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1. SCOPE:

This user's manual provides additional information and references relevant to identifying:

(1) acceptance criteria for the indirect effects of lightning compliance approaches, (2) verification
(analysis and test) methods including those associated with multiple stroke and multiple burst and

(3) recommended design options to optimize needed system immunity to lightning indirect effects.
Equipment hazards addressed include those due to the indirect effects on equipment mounted on the
aircraft exterior and equipment located within the aircraft interior as well as all associated
interconnecting iring. This document has specific application toward those fopics

addressed in ARP5413 but also provides additional guidelines in the application’of
identified in DO-[160/ED-14, Section 22.

1.1

2. REFERENCES:

2.1

211

21.2

Purpose:

This user's manual expands on the topics introduced in ARP54 13; Certification of
Electronic Sysfems for the Indirect Effects of Lightning. Guidelines are provided W
approaches to|compliance with the US Federal Aviation Regulations (FAR) and th
Airworthiness Regulations (JAR). Discussions are applicable to all categories of &
rotorcraft. Thig material as well as the Aerospace Reedmmended Practices (ARP
not intended tq provide mandatory approaches to compliance. In many cases, th
compliance mgy use one or more of several methods. Applicants for Federal Avia
(FAA) or Joint Aviation Authority (JAA) approval may elect to demonstrate complia
alternative methods found acceptable by the FAA/JAA.

US Federal Avjation Regulations (FAR) and European Joint Airworthiness Requirg
FAR: The following documents can be obtained from the US Department of Tra
Subsequent PDistribution‘Office; Ardmore East Business Center; 3341 Q 75th Av
MD 20785.

US Code of Féderal Regulations 14 CFR Parts 23.867, 23.954, 23.1309(e), 23.

nd subsystems
hose tests

Aircraft Electrical/
hich explain the
e European Joint
irplanes and

S) it supports are

path to

jon Administration
nce through

ements (JAR):

hsportation;
enue; Landover,

529, 25.581,

25.901, 25.954, 25.1309, 25.1316, 25.1529, 27.610, 27.954, 27.1309(d), 27.152
29.1309(h), 29.1529, 33.4 and 33.28(d).

, 29.610, 29.954,

JAR: The following documents may be obtained from the Civil Aviation Authority (CAA), Printing
and Publication Services, Greville House, 37 Grafton Road, Cheltenham, Glostershire GL50 2BN,

England.

Joint Airworthiness Requirements, Sections 23.867, 23.954, 23.1309(e), 23.1529, 25.581, 25.901,

25.954, 25.1309, 25.1316, 25.1529, 27.610, 27.954, 27.1309(d), 27.1529, 29.61
29.1309(h), 29.1529, 33.4, and 33.28(d).

0, 29.954,
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2.2 FAA Advisory Circulars:

2.3

The following documents can be obtained from the US Department of Transportation; Subsequent
Distribution Office; Ardmore East Business Center; 3341 Q 75th Avenue; Landover, MD 20785.

AC 20-53A

"Protection of Aircraft Fuel Systems Against Fuel Vapor Ignition Due to

Lightning”. AC 20-53A contains zoning definitions and proced

ures that are used

for direct effects protection and is used as a guide to describe zoning as it

AC 23.1309-1(

AC 25.1309-14

AC 27-1A

AC 29-2B

DOT/FAA/CT-¢

applies to indirect effects.

"System Design and Analysis", dated March 12, 1999.¢AC 23
describes acceptable design practices for showing complianc
requirements of amendment 41 to FAR 23.1309.

“System Design and Analysis", dated June 21,1988. AC 25.1
various acceptable means for showing compliance with the req
25.1309, Equipment, Systems and Installations.

“Certification of Normal Category:Rotorcraft”, dated July 30, 1
covers policy on methods of compliance with Part 27 of the F
contains airworthiness standards for normal category rotorcra

“Certification of Transport Category Rotorcraft”, dated July 30
provides information:on methods of compliance with Part 29 (
including methods ef compliance in the areas of basic design
flight tests.

9/22 "Aircraft Lightning Protection Handbook", dated September 1

CT-89/22"contains information on the natural phenomenon of
interaction between the aircraft and the electrically charged a
mechanism of the lightning strike and the interaction with the
and fuel system. This document also covers details for prote

.1309-1C
e with the

309-1A describes
quirements of FAR

997. AC 27-1A
ARs, which
ft.

1997. AC 29-2B
f the FARS,
ground tests and

D89. DOT/FAA/
lightning, the
mosphere, the
@irframe, wiring
ction design.

Related Reading Material:

This section of the document specifies the minimum revision level of the reference document
acceptable to meet the intended requirements. Later versions of the reference document are also
acceptable but earlier versions are not acceptable. In all cases, other documents shown to be
equivalent to the referenced document are also acceptable. For convenience, revision levels are not
noted in the remainder of the document unless the intent only applies to a specific version of the
referenced document.
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2.3.1

Military Documents: The following standards and handbooks are available from the
Standardization Documents Order Desk, 700 Robbins Avenue, Building 4D, Philadelphia, PA

19111-5094.

MIL-HDBK-217F

"Military Handbook, Reliability Prediction of Electronic Equipment”, dated 2
December 1991. This handbook provides methods and data to calculate a

predicted failure rate for electronic components considering
reliability level and environment.

component type,

MIL-STD-46

MIL-STD-461

MIL-STD-881

D180-27423

=

PD

49

"Requirements for the Control of Electromagnetic Interferen
of Subsystems and Equipment", dated 20 August 1999 MI
contains equipment level electromagnetic interferenee requ
methodology similar to those in DO-160. The particular req
standard that are related to indirect lightning effects are CS

ce Characteristics
L-STD-461E
rements and test
uirements in this
115 and CS116.

CS115 is an impulse excitation bulk cabledinjection requirenpent while CS116

is a damped sine wave bulk cable injection requirement.

“Electromagnetic Environmental Effects Requirements for §
March 1997. MIL-STD-464 establishes electromagnetic eny
(E3) interface and performance requirements and verificatio
systems. This document inCludes definitions of the lightning
be used for both indirect-and direct effects. This document
1818A (4 October 1993), MIL-E-6051D (7 September 1967)
October 1964) and-MIL-STD-1385B (6 August 1986).

"Standard Practice for System Safety", dated 10 February 2
standard_6utlines the requirements for safety systems inclu
organizations and compliance and verification methods.

“Attmospheric Electricity Hazards Protection, Part 1V, Design
Vehicles”, dated February 1987. This report was produced

ystems”, dated 18
ironmental effects
n criteria for

) environment to
eplaces MIL-STD-
MIL-B-5087B (15

000. This
ling definitions of

Guide for Air
by the Boeing

Military Airplane Company for the Air Force Wright Aeronautical Laboratories.
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2.3.2 SAE Publications: The following documents can be obtained from Society of Automotive
Engineers (SAE), 400 Commonwealth Drive, Warrendale, PA 15096-0001.

233

234

NOTE: ARP4761 states that ARP926 and ARP1834 are superseded by ARP4761 for civil aircraft
safety assessment.

ARP4754 “Certification Considerations for Highly Integrated or Complex Aircraft Systems”,
issued November, 1996.

ARP4761 “Guidelines and Methods for Conducting the Safety Assessment Process on Civil

Airborne Systems and Equipment”, issued December, 1996.

ARP5412 "Aircraft Lightning Environment and Related Test Waveforms", issued November,

1999.

ARP5413 "Certification of Aircraft Electrical/Electronic Systems for the Indirect Effects of

ARP5414 "Aircraft Lightning Zoning", issued December, 1999.

ARP5416 “Aircraft Lightning Test Methods®<'(Draft), not yet published.

Lightning", issued November, 1999.

RTCA, Inc. Documents: The following decuments can be obtained from RTCA, |Inc., 1140

Connecticut Avenue, NW, Suite 1020, Washington, DC 20036-4001.

RTCA/DO-1¢0D

RTCA/DO-178B

"Environmental Conditions and Test Procedures for Airborng Equipment”,

Section 22 "Lightning Induced Transient Susceptibility", dated July 29, 1997.
Section'22 provides basic test setups, levels, waveforms arjd procedures for
the evaluation of equipment to the indirect effects lightning.

“Software Considerations in Airborne Systems and Equipment Certification”,
dated December 1, 1992. This document is a standard for the design,
development and certification of software for airborne systems.

EUROCAE Documents: The following documents can be obtained EUROCAE, 17, rue Hamelin,
75116 Paris, Attn. Mr. Francis Grimal.

EUROCAE ED-14

EUROCAE ED-84

"Environmental Conditions and Test Procedures for Airborne Equipment”,
Section 22 "Lightning Induced Transient Susceptibility", dated July 29, 1997.
Section 22 provides basic test setups, levels, waveforms and procedures for
the evaluation of equipment to the indirect effects lightning.

"Aircraft Lightning Environment and Related Test Waveforms Standard", dated
September, 1997.
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2.4 Definitions, Abbreviations and Acronyms:

2.4.1

Definitions: The following are definitions of terms as they are utilized in this document.

ACTUAL TRANSIENT LEVEL (ATL): The level of transient voltage and/or current which appears
at the equipment interfaces as a result of the external environment. This level may be less than or
equal to the transient control level but should not be greater.

APERTURE
ATTACHMEN

COMPONEN
component g

CONTINUEL

safely aborting or continuing a takeoff or continuing controlled flight and landing

emergency (
damage may
landing must
ability of the
site. See the

CONTROL R
control syste
landing of th¢

DIRECT EFH
to the direct
vaporization,

DISPLAY SY
FAR XX.130

An elecfromagnefically transparent opening.
NT POINT: A point of contact of the lightning flash with the aireraft.

T DAMAGE: That condition where the electrical charactéristics of

SAFE FLIGHT AND LANDING: This phrase méans that the aircre

rocedures but without requiring exceptional pilot skill or strength. S
occur as a result of the failure condition\or upon landing. For airpl
be accomplished at a suitable airport:® For rotorcraft, this means m
rotorcraft to cope with adverse operating conditions and to land saf
AC/AMJ XX.1309.

UNCTION: A function that\has some automated influence on a syg
M, flight control system)‘and whose failure would prevent the contin
e aircraft.

ECTS: Any physical damage to the aircraft and/or electrical/electr
httachment of.the lightning channel. This includes tearing, bending
or blasting‘of aircraft surfaces/structures and damage to electrical/d

STEMS: Those Flight, Navigation and Power Plant Instruments reg
B @nd XX.1305.

8 circuit

re permanently altered so that it no longer performs to-its specifications.

ift is capable of
possibly using
ome aircraft
anes, the safe
aintaining the
ely at a suitable

tem (i.e., engine
Led safe flight and

bnic systems due
burning,
tlectronic systems.

uired by

EQUIPMENT INTERFACE: A location on an equipment boundary where connection is made to
the other components of the system of which it is part. It may be an individual wire connection to
an electrical/ electronic item, or wire bundles that interconnect equipment. It is at the equipment
interface that the equipment transient design level (ETDL) and transient control level (TCL) are
defined and where the actual transient level (ATL) should be identified.

EQUIPMENT TRANSIENT DESIGN LEVEL (ETDL): The peak amplitude of transients to which
the equipment is qualified.

EQUIPMENT TRANSIENT SUSCEPTIBILITY LEVEL (ETSL): The transient peak amplitude which
will result in damage or upset to the system components.



https://saenorm.com/api/?name=227d3c1ae502928e2b36cdeed033f292

SAE ARP5415

241 (Continued):

EXTERNAL ENVIRONMENT: Characterization of the natural lightning environment for design and
certification purposes as defined in the Standard, Aircraft Lightning Environment and Related Test
Waveform Standard.

INDIRECT EFFECTS: Electrical transients induced by lightning in aircraft electric circuits.

INTERNAL ENVIRONMENT: The fields and structural IR potentials inside the aircraft produced by

the external

LIGHTNING
between a cl
continuing cu

LIGHTNING

LIGHTNING
possibility of
Lightning Zo

LIGHTNING
lightning leaq

MARGIN: T
level.

MULTIPLE B
pulses, with ¢
may result fr

Bnvironment.

FLASH: The total lightning event. It may occur within a cloudd, betv
bud and ground. It can consist of one or more return strokes, plus
rrents.

STRIKE: Any attachment of the lightning flash toithe aircraft.

STRIKE ZONES: Aircraft surface areas and structures classified a
lightning attachment, dwell time, and current conduction. See the
ning Standard.

STROKE (RETURN STROKE): Atightning current surge that occuy
er makes contact with the ground or another charge center.

ne difference between the.equipment transient design level and the
URST: A randomily)spaced series of bursts of short duration, low a

pach pulse characterized by rapidly changing currents (i.e., high di/d
bm lightning,leader progression or branching, and are associated W

cloud and i
leader attac
Waveform S

ment to-the aircraft. See Standard, Aircraft Lightning Environment 2
ndard:

nia-cloud flashes. The multiple bursts appear to be most intense at

veen clouds, or
ntermediate or

ccording to the
Standard, Aircraft

rs when the

transient control

mplitude current
t's). These bursts
ith the cloud-to-
the time of initial
nd Related Test

MULTIPLE

TROKE: Two or more lightning refurn sfrokes occurring during a si

ngle lightning

flash. See Standard, Aircraft Lightning Environment and Related Test Waveform Standard.

RETURN STROKE: (see Lightning Stroke)

STRUCTURAL IR VOLTAGE: The portion of the induced voltage resulting from the product of the
distributed lightning current (1) and the resistance (R) of the aircraft skin or structure.

SWEPT CHANNEL: The lightning channel relative to the aircraft, which results in a series of
successive attachments due to sweeping of the flash across the aircraft by the motion of the

aircraft.

-10 -
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241 (Continued):

242

SYSTEM FUNCTIONAL UPSET: An impairment of system operation, either permanent or
momentary (e.g., a change of digital or analog state) which may or may not require manual reset.

TRANSIENT CONTROL LEVEL (TCL): The transient control level is the maximum allowable level
of transients appearing at the equipment interfaces as a result of the defined external environment.

Upset: (See System Functional Upset)

Abbreviations:

A Amperes

AC Alternating Current
C Capacitance
cm Centimeters
dB Decibel

DC Direct Current
forF Frequency

I Current

K Constant

kA Kilo Amperes
kHz Kilo Hertz

L Inductance
mA Milli Amperes
MHz Mega Hertz
puH Micro Henry
V& Micro Seconds
mm Millimeters

nH Nano Henry,

P Power

ps Pico Seeonds
Q Resonance characteristics
R Resistance

\ Voltage

W Watts

Z Impedance

-11 -
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2.4.3 Acronyms:

AC
AFWL
ARINC
ARP
ATL
ATS
AWG
BITE
CFC
CMOS
CMR
Ccw
DAL
DAU
DOT
EDAC
EFIS
EICAS
EME
EMI
EMP
ETDL
ETSL
EUROCAE
EUT
FAA
FADEC
FAR
FBW
FCC
FHA
FWD
GUI
HIRF
HP Bleed
IFR

IR

JAA
JAR
LLPT
LLSC
LP Bleed
LRU
LTA

Advisory Circular

Air Force Weapon Laboratory
Aeronautical Radio Incorporated
Aerospace Recommended Practice
Actual Transient Level

Air Turbine Starter

[American Wire Gauge

Build In Test Equipment

Carbon Fiber Composite

Complementary Metal Oxide Semiconductor
Common Mode Rejection

Continuous Wave

Development Assurance Level

Digital Acquisition Unit

Department Of Transportation

Error Detection And Correction

Electronic Flight Instrument System

Engine Indication and Crew Alerting-System
Electromagnetic Environment
Electromagnetic Interference
Electromagnetic Pulse

Equipment Transient Desigr’ Level
Equipment Transient Susceptibility Level
EURopean Organization for Civil Aviation Equipment
Equipment Undef Test

Federal Aviation.Administration

Full Authority:Digital Engine Control

Federal Aviation Regulation

Fly-By=Wire

Failure’Condition Classification

Functional Hazard Assessment

Forward

Graphical User Interface

High Intensity Radiated Fields
High Pressure Bleed

Instrument Flight Rules

I * R (structural current times resistance)
Joint Airworthiness Authority
Joint Airworthiness Requirements
Low Level Pulse Test

Low Level Swept Coupling

Low Pressure Bleed

Line Replaceable Unit

Lightning Transient Analysis
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2.4.3 (Continued):

LvDT

MB
MIL-HDBK
MIL-STD
MOSFET
MOV

MS

MTBF
MTBUR
NASA
NIST
NTIS

OAS

PAT

PMA

PRF

RF

RTCA
SAE
SCEPTRE

SPD
SPICE
STC
TC
TCL
TDFD
TPD
TR
TSO
USAF
VFR
WG

Linear Variable Differential Transformer

Multiple Burst

Military Handbook

Military Standard

Metal Oxide Semiconductor Field Effect Transistor
Metal Oxide Varistor

Multiple Stroke

ean Time Between Failures
Mean Time Between Unscheduled Removals
National Aeronautics and Space Administration
National Institute of Standards and Technology
National Technical Information Service
Overall Shield
Production Acceptance Test
Parts Manufacturing Approval
Pulse Repetition Frequency
Radio Frequency
Radio Technical Committee on Aeronautics
Society of Automotive Engineers
System for Circuit Evaluation and Rrediction of Transient Radiation

AC, DC, and transient analysis, on either linear or nonlinear networ
Surge Protection Device
Simulation Program with-Integrated Circuit Emphasis [circuit analyz
Supplemental Type. Certificate

Type Certificate

Transient ControlLevel

Three Dimepsional Finite Difference
TerminalProtection Device
Technical Report

Technical Standard Order

United States Air Force

Effects, is a

general purpose circuit analysisprogram, which provides all three major analyses,

ks.

rer software]

isual Flight Rules
Working Group

3. BACKGROUND/EXPERIENCE:

The trend toward increased reliance on electrical/electronic systems for flight and engine control
functions, navigation and instrumentation requires that effective protection against lightning-induced
transients be designed and incorporated into these systems. Reliance upon redundancy as a sole
means of protection against lightning indirect effects is generally not adequate because the
electromagnetic field and structural IR voltages can interact concurrently with all electrical wiring
aboard an aircraft.
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3.1 Aircraft Lightning Interactions:

Commercial aircraft experience lightning strikes. The various lightning environment components
encountered during an aircraft interaction with lightning are discussed in ARP5412.

