an important fault.

Network under Apparition of a defect
monitoring

Multiple
flights

Reflectometry Difference
response detected

=

-

On-the-ground analysis
Figure 3 - Principle of the detection of a hard lfaan a harness by a reflectometry system

Chemical aggressions and radiations are seconaléeynperature cycling, which has a far more dimagact on wave
propagation conditions and which is more promirterdppear. Indeed, during flight operations, RLemte in an
environment where temperature varies between grdemgeratures to very low temperatures in highualé.

Furthermore, cables, in addition to experiencirgggdhme variations, may be installed near the peogehnk, which
temperature reaches extreme cold, or near the trasigine where temperature rises considerably. Ekengh

propellant is isolated with thermal protectiong #tmbient temperature can be affected. In particaldefect in the
protections could mean a frozen spot on the cahtebsthus a local degradation.

From this reasoning, two aspects of thermal cyatimgrge: the possibility of small local degradaidoe to extreme
cold and the progressive effect of global tempeeatihanges. In the first case, it is the polyethgleoating of the
cables whose electrical properties are modifiece Tarbonated structure undergoes irreversible tstialcchanges
which will progressively be the source of a newedef From a reflectometry point of view, the lochlnges of
electrical properties induce a change in charattelimpedance and thus a reflection of propagatiggals.
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In the second case, the polyethylene structurapgacted, but the electrical properties of the coppaductor are also
modified on a scale large enough to have an imgractflectometry measures. If the temperature isdgenous along
the cable length, it will not induce any local eflion, but rather a change in attenuation of #idecand wave velocity
of traveling signals.

To model these two effects, it is possible to wonkthe propagation model used for cables. Theicksdescription
used for wave propagation comes from a model cédtheal telegraphists’ equations”, which describesable as the
chaining of infinitely small cells of electrical sponents R, L, C and G. Dependence of these pagesneith
temperature is well documented in literature [13] & allows us to model the impact of both sceymby means of
RLCG madifications. In the first case, the modifioa is concentrated on a small part of the cabté@rresponds to
a drastic drop of temperature, and in the secord,¢ae modification is applied to the whole lengthhe network,
or a part of the network, and corresponds to abuariange of temperature encountered during fogletrations.

5. System organization

CEA List proposes a new architecture combiningsitswledge on reflectometry and system integratiorespond to
both objectives and listed constraints. It is diddn two parts:
« an external software which is installed on the goband is responsible for data processing and human
machine interface,
« embedded sensors connected to the harness of @R&\demonstrator like CALLISTO.

The external software in itself is made to run odlassical computer, or similar device, best suftaduse by a
technician. It is mainly composed of a specifieifiice, which allows a setting of the sensors dhedwo parts are
connected. But since it establishes a virtual timkhe sensors, via a communication protocol caroieer Universal
Serial Bus (USB), it is also the medium over whinbasured data is repatriated after flight operatidndatabase
stores all measures and can be interrogated tevetprevious information. The last part of thiftsare contains
specific post-processing algorithms used on demarghta to detect the presence of any defect aqi#ition on the
harness.

The sensors, designed for CALLISTO project, areraplex combination of a FPGA, a microcontroller axternal
processing components, such as numeric correlatorsemory blocks. Each sensor has the capacityetergte
reflectometry signals thanks to the analog-to-digibnvertors of its FGPA, and to make a pre-prsicgsof the data
through the usage of its microcontroller. This edatmalso drives all in-and-out communications. Meyrie used to
store measurements for the duration of the flight.

Figure 4 presents the interaction between the tatspf the system and all the elements of itsrenwment.