In-flight lightning research programs such as the USAF/FAA CV-580, the NASA F-106 and the
French C-160 have shown that many aircraft lightning events can be triggered by the aircraft itself.
These events occur when the aircraft flies into an atmospheric electric field and this field is locally
enhanced at aircraft extremities. The aircraft may also acquire a net charge from triboelectrification
or other procegses. This net charge enhances the local field at aircraft extremities. When this local
field exceeds gir breakdown levels over a sufficiently large region, arcs form ahd-propagate (usually
in two directions) away from the aircraft toward the charge centers, which cteated|the ambient
electric field. These initial arcs are usually of small amplitude (a few hundred amperes or a few
kiloamperes), but they can eventually form the path for the much larger €urrents agsociated with an
actual lightning strike, which neutralizes the relatively large amounts of’charge in the charge centers.
These currentg have been measured to be as large as several tens of kiloamperes|at flight altitudes.
Physical damalge left by other strikes to in-flight aircraft are indicative of much higler amplitude
strikes, based pn comparisons with damage caused by laboratory strikes of knowh magnitude.

Lightning relatgd damage is believed to be most severe.when the aircraft encounters a main cloud-
to-ground lighthing channel. Less severe damage occurs when the aircraft is strugk by a branch of a
leader system | or by an intra-cloud flash, thoughapparently the intra-cloud flashes have also

produced significant damage on occasion.

In either type gf event described above, the lightning attachment process always lhegins with
streamers and|junction leaders originating at the aircraft. For the cloud-to-ground|case, the junction
leaders may connect to an approaching or nearby lightning leader. This phase of {he lightning event
is commonly called the attachment'phase and is generally associated with relativgly small current
amplitudes andl large electric fields. The large currents and magnetic fields are ugually associated
with the return|strokes in cloud-to-ground flashes and the recoil streamers for intrg-cloud lightning
events.

3.2 Lightning Indir¢ct Effects:

On some occasions, damage or interference to one or more on-board electronic components is
reported. In one study1, this occurred in approximately 10% of the reported strike incidents, with the
most frequent occurrence being temporary interference, with recovery of the affected item following
the strike incident. Failures have ranged from damage to antennas, radios and engine instruments
to burnout of components such as Electromagnetic Interference (EMI) filter capacitors and relay
suppression diodes. In a few cases, power distribution circuit breakers have "tripped" indicating
spark-over of insulation at terminal boards, connectors, relays and circuit boards due to lightning-
induced transients. In most cases, these spark-overs are across air gaps, which recover when the
transient has passed and circuit breakers have been reset. Electric power has been lost temporarily,
however and this has caused related upsets in other systems.

1. McDowall, Rosemarie L., Plumer, J. Anderson, and Glynn, Michael S., "Lightning Data Acquisition," Addendum to the 15th International Aero-
space and Ground Conference on Lightning and Static Electricity, Atlantic City, New Jersey, October 1992.
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3.2 (Continued):

3.3

Indirect effects can cause upset of or damage to electrical/electronic systems performing functions
that can affect continued safe operation of the aircraft. Such events have been very rare, and flight
critical systems aboard modern airplanes, which include Full Authority Digital Engine Controls
(FADEC), Electronic Flight Instrument Systems (EFIS) and Fly-By-Wire (FBW) flight controls have
demonstrated the effectiveness of the protection design and certification methods described in this

document.

These systems
airframes and
occurrence of
methods, is an
are not employ

Prior Criteria:

Airframe manufacturing companies have established lightning-induced electrical tr

requirements f
industry-wide ¢
standards, and
have been req
transient requi

environments and the specified levels havenot been related directly to Actual Tra

(ATLs) in the in

installations within conventional metal airplane installations and equipment/systen

satisfactorily in

The employms
operation of th
lightning envirg
establishment
designation of

b have been installed and certified in composite as well as conveni
brotection designs have been verified by combinations of test and-3
lamage or upset to other electronic components, not protected,or ve
eminder that the potential exists for upset or damage if adequate pr
ed.

br on-board electronic equipment. Similarrequirements have been
ommercial specifications such as DO-160/ED-14, in military specifi
in the NASA space shuttle lightning-criteria. Equipment manufacty
Lired to verify ability of equipment to-tolerate these transients. Unti
rements have not included the effects of the multiple burst or multip

terconnecting wiring. In.addition, the established requirements we
these installations,

nt of electrical/electronic systems to perform functions that can affg
b aircraft hasiincreased the need to assure that equipment can safe
nment within the specific aircraft for which they are intended. This
pf the, AFLs expected within system interconnected wiring and is fol
specific transient descriptions and levels which are to be withstood

equipment. Ve

bnal aluminum
nalysis. The
rified by the same
btective measures

ansient protection
incorporated in
cations and

irers frequently
recently, these

e stroke

nsient Levels

fe compatible with
s have performed

ct continued safe
ly tolerate the
begins with
lowed by

by system

rification of damage and upset tolerances is then accomplished by

hnalyses, tests, or

similarity with previously certified designs. Acceptable steps in this process are described in
ARP5413 and methods and examples for accomplishing them are described in this User's Manual

and ARP5416

(Draft).

-15-



https://saenorm.com/api/?name=227d3c1ae502928e2b36cdeed033f292

SAE ARP5415

3.4

3.5

External and Internal Lightning Environment Criteria:

The transient waveforms and levels presented in Section 8 of ARP5412 are based on actual
transients measured in circuits of tested aircraft. The levels associated with these waveforms are
also shown in Tables 22.2 and 22.3 of Section 22 in DO-160/ED-14. A large amount of such data
exists in the technical literature and was utilized to establish the transient waveforms and the
amplitude levels. The lower levels (1, 2) are representative of transients observed in well-protected

short wire bundles installed in metal airframes. The higher levels are more typical

of longer wire

bundles installgéd in Tess well shielded regions within metal or composite airframes
considerably djfferent than those tabulated have also been observed. Those, dppl
choose from alnong these waveforms and levels are cautioned to be certainthat o
not actually ocgur in their installations.

The lightning gnvironment specified in ARP5412 is intended to represent the char
severe, but no{ the most severe, lightning flash. The peak amplitide and peak rate
return stroke afe believed to be exceeded in approximately one{percent of recorde
flashes. Howgver such extremes in both parameters do not'occur at the same tin
this are the limjted statistical basis that exists for establishing the severity of other
the lightning emvironment, such as charge transfer, stroke current time duration, a
numbers of strpkes in a flash. Physical damage effects produced by lightning stril
exceeding the fintensities of those included in the external environment have been
aircraft struck in flight, yet not all of the definedparameters have appeared to be ¢
Peak current amplitude and action integralsmay be exceeded, but rate of rise (di/df
to be exceeded at the same time. In fact; recorded flashes to earth that have high
usually do not have high rates of change.

The test waveforms provided in ARP5412 are considered to be adequate for the g
compliance forl the protection 6fan aircraft and its systems against the lightning er
should be appljed in accordance with the aircraft lightning strike zones in ARP5414
in ARP5416 (DOraft), and-applicable FAA and JAA advisories and other interpretivg

Increased Attention te’ Indirect Effects Protection:

Other transients
cants intending to
ther transients will

acteristics of a
-of-rise of the first
d natural lightning
e. lllustrative of
characteristics of
ction integral and
e currents
evidenced on
xceeded at once.
) does not appear
action integrals

emonstration of

vironment and
and test methods
material.

The trend toward miniaturization of elecfronics means that unprotected circuit boa

rds and

components are inherently more vulnerable to damage or upset from electrical transients than earlier
electronics comprised of discrete semiconductor devices or electromechanical devices. Transient

voltage and current waveforms that exceed logic levels may cause burnout or ups

et. Transients of

amplitudes that exceed the logic levels may be induced by lightning on interconnecting wiring. This
means that protective measures may be needed (see 3.6 and 4.4) to control transients to tolerable

levels.
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3.5

3.6

. APPROACHES

(Continued):

Additionally, the trend toward digital architecture has placed emphasis on large quantities of
computed data. This data tends to be volatile and thereby vulnerable to loss as a result of circuit
upsets produced by lightning induced transients. This may, in principle, occur even when no
permanent damage results to the processing circuit elements. The transient pulses resulting from
the multiple stroke and burst environments can be sufficient to cause data errors and erroneous

commands.

Protection Des

The approach
protective devi
provide sufficig
minimized. Dg
surveillance, ¢
performance.

The approach to

ign:

s to optimize the use of installation design techniques, equipment i
ces. Equipment immunity is ideally achieved through circuit/softwa
nt inherent immunity so that reliance on dedicated circuit ‘protectior
dicated protection devices are usually undesirable because they re
bn reduce system Mean Time Between Failures (MTBF) and degra
Pesign protection guidance can be found in Appendix C.

TO COMPLIANCE:

compliance involves seven elementstof an interactive process for ¢

aircraft electrical
elements are:

@00 o

The particular orflerofactivities addressed and the iterative application of the eleme

a particular situ

Review safely assessment (4.1)

Determine the lightning strike zones te’direct effects (4.2)

Establish thg external lightning environment for the zone (4.3)

Establish the effects of the intérnal environment (4.4)

Establish transient control levels and equipment transient design levels (4.5)
Verify compliance (4.6)

Corrective measures (4.,7)

electronic systems with respect to'the indirect effects of lightning.

ion'is left to the applicant and strict adherence to the particular ord

mmunity and

re designs that
devices can be

quire periodic

e installation

ertification of
These seven

hts appropriate for
ering of the

elements in the |

ist Is not intended.
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41

Review Safety Assessment:

The aircraft safety assessment is one of the fundamental activities of an overall certification process.
Depending upon failure effects, lightning protection requirements may apply to systems and
equipment that are installed in an aircraft under the provisions of a new or amended Type Certificate
(TC). They may also apply to systems and equipment installed under the provisions of a
Supplemental Type Certificate (STC). A general path for demonstration of regulatory compliance for

indirect effects of lightning is shown in the flow charts of Figures 2 through 4 in Se

ction 7 of

ARP5413. Lightning protection requirements for electrical and electronic systems
FAR/JAR Part$ 23.1309 (e), 25.1316, 27.1309 (d) and 29.1309 (h) (see Appendix
with Technical [Standard Order (TSO) guidelines or Parts Manufacturing Approval
in FAR/JAR Part 21 does not ensure certification of the system on an aireraft via g

The Functiona| Hazard Assessment (FHA) is an integral part of the aircraft safety

An aircraft FHA is conducted to identify all failures and classify:them in functional
terms. An assessment of functional upset involves making pass/fail judgments as
operation of the aircraft. Such pass/fail criteria fundamentally rely upon the results

are contained in
A). Compliance
PMA) as defined
TC, STC.

assessment.
and operational

they relate to safe
of the FHA, a key

step of the airdraft safety assessment process. This is'a system design and validation issue

requiring the application of systems engineering dis¢iplines and systems engineer
The aircraft safety analysis is important in the demonstration of regulatory complia
types of aircraft systems. The failure condition-classification of a function will detg
development gdssurance level of a system.-Reference documents are as follows: A
ARP4761, AC[23.1309-1C, AC 25.1309-1A, AC 27-1A and AC 29-2B. This analy
assessed to dgtermine the impact of lightning induced effects on each piece of ins
as it pertains t¢ the specific installation and aircraft safe operation. Similarity to ar
installation may be used to show ¢compliance to the applicable lightning regulation
conditions (as pppropriate). .Early coordination with the appropriate aviation certifi
is recommendgd to ensuretatimely certification process. (For details on ETSL daf
effects, please|see Section 5).

The development @assurance level of a system on an aircraft is determined by the
performed by thé-system and the impact of a failure of the function(s) on the opera

ing participation.
nce for the various
rmine the
RP4754,
5is should be
talled equipment
existing system
5 and special
cation authorities
nage and upset

function(s)
ional safety of the

aircraft. The failure condition classification of a function has the Tollowing characteristics:

a. Unique for each aircraft design,

b. Applicable to overall aircraft installation configuration, not to the individual electrical/electronic

equipment, and

c. Cumulative, i.e., the criticality of a group of functions can be higher than the criticality of an

individual function within the group.
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41

(Continued):
When completed, the FHA provides:
a. A list of the functions and their failure condition classifications, and

b. Information for the identification of development assurance levels associated with the systems
providing such functions.

Failure conditipn classifications are derived from the FHA and represent the top-Igvel pass/fail
performance cfiteria for an aircraft function. These criteria provide the informatior] from which
system and equipment performance pass/fail criteria can be derived. The system|and equipment
pass/fail criterig can be used subsequently during compliance/qualification.activiti¢s.

Table 1 shows|a cross reference between AC 23.1309-1C, 25.1309-1A and the namenclature used
in ARP5413, derived from ARP4754.

TABLE 1 - Nomenclature Cross Reference
FAILURE CONDITION SYSTEM DEVELOPMENT
CLASSIFICATION ASSURANCE LEVEL

(AC 23.1309-1C, AC 25.1309-1A and (ARP4754)
ARP4754)

No Effect Level E

Minor Level D

Maijor. Level C

Severe Najor/Hazardous Level B

Catastrophic Level A

The definitions for each failure condition classification and development assurance level are
provided in Section 4.a of ARP5413. It should be noted that the Failure Condition Classification is
related to the function performed by the electrical/electronic system under consideration. However,
the System Development Assurance Level is related to the electrical/electronic system.

The terms Level A, etc., come from ARP4754 and designate particular system development
assurance levels to be assigned to system implementations of those functions whose failure impact
safety. System development assurance levels refer to processes used during system development
(design, implementation, verification/certification, production, etc.). It was deemed necessary to
focus on the development processes for systems based upon 'highly-integrated' or 'complex' (whose
safety cannot be shown solely by test and whose logic is difficult to comprehend without the aid of
analytical tools) elements (primarily digital electronic elements).
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41

(Continued):

Development assurance activities support system development processes. Systems and items are
assigned "development assurance levels" based on failure condition classifications associated with
aircraft-level functions implemented in the systems and items. The rigor and discipline needed in

performing the activities supporting development processes will vary corresponding to the assigned
development assurance level.

ARP5413 comes into play during the verification and compliance demonstration phases of the

system develo
appropriate sy

With respect tq
subcategories,
classification(s
flight crew is n
crew. Level A
be catastrophi
an alternate m

bment process. Tt provides the appropriate discipline and rigor ass
stem development assurance level categorization.

the indirect effects of lightning, Level A systems are placed<in one
Control or Display. Level A Control systems perform funetions with

bt in the loop and an alternate means of flying theaircraft is not av

Display systems perform functions with failure condition classificatio
t and perform the function in such a manner that the flight crew is in
pans of flying the aircraft. In the case of Digplay systems, while the

considered to e catastrophic, given quick action and the'right choices by the flight|

the failure may

Classification g
the FHA usual

be lessened. This is not consideredo be true for Level A Control

f functions and subsequently the system(s) performing each functi
y follows predictable guidelines: Electrical/electronic systems that

such as FBW

ight controls and FADEC-are usually examples of Level A Control §

altitude and aifspeed sensing and display are usually examples of Level A Display
aircraft size and complexity increase, other systems such as Engine Indication an
Systems (EICAS), i.e., thrust rating; could also fall into the Level A Display classif
and C systemg generally include navigation, and displays providing heading, posi
data and communication. -Emergency and/or warning systems, not identified as L
generally be clpssified as,Level B or C.

When analyzing afunction failure condition classification, consideration of the unig
indirect effects|oflightning should be included. The lightning environment may ing

bciated with the

of two
failure condition

) considered to be catastrophic and perform the function in such ajnanner that the
il

able to the flight
n(s) considered to

the loop and has
failure condition is
crew, the effect of
systems.

bn resulting from
provide functions
ystems. Attitude,
systems. As
d Crew Alerting
cation. Level B
ion and enroute
evel A, will

jue aspects of the
uce failures in

ways not encountered under other operafing conditions. Normally, sysiem redunc

ancy reduces the

probability of function failure; however, a lightning flash may affect redundant systems
simultaneously. Therefore, lightning is considered a possible common mode threat and thus a

source of common cause threat and thus a source of common mode failure in red

undant system

architectures. As a result, protection on all redundant elements may be required. An example is the
function of attitude display. While redundant attitude displays may allow loss of one or more displays
under certain failure conditions and still maintain the attitude display function, a lightning strike may
affect multiple displays simultaneously.
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4.2

(Continued):

Redundancy and partitioning may not be sufficient for like systems performing identical functions to
survive a lightning event, and as such, may not be given credit in a certification. Once transient

protection has been added to the systems of interest, then, in practice, partitioning can help ensure
that like systems do not see the same transient levels during a lightning event. Installations utilizing
wire bundle and Line Replaceable Unit (LRU) separation for like systems take advantage of the low

probability of a symmetrical lightning event. Examples of partitioning are wire bundle routing on

opposite sides

of the fuselage and LRU installations in different equipment bays.

Although a fail
combinations g
to a majororc
events. For ex
classified as a

or only the navigation system. Therefore, combinations of failures,must be consid

Determine the
Methods for id
Identification o

evaluation. Th
largest near th

attachment pojnts which may require special attention. Some examples include:

« Attachment t

« Attachment 1
region.

« Attachment t
fields directly

» Attachment t
as well as pr

Ire by itself may not be catastrophic or major, it may be a contributi

htastrophic failure condition when combined with one or moreé spec
ample, the loss of all communication systems and all navigation sy
higher failure condition classification than the loss of only the comn

Lightning Strike Zones for the Aircraft:
entifying the lightning strike zones on an‘aircraft can be found in AR
f the locations where lightning attaches to aircraft is important for in

is is primarily because the surface current densities and electromag
e lightning attachment points_It is therefore important to identify th

ear the cockpit windows, thereby creating large electromagnetic fie

b carbon fibér-or other poorly conducting surfaces, thus providing €
underneath the lightning attachment point.

b wheel-struts during landing or take off, thereby creating large field
bviding for large excitation of wire bundles along the wheel struts.

ng factor when

f failures are considered. For example, a latent or undetected\failufe could contribute

fic failures or
stems may be
hunication system
ered.

P5414.

direct effects
jnetic fields are
pse lightning

Db an aircraft nacelle_containing a FADEC or similarly critical equipment.

Ids in the cockpit
specially large

5 in the wheel well

It is therefore important to identify not only the more fradifional lightning attachmen

points (e.g., wing

tips, nose, tail), but to also identify those points which may have special significance for certain
critical systems. In addition, identification of the lightning strike zones helps in assessing the
exposure of electrical/ electronic equipment and interconnecting wiring. Equipment mounted on the
exterior of the aircraft may encounter direct lightning attachment and can provide a path for a portion
of the full lightning current to enter the aircraft. For equipment mounted on the aircraft exterior,
identification of zones will probably indicate the need for careful equipment design and installation
and the possible need for additional protection of interconnected equipment. The lightning
attachment zones indicate the starting point, distribution, and associated magnitudes of the

excitation currents on the aircraft exterior. These currents produce the internal lightning environment
encountered by the equipment mounted in the aircraft. Thus, the lightning strike zone is a region of
points on the aircraft exterior any one of which may, for that zone, have the full concentration of the
external environment.
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4.2.1

422

Relationship of Lightning Strike Zones to Direct Effects: Equipment mounted external to the
fuselage, wings, or tail of the aircraft are exposed to the possibility of a direct lightning strike.

Examples of such equipment are antennas, sensors and probes. Section 23 of

DO-160/ED-14

provides environmental TSO testing of such equipment. Antennas, sensors and probes mounted

behind a dielectric material integral to the aircraft skin may need to be protected
and indirect effects.

from both direct

Once zoning of the aircraft is completed, the relevant threat to the externally mounted equipment is
then identified. This threat (zone) correlates directly with the test categories of Section 23 in

variations in jnstallation location from aircraft to aircraft and aircraft type to aircrg
considered
establish the

DO-160/ED]\4, which establish the test requirements for each piece of equipmg

nd the worst case zoning classification for each piece of equipment
test category in Section 23 of DO-160/ED-14.

Relationship[of Lightning Strike Zones to Indirect Effects: Equipment mounted i
wing, or tail of the aircraft is generally considered to be in Zone 3*of the aircraft.
conduct current components of the lightning flash as well as‘multiple stroke and
waveform setts. Zone 3 currents are generally shared among all conductive airc
and low impgdance wire bundles. There are cases sugh as some fuselage-mou
which can bg classified as being located in a Zone 2:region. Such a classificatig
exposure to the high amplitude current Component*A by the re-strike current Cg
these cases,|the indirect threat is lower.

The identification of the lightning strike zenes on the aircraft can be used in the

the probable|lightning attachment points:and the current paths between them. |
these areas will help in assessing the-exposure of electrical/electronic equipmer
interconnecting wiring to the conducted and radiated electromagnetic environme
inside the aircraft. Generally, it should be noted that the threat is determined by
wiring routes| and Zone 3 exposure level usually is most important. However, eg
interconnecting wiring which are located in areas near probable attachment poin
much higher|current denisities and may require careful equipment design and in
possible neef for additional protection of interconnected equipment. If it is impo
additional protection to the installation or equipment itself, then the location of lig
points can bg tsed to identify areas where the equipment cannot be located.

nt. However,
ft type must be
should be used to

side the fuselage,
Zone 3 areas
multiple burst

raft components
nted engines,

n would replace
mponent D. In

Hetermination of
Hentification of

t and the

nt encountered
interconnecting
uipment and

S may experience
stallation and the
ssible to provide
htning attachment

4.3 Establish the External Lightning Environment for the Zone:

Once the aircraft lightning strike zoning has been determined it is necessary to establish the external
lightning environment applicable for indirect effects assessment of the installed electrical/electronic
systems. The accepted detailed definition of this environment is contained in ARP5412 and consists
of the current components (A, A;,, B, C, D and H) which comprise the lightning flash. Those
components which are important (for system assessments) to indirect effects are current
Components A, D and H since they will produce the largest transients in system wiring because of
their large current magnitudes and/or rates of rise.
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4.3 (Continued):

The lightning current flows through the aircraft between attachment points. For any given system
there may be several attachment points which cause current to flow in a manner to couple to that
system. The external environment applicable to a given system consists of those current
components, which are to be applied at the aircraft exterior where coupling to systems can occur.
The lightning/aircraft attachment configuration (entry and exit points for lightning current) i.e., zoning
information is used to determine which components of the external environment are to be applied to
the system under evaluation.

Table 2 identifies the external environment associated with each zone. Time domgin and associated
frequency domain plots of current Component Waveforms A, D and H are describgd in Section 6 of
ARP5412.

TABLE 2 - Zonal Application of the External Environment for Determination of [ndirect Effects

Current Current Components and Waveform Sets
Conduction A D Multiple Stroke Multiple Burst
Zone (D,.DI2) H)
ithin
Zones 2A X X X
and 2B only
Vilthln X ” X .
Zone 3

TCLs and ETDOLs assigned to systems installed exclusively within structures betwgen only Zones 2A
and/or 2B may| be based enithe current Component D external environment instead of the current

Component A environment; however equipment interfaces connecting to equipment in other regions
must be certifliid to withstand the current Component A based environment. This|means that ATLs,

TCLs and ETOLs assigned to wiring that is located solely within a section of the a(rframe whose
external surfades are in lightning strike Zones 2A and/or 2B only can be based uppn transients
induced by current Component D instead of by current Component A. This, in turn, means that
magnetically induced voltages in unshielded circuit loops are the same amplitude(s) as those
induced by current Component A, but voltages due to structural IR voltages, as occur in circuits
within carbon fiber reinforced composite structures, will be 50% of those induced by current
Component A. Also all induced currents, whether due to magnetic field or structural IR voltages, will
be 50% of those that would be induced by the current Component A lightning environment.

The most common example of this situation (current Component D instead A) applies to fuselage
mounted engine electronic control system circuits that are installed entirely within an engine nacelle
located in Zones 2A with trailing edges in Zone 2B. Any equipment interfaces that connect from the
engine (in this example) to equipment in the rest of the airframe (i.e., the instrument panel) are in
Zone 3 and must tolerate ETDLs derived from the Zone 3 lightning environment.
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4.4 Establish the Effects of the Internal Environment:

The design and verification process for lightning protection of aircraft electrical/electronic systems
must include establishing the effects of the internal aircraft environment due to lightning. The
external lightning environment will generate an internal environment of electromagnetic fields and
structural currents and voltages. The internal environment will in turn induce voltage and current
transients which appear at the interfaces of installed equipment. Ultimately, it must be shown that
these voltage and current transients do not adversely affect the safe operation of electrical and
electronic systems. The concerns for such systems are component damage and functional upset

that can be thg
system immun
installation, syj
equipment (cir
dedicated prot
protection devi
may need to b
degrade circuif

Before system
current transie
current transie

processes. THe approach for establishing these characteristics may include test,

comparison wi
based on meth
adequate light
structure, matq

The voltage an
aircraft transie
determined in
compliance. H
characteristics
Therefore, the

result of Tightning-induced interface voltages and currents. Eleciriq
ty to the effects of these interface voltages and currents is ideally g
stem architecture (fault tolerance, data bus protocols, input/output s
cuit and software) designs that provide inherent immunity sothat re
bction devices can be eliminated or minimized (see Appendix C). O
ces may have latent failures that negate their protection and period
b performed to assure continued protection. In addition, these devi
performance (example: add capacitive loadingto digital buses).

and equipment effects and system immunity can be assessed, the
ht amplitude and waveform characteristics must be determined. Th
ht amplitude and waveform characteristics are the result of comple

h similar aircraft data, or a combination of these. Whatever the ap
ods that can be validated and.can provide the appropriate data for (

rials, apertures and arrangement of subsystems within the aircraft.

d current transient amplitude and waveform characteristics are use
nt control levels\(TCL). In some cases the aircraft voltage and curre
his process,can also establish the aircraft actual transient levels (A
owever, often the expected voltage and current transient amplitude
are estimated before detailed system, wiring, and aircraft designs 4
estimates are used to select the TCL. Then the ATL is determined

bal and electronic
chieved through
oftware, etc.) and
iance on
edicated

¢ maintenance
Ces may also

voltage and

ese voltage and
electromagnetic

analysis,

broach, it must be

lltimately verifying

ning protection margins. _Also, the methods must account fully for the aircraft

d to select the
ent transient data
TL) used to verify
and waveform
ire completed.
during the

compliance ve

rification tests or analysis.
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441

Relationship between External and Internal Environment: Many years of in-flight and ground-
based data have led to an aircraft lightning certification environment definition. This definition
takes into account the phenomenology of lightning and aircraft interaction and the characteristics
associated with aircraft lightning strikes by severe cloud-to-ground and intracloud lightning flashes.
Detailed information on the external lightning environment and typical induced voltages and
currents in aircraft wiring is given in ARP5412 and includes multiple stroke and multiple burst
waveform sets. The multiple stroke and burst currents are relevant to systems located between
Zone 1A and/or 1B lightning attachment points. Systems located between other lightning zones

may be subj¢cted to a reduced number of strokes of the multiple stroke environment. This also

means that t
nacelles, wh
Current Com
Since most 4

ne Zone 3 environment within structures, such as some fuselage.m
pse surfaces are in Zones 2A or 2B only may not experience(the ing
ponent A. Such systems would experience the effects of etrrent C
ircraft systems are installed in airframe sections that de.indeed lie |

or 1B attachqnent zones, or within an associated Zone 3, this usually exposes al

installations

The key feat
current Com
associated W

The external
which are as
electromagn
lightning curr

o current Component A and the total multiple stroke, and multiple by
ires for lightning induced transients are the arge di/dt and current &
ponents A and D. Current Component H, although only 10 kA, has
ith it and must be considered, typically:for upset effects.

environment described in 4.3 is defined as the external lightning cu
sociated with their appropriate zones. The interaction with these zd
btic fields on both the exterior.and interior of the aircraft during the ¢
ent components. For furtherdiscussions on the relationship betwee

internal envifonments see Appendix B-

When detern
charge dens

nining internal environments it is frequently convenient to define the
ies on the aircraft surface as the surface environment and the eleg

and structurgl currents within the aircraft interior as the internal environment. TH
the interactign process s an approximation, which is valid when the surface env
significantly affected-by the internal environment, so that the surface and internal
significantly deceupled. This is the case for all metal or mostly metal aircraft wit
and includes|most commercial aircraft. In these cases it is clear that changes tq

bunted engine

juced effects of

pomponent D.

between Zone 1A
system

rst waveform sets.

ssociated with
a very large di/dt

'rent components,
nes results in
pplication of the
n the external and

current and
tromagnetic fields
is separation of
ronment is not
environments are
N small apertures

the aircraft

internal structures and wire bundle Tayouts will not significanily affect the surface current and
charge density on the metal exterior. As a result, the interaction process can be accomplished in

two steps.

For aircraft whose interaction with lightning can be approximated by breaking it up into two
independent processes it is logical first to establish the external surface environment. This can be
done experimentally or by analysis. With either method, external lightning environments are
applied to their appropriate zones and the surface electromagnetic fields at the aperture locations
are recorded. This needs to be done for the entire set of external lightning environments, in order
to ensure that the worst case is obtained.
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441 (Continued):

442

The first step is to calculate the surface currents and charge densities with all of the apertures
short-circuited. A second step would then be to use these surface currents and charge densities to
define equivalent sources at the apertures and obtain the internal environment from these sources,
without any feedback mechanism from the interior environment to the external environment.

The word "aperture" is a general term. It not only involves openings in the skin such as glass
windows, but it also includes seams, joints and composite panels, if these are significant

contributors fo the infernal environment. For the latter types of apertures, the ng

electric fields
(surface curr

However, the
environment:

The first clas
helicopters.

fiberglass, K
and exterior
determine th
simultaneoug

The second
which have |
structure is n
substructure
the exterior 3
both the exte
processes.

Induced Trar
aircraft wiring

(charge density) do not couple significantly and only the surface.m
ent densities) are important.

re are two significant classes of aircraft for which de-coupling the s\
5 is not a valid approximation.

s includes those aircraft, which are largely opensstructures, such as
Although the basic structure may be metal, large portions of the ski
bvlar, or other nonconducting material. Inthis case the distinction b

b entire environment (electromagnetic:fields and wire bundle respo
ly.

hircraft class for which the decoupled approximation is not valid inc
brge amounts of carbon fiber composite (CFC) structure, especially,
ot protected by any metallization. Typically, the CFC structure surr
hydraulic tubes, etci\By the process of redistribution, the current y
nd gradually transfer to metal components. This process simultang
rnal and internalfeatures of the aircraft and cannot be separated in

) dueto lightning strikes. However, such complex composite wave

rmal surface
agnetic fields

rface and internal

certain
n may be glass,
etween interior

electromagnetic environments becomes less pronounced and one nust therefore

nses)

udes aircraft,

if the CFC

bunds metal

ill initially flow on
pously involves

to two distinct

sient Mechanisms: Complex voltage and current transient wavefo;lms occur in

orms can be

generally rep

résented by a combination of any of six standardized transfer wave

forms. Each of

these waveforms is the result of particular transfer mechanisms.