Harness ) I

A
s
4« & o
<° & l 50!
B S
S P\\‘“
) Q/

Flight systems

\ H, N
‘\ CALLISTO equipment Gfm/essnESS Integrated part of

/ \ solution

e g S
5»—
\

External part of
solution

Launcher main
structure

" In-flight external Operator

. /" On-the-ground
environment

external
R environment

Figure 4 - Interaction of sub-partsrioif the systerth\its environment

This analysis shows the constraints such a chonp®ses on the system and also some of the prosadeations
compatible with this type of architecture. Oneh# thain advantages of electronic boards is thdiraed volume and
their low energy consumption. However, as we can e choice made here generates the need fghanbimber of
connections between elements, either physicalgitadli To limit their number, and the cost they geaie, it has been
chosen to proceed with master/slave architecttimeebns that, for demonstrator like CALLISTO, th&xe sensor
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assuming the role of master. It is the only integfhetween the software part of the solution aechtesh of sensors
installed in the launcher. It then communicatealt@ther sensors through a unique link and seagehe gateway to
the processing software at the time of data regtadri.

During flights, sensors are powered by the laurishwattery, and during maintenance through the éioknected to
the master. Such a choice of architecture allowfaltp benefit of the RLV’s life cycle. The connéats are limited
to their minimum during flight operations, and iraimenance phases, an operator could easily aeflessnsors
settings or measures directly through the softwatsgface connected to the master sensor.

6. System operation

The system operation depends on the life cycleasphTable 1 presents the different life cycle’ag@s and the
objective of the cable monitoring system for eabhge. Since the RLV is used for several missiohasgs 2 to 5

occur on a loop.
Table 1 - Objectives and access to RLV duringdyfele

1 2 3 4 5
Phase Installation Pre-flight phase Pre-flight phase Flight M aintenance
in RLV with total access with limited access | operations phase

Sensor set-up
Objective Sensor test | (calibration, referencé Defect monitoring
measurements)

Defect Defect monitoring /
monitoring data analysis

Accessto
SeNnsor s

Full Full None None Full

Typically, an operator using the system would ithstaat the beginning of a flight campaign, tettsset the right
parameters according to regulation. Then, the Rlodld/be transported to the flight area, disconrefitem all links
to the ground, take off and come back after itssiois Once the links to the ground are disconnedterisensors
would switch to an autonomous mode and start sgneithectometry signals and recording events. Atedwould be
extracted during maintenance phases.

As previously detailed in section 4, the systemtrtnagk very quick intermittent defects, as wellsksv degradation
phenomenons. To address both issues, the systdohesvbetween two monitoring modes. The first misdmalled
intermittent defect search mada this mode, the different sensors alternativake possession of the medium by the
mean of a token sharing. When holding the tokesemsor performs one measurement with a configuraifo
parameters optimized for the acquisition speedyrebd@, and adds a timestamp to it and releasdaken. Every
capture is compared to a reference capture, anldeie is enough difference between them, with mspe a
configurable threshold, this constitutes the beigigrof a detection event burst. Several capturereedind after this
first detection are done, stored, and timestamipedrder to make the difference between an intéemitdefect and
slow variations phenomenons, the reference capuegularly updated at a configurable frequencyaiyng a fresh
capture. The reference capture is realized withsdimae configuration of parameters, so that refe®@and instant
capture are fully comparable, and all referencéwrap are also timestamped and in addition thegtared in memory
for the whole flight.

The second measurement mode, called degradation search mod®lows to address the problematic of progressive
degradation. At a given frequency, the system swidrom the intermittent defect search mode tw slegradation
search mode. In this new mode, the sensor is rignoetl in order to produce a higher resolutionefhgram, which
is recorded and timestamped. Immediately after, thatsensor returns to intermittent defect searatle, to limit as
much as possible the fault coverage degradatigmexfmittent defects.

At ground, all generated data is downloaded inot@@roceed to its analysis. Then, the data aisalyslone off-line,
by estimating key parameters, like wave velocitglmracteristic impedance, for example. The tinmptaassociated
to captures are used to do some temporal corretatith other sensors, such as accelerometerspetature sensors,
which already exists in other devices in the lawnch

Now that the general scope of the system is githeme are questions about the feasibility of suatoaitoring system.
The time constraints on the switching between #® modes is important as it generates blind tinséssh which

information is lost. The systems should be implet®eion a space-grade FPGA, with limited resourtles following

chapters focus on the feasibility analysis.
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7. Feasibility analysis
7.1. Description of the system

In terms of components, the reflectometry architects made of:
« aDAC, which produces an excitation signal whicimjected in the cable network under test. This gonent
has a resolution afiac.
e an ADC, which is used for capturing the responsthefcable network under test. Its resolutioratc.
« an FPGA, which drives the DAC and ADC.