Waveforms 1, 2, 4 and 5 of ARP5412 may occur in aircraft wiring as responses to the external
environment Current Component A waveform. Waveforms 1 and 4 are proportional to the Current
Component A double exponential waveform, and Waveforms 5A and 5B are lengthened double-
exponential waveforms. Waveform 2 is proportional to the derivative of Current Component A.
These waveforms will be significant in circuits using airframe return and also for circuits installed

within non-m

etallic aircraft structures.
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4.4.2 (Continued):

Waveforms 1, 2, 4 and 5 can be referred to as particular, fundamental, or forced responses to input
excitation Current Component A and are the responses expected in a circuit that is electrically
short. A circuit becomes electrically short when the duration of an excitation pulse is very long
when compared to the transit time of an electrical wave traveling down the wiring connecting the
termination points of the circuit. Appendix B shows that the internal Waveforms 1, 2, 4 and 5 can

be derived from the external Current Component A. However, there are other types of current
waveforms in the structure and the effect of these should also be considered.

Waveform 3
charge occu
resulting in o
parameters ¢
induced voltz

The oscillato
Whether or n
it is a forced
response. B
induced on W
oscillatory pg
bundle and t

When the ain
resonance a
within 10 to 4
condition, thi
becomes ele
the electrical
response do

The oscillato

Will also occur as a response to Current Component A. The rapid.ch
ring during the lightning attachment process produce a traveling wa
scillations of airframe current. These traveling wave effectswill infl
i/dt (where i is the airframe current) and dB/dt, which detérmine the
ges and currents in wiring installations.

Iy nature of these airframe traveling wave currentis is responsible fa
ot an oscillating waveform is significant depends on the Q of the ex
response or the Q of the wire bundle and airframe return loop if it ig
pth the currents flowing on the conductive structure of the aircraft a
iring and wire bundles may show oscillatory components. The par:

b the waveform of the excitation-source.
craft is exposed to a lightning transient, wire bundles may be excite
nd an initial oscillatory response may occur. The oscillations will dar
0 cycles. As wire bundle and/or aircraft lengths approach an elect
5 oscillatory respanse becomes more dominant in the total respons
ctrically long when the duration of an excitation pulse is very short v

minates.

[y response is sometimes referred to as the homogeneous or naturzs

also be a for

anges in airframe

ive in the aircraft,

Lience derivative
magnitudes of

r Waveform 3.
isting waveform if
a natural

nd the transients
hmeters of the

rtion of the transient are related to'the electrical length of the aircraft and/or wire

d into electrical
np out, in general,
ically long

e. A circuit

vhen compared to

wave transgifitime. For an electrically long circuit, the Waveform 3 fraveling wave

| response. It can

cedhresponse. Except for some exceptional cases, the oscillatory re¢

sponse is always

present, to some extent, in the fofal response. As discussed previously, the other components in
the total response are also referred to as forced responses. Thus, since the pulse duration for
current Waveform A is such that electrical circuit lengths associated with most aircraft and aircraft
wiring lengths are not clearly electrically long, the total response to Current Component A could be
a Waveform 3 combined with Waveform 1, 2, 4 or 5. Examples associated with qualitative
discussion in Appendix B provide some insight into the variety of waveforms that have been
observed in measurements of transients induced on aircraft wiring.

The coupling mechanism between external and internal environments, which drives the forced
internal wire bundle response, is the same regardless of the external current waveform shape.
Forced responses will be significant in equipment circuits that use airframe for their return and/or
those installed within aircraft structures whose electrical resistance is of the order of tens of

milliohms.
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4.4.2 (Continued):

The total response could be a complex combination of the natural and forced responses with their
associated waveforms and levels. The waveform sets of DO-160/ED-14, Section 22 together
represent the total complex waveform for a particular installation. As has been reviewed from
several perspectives, the waveforms identified in these sets are the result of various coupling
mechanisms and are the solutions to the algebraic, ordinary differential and partial differential
equations that quantitatively represent these mechanisms (see Appendix B). These waveform
sets are divided into two broad aircraft construction classes with their associated installations:

1. Metallic gircraft; aircraft whose airframes are comprised of metal framework
skin panels; and aircraft whose airframes are comprised of CFC and whose

areas ha

/e been protected with meshes or foils.

and composite
major surface

2. Aircraft whose airframes are comprised of CFC or airframe sections whose Tructural electrical
s

resistanc
could be

Although any
2, 3 (dampeq
time duration

Generally, th

voltage and the associated current are measured relative to aircraft structure.

For the case
would be:

where:

IL=C

e is of the order of tens of milliohms. In aircraft of this type of con
exposed to high structural voltages and redistributed lightning curre

of the waveforms could produce compongnt damage or functional
sinusoid) and 6 are usually considered important for functional ups
1, 4 and 5 waveforms are usually considered important for compo

e lightning transients are defined,by common mode voltage and cuf

where currents are driven by voltage Waveforms 2, 3 or 4, the curr|

ruction, wiring
nts.

Lipset, Waveforms
set and the longer
nent damage.

rent. Thatis, the

ent in the loop

(Eq. 1)

urrent in the loop in amperes, which could be applied to an interfag

e circuit

VL=

Voltage In VvolIts, being driven around the Ioop

Z, = Impedance in ohms, around the loop
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4.4.2 (Continued):

For the case where Waveform 3 is the result of inducing a traveling wave, the current transferred to

an interface circuit would be bounded by (see Appendix B, Section B.1.3):

(Eq. 2)

L=V
T Zo
where:
I+ = Gurrent in amperes, transferred to an interface circuit
V1 = [lraveling wave voltage, in volts
Z, = Jransmission line characteristic impedance, in ohms

Traveling waje current amplitudes are determined by the characteristic impedar]
interconnecting circuits (i.e., the individual wires with respect to-airframe referen
remote equigment load impedances. Typical characteristic impedances range b
100 Q. Thug it is not appropriate to add impedances (resistances) higher than t
test circuits during applications of Waveform 3 transients, due to traveling waves
amplitudes of the Waveform 3 currents. This is why:Note 6 of Table 22-2 of DO
such additional impedances to 75 Q, for a total of 400 Q in series with the Wave
generator. Additional discussion of the Waveform' 3 responses of aircraft wiring
Appendix B ¢f this document.

For most cades, the traveling wave is notthe prominent source of Waveform 3 if
The aircraft gtructure's response to lightning may also be a damped sinusoidal g
current in thg structure produces fields which couple to wiring and the wiring res
Waveform 3.|In this case, the current available from Waveform 3, which in turn d
on an interfage circuit, would.be the common mode voltage induced around the ¢

ces of the

ces), and not by
etween 25 and
his to pin injection
to further limit the
160/ED-14 limits
form 3 transient
may be found in

n aircraft wiring.
urrent. This
ponse is, in turn,
ould be imposed
ircuit loop divided

by the total impedance around the loop or, as an upper limit, the current given in Table 9 of

ARP5412.

Traveling waje responses could be significant when:

a. Wire bundlesare excited by significant magnetic fields of current Component H.

b. Relatively long wire bundles are routed through regions where exposure to relatively high field
intensities is possible, e.g., a wire bundle run along the wing leading edge.

c. Shorter wire bundles are routed through regions where exposure to very intense fields is

possible, e.g., wire bundle spanning a gap between the horizontal stabilizer and fuselage.

Such traveling wave responses need to be identified and the interface circuits being exposed to
them need to be qualified appropriately. In this case, the Waveform 3 period is a function of the
wire length of a “complete” aircraft circuit. Therefore, as illustrated in Appendix B, the shorter the
wire, the shorter the period (duration) for the Waveform 3 transient. Also, the shorter the wire, the

smaller the amount of energy it could collect and manifest as a traveling wave.
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4.4.2 (Continued):

443

4431

Waveforms D and D/2 are constituents of the multiple stroke environment. The multiple burst
environment is a series of Waveform H pulses. As with current Waveform A, the response to
Waveform D would be a combination of Waveform 3 and forced response that would have

waveforms s

imilarto 1, 2, 4 or 5.

The pulse duration of the Current Component H associated with the multiple burst external
environment is short enough that the electrical circuit length associated with aircraft and most

wiring length
response to
flat over the
follow the ex
H will be a w

Determining
electronic sy
The expecte

transient control level (TCL) for the aircraft, and the appropriate equipment trans
e electrical and electronic systems. Thé.expected induced transier
waveforms may be determined by aircraft tests, detailed analysis, estimates bas

(ETDL) for th
calculations,

When lightni
the final aircr
the actual trg
aircraft or sy
transients. A
tests, analys

Citation waveform (see Appendix B). In this case the response to C
aveform proportional to Current Component H, which is.répresente

stem interfaces must be determined during the system and aircraft
| induced transient amplitude and waveforms are used to select an

or data from similar aircraft and installations.

ng tests are performed on the_actual aircraft and installation, or ana
aft and system installation.design, then the induced transient levels
nsient levels (ATL) for the'installation. However, for new or signific

fter the aircraft is(designed and built, the ATLs are determined duri
s, or similarity assessments described in 4.6.

Survey: T

e first step‘in determining the expected induced transients is a sur\

The survey| should-be initiated early in the program to identify the potential light

categorize fthesg'effects based on a safety assessment review and the lightnin

which the gdquipment is located. The information collected during this initial su

Induced Transients: The lightning induced transients expected at €

5 will approach the electrically Tong case. Waveform 3 will thereforé be the dominant
Current Component H. For the special case where the natural resp
requency range, the current associated with a short circuit leep cor

onse is relatively
figuration would
irrent Component
d by Waveform 6.

lectrical or
design process.
appropriate

ient design level
t levels and

ed on basic

lysis is based on
can be considered
antly modified

stems, there may be 'ho existing test data to determine the expected induced

ng verification

ey of the aircraft.
ning effects and to
g zone(s) within
rvey should

include tho

se areas used for equipment locafion and wire bundle runs and inc

the structure.

ude apertures in

The lightning zones determine the current path(s) through the aircraft and aid in locating the
particular path(s) which represent(s) the most severe threat to the system under investigation.
For most applications, the airframe is located in Zone 3 as well as one or more of the other zones
(i.e., Zone 1A, 2A, or 2B). The protection assessment shall be based upon the external lightning
environment assigned to the surface zones at the extremities of the airframe within which the
wiring is installed. For example, wiring in the leading and trailing edges of a wing whose primary
structure is in Zone 3 will experience the induced effects of Zone 3 currents (i.e., current
component A and Waveform H. However wiring that is located solely within a fuselage engine
nacelle whose exterior surfaces are entirely within Zones 2A and 2B, or 3, have only to withstand
the effects of the current Component D (and also Waveform H) external environments.
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4.4.3.1 (Continued):

443.2

The potential results of lighting indirect effects such as current distributions due to skin panels, or
transient pulses coupling to wiring will be a major part of the survey. One must also consider the
direct effects of lightning such as puncture and internal arcs, which could result in changes to the
expected induced transients.

Additional information on analytical techniques and computer modeling is available in
Appendix B.

Initial Estin||ates: Using the results of the survey, the overall external airframe

can be calq
dimensiona
computer 1
and curren
currents. H
complex, o
area of the
used.

After the e

ulated. Analysis techniques range from simple calculationsde’com
| analytical models solved using computer programs. Thethree-di
hodeling techniques generally give adequate detail for assessing th
s, but more detailed analysis may be required to determine the inte
or example, specific analysis is often required in-areas where the g
r if metal and poorly conducting composite structure and skins are

airframe. In these cases, two dimensional field'and current mappin

ternal fields and currents are determined, an initial estimate of the

and voltaggs can be calculated. This initial estimate will help to determine the

testing and
compliancs
estimate rg
equations

The magne
structure a

where:

analysis required to identify the-desired lightning protection for cerf
. Since this method uses the_external magnetic field for the calculg
presents an upper bound-for possible induced voltages and currenf
tan be used for this initial-estimate.

tic field close to the surface of the structure is equal to the current
nd is determined-by:

S R
A= JS~W Ceif

currents and fields
plex three-
mensional

e external fields
rnal voltages and
irframe shape is
ised in the same
g analysis may be

nduced currents

level of additional
ification

ition the resulting
s. Five basic

Hensity, Jg, on the

(Eq. 3)

H=

Magnetic field, in amperes/meters

| = Peak current, in amperes

w = Width of the surface on which the current is flowing, in meters
Ceff = Effective circumference if the structure is a cylinder, in meters
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4.4.3.2 (Continued):

The open circuit drive voltage on a wire bundle is determined by:

where:

:d_(P:: d—H: H
\% dtto uAdt uAT

>T e <

e =

The short ¢

where:

L=

t=
V=

Substitutin

= Current rise time to 1/e (for the lightning Current Cemponent A way

Peakvoltage, I voIts
Magnetic flux, in Webers
Permativity of free space, which is 1.257 x 10 Henry/meter

(length, I (in meters), of wire bundle times height, h (in meters), abq
meters

1.39 ps)
Natural logarithm

ircuit current on the wire bundle or shield\is:

oL gVt
|—L(vdt) L

Bhort circuit current, in"Amperes
Self-inductance of-the wire bundle (typically 0.5 yH per meter times
bundle)

[ime, in seconds
Volts

y for X from (4), then for H from (3) yields:

Projected area of the loop perpendicular to the direction ofthe curient flow

ve structure), in

eform this is

5 the length of

g ALL Al
7xt

= e
L LCes

(Eq. 6)

The voltage on a shielded core wire where the shield has a 360° connection to the backshell

(assuming

where:

a solid shield with no apertures) is:

v=iR

(Eq. 7)

R = Resistance of the shield in ohms (typically 0.01 Q per meter times the length of

the bundle) plus the connector resistance, if applicable
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The model

4.4.3.2 (Continued):

can be further refined for special cases.

If the shield is terminated in pigtails then an additional voltage should be included as:

where:

|2 ™~

dt

Detailed ar
interfaces

simple method is nearly always used for a quick look at.the problems that may

More elabd

Expected |
aircraft strd
methods tq
equipment
(Draft) and

Nonlinear
joints and 4
principal pn
reduce res
effects may
forin the p

:|_g—I

v dt

p

Total inductance of all pigtails (typically 1 nH per millimeter times th
pigtails)

= Peak current rate of rise (1.39 x 10 amperes/second for the ligh
Component A waveform)

alysis methods to determine the expected induced‘transients seen
tan range from simple initial estimates to the use of complex compt

rate analysis methods may be used laterto optimize the design.

ghtning induced transients may be @btained by conducting tests on
ctures and wire installations. Thése tests may be conducted by us
the aircraft structures, measuring the resultant responses on the w
interfaces and applying theCappropriate scaling factors or transform
DOT/FAA/CT-89/22 contain details of these approaches.

rocesses may be-present (e.g., arcing between adjacent conducto
ypertures) during an aircraft lightning interaction. Nonlinearity, if pre
pblem associated with the extrapolation process. In general, nonlin
Llting equipment interface transients but enhancement is also poss
not be‘experienced during low level testing but should be anticipat
rocess of compliance verification (see 4.6.2).

e total length of

fning Current

at the equipment
iter modeling. A
be encountered.

representative
ng low level

iring or at

ations. ARP5416

'S, arcing across
sent, would be a

ear effects tend to

ble. Nonlinear
ed and accounted

noteth ha cnpaetfi altd

It is import:

hint4~ At t cific natiirn Af LAt in A inAA AN ta g
O ToOTC ottt e SpC oMt atar C- O gty oo CC O CoTTCTtSr VOt

ges at equipment

interfaces can vary widely from one location of the aircraft to another. The voltages and currents
induced at the interfaces depend, in the first order, on (1) the structural attributes of the aircraft,
(2) the way the lightning attachment to the vehicle takes place and (3) the wire routing.

In many cases, the actual induced transient levels are defined in terms of open circuit voltage
(Voc) and the short circuit current (Igc) appearing at wiring/equipment interfaces. The voltage
and current will be related by the equivalent source impedance (i.e., loop impedances of inter-
connecting wiring and equipment) and there may be different levels determined for different
circuits. Measurements made on a large transport aircraft, on wires expected to have high-
induced levels, showed a spread of transient amplitudes to be as high as a factor of 20.
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4.5

4.5.1

45.2

Establish Transient Control Levels and Equipment Transient Design Levels:

Transient control levels (TCLs) and equipment transient design levels (ETDLs) should be
established during the initial development phases of aircraft electrical and electronic systems as

targets to insure effective lightning protection designs. When such aircraft system
and certified, TCLs and ETDLs become qualification levels. The TCL would be the
for the aircraft installation and the ETDL the equipment qualification level. To esta
ETDLs, it is necessary to understand their relationship with actual transient levels
equipment trarjsient susceplibility Tevels (ETSLs). Ultimately, whether these syst¢
aircraft design|or are a modification of an existing aircraft design, the system,integ
aircraft certification must demonstrate TCL and ETDL compatibility. Verification of
covered in 4.6

Actual Trans|ent Level (ATL): The actual transient levels (ATLs)are’current and
waveforms and levels that are induced on aircraft wires by thednternal environm
associated efjuipment interfaces. Thus, ATLs are primarily dependent upon the
and wiring design rather than the equipment design. For,systems that are being
are determingd by tests, analysis, or similarity assessment of aircraft and systen
features.