The first step of a reflectometry capture consistgroducing a generation signal. This generatigna is notedS.
This signal is periodic, made of sigsamples updated af@acrate. The period dbisn_sig/fdac
The signal at the input of the ADC is notedfor response. It is a modified versionS®fwhich was passed in a filter
which reflects the effects of:

* the cable network under test,

« other contributions due to the electronic boarelfts

Ris also a periodic signal likg with the same period_sig/fdac The aim of the signal acquisition part is to pdev
a discrete version d®, sampled at #acq frequency; the discrete version Rfis notedR’. The ratiofacq/fdacis an

integer and is noteshcq In order to provide a higtacqvalue while working with a simple hardware, theuaisition

is done in several passespl) passes, made obig*sacq/sptsamples each, and each pass being done witheaedhtf
phase.

sph = nchan * sacq (2

All phases are equally distributed with a stef360°/sph Between every phase pass, the acquisition iseplawstil
the ADC clock is reconfigured and stabilized, whigllone irtplireconfig (time).
In order to filter potential noise, afiph phase captures are performaeg times each. Then, thevg complete
acquisitions are used to produce an averaged abopismade ofsphvectors ofnsig*sacqg/sphsamples each. The
vectors are notes, with p € [1,s_phase].
Most of the reflectometry analysis is based onahalysis of reflectograms. A reflectogram is theuteof the
intercorrelation between the generation signaltaedesponse signal. There are three steps tavfatl@rder to get a
reflectogram from the averaged phase vectors. if$tesfep is called pre-interleaving. It consistpiesenting the data
in a specific format so that the intercorrelatan paocess them. The data enters the pre-interléatke form ofsph
vectorsB,, of nsig*sacqg/sptsamples, and it is outputted in the fornsa€qvectors ohsigsamples. This output vectors
are noted’, with g € [1, sacq]. Then, the intercorrelator processasqtimes an intercorrelation &andC,, which
producess_acqdifferent output vectors of sizesig These output vectors are notgdwith g € [1, sacq]. Finally, a
third module called post-interleaver is in char§&ansforming theD, vectors into a single vector of siasig * sacq
by interleaving the samples of &l vectors. We not& the resulting vector, and we call it the instaftectogram.
The detection of an intermittent fault consistscomparing the instant reflectograwith a previously acquired
reflectogram. This comparison is done by a modalmeddetector This module take for inputs: a- the reflectogram
E, b- another previously acquired reflectogram (dference reflectogram) not&f and c- a threshold vector noted
T. All three input vectors are the same size. ThHeder provides three outputs:

« aBoolean indicating the detection status,

e the position of the maximum ¢ — Ref| where|E — Ref| > T,

e the value of the maximum ¢E — Ref| where|E — Ref| > T.

The reflectogrant is also written to memory by a module naniddA, which stands for Direct Memory Access.
7.2. Dimensioning the system

The performance of the reflectometry system deslineseveral aspects. First, th@ximum network size viewalide
notedLmax The signal must be able to propagate to the nemspte place of the network and to propagate back t
the injection point, in a time lower than the pdriaf the reflectometry signal. If this condition svaot met, it would
mean that the repetitive signal would loop so qyithat the direct propagation effects would nowtstble in the first
order reflectogram. We definenaxas:
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__ ccpnsig

Lmax = fdac (3)
Thereflectogram spatial resolution Res; is the distance step between two reflectogram ksmfi is desirable to
have a lowRes, value compared to the typical distances at stakied network. It is expressed as:

_ ccp
res = 2-sacq-fdac (4)

The bandwidth of the reflectometry signal is an important pemfance view. From a bandwidth point of view, two
defects too close from each other would appearsasgie lobe, so the ability to discriminate twdeads located in
the same area is efficiently described by the badithwSince the reflectometry signal is periodid atiscrete, the
frequency specter is discrete and has the shapecafdinal sine. Theoretically, for a temporal aigof frequency
samplefdac the norm of the corresponding frequency specasr Zero-crossings at frequenciegdac, with i, a
positive number. We define the reflectometry bamtlvas the bandwidth formed by the first order lobthe cardinal
sine. In our case, the bandwidth spanRjifdac].
The minimum time of an intermittent defect is defined as the minimum duration of a defectfhad the system
cannot miss it. In order to estimate the valuehis performance criteria, it is necessary to gopdeénto system
performance considerations. Figure 5 illustrates gaquence of the reflectometry supervision whanckéng for
intermittent faults. The reflectometry capture isactive measurement, that means that the seneds rte send an
excitation signal on the network prior to sensilmgour case, the network is made of sevematdd reflectometry
sensors that need to share the same medium. Tin@dee that was chosen for medium sharing is TDMAng-
Division Multiple Access), which means that theigas sensors are granted the network one at a Tiheesharing is
realized by implementing a token-based protoca@rahis a unique token, and a sensor is allowecdtemte some
signal on the network when it has got the tokenF@ure 5, nmod = 2, and the token is first giverf then to B,
and then to A again. During the time a sensor igingafor the token, its reconfigures itself to Eady when it gets
the token back. When a sensor obtains the token:

e it begins generating some signal for a certaingaeof time without acquiring anything,

e then, it proceeds tavg acquisitions oh_phphases, separated by phase reconfiguration periods

medium sharing token <€ A

<& » & N
< B > A >

€<—gen+acg—p

<« gen+acq

|e| wait for token |s| gen I

\AA 4

intermittent fault monitor | s | gen |

signal generation [glalalalalgl: Ig'g'glEE EEE

favg favg

1 1 1 2 1 avg: favg
sighal acquisition cJpr] c Jpt] ¢ [pr] < [p'pr‘:l c |pr] ppprtﬂl
1 2 nph 1 i1 nph 1 nph 1 n_ph

'(— minimum duratioé of the shortest intermittent fault, visible on all average pas:ses —)'

H E minimum duration of the shortest intermittent fault’ H
visible on at least 1 average pass
flect t t i i isiti f ber i
reflectometry capture is E generation cycle acquisition of average pass number i,
being configured - phase number j
J

[]

reflectometry capture is
generating

reflectometry capture is

generating and acquiring
E reflectometry capture

is terminating

gen
phase reconfiguration

Figure 5 - Sequence analysis for establishing tbestxcase minimum duration of the shortest faulelbaverage passes or just
one average pass

The sensor is “blind” during several instants arattually senses the networks during the momesitsed in green.
Figure 5 exhibits the worst case situations foaldihing:
* FDAP (Fast Defect All average Passese minimum duration that an intermittent faulishhave so that it
appears on all complete average passes,
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« FD1P (Fast Defect 1 average Pas#)e minimum duration that an intermittent faulush have so that it
appears on at least one complete average pass.

FDAP = tWaitForToken + tst + 2 - nchan - sacq - tpc (5)
FD1P > tWaitForToken + tst + 2 - nchan - tpc (6)
In this expression:
e tstis the time spent while generating, waitingtfoe permanent state to establish: tst = %,
[logz(z-nrt-];dcac-ltyp)]
with nst = 2 - z ,
nsig
» tpc is the time spent for capturing one phase, flasassociated phase reconfiguration titpe: = :;;"’C
tpr,
» tWaitForToken is the time spent waiting for the doktWaitForToken = (nmod — 1) - (tst + avg -
nchan. tpc).

Studying the feasibility on reflectometry on a splamission means considering the computation target, space-
grade FPGA are globally more expensive and offes leesources than their commercial- or industratg
counterparts. For that purpose, apart from stripgisformance-oriented criteria, the resource usétfee FPGA should
be checked.

The first kind of resource evaluated is the qugrtdftrequired memory blocs. We suppose that a &ffEpace-grade
FPGA memory block can store either 512 9-bit wol#& 18-bit words or one double clock FIFO.

The elements requiring memory blocks are summaiizéable 2.