Transient Control Level (TCL): With different lightning strike attachment points §
components ] wire bundles in different areasof the aircraft and even wires within
bundle will experience different transient\waveforms and levels. It is convenient
standardized set of transient waveforms:and levels for each individual system, €
equipment sét of pins. Each standardized waveform and level is called a transie
(TCL). TCLY are the maximum allewable level of transient current and voltage &
equipment interface for a given ¢characteristic waveform. In other words, the TC
value above which transients.will not be observed at an interface (system, equip
equipment s¢t of pins). In.general, TCLs should be higher than ATLs. In some
be equal to ifs corresponding ATL, but a general design objective should be that
than the TCU.

The TCL is dependent on the installation of the equipment and wiring in the airc

s are developed
qualification level
blish TCLs and
(ATLs) and

ms are for a new
rator seeking
compliance is

voltage

ent and appear at
system installation
certified, the ATLs
n installation

nd current

the same wire

to identify a
quipment, or

ent control level
ppearing at the
| is the control
ment, or

cases a TCL may
ATLs be lower

raft. Design

considerations which directly affect the TCL are:

a. location of the equipment within the aircraft (zones);
b. shielding provided by the airframe; and

c. location, length and type of interconnecting cables.

In many aircraft certification projects, the ATLs are determined by test or analysis

on the production

aircraft just prior to certification. However, the TCLs must be selected early in the design process
to allow appropriate lightning protection to be designed for the aircraft and systems. Therefore, the

TCLs are often selected by simple analysis, similarity to previous aircraft installa
tests, or engineering judgement.

tions, engineering
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4.5.3 Equipment Transient Design Level (ETDL): The ETDL is a level and waveform which the

454

equipment will withstand without damage or functional upset. The ETDL is a design target to which
equipment will eventually be qualified. It may be selected by the equipment manufacturer or it may
be specified by the system integrator (aircraft manufacturer, aircraft modification company, etc.). A
particular system may have multiple ETDLs to incorporate the different waveforms and

corresponding amplitudes that the system may be exposed to during a lightning strike. The ETDL

is ultimately based on the TCL to which the component will be exposed.

procurement|specifications. DO-160/ED-14 is used by avionics suppliers in the process for

ETDL requir¢gments are found in Section 22 of DO-T60/ED-14, or in aircraft marlufacturers'

obtaining an FAA/JAA TSO approval. Based upon a generic aircraft internal lighfning environment
approach, Sg¢ction 22 provides ETDLs in terms of a variety of levels withassociated waveforms.

An aircraft manufacturer's procurement specification would provide requirement

5 for equipment

specific to their aircraft. These requirements would include a definition of the ETDL based upon

ightning environment specific to the aircraft. Reqdirements governi

g the design and

verification of equipment providing Level A control functions ‘will probably be through an aircraft

manufacturel's procurement process and not the TSO process.

For equipment designed to meet the requirements of‘an aircraft manufacturer's
specification]| some tailoring of waveform sets maybe possible. For instance, if t

brocurement
he specific aircraft

construction were primarily metal and the system-was centralized in a compact and integrated

architecture, [then Waveform 4 may not be amjssue. In this case, Waveform 4 ¢
from the waveform set. On the other hand, for a system with a widely distribute
several ETDLs with the complete waveform set may be required. Finally, for eq
for a wide vafriety of aircraft installations and qualified under the TSO process th
waveform set will probably be required and a relatively conservative set of ETDL

Equipment Transient Susceptibility Level (ETSL): The ETSL is the amplitude of
which, when|applied to eguipment, will result in damage or upset such that the g
longer perfoqm its intended function. The ETSL must be greater than the approy

Designing to|a target ETSL for component damage is a relatively deterministic p
determining fhe"ETSL for system functional upset is more complex. For exampl

buld be eliminated
j architecture,
Lipment intended
e complete

5 may be required.

voltage or current
quipment can no
briate ETDL.

rocess. However,
b, determining the

ETSL for a complex fault tolerant digital data processing architecture will require
probability system design efforts (see 5.2).

stochastic or

In contrast to the ETDL, the ETSL is the minimum transient peak current or voltage amplitude and

waveform that will cause damage to and/or functional upset of the equipment.
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455 TCL and ETDL Selection: Since TCLs establish levels to which equipment interfaces may be
exposed, they also establish the levels which equipment interfaces must tolerate. For a particular
installation, the accuracy with which TCLs have been determined will also determine the
magnitude of the margin applied to the TCL. The result of applying this margin gives the ETDL.
For further discussion on margins (see Section 6).

Itis important that TCLs and ETDLs have common specification bases such as open circuit voltage
and short circuit current. The process flow for determining the levels is shown in Figure 1, and as
can be seen[the ETDL can be determined by either the aircraft manufacturer_or{the equipment

manufacturef and quite often will be a coordinated between the two.

Aircraft Manufacturer Equipment Manufacturer,

ATL ETSL

FIGURE 1 - TCL and ETDL Selection Process

It is critical thatthe ETDL s be defined as “system shields on” or “system shieldsloff’. If the aircraft
manufacturer specifies a core wire voltage ETDL (i.e., the voltage induced on a core wire) and the
equipment vendor tests the LRU to the ETDL with the shields on, then the LRU will not have been
adequately tested. In addition, if the aircraft manufacturer specifies the ETDL as a shield current,
and the equipment vendor applies the current to the core wire, then the LRU will have been over
tested.

The voltages and currents shown in ARP5412 and DO-160/ED-14, Section 22, Tables 22-2 and
22-3 provide standardized levels which can form the basis for the TCL and ETDL targets. The
Section 22 levels are for equipment qualification, thus, they represent ETDLs.
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4.5.5 (Continued):

4551

Descriptions given in ARP5413, Section 7.2(c)(2) for the levels shown in Tables 22-2 and 22-3 of
DO-160/ED-14 are for guidance only. The anticipated exposure of interconnecting wiring, not
equipment location, determines these levels. Design objectives should be the result of tradeoffs
which optimize the inherent protection afforded by an installation and capabilities associated with
the equipment design and qualification. Levels, with their associated voltage and current values,
can then be used to establish design objectives. The levels in ARP5412 and Section 22 tables
cannot be used as a substitute for the basic assessment effort necessary to identify margins and

associated s

Two typical ¢
new airframe
existing ATL
can establish

In the secon

another instdllation, or has identified the likely installations-for good market pene

product. Bag
equipment is
must select T

The whole pf
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the equipme
ETSL and heg
cost of, protg
number of di
equipment ci

ETDL Sele
system mu

Level A, B,

ystem immunity to lightning indirect efrects.

ertification situations, (a) an existing airframe having a new system i
using off-the-shelf equipment. In the first case the airframe manuf
data based on previous certification test or analysis. Then the airfr3
the TCL and ETDL appropriately.

I case the equipment manufacturer has either previously certified tt

ed on these the equipment manufacturer will select a set of ETDLS
selected for installation and certification‘on a particular aircraft, the
[CLs that provide appropriate marginfor these ETDLSs.

ocess of establishing ETDLs is often iterative, resulting from coordin
ufacturer, who can increase.installation protection to reduce the AT|
nt manufacturer, who caninerease equipment immunity/protection t
nce the ETDL. The choiece of ETDLs and TCLs will directly influencg
ction required to achieve certification. The TCLs may be chosen tg

rcuits to excessiveé transient levels.

ction: The ETDLs applicable to the system establish the transient |
st withstand without damage and in many cases without upset.

and C systems must withstand these pre-determined transients wit

nstalled, and (b) a
acturer may have
hme manufacturer

e equipment in
tration of his

. Then, when this
system integrator

ation between the
L and TCL, and

o increase the

2 the need for, and
reduce the

ferent levels required for system qualification tests, while not exposing the majority of

bvels which the

hout damage.

Pin-injection tests, single stroke wire bundle induction, or ground injection tesis may be used to

determine an equipment or system damage tolerance level. In the latter case, a single stroke or
a multiple stroke test with the initial transient derived from current Component A may be used to
determine damage tolerance.
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4.5.5.1 (Continued):

For Level A, and potentially B and C systems, it is necessary to establish ETDLs for both damage
tolerance and functional upset. As indicated in the prior paragraph, damage tolerance can be
addressed by pin-injected, single stroke, or appropriately defined multiple stroke tests. Multiple

stroke and multiple burst tests, however, must both be conducted to determine system upset
tolerance, and these tests are applied as cable bundle tests. An applicant should, therefore,
establish ETDLs for damage tolerance verification (i.e., individual pin or conductor levels), and
separate ETDLs for upset tolerance verification (i.e., wire bundle levels, applied in the multiple

stroke and[burst modes). Alternately, the applicant may elect to modify the m

include th

initial stroke derived from current Component A and, therefore,'de

ETDLs for poth damage and upset tolerance. This might be done, for exampls
being certified at the system level, as a whole, in which case individuahpin or ¢

might not

ve to be designated, and the individual components would not be t

This approach has a disadvantage in that substituted equipment may have to

complete
system ma
bundles.

Verification
injection te
equipment
specificatig
occur due

connectors
interconne

This secon
amplitude

stem test, instead of on a TSO basis. Power inputs to component
have to be tested individually, and not as part‘af system interconn

of compliance with pin ETDL requirements usually means the appl
s5t. In this test, transients are applied.to pins individually. This mea
may not be interconnected with other equipment on the test bench
n and pin-injection test are not capable of evaluating the synergisti
o the simultaneous application of transients on all interface circuits
within the system. Hence\the need for wire bundle ETDLs applica
cted and operating system.

d ETDL set is oftén)a wire bundle current specification that defines
pf the total current expected to be induced in the wire bundles, whic

various coinponents ofthe system. For this purpose, a wire bundle current wa

Waveform

1 or 5 (ag'shown in ARP5413) is often selected together with a pea

example, amplitudes of wire bundle currents induced on intra-engine wire bun

system mig

ht range in the thousands of amperes, whereas the amplitudes of |

currents cicutating in wire bundles installed within an aluminum fuselage migh

Itiple stroke to

*ne a single set of

p, for a system
tonductor levels
ested individually.
be certified in a

5 within such a
ecting wire
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ns that the
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c effects that may
and at all
ble to a fully

the waveform and
h interconnect the
veform, such as
k amplitude. For
dles of a FADEC
vire bundle

t be less than

100 A.

Wire bundle current specifications are most appropriate for wire bundles in which the bundle of
wires is enclosed within an overall shield or in which most of the circuits are enclosed within
individual shields and these shields are grounded to equipment cases at each end. In this case,
of course, the lightning magnetic fields induce voltages and currents in the wire bundle that forms
the loop between the wire bundle shields and the airframe. In some cases, wire bundles may not
simply extend between two pieces of equipment but may branch and extend from one piece of
equipment, such as a computer, to several remote items such as actuators and sensors. In these
cases, care must be given to selection of realistic current levels. For example, the wire bundle
current at the computer end of such a wire bundle would be the sum of the wire bundle currents
entering each of the accessories, which are fed, from branches of this same wire bundle.
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4.5.5.1 (Continued):

The wire bundle current specification is viewed as a system specification, both from a
component-damage and system-upset perspective. Wire bundle shields, connectors, equipment
cases and components within the equipment must, of course, withstand the effects of the
specified currents flowing on the wire bundle shields. Currents on shields will, of course, produce
transient voltages in conductors and at equipment interfaces within those shields. These
transients will be lower in amplitude than they would be were the shields ungrounded or not
present. Nonetheless, these transients still exist and in some cases may reach damaging levels.
Also, induded transients which do not meet damaging levels still may be capaﬁle of upsetting

digital-progessing circuits, especially since there may be more than one transient produced by an
individual lightning flash. The wire bundle current specification, therefofe; enaples realistic

transients fo be induced simultaneously in all wire bundles and conductors within a system (see
4.6.1.1.2 apd 4.6.1.2 for wire bundle testing). If for verification purposes this ETDL is applied in a
multiple-stijoke or multiple-burst mode, it is indeed possible to evaluate system|upset possibilities
and/or verify that the system will not upset when exposed todhe specified ETOL.

For intercophnecting wire bundles, which are fully shieldedy'it is usually approptjiate to specify a
wire bundl¢ current as the wire bundle ETDL and testlevel (l;) as from among|the standardized
levels in DO-160/ED-14 Section 22 since the shields will prevent the cable — dirframe loop
voltage from appearing in the shielded circuits. The ETDL test current level se|ected should be
based upon aircraft test data or analysis.

For some ghielded circuits (as defined in.DO-160/ED-14 Section 22, that also fontain some
unshielded| conductors, the inductances of the shield — airframe loops may prgvent intended
shield currgnts I, from being reached-before unrealistically high loop voltages afe reached. In this
situation any unshielded conductors in the cable bundle may experience these excessive loop
voltages. To prevent applications of unrealistically high loop voltages to the unshielded
conductorg the |; levels in Section 22 are accompanied by limits on the loop vqltages, called V.
Test plans for systems-employing shielded wire bundles that contain some unghielded
conductorg should include the intended shield current test levels (l;) as well ag accompanying
loop voltage limits=(V|). When system verification tests are being conducted wjth test current
levels as well asdoop voltage limits specified, loop voltage as well as the wire bundle (i.e., shield)
current shquld)be measured. If prior to reaching the specified test current amplitude the voltage
limit is reached, no attempt should be made 1o increase the wire bundle current further and the
test is considered completed. It is considered that the system has been exposed to the desired
environment. The current and voltage levels reached should, of course be compared with
available test or analysis data to be sure that adequate margin(s) exist between test levels and
the ATLs or TCLs assigned to the tested cables.
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4.5.5.1 (Continued):

455.2

There are some situations, such as the fully shielded bundle described earlier, where the shield
current must be reached in tests regardless of what the loop voltage is. These are wire bundles
that are known to experience higher than normal loop voltages, are sometimes overbraided, or
are installed in electrically exposed regions as determined by aircraft tests or analyses. These
often include engine and flight control system wire bundles. In these situations the voltage limit
guidelines of DO-160/ED-14 Section 22, Table 22-3 may not be adequate, and the test current
must be increased to the intended test level regardless of the loop voltage that is necessary to
reach the test current Tevel on the test bench. Flight and engine control circuifs that extend into
high magnetic field regions in the aircraft are often in this category. The test-and limit levels
presented |n DO-160/ED-14 Section 22 are based primarily upon measurements of induced
transients in wiring installed within conventional metal airplanes.

Conversely, ETDLs and verification test plans for systems employing unshielded cables (also as
defined in [DO-160/ED-14 Section 22) should designate the loop voltage, V;, ag the test level and
a current lipit, 1, is assigned. In this situation both the loopwoltage and wire byindle current must
be measurgd and if the current exceeds the limit level, ne-further attempt is made to reach the
test voltage level, and the system is again assumed te have been exposed to the intended
transient lgvels. Comparisons with available aircraft test and or analysis data should be made to
assure that adequate margins exist.

Selection gf ETDL - Equipment Manufacturer's Perspective: The ETDL defings the equipment
requirement or minimum hardening level.. The ETDL may represent the TCL plus an appropriate
margin. Alternatively, with an absence-of airframe-specific data, the ETDL may merely be
selected frpm Tables 22-2 and 22-3-of DO-160/ED-14.

The ETDL pelection process(may be initiated by the equipment manufacturer. | In this case, the
ETDL selegtion process sheuld consider the equipment function and target airctaft application(s).
That is, ETPDLs representative of Level 4 or 5 may be appropriate for a flight control system
intended fgr installation in composite airframes, whereas Level 2 or 3 may be appropriate when
the host aifcraft jszall-aluminum and wiring from aircraft extremities is appropriately shielded.