Table 2 - List of elements requiring memory blocks

Element to store Number of items Width pNumber of memory blocks required
items numberOfItems - width
(bits) [ 9-512 ]
S nsig - sacq 9 [nsig - sacq - 9]
4608
FFT(S) 2-nsig-sacq |18 [2 “nsig - sacq 18]
4608
Ref nsig * sacq 18 [nsig - sacq 18]
4608
T nsig - sacq 8 [nsig - sacq - 8]
4608
Work memory dedicated | 2-nsig-sacq | 18 2 nsig - sacq - 18]
to avg block 4608
Work memory dedicated | 2-nsig-sacq | 18 2 nsig - sacq - 18]
to pre-interleaver block 4608
Work memory dedicated | 2-nsig-sacq | 18 2 nsig - sacq - 18]
to post-interleaver block 4608
Storage of intermittent highSpeedPlaces | 18 highSpeedPlaces - nsig - sacq - 18
defect burst of size -nsig - sacq [ 4608 ]
highSpeedPlaces
Storage of a single high nsig - sacq 18 nsig - sacq - 18
resolution capture [W]
2 double-clock FIFOs for 2
domain transition

The evaluation of logical/register resources isfficdlt process. This study does not yet coves thépect. However,
several solution can help maintain low the usagegital and register resources. The intercorrelistthe main user
of logical and register resources. The complexityis module only depends on the size of the aagelation, which
is nsig This intercorrelator is not compulsory when adaugj a high resolution reflectogram, but only fogthspeed
reflectograms, which precisely use a lower valuenfig A complete evaluation is extremely difficult to dithout

producing the code and using the FPGA tools. Eiieijond the scope of this study and will be exarhin the future.
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8. Simulation method

For this work, we tested the elements of previdwapter, thanks to a simulation tool created by CisA This chapter
will detail the core mechanisms of this method #rednecessary hypotheses for simulating all typeefects selected
in the project CALLISTO.

8.1. M echanisms of the ssmulation method

The simulation tool which was used in this worlaifrequency-based electrical simulator. It includexlules for
modeling cables, analog parts, junctions, and aligitocessing. As explained earlier, the RLV cohiexposes a
limited choice upon the selection of useable corepts) and as explained in previous chapter, thplegmeters that
are spatial resolution and time resolution are ddget of the choices made for each step of théadization process,
both in emission and reception.

The first step of the modeling is the definitiortioé signal used by the reflectometry system. iBdhse, it is a simple
square pulse for TDR. But since it is generatedD®\C of the FPGA, in addition the shape of the sigtiae
characteristic of the DAC becomes also a variablihé simulation. It is set using the results pmeszk in chapter 6.
At this point, the generation of the signal is a@ek but the acquisition must also be added isitnelation to account
for the quality of ADC of the FPGA. In particuldine number of acquisitions in a measure as weéll@sversampling
factor are integrated as variables. To completalipiéal part of the sensors, a non-perfect moddhe correlator is
also considered.

The analogical part consists in the addition otla elements present in the path of the propagatgnal that may
generate losses or reflections. They are the fatigw
- Cables of the harness. Their nature, as well agappelogy, is central in the simulation. Their mbae
precisely detailed in terms of electromagnetic @sts on which the characterization of defects seta
- Battery used for alimentation of the RLV. The morgd cables are connected to them and their presenc
generates reflections and modifications of the pagaping signal.
- Analogical filters used to separate low and higdyérency signals before powering components of thé R
- Switches used to command the usage of componene diLV.
- Components powered by the battery.
- The other reflectometry sensors present on thearktw
Once every element is associated with a propagatiodel, they are assembled, following the structfrehe
monitored launcher and a reflectometry measurebeagynthetized through a numerical calculus. Irsgmee of a
defect or a modification of one element, the conedrmodel is changed and the simulation resukigerated again.
A comparison between the two results is then psEm$o emphasize the effect of the defect and adacbn the
feasibility of reasonable detection and localizatio

8.2. Simulation settings

Several sets of simulations have been generatldvial this principle. The first set was made tsttie possibility
to detect hard faults at different positions in thenitored network. The reference reflectograme $seeach sensor
were simulated and then the network was redefinecbtrespond to a configuration with fault, theflegtograms
were generated again. As said in chapter 3, an dpeuit has been made in the wire section higtédhn blue.

The RLCG parameters of the cable were set to niafitér lines of characteristic impedance of 1®0the resistivity
was that of copper at 20°C and with the permittiat PVC.

For the digital part:

- resolution is set to 10 bits,

- maximum output current is set to 20 mA,

- saturation tension is 1.25V,

- non linear integral effects are considered,

- non linear differentiation effects are considered

For the simulation of temperature effects, thremacios were considered: a uniform temperaturegghan the cable,
a local change of temperature over 15 cm of théecaid a local change of temperature over 1 m.fif$teone aims
to simulate the impact of the environment on thasnee during flight operations, the other two thespnce of a local
effect due to a fault in the cold thermal protectior overheating due to combustion. In each scen&LCG
parameters of the cable were set for 6 temperégueds: 200 K, 250 K, 273 K, 293 K, 323 K and 373THiis allows

10
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to cover both extremely cold and hot temperaturefle®tograms were generated for each case. Thetdefere
simulated on the wire section highlighted in graeRigure 2 of chapter 3.

9. Results

9.1. Resources evaluation

In this reusable launcher context, we considefdiewing environmental/host system parameters:

e ¢p=0.7.Thisis a typical propagation coeffitien

¢ Lmax>17m. The most remote points of the network arasgpd by approximately 17m.

« nrt = 4. At every reflection of the reflectometiigrsal, the signal loses a lot of energy. It is makevant to
count the number of reflections rather than cogntire propagation distance, in order to estimatenithe
energy was absorbed in the network or has reaclpetdnaanent state. nrt = 4 means that after 4 rénpsl
the energy is entirely dissipated.

e nmod = 2.

Then, we suggest using these technological choices:
¢ Bandwidth : [0 Hz, 200MHz]. Which means that fda2G0 MHz.
* nchan = fdac/fsys = 2. On the one hand, we aim fd2860MHz. On the other hand, the rest of the syste
limited by the digital architecture. By experienas know how to design reflectometry architectuhed can
be clocked at around 100 MHz. As a consequenceowsider nchan = 2.

Then, the application analysis provides two coirssa
¢ Res< 15 cm : the minimum spatial resolution when captua high resolution reflectogram,
« LDI1P < 10us. The shortest intermittent defects we warntetect are of the same order than pyrotechnical
shocks, which are estimated around 10 ps.

Finally, the choice of a spatial-grade FPGA addsuece constraints:
* the number of memory blocks must be lower than Eb2that we can use already available FPGAs at a
reasonable cost,
« the number of logic/register blocks must not exdbedavailable resources.

After having reduced that scenario into equatiatisfree parameters can be estimated. Accordinggteation (4),
there is a direct relationship between the overdampactor sacq and the spatial resolution regufé 6 shows the
resolution as a function of sacq. According to thgare, sacq should be configured to 4 for higkotation
reflectograms, in order to reach the requiremenitSoim for res. For high speed capture, we considgrsacq could
be reduced at 2, if necessary.

300 T T T T T

250 —
200 \ =
150 —
100 \ -

res (mm)
+

sacq
Figure 6 — Resolution res as a function of sacq,dhersampling factor

Now, there is a direct relationship between thg psirameter and Lmax (c.f. equation (3)), and Eduillustrates
this relationship. The required Lmax can theordiidze achieved starting from nsig = 64. That is itheal tuning for

11



DOI: 10.13009/EUCASS2019-663

Nicolas Grégis, Mickaél Cartron, David Monchaux

high speed captures. However, choosing a highelewabuld provide reflectograms with less multipéipeffect, so
we prefer using nsig = 512 for high resolution cags.

300

250

200

150

Lmax (m)

100

50

0
32 64 128 256 512

nsig
Figure 7 — Maximum distance of the reflectogramdkjnas a function of nsig

Equation (6) expresses the fastest visible defe@ function of many parameters. Among them, thramater tpr
represents the time needed to reconfigure the pbfagee PLL between two phase captures. Considdhiaghigh
speed capture configuration, we have to deternhieegquired maximum PLL reconfiguration time sd tha fastest
visible defect duration is lower or equal to thelagation constraint of 10 us. Figure 8 shows tiELP parameter as
a function of tpr, considering sacq = 2, and nsigd=high speed configuration). According to thgufe, the PLL
must be able to reconfigure in a time lower or ¢qo&00 us. More precisely, in this time budghe PLL should
reconfigure and the jitter of the clock and ofcicks below should be stabilized.