The ETDL gelection process should also consider the expected coupling mechanism(s) and
associated waveform(s) described in ARP5412. For instance, a system with shields terminated
in pigtails might generally utilize Level 3 of Waveform 4. However, Level 4 might be appropriate
for Waveform 3 (damped sinusoids) due to the inductive impedance associated with pigtails. As
a second example, consider a system with loads electrically isolated from the airframe. With no
low impedance circuit loops through the aircraft structure, Waveform 5 would not develop and,
therefore, an ETDL for Waveform 5 would not be necessary.
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4.5.5.2 (Continued):

4553

4554

In any case, ETDL selection should be based on the best available technical data and should not
be based arbitrarily on the assumption that the greater the hardening level the better the
equipment. As the ETDL increases, inherent circuit hardening techniques become impractical.
At this point, TPDs may be utilized to achieve the ETDL. Such widespread application of TPDs
can produce low impedance circuit loops to aircraft structure. (Example: TPDs at both the
receiving and transmitting ends of an ARINC 429 data bus.) Such low impedance loops allow
the development of high-energy Waveform 5 transients. With proper choice of an ETDL, inherent
circuit hardening techniques, which increase Toop impedance, would have inhipited the
development of Waveform 5 transients.

Selecting tpo high an ETDL may force widespread application of TPDsyallowing the
development of Waveform 5 transients. In many cases, a secondidesign iteration may be
needed (pgssibly doubling up TPDs, etc.) to ensure that the originally deployef protection
devices arg capable of withstanding or dissipating the powerin the longer durgtion Waveform 5.
In addition| equipment which does not utilize TPDs reduce 'maintenance. Thai is, the use of
TPDs may|necessitate periodic test to ensure the integrity of the protection deyices themselves.

Selection gf ETDL - Aircraft Perspective: The ETDL for each equipment or each equipment
interface can be established by adding an appropriate margin to the TCL for that particular wire
run. For uniformity in test specifications, ETDL-waveforms and amplitudes should be chosen
from a starjdardized table such as Table 22-2 of DO-160/ED-14 for pin tests or Table 22-3 of DO-
160/ED-14|for wire bundle tests.

For simplification, an ETDL could be‘chosen to cover most equipment with wirjng located in well-
protected greas with another ETDL specification for equipment with wiring in gxposed areas. A
high ETDL|may be chosen t6 minimize the degree of structural shielding and wire shielding
required infthe aircraft. Reducing the ETDLs may reduce equipment costs and(testing cost, while
increasing the ETDLs may not increase safety. Very high ETDLs may force the use of terminal
protection gevices (TPDs) which would change circuit impedance and make the system more
vulnerable [to a different aspect of the transients. For instance, a high impedance balanced
circuit is relativelyyimmune to the ground potential or IR drop. If high ETDL is fequested, which
then requirps-use of TPDs, the vulnerability of the circuit to the IR drop is incrgased due to the
low impedance of the terminal device. The selection of a higher ETDL may be applicable to
areas where the exposure is extreme such as wiring along a landing gear strut.

TCL Selection: The TCL waveform specification may be determined by generalizing the
waveforms obtained for the ATLs to match one or more of the representative test waveforms
shown in Figures 21 through 26, taken from ARP5412 (Waveforms 1 through 5). The TCL
specification may then be determined by picking a level that is equal to or above the level of the
ATLs.
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4554 (Continued):

More than one TCL may be needed for a particular aircraft’s electrical and avionics systems due
to the variations of wire routing and equipment locations. The TCL specification is also
dependent upon any shielding that may be applied to the wires.

It is not necessary (nor is it intended) to include each of the standard transient waveforms in the
TCL and ETDL specifications. However, the waveforms must represent the expected coupling
mechanism(s) and the level(s) selected must account for the highest voltage and current levels

anticipated[in the circuits o which the TCL/ETDLs are applied. Ifthe wiringin
has both shielded and unshielded conductors, then more than one waveform

. For instance, wiring driven by a magnetic field from Current,Com
induce open circuit voltages similar to Waveform 2 and short circuit currents si
1 in unshielded circuits. The voltages and currents appearing in shielded cong
instead resemble voltage Waveform 4 and current Waveform 5A.

In Table 22-1 and in Paragraph 22.3.1 of DO-160/ED-14,. six different wavefor
containing fwo or three of the standard waveforms, have‘been defined to allow
equipmentjand systems intended for installation in varied aircraft applications.
to a systen intended for installation in only one aireraft type might not need to i
the transient waveforms.

Figure 2 illiistrates how waveform sets and-test conditions might be selected fi
-14, Section 22. The waveform sets are developed in Figure 2 by
the waveform set label appears in the figure and accumulating arn
waveforms|that are in the path from-that point downward.

Selection gf the waveform sét and test conditions appropriate for a particular s
the characferistics of the,intended airframe into which it will be installed and w
interconne¢ting wiring.is:to be shielded. If the system is intended for a conver
airframe, waveformset A and either C or E are appropriate. If the wiring is to

C is appropriate, but'if the wiring is to have shields, set E is appropriate for the

particular system
ay be
ponent A will
milar to Waveform
juctors may

m sets, each

for certification of
ETDLs assigned

hclude as many of

fom Table 22-1 of
starting at the
y specific

ystem is based on
hether or not the
tional metal

be unshielded, set
wire bundles. If
bricated of carbon

the system|is intended for airframes with resistive structures, such as those fa
fiber reinfofced' composites, waveform sets B, D and F are appropriate. The d

ifference between

these two groups of waveform sets is that current Component 5 may be induced in system

shields and ground planes, resulting also in voltages of a similar waveshape a

ppearing also in

certain conductors. This is why current Component 5 appears in sets B, D and F.

With a structure of relatively low resistance, such as an aluminum alloy airframe, the
predominant induced voltages are Waveforms 2, and 3 (if the coupling is via magnetic fields) and

also Waveform 4 if the coupling is due to structural voltage rises. In the forme

r case the

associated current is Waveform 1, and in the latter it is Waveform 5, but the amplitude of the
Waveform 5 currents in a conventional metal airframe are nearly always less than the Waveform
1 currents, so Waveform 5 is omitted. Hence for systems intended for an aircraft with a low

resistance structure, waveform sets A, C or E can be chosen.
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FIGURE 2 - Waveform Set Selection Flow

4.5.6 Waveform Set Selection: When wire bundle testing (also known as cable bundle testing) is
selected, it becomes necessary to decide whether the test levels should be established in terms of
voltages or currents. Table 22-2 of DO-160/ED-14 gives separate levels for the open circuit
voltages and short circuit currents which comprise each level. The test generator has to be
capable of providing the voltage across high impedance loads, and the current through low
impedance loads (i.e., short circuits). It will apply some combination of intermediate voltage and
current levels across finite load impedances. Table 22-3, for wire bundle tests, establishes test and
limit levels. If the test level for a specific waveform is a voltage, the limit level will be a current, and
vice versa. If the decision in the top diamond of Figure 2 had been to employ wire bundle tests,
Waveform 3 should be applied.
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4.5.6 (Continued):

Following the chosen path on the flow diagram leads to the question, “Low resistance structure?” If
the wire bundle is routed through an aluminum structure, then Waveforms 1, 2 and 4 should be
considered. If the structure material is CFC, then Waveforms 2, 4 and 5 are applicable. One of
these waveforms could be eliminated from a waveform set if it can be shown that such waveform
does not in fact appear significantly in the circuit(s) being considered. In many cases both pin and
wire bundle testing is selected, for verification of equipment damage and system functional upset
tolerances, respectively.

Remote Equipment

C
il = - L5

LOOP-UNDER-REVIEW

//TL/J = ‘ ‘jz\*

Aircraft Structure

FIGURE 3 - Simple ‘System Exposed to Lightning Induced Effects

Inside the remote equipment; a-connection is shown between the circuit and thel equipment case

and thence tp the airframe\ If that connection did not exist, the electrical elements within that

equipment will be "floating” and very little current can flow in the wire-bundle/strficture path.

Consequently, any pin.injection or wire bundle test will result in the test (i.e., opgn circuit) voltage
@ gulation to

ign test. In this

agnding on the

expected coupllng mechanlsm and response of the wire bundle

If the wire bundle is shielded and the shield is connected to the equipment at each end, then the
shield-airframe loop will have a lower impedance than the unshielded configuration described
above and a higher current (i.e., the short circuit current) will flow in the wire/airframe loop, if the
remote end equipment is connected to the airframe. Test current Waveforms 1 or 5 are then
appropriate. In this latter case, current in the wire shield will induce an open circuit voltage and a
short circuit current in the shielded conductors, in accordance with the shield transfer function. If
damage tolerance verification tests are to be conducted on the equipment, the test levels should
be based on these conductor transient levels (plus the margin). Note that, if the remote end
equipment could be electrically insulated from the airframe, little or no current would flow in the
shield and the conductor transients would be negligible.
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4.5.6 (Continued):

The relationship between the peak current, |, of Waveform 1 and the peak voltage, V,, of
Waveform 2 in a circuit loop between an unshielded wire and the airframe that is exposed to
changing magnetic fields is determined primarily by the inductance of this circuit loop. A simple
relationship that can be used to relate short circuit current to open circuit (loop) voltage is:

v
AL
I, = 1.4

(Eq. 9)

Similarly, for
generator wg
Waveform 1,

that the resistive voltage developed in the wire bundl€*under test is comparable

voltage. For
effects, the s
Waveform 5.
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e length and impedance wire bundle can be made using either Way
ven to an appropriate level, regardless of the monitored voltage val

hdle is notshielded, then changing magnetic flux between the wire(s
ltage Waveform 2 in this loop.

Some aircra

t provide shielding in the form of conduits. These can be described
tubing, bond

b transient

much slower than
s, as it is possible
to the inductive
se of the resistive

mple relationship given above cannot be used in comparing Waveform 4 with

ds on how the
neasured wire
or system tests
eform1or5
ue.

) and the airframe

as conductive

mponents through

which the wire bundles are routed. If such conduits are used, then they will carry most of the
current in a transient, even in situations where the wire bundle itself is shielded. So, if the wire
bundle is unshielded, but routed through a conduit, then the appropriate test would involve voltage
Waveform 4 or current Waveform 5. If the wire bundle is shielded by an integral shield, then
current Waveform 1 or current Waveform 5 could be selected.

- 45 -



https://saenorm.com/api/?name=227d3c1ae502928e2b36cdeed033f292

SAE ARP5415

4.5.7 Other TCL and ETDL Selection Considerations: TCLs and ETDLs are best defined in terms of the
waveforms and amplitudes of induced voltage and current transients that appear at the connector
pins of interfaces between equipment and interconnecting conductors. In most cases, lightning
strikes will induce the maximum level of transients between interconnecting wires and the airframe
ground. Therefore, the maximum induced transients will normally occur between the connector
pins and case ground. Since the equipment is grounded to the airframe, it is usually preferable to

define the ETDLs as the levels of transients that must be withstood by the equipment between
incoming connector pins and case ground.

This is often
many wires 4
locations wit
waveforms.

voltage level
equipment.

exceed 15\
single piece
incoming cirg

Thus, for exd
established f
aircraft powe
circuits.

Frequently, €
a single conr
ETDLs woulq

The voltage

referred to as a pin specification. Of course, in any complex syster
nd pins interfacing with each piece of equipment. These wires will
nin the aircraft and will experience induced transients of varying am

5. For example, some incoming wires bring 115 VAC or 28 VDC aif
Dthers, however, only transmit very small signal volfages whose an
. Thus, it often makes sense to establish more‘than one transient g
pf equipment, with the individual levels being related to either the fu
uit and connector pin or the routing of that,circuit through the aircra

mple, for a typical flight control computer, one transient design levg
br incoming 115 VAC power circuits,-a second level established for
r circuits and a third ETDL established for incoming or outgoing sig

ach of these functions passes through the same multi-pin connecto
ector can have pins;\which must withstand differing ETDLs. Butin
| be defined by a waveform, a peak voltage and a peak current.

eferred to above is the maximum voltage, which would be expecte

open-circuit

erminalscofithe interfacing wire with no load. This is referred to as

voltage. Thqg currentspecification is the maximum current expected to be induc
interconnecting eircuit(s) when that circuit is shorted to ground at the equipment
most cases, [hejload within the equipment is a finite impedance, so that neither

n there will be
extend to varied
plitudes and

In addition, these circuits may themselves operate at different or varied system

craft power to the
plitudes do not
lesign level for a
nction of the

ft.

| could be
incoming 28 VDC
nal and control

. In this example,
all cases, the

l to appear at the
he open-circuit
bd in the same
Of course, in
the open-circuit

voltage nor the short-circuit current will appear at the equipment in an actual ligh

ning strike event.

But if the transient design level specification is described in this manner, then the proper amplitude
of transient will appear at the equipment when the equipment is tested with a test set that can also
produce either the open-circuit voltage or the short-circuit current, provided the loop impedance is
relatively high or the loop impedance is relatively low, respectively.
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458 TCL and ETDL Parametric Discussion: As has been discussed in ARP5412 and in this User's
Manual, there is a broad range in the amplitude of induced voltages and currents encountered in a
wide variety of aircraft installations. Five levels, designated Levels 1 through 5, have been
selected from within this range, to provide standardized criteria for design and testing purposes.
Levels 1 through 5 encompass the majority of transients that may exist in typical aircraft circuits,
but transient voltage and/or current amplitudes lower or higher than levels 1 and 5 may exist in
some circuits.

In general, tHe amplitudes given in Tables 5 and 6 of ARP5412 for current Waveform 1 and voltage
Waveform 2 pre governed by a relationship, which is simply: V = d®/dt, where thje magnetic flux is
due to significant coupling of magnetic fields from Current Component A.{The vpltage and current
amplitudes for Waveforms 3, 4 and 5 (induced by Current Component Aj'are or dan be the result of
more complgx mechanisms (see Appendix B for further explanation). Since Wayeform 4 arises
from the possible voltage rise from Current Component A flowing in-the airframe, the amplitude of
this waveform is strongly influenced by the electrical characteristics of the materjials used in the
structure and lengths of installation wire bundles. For instanege, it would be expected that much
lower Waveform 4 amplitudes could occur in aircraft whose structure is composgd primarily of
metal than that which could occur in an aircraft whose siructure is composed of 8 material, such as
carbon fiber feinforced composites, that has significantly lower conductivity. In ARP5412 the
Current Component A induced voltage and current-amplitudes of Table 5 are for{individual
conductors gnd those in Table 6 are for wire bundles. Table 7 provides Current Component H,
associated with multiple burst, induced voltages and currents. ARP5412, Table 4 provides induced
responses td Current Components D andD/2, associated with a multiple stroke,|in terms of a
fraction of the response to Current Component A.

DO-160/ED-[14) for voltage and current amplitudes has facilitated the practical integration of
equipment into aircraft electrical/electronic systems and thus, these amplitudes ¢ould be regarded
by a system jntegrator astan integration parameter. Depending upon the perspective, this
integration parameter,can play a variety of roles, including TCLs for interconnecting wiring and
ETDLs for equipment. "ETDLs are set higher than TCLs to establish an appropriate safety margin
to account fgr uncertainties in the compliance demonstration process.

Establishmelt of these five ranges\(see Tables 5, 6 and 7 of ARP5412 and Tablep 22-2 and 22-3 of

It should be appreciated that normally a TCL is specified in terms of Vqc and Igc, while ETDL may
be specified in those same terms (Vg¢, Isc) or some other voltage and current parameter. For
example, when DO-160/ED-14, Section 22 is used to qualify a piece of equipment, the parameters
for wire bundle testing are in terms of test (V1, I1) and limit (V, 1) voltages and currents. Such
parameters (V1, It and V|, I ) may be considered either an ETDL or an equipment qualification
level, which may or may not match the TCL of a specific aircraft. Whatever the perspective (Vgc,
Isc or V1, It and V|, 1), this parameter effectively defines the energy (current or voltage amplitude
and waveform) that must be delivered by the generator used to simulate the lightning induced
transient.

However, as has been observed when DO-160/ED-14, Section 22 is used, equipment interface
wire bundles are qualified using a V1, I and V|, I approach which could expose equipment to
energies on the order of twice that using the Vo, Isc approach.
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459 Multiple Pulse Waveform Sets: Two waveform sets involving more than a single transient have

been defined, representing the multiple stroke aspects of cloud to earth lightning flashes and the
multiple bursts of lightning leader currents that flow through an aircraft during an aircraft initiated,
intracloud strike. These are known as the Multiple Stroke and Multiple Burst environments and are
described in ARP5412. Such characteristics of a strike need to be considered from the point of
view of functional upset of systems. System functional upset test methods employing the multiple
stroke and burst environments are described in ARP5416 (Draft).

Aircraft systems are exposed to the induced effects of the multiple stroke and burst environments

because mulfiple current pulses pass through the airframe during a lightning siri

whenever an
environment

For the multi
current Com
cloud to eart
happens tor

ETDL is defined, it should consider the multiple-transient aspects

ple stroke (MS) waveform set, the first pulse of the series‘is based

ponent D. Whereas current Component D represents ‘@ subsequen
n environment defined in ARP5412 for evaluation<f lightning direct
present a typical severe first return stroke in a‘eloud to earth flash

negative chafge to the earth. Positive polarity flashes (i.e.;which raise negative

earth to clou
response to
earth flash. ]
the first ETD
associated W

The ETDL fo
the external
ETDL and te
D, and D/2.

The second
waveform se

) contain only one stroke. The subsequent 13 pulses in the MS ar|
current Components D/2, which represent'typical subsequent stroke
[hus systems and equipment components must be designed and vg
| transient associated with current:.Component D and the subseque
ith current Component D/2.

r equipment damage tolerance purposes must be based on current
ightning environment. Tables 4 and 6 of ARP5412 provide guidand
5t voltage and current.waveform amplitudes associated with curren

waveform setis the multiple burst waveform set. The ETDL for the
t is based on the response to Current Component H. Damaging e

burst transie
or circuit pro
standpoint.

ectiondevices. However, the multiple-burst transients are importa
RP5412 Section 7.5 provides information on typical transient resp

e. Therefore
f the lightning

bn the ETDL for

f stroke in the
effects, it also
which lowers
charges from

e based on the

s in the cloud to
rified to withstand
nt 13 transients

Component A of
e to relate the
[ Components A,

multiple burst
cts of multiple-

e
hts aresusually negligible and need not be considered in selection %circuit elements

t from an upset
bnses to the

Current Com

ponent H for determining mulfiple burst ETDL.

4.6 Verify Compliance:

The verification process must show that the system is capable of tolerating the ETDLs assigned to
the various parts of the system, in accordance with the acceptance criteria assigned to the system as
a consequence of the FHA.
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4.6 (Continued):

This means in particular that the system equipment must be shown able to tolerate ETDLs assigned
to any individual equipment and other elements (i.e., terminal strips, relays), and also to tolerate
ETDLs assigned to the system as a whole, in accordance with applicable acceptance criteria. These
ETDLs may be assigned as individual equipment connector pin levels, or connector cable bundle
levels, for damage tolerance purposes, together with system interconnecting cable bundle levels, for
system functional upset purposes, as described more fully in 4.6.1.

In the simplest
actual lightning
wiring that inte
system wiring.

terms, the system and equipment should be shown able o toleratg
induced transients (ATLs) induced in system interconnecting wirin
rfaces with the system) should be shown not to exceed the TELs a

ETDLs, and
J (and any other
5signed to the

The verification process may be accomplished by showing similarities’to previous
equipment and/or installations, aircraft and/or equipment tests, and/or analyses, of a combination of
these methodg. The specific methods that are proposed should be described in ggneral terms in the
Certification Plan that is recommended in ARP5413, and this'plan should be subnpitted to the

y certified

certifying authq

System and su
prepare certifig

airframe manu
applied fora S

aircraft. In thig

certifying authq

The following {
providing evidg
verify that ATL
(Draft). Details
Section 22.

Test and/or an

rities for review and approval.

bsystem suppliers to whom certification responsibilities have been
ation plans for their systems and, génerally, should submit these pl
Facturers to the certifying authorities. An exception is when a syste
upplementary Type Certificate (STC) for installation of a new syster
case the STC applicant. must usually submit the certification plan g
rities.

ubsections outlingé suitable verification processes that have been a
ence of compliance with lightning protection requirements. Details ¢
5 do not exceed TCLs and system functional upset tests can be fou
of equipment damage tolerance test procedures can be found in [

plysis plans must be prepared to describe the individual equipment

delegated should
ans through the
m supplier has

n on an existing
irectly to the

cceptable in

f aircraft tests to
nd in ARP5416
O-160/ED-14

and/or systems

tests that are proposed and described generally in the cerfification plan. These also must be
reviewed and approved by the certifying authorities. Test and analyses plans can be reviewed and
recommended for approval by FAA Designated Engineering Representatives (DERs) if agreed in
advance by the authorities.

Once the tests and/or analyses have been completed details of these must be documented in test/
analyses reports. Tests should be witnessed by certifying authority personnel and/or DERs, and test
reports need to be approved as to compliance with the approved test plans by the authorities or

DERs.
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4.6 (Continued):

Figures 2, 3 and 4 of ARP5413 are flow charts that illustrate acceptable routes for showing
compliance with the indirect effects requirements. Section 7 of ARP5413 provides guidance for each
of the steps illustrated in the flow charts and this information is further clarified by the examples in
Section 7 of this document.

4.6.1

Equipment and System Tests:

46.11

include Pi

DO160/ED}14, Section 22.

46.1.1.1

interfaci

damage.| The process of establishing ETDLs forxdamage tolerance, and als

function

appear c
individua
to the ms
equipme
represen
IOC' This
The actu

To provid
transient
individua

The pini

Equipment[Damage Tolerance Verification: Two basic methods are available
ability of inglividual pieces of equipment to tolerate the ETDLs assigned to that

Pin Injection Tests: Pin Injection Tests are applied to individual‘equipment ¢
usually between pin and case ground. The purpose of thePin Injection test
equipment components can withstand the ETDL in whichdhe specified Equij
Design Level (ETDL) transient voltage (specified as an\open circuit voltage,

Injection and Wire Bundle tests (also known as Cable Bundle tests

circuit, together with a short circuit current, ISC, in the same circu

| upset evaluations is described in 4.5:* Since lightning-induced effeg
bnductor (pin) -to-airframe ground;thee pin injection tests are usually
pins and case ground. The testgenerator must be capable of appl
ximum voltage (Vgc) or thesmaximum current (Ig¢) that could appe
nt interface. An impedance:(usually 5 or 25 Q) is included in the tes
typical wire impedances-and provide the appropriate relationship
relationship is embadied in the Vo and Ig¢ levels in Table 22-2 of
bl voltage (or current) that appears at a pin depends on the pin-to-c

(lor verifying the

quipment. These
), as described in

bnnector pins,

is to verify that
ment Transient

Voc, in the

it) without

b for system

cts nearly always
applied between

ying a transient up

ar at the

t generator to
etween V¢ and
DO-160/ED-14.

ase impedance.

e the margin‘described in ARP5413 and in Figure 1 of this document, the V¢ and Igc

amplitudes‘are set higher than the actual transient levels (ATLs) m
intercennecting circuit conductors during full vehicle tests.

njection test method has the advantage that it provides definite info

pasured in

rmation on the

tolerance Tevels of individual pin interface circuit elements. However ithas T

he disadvantage

that since the tests are usually applied to one pin at a time, they can not usually be relied upon
to evaluate effects that may occur as a result of transients arriving at all pins of an equipment

connecto

r at once, or between pins.

In addition, pin injection test requirements, may necessitate the addition of terminal protection
devices, typically not necessary when transients are introduced by more natural means such

as cable

induction or ground injection.

The pin injection test method is described in Section 22.5.1 of DO-160/ED-14. Waveform sets
A or B should be used. Additional considerations with respect to pin injection tests are found in
the following paragraphs.
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4.6.1.1.1 (Continued):

Sometimes additional series impedance is added to represent remote equipment loads, when
these are known and can be relied upon to be present in the aircraft installation, as shown in

Figure 4.
— 50 mm t A
' Calibration Point
~——| Series Impedance /
Injection .
CIRCUIT Load Transient
Voltage Gendrator
/ Probe
j i <
@ — <

\ Ground|Plane

Oscilloscope

Voltage

FIGURE 4 - Typical Pin Injection Test Setup

Care should be takenta'select the appropriate series impedance to simulatg the remote
equipment line-to;case impedance. Hence, when the remote equipment cirguit elements are
isolated from case, as shown in Figure 5, and have a dielectric withstand voltage in excess of
the ETDLU assigned to that equipment the series impedance may be equal tg the remote
equipmentline-to-case impedance (i.e., be a capacitance of several hundred|pico-farads) if the
ETDL voltage waveiorm is due 10 a structural or cable shield transfer function (i.e., Waveform
3, 4 or 5A). However, if the primary coupling mode is due to changing magnetic fields which
induce a fast rising voltage in the circuit (i.e., traveling Waveform 3), the series resistance that
is inserted into the test circuit should be no more than 75 Q, so as to provide a relationship
between voltage and current that is similar to the circuit characteristic impedance — typically
100 Q.
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Remote Device

IF Isolated Circ

CIRCUIT

_/

[

<

\Aircraft Structure

FIGURE 5 - Equipment Pins With Remeté. Isolated Circuit

4.6.1.1.1 (Continugd):

Remote ¢quipment containing EMI filters may-insert much larger capacitances line-to-case,
which myst be represented instead of the stray capacitance across circuit insulation. In cases
as shown in Figure 6, where the remote €quipment has circuits referenced tp case or to local
aircraft siructure via a finite impedance; the series impedance added to the ¢ircuit must not

exceed t
filter cap

—=

Terminal

Common Mode
Impedances —\

is EMI filter impedance to-case ground. In fact, it may be appropriate to use the EMI
citor itself, or an equivalent.

\

CIRCUIT
-

]
\

L

N

\Aircraft Structure

FIGURE 6 - Equipment Pins With Remote Circuits Referenced to Case/Aircraft Structure
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46.1.1.1

(Continued):

Remote equipment that utilize transient voltage suppressors such as metal oxide varistors or
diodes from line to case, as illustrated in Figure 7, or to a signal/power return which is
referenced locally to aircraft structure should be considered as presenting a short circuit during
a lightning-induced transient event, so no series impedance should be added to the test circuit
for connector pins which interface with protective devices in remote equipment.

NOTE: The 5 and 25-Q relationships between V¢ and Ig¢ in most of the pin test levels of
able 22-2 of DO-T60/ED-14, Section 22,are intended 1o represent fypical wire to
iframe loop impedances (such as wire resistance and loop induictgnce) to the
nipolar and oscillatory voltages, respectively. Thus any additional series impedance
nat is inserted into a pin test circuit must represent remote€quipment impedances

nly.

Q - C Q)

Equipment to be Tested Remote Device

e [~

CIRCUIT ‘——

Transient Voltage
Suppressors

\Aircraft Structure

FIGURE# - Equipment Pins With Remote Transient Voltage Suppregsors

In most cases the ETDL will have been established (or verified) by full vehicle tests or analyses
in which the individual conductor Vo has been measured with circuit remote end grounded
locally to equipment case or the airframe and the Igc has been measured with both ends
grounded. This method gives the total loop voltage (Vo) and the maximum induced current
(Isc)- When performing pin injection tests, the addition of a series impedance to represent the
remote equipment load impedance, as described in the foregoing paragraphs and illustrated in
Figure 4, is appropriate.
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46.1.1.1

46.11.2

(Continued):

However if the assigned ETDL has been determined (or verified) based upon full vehicle
measurements of conductor voltages with remote ends connected to their interfacing

equipment, then it is not appropriate to include the remote end impedances i

n the pin injection

test circuits, since the effect of the remote equipment impedances will have already been
accounted for in establishing/verifying the ETDL. Addition of a remote end impedance to the
test circuit in this latter case would be taking credit for the remote equipment twice; once during

the full vehicle testing (or analysis), and once during the equipment damage
verificatign.

In some ¢ases the series resistance should be the characteristic impedance
(i.e., trea
not the rg
3 response produced in aircraft wiring can be the result of traveling waves th
induced in the aircraft structure which, in turn, drive the aircraft wiring or are
into such

some extent, in the total response.

A dielect
injection [est to verify ability of electrically simpte devices such as actuators,
differential transformers (LVDTs), and speed.sensors to tolerate the assigne
These simple electrical devices must bepassive with no electrical circuit ele
EMI filters and transient voltage suppressors, connected between incoming

and casel ground. In these situations-the test voltage is applied between the

tolerance

of the aircraft wire

ing the wiring as a transmission line above the aircraft structure ground plane) and
sistance to aircraft structure of the remote LRU. As reviewed in 4.4.2, the Waveform

at have been
induced directly

wiring as a traveling wave. At any rate, Waveform 3 will almost alwjays be present, to

ic withstand voltage or high potential (hi*pot) test may be used in lig¢u of the pin

linear variable

j ETDL voltage.
ments, including
circuit elements
circuit pins and

case. THhis test is applicable when-the interface signal and return wires are routed together to
the sourde and the line-to-linetinduced voltage is insignificant. For configurations where the

compongnt interfaces with(the aircraft power, the ETDL test voltage must be
or peak AC voltage (i.e., 180 V peak) to establish the hi-pot test voltage level
may be gonducted from each pin to case or from all pins, simultaneously, to

Wire Burldle Tests for Damage Tolerance Verification Purposes: While Wire
Tests arelnormially used for upset determinations, they can also be used to e
damage {olerance if an aircraft wire bundle specimen that is appropriately ref

added to the DC
This test voltage
case.

(or Cable) Bundle
aluate equipment
presentative of the

aircraft installation design is available, and if the remote ends of the conductors in this wire
bundle are terminated in the impedances also appropriately representative of the aircraft
installation (these must include the line-to-ground impedances of any protective devices when
in the conductive state). If wire bundle tests are to be used for verifying equipment damage
tolerance, then a wire bundle ETDL that is assigned to the interconnecting wire bundle should
be applied, and the implication is that the same voltages and/or currents (plus a margin) that

exist in the aircraft conductors will exist in the test wire bundle conductors.
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46.1.1.2

(Continued):

Wire bundle voltages are driven by a generator that produces the selected ETDL voltage and
current waveforms and levels as defined in Table 6 of ARP5412 and/or Table 22-3 of DO-160/
ED-14 Section 22. The specific voltage/current applied to each equipment connector pin will
not be known. Therefore, in many cases the tolerance levels of individual electronic
components such as resistors, diodes, transistors, and filter capacitors within a piece of
equipment will not be known. Thus, to obtain the tolerance levels of individual components to
damage, the specific voltage/current at connector pins would have to be measured.

The wire
all pins o
stimulus
compons

The wire
method g
Test wav
particula
14 Sectia
either the
methodo

The test
isolation

It should
14, Secti
bundle) t
22-2 and
compare
they refle
typical, b
vehicle li

bundle test method has the advantage of applying transients, of\so
[ a connector simultaneously and may more realistically représent t
n the installation. It has the disadvantage that it may not establish
nt tolerance levels.

bundle tests can be applied using either the cable induction or groy
s described in Section 22.5.2 of DO-160/ED-14"and illustrated in F
bforms should be selected from waveform sets C, D, E or F approp
system installation. However it should be;recognized that, when u
n 22 methodology for wire bundle testing, the pulse generator pow

ogy used for pin injection tests.

setup should reflect important.installation features (shielding, interfa
from structure, etc.), which:affect responses of the system to injecte

be noted that, Tables\5 and 6 in ARP5412 and Tables 22-2 and 22-
bn 22, the voltage magnitudes associated with each level for wire b
bsts in Table 22-3’are the same as those indicated for the pin inject
it is the amplitude of the associated currents that differ for the wire
 with thepin injection test levels. The wire bundle current levels a
ct multiple conductors, rather than a single conductor. The tabulatg
Lt not‘necessarily reflective of what would appear in an individual w
hhtning induced voltage test data from the aircraft to be certified car

me magnitude, to
he lightning
ndividual

nd injection
gures 8 and 9.
riate for the

sing DO-160/ED-
br is adjusted until

test level (V1 or I1) or limit level (V_-of |, ) is reached, as opposed o, the Vg, Isc

ce equipment
d ETDL transients.

3 in DO-160/ED-
undle (cable

on tests in Table
bundle tests as

e higher because
pd currents are
ire bundle. Full
 be used to

establish

more accurate voltage and current levels. The tabulated current le

vels are based

upon data from many aircraft tests that have been complemented by analyses using worst case

assumpti

ons of magnetic field exposures of interconnecting wire harnesses.

It should be recognized that for systems such as electronic engine and flight controls which
extend outside the fuselage and into high magnetic field or structural IR regions, the
magnitudes of current on wire bundle shields (or of voltages experienced by unshielded
circuits) could be much higher than those listed in Tables 22-2 and 22-3 of DO-160/ED-14,
Section 22, or Tables 5-2 and 5-3 of ED-84 and Tables 5 and 6 of ARP5412.
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Oscilloscope

<

Transient
Generator

Monitor Loop

/ and Probe

Sto-45cm | G + Wire Bundle
Monitoring
Transformer L
ay LA\ —
BN | |
7/ AV 4
\ Injection Support
5to 50 cm Transformer Equipment
EUT
LOOP
~_ Ground Plane
NOTE: A series current-monitoring resistor may\be used instead of the current-monitoring
transformer.