20
18
16
w
2 14
o
9 12
[V
10
8
6 | | | |
0 200 400 600 800 1000
tpr (us)
Figure 8 — Fastest duration of an intermittent aefas a function of tpr, the time for one phaserdiguration.(sacq=2,
nsig=64)

This reasoning raises a question: is it possiblii this application, with the above requiremeimi® a space-grade
FPGA? To answer, let us consider the memory bléickts The application will be able to realize bdtigh resolution
and high speed scenarios, but we consider the lattevhich is the most constraining ore for memory usage
considerations. According to Table 2, and considesacq = 4, avg =16, and 8 places for storingrnmteent fault
sub-events and 1 place for storing a high resalutfiectogram, we get the result of Figure 9, Wlshows the number
of required memory blocks as a function of nsigthithe FPGA considered as an example, that hasitditable
memory blocks, nsig could have a maximum valuel@f Beyond that limit, a bigger FPGA would be regdi

12
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Figure 9 — Memory block usage for various valueasi§, (sacq=4, avg=16)

The evaluation of the logic/register blocks usags aiso done by considering the high resolutionate.
9.2. Intermittent fault detection

Let's have a look now at the results of the simatabf an intermittent fault. The considered fdslin open circuit
that occurs in the middle of the wire section mdrkeblue in Figure 1. Figure 9 shows the diffei@meflectograms
at top and bottom reflectometers obtained withrdflectometry simulator configured in high speeddmd@nsig=64,
sacg=2, fdac=200MHz). A differential reflectograsrie difference between the instant reflectogreontg@ining the
intermittent fault) and the reference reflectogr@n.this reflectogram, the maximum of the curveafisolute value)
corresponds to the distance to the defect we arelsag for, which means that the system wouldesily locate the
fault.
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Figure 9 — Differential reflectograms when an op&cuit suddenly happens, for top and bottom refientters
9.3. Detection of temperatur e effect

Results of the simulations of temperature effampliad on the green wire section of Figure 2 assented on Figure
10, Figure 11 and Figure 12. The figures showdifferential reflectogram between the reference snemand the
ones for each temperature. As we can see, thestatnpe generates shifting of reflectograms dwkerity changes,
but also new reflections all over the cable. Howeirethe case of the short defect (15 cm), it espnts only a few
points in the dynamic of measure, which is realgse to nothing. It can be inferred that in reahditons, such a

13
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defect will be masked by noise and other sourcasstie two other cases, the number of points isighdo conclude
that the defect can effectively be detected fotemtiperature levels.
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Figure 12 - Results of simulation for long temparatdefect
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10. Conclusion

During the realization of this work, a first systeras designed, dedicated to the monitoring ofifastmittent devices
and as well as slow degradation of defects in wikés0, a realistic dimensioning of this system wasposed, which
considers the constraints that come with RLV, intipalar with a use of space-grade programmablecdsy A
simulator dedicated to the simulation of reflecttmpesystems and electrical networks was used te gstimated
views of the reflectograms that the reflectometrgduies could generate, considering the optimizedmaters
calculated in the preliminary dimensioning stepe Binalysis of this estimated data allows to corethdt the system
is promising for detecting and locating very fastermittent defects down to 10us. For modificatiahse to
temperatures typical of the intended mission, #ilectograms are precise enough to detect themn downe-meter
sections.

The interest of on-line and off-line health assemsnof the health of wires for optimizing the maimance, repair and
operation costs is reinforced by this first stublpwever, we plan to go deeper into the feasibéisgessment, by
evaluating the logical and registers resources etedy) the digital architecture, in particular férethardware
intercorrelation module which is the most demandifgpal tests in typical conditions (temperaturentdity) could
also help validate our models for slow degradagissessments.
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