FIGURE 8 - TypicalWire Bundle Induction Test Setup
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Oscilloscope

Transient
Generator

1 v
Curr'ent' Wire Bundle
Monitoring -
Transformer
A |
,-[—L, ] T l
\v, ]
Suppprt
Equipment
EUT
LOOP
Possible B
Injection
Paint

~_ Ground Plane

NOTE: A series current-monitoring resistor may be used instead of the current-monitoring

tansformer.

FIGURE 9 - Typical Ground Injection Test Setup

4.6.1.2 Wire Bundle Tests for System-Functional Upset Verification: Tests are normally performed by
inducing transients sequentially on each interconnecting wire bundle of a complete, functioning
system to Verify tolerance against system functional upset. The system functipns are monitored
during the fests to see if any of the combinations of multiple stroke or burst transients results
have any gffect.on.system functions, and whether such effects are acceptable(or not. For
equipment|that’has redundant interfaces that need to be excited concurrently for proper
evaluation bf:ecommon mode effects, simultaneous injection on more than onefinterface should

be accomplished.
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4.6.1.2 (Continued):

The basic test arrangement for the system and/or representative loads functional upset tests is
as described in Figures 8 and 9, except that all equipment and wire bundles in the system are
included in the test setup. For testing of redundant interfaces, it may be necessary to employ
multiple injection cores when the wire bundle induction method is employed. The ground
injection technique is an alternative. In some cases, the ETDL is applied to the main or "trunk"
wire bundle, with currents in other branches not being specified. In other situations different
ETDLs are assigned to each wire bundle in a system. Controlling each wire bundle ETDL(s) to

the correct
impedance
desired leV|
testing is tq

installation
all wires in

4.6.2 Aircraft Tests

in individual
individual co

ARP5413. T
exists. If the

improved by

shielding mo
Any such mg

results.

In situations
aircraft tests
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a wire bundle (see 4.6.1.1.2) simultaneously.

: Aircraft tests, also known as full vehicle tests, are conducted to d

margin between the two is insufficient; protection of interconnectin
increasing harness shielding or adding protection within the equip
difications may be made to selected circuits in the aircraft and verifi
difications and test results would be documented together with the

may be used as the basis for establishing TCLs and ETDLs for inte

Its will provide: TCLs for use in ETDL determination.

level is imporfant. It may be necessary fo employ mulfiple injecfion

els. Except for wire bundle lengths, the intention of test configuratig
provide an appropriately accurate electromagnetic simulation of th
Wire bundle tests have the advantage of applying transients, of sg

conductors and wire bundles that can be used;to verify or define TC
nductors and wire bundles in accordance with the certification procq
he TCLs are compared with equipmenttETDLSs to verify that an ade

where the TCLs and'ETDLs have not yet been established, the ATL

proaches for performing aircraft (full vehicle) tests are available. O
Lrrent‘pulses identical in waveform to the external lightning current v
The second involves circulating continuous sinusoid currents throdigh the aircraft, at

points or add
dual currents to
ns for wire bundle
e system

me magnitude, to

ptermine the ATLs
Ls assigned to
bss described in
quate margin

J wiring may be
ent. Some

d during the test.
rest of the test

s measured in
rconnecting wiring

nt. For equipment without established ETDLs, the full aircraft test and extrapolation

ne involves
aveforms defined

frequencies and amplitudes similar to the consfituent frequencies and amplitudes of a Fourier
series that represents the defined lightning currents. This is known as the “swept continuous
waveform (CW)” method. Voltages and currents induced by the test currents in interconnecting
wiring are measured, usually with voltage and current probes optically coupled to recording
instruments outside of the aircraft.
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4.6.2 (Continued):

Both of these approaches generally apply current amplitudes less than full threat, so that
measured transients must be extrapolated to establish the ATLs corresponding with the full threat
lightning environment. Coupling theory and prior experimental work have confirmed the generally
linear relationship between amplitudes of current in an airframe and voltages/currents induced in

electrical wiring within. The necessary extrapolation factors range from 20 - 200:1 for the pulse
injection technique and between 200,000 and 1,000,000:1 for the Swept CW method.
Comparisons between the two approaches have shown that the swept CW method yields
somewhat mjore pessimistic resulis (i.e., predicts higher ATLs) than does the pu

because thefi

ery low CW current amplitudes can not take full advantage of ¢on
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nt on the aircraft's geometry, materials and operational factors, ofte
another; therefore, a determination must be made for each aircrafi
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engine mounted.electronic engine control may be the engine inlet t
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by the-external environment, is a result of current flow through the
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e and exit points

b opposite wingtip.
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environment that causes the voltages and currents on interconnecti
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ear at equipment interfaces.

It is possible to establish the actual transient levels from interface voltages and currents from data
taken on a different aircraft if the aircraft are similar in construction, size and wire routing. These
transient levels can be used to establish or verify TCLs and ETDLs for systems being certified on a
new aircraft.

With wiring routed through all regions of the aircraft, it is possible to use carefully selected wires in
the test aircraft to represent similar paths for other wire bundles within the aircraft.
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4.6.2.1 Swept Frequency Testing: The swept frequency (or swept CW) test method is very useful for
determining voltages and currents on aircraft wires, wire bundles, or shields. The method is
illustrated in Figure 10. A low level swept frequency current of about one ampere is conducted
through the aircraft under test, between pairs of entry and exit points defined from the aircraft
zoning assessment. The low level current should be swept from about 100 Hz to about 30 MHz,
in order to cover the range of constituent frequencies in the Fourier series that represents, where
there is significant lightning energy, as well as the high frequency components, where there may
be significant aircraft and wiring resonances.

Networl Analyzer

wrou f-»] RF Am. W

Reference Channel
Test Channel —

Fiber Optic Fiber Optic
Receiver Transmitter

Data
Acqyisition

FIGURE 10 - Swept Frequency Test Setup

Typically, a vector (phase-amplitude) network analyzer is used to measure the| ratio of the
response Voltage or currentto the current injected onto the aircraft. The ratio pf the response to
the injected current as-afunction of frequency becomes the transfer function for that test point.
This transfer function'can then be used to calculate time domain transient responses for any
lightning cyrrentwaveform (see ARP5412).

The time dpmain transient response is calculated from the swept frequency transfer function
using inverse Fourier transform methods according to:

R(t) = O (H(w)*|(w)) (Eq. 10)
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4.6.2.1 (Continued):
where:

H(w) = Measured transfer function

R(t) = Desired time domain voltage or current response

I(w) = Spectrum of the appropriate lightning Current Component (A, D, D/2, H, etc.). The
spectrums for the Current Components A, D, and H can be found in ARP5412,
Figure 12B, 19B and 20 respectively

0= Tnverse Fourier fransform and @ is the angular frequency (2 ime$ Tt times

frequency).

NOTE: Thg above equation requires knowledge of both the phase and<amplitide of H(w).

A vector network analyzer should be used for these swept frequency tests begause it measures
both phasq and amplitude of the response, whereas a spectrum analyzer or sg¢alar network
analyzer only measures the amplitude. The entire process<an be automated [with personal
computers|so that the measurements can be recorded and the transient respanse calculated
using standard laboratory software and data analysis-programs.

A full aircrgft swept frequency test requires that.the aircraft and return conductors approximately
form a parallel or coaxial transmission line. Then the swept current is driven gt the selected
lightning aftachment points and the aircraftis connected to the return wires at the selected
lightning eXit points. Typically, the drive.and exit points are selected to cause tgst currents to flow
through pafts of the airframe which_contain the wiring being measured, while representing
possible lighting entry and exit locations.

A current probe, such as a calibrated current transformer or current viewing refsistor, is used to
measure the injected sweptfrequency current at the drive point. The conductor open circuit
voltages, short circuit ctirrents and wire bundle currents are measured with calibrated probes.
Individual gonductormeasurements should be taken with the remote end of the wire grounded to
the structure (giving:the total voltage induced in the loop), wire bundle measurgments are usually
made with the.cable plugged into the equipment at each end so that any shields or grounded
wires in the bundle can conduct induced currents. Typically, wide bandwidth gnalog fiber optic
links are used between the voltage or current probe and the network analyzer, to minimize
response contamination from unintentional coupling to measurement wire bundles.

An important step during swept frequency tests is to characterize the frequency-dependent
instrumentation response of the probes, amplifiers, coaxial cables and the network analyzer.
This instrumentation response can easily be removed from the measured responses, to eliminate
the effect of this response. The corrected transfer function is multiplied with any of the threat
spectrums, i.e., A, D/2 or H and inverse Fourier transformed to obtain the resulting time domain
ATL of the circuit of interest. The ATL must be equal to or less than the TCL established for each
threat. An example of this process is given in Appendix B.
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4.6.2.1 (Continued):

There are several key considerations for swept frequency tests. The instrumentation, including
the network analyzer, probes, wire bundles and fiber optic links, must have adequate operating
bandwidth for these measurements. The operating frequency range typically ranges from a low
frequency on the order of 100 to 1000 Hz and a high frequency on the order of 30 MHz. The
instrumentation must also have adequate sensitivity to produce an acceptable noise floor for the
desired responses.

Nonlinearitly in the aircraft response should be considered. The swept frequerjcy current at
approximately one ampere will be used to measure a response to a transient'¢current of 10,000,

46.2.2

100,000 or{200,000 A, an extrapolation of up to a factor of 2 times 10°.¢This i$ the largest
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the'arcing conditions during the low level current tests.

Low Current Pulse Tests: Low current pulse tests, also known as Lightning Transient Analysis

(LTA) tests, may be used to measure wire and wire bundle voltages and currents. In this method,
the aircraft is subjected to low amplitude current pulses with waveshapes representative of
Current Component A and H. Current Component A test amplitudes are typically within the
range of 500 to 5000 A. Current Component H test currents of several hundred amperes are

typically applied.

2. D. B. Walen and M. M. Simpson, "Atmospheric Electricity Hazards Protection Part Il. Assessment, Tests, and Analysis - F-14A," US Air Force
report AFWAL-TR-87-3025 Part Il, June 1987.

3. D. B. Walen and M. J. Katzer, "Atmospheric Electricity Hazards Protection Part IV. Assessment, Tests, and Analysis - ACAP Helicopter," US Air
Force report AFWAL-TR-87-3025 Part 1V, June 1987.

-62 -



https://saenorm.com/api/?name=227d3c1ae502928e2b36cdeed033f292

SAE ARP5415

4.6.2.2 (Continued):

The test currents should have the same double exponential waveform parameters as defined in
ARP5412 for current Component A and H. In this way, induced effects due to current rate of
change and to peak amplitude or time duration will have the same relationships as if they were
induced by the defined full threat currents, and a single extrapolation factor may be used for all
induced effects. The multiple stroke and multiple burst environments are not applied in the full
tests. Responses to current Components D and D/2 are usually derived from the responses to
current Component A.

The pulse generator attachment point and the current exit point attached to-thé current return
should be gelected based on entry and exit points defined from the airctaft zonjing assessment.
The current return should be configured to approximate a parallel or edaxial transmission line
with the aircraft. This is necessary to provide a low inductance path for the cufrent pulse
generator. |Conductor open circuit voltages, short circuit currents‘and wire burjdle currents, are
typically mgasured with calibrated probes. The remote ends/of*measured conductors should be
disconnected from the equipment and grounded locally to have all of the inducgd voltage appear
at the current probes. In most cases, a linear extrapolation is used to estimateg the levels that
would be induced by full-threat Current Component Asand H currents. Figure {1 shows a typical
low currenf pulse test setup.

Low Current {

Puisp Generator Q G : ,Z
Data <

Acquisition |

FIGURE 11 - Low Current Pulse Test Setup
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4.6.2.2 (Continued):

46.2.3

Pulse current generators operate at high voltages (typically 10,000 to 50,000 V) so care must be
taken to assure that personnel and the aircraft are safe from electric shock and sparking hazards.
The instrumentation, including the probes, recording oscilloscopes and (usually) optical fiber
links must have adequate operating bandwidth and dynamic range for these measurements
(similar considerations apply to the instrumentation employed for the swept CW tests). Care
must be taken to minimize response contamination from unintentional coupling to the
instrumentation system. The same considerations with respect to arcing current paths and
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amplitudes

range from 10 to 200 kA, with fast current rise times.

. Current

The high current pulse waveform should be the defined threat current waveform. That is, the test
waveform should have the same double exponential waveform. The peak current and peak rate
of rise should be proportional to the external environment waveforms, current Component A and
H. Responses to current Components D and D/2 are usually derived from the responses to
current Component A.

The multiple stroke and multiple burst environments are not required to be applied to the full
vehicle in a test. The multiple stroke and burst internal environment may be determined by
testing using a single current component to obtain the transfer function of interest, or to obtain
the actual transient response level.
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4.6.2.3 (Continued):

The pulse generator attachment point and the current exit point attached to the current return
should be selected based on entry and exit points defined from the aircraft zoning assessment.
The current return should be configured to approximate a parallel or coaxial transmission line
with the aircraft. This is necessary to provide a low inductance path for the current pulse
generator. The short circuit pin current, wire bundle current, or shield current are typically
measured with calibrated current probes. Open circuit pin voltages or equipment circuit voltages
can be measured using high impedance voltage probes. The measurements of actual transients
are made g¢n wires, wire bundles, or wire shields for the appropriate sysiems tp determine the
ATL. If the|tests were carried out with a reduced external environment leyél, the measured
transients are then extrapolated. In most cases, a linear extrapolation is-used|to estimate the
levels that would be induced by full-threat components A, D, D/2 andHcurrents. If the
extrapolatgd structural voltages exceed approximately 3000 V, additional bonding may need to
be considefed or temporary bonding jumpers may be added where arcing is apticipated to
simulate the arcing conditions during the high level current tests. Figure 12 shows a typical high
current pulse test setup.

High Current

Pulse Generator Q G E ?

Fiber Optic ¢ _} Fiber Optic

Receiver Transmitter
Data

Acquisition

FIGURE 12 - High Current Pulse Test Setup

There are several key considerations for high current pulse tests. The current pulse generator
must be capable of producing the appropriate current and current rate-of-rise. This typically
requires a pulse generator and aircraft test setup with very low inductance. These pulse
generators often operate at very high voltages to create the appropriate peak current and rate-of-
rise. There are significant personnel hazards associated with this class of current pulse
generators. The instrumentation, including the probes, wire bundles and fiber optic links, must
have adequate operating bandwidth and linearity for these measurements. Often wide
bandwidth analog fiber optic links are used between the voltage or current probe and the
transient waveform recorders. This is to minimize response contamination from unintentional
coupling to measurement wire bundles.
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4.6.2.3 (Continued):

46.24

After the voltage and current transients have been measured and appropriately extrapolated to
ATLs, then these ATLs can be compared to the ETDLs for appropriate systems. Considerations
for incorporating appropriate margins should be used when comparing the ATLs and ETDLs.

Nonlinearity in the aircraft response should be considered. However, experiments investigating
the linearity of scaling for the high-level test approach have shown that the extrapolation process
is quite linear. With an injected current of 10 to 50 kA used to represent current Waveform A with
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nt would then flow

through portions of structure containing the wiring being measured, thereby inducing the
maximum voltages or currents in this wiring. Table 3 defines some common current entry and
exit pointers that can used during the tests.
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TABLE 3 - Common Test Entry/Exit Points

ENTRY: EXIT:
NOSE RADOME TAIL
NOSE RADOME WING TIP
NOSE RADOME LANDING GEAR
NOSE RADOME VERTICAL TAIL/
. o HORIZONTAL STABILIZEK
WING TIP TAIL
WING TIP WING TIP
ENGINE NACELLE OPPOSITE WINGTIP/
TAIL
THRUSTREVERSER

4.6.2.5 Measurem

bnts: The measurements made during theraircraft tests provide the

used to defermine the acceptability of the TCLs and-ETDLs. Therefore, the m

should be

thosen to match the way the aircraft T€Ls and the equipment and/c

are defined. For example, if the TCLs are defined as individual wire open circ

short circui
Alternately
should incl

[ currents, the aircraft measurements should include these same pa
if the TCLs are defined as wire bundle currents, then the aircraft m
ide wire bundle currents.-“Also, the measured parameters should b

applied in gquipment or system tests. Therefore, if the ETDLs and correspond

qualificatio
injection te
Therefore,

h tests are based on.the DO-160/ED-14, Section 22 wire bundle tes
5ts levels are based on open circuit loop voltages and wire bundle ¢
the aircraft tests-should include measurements of cable-to-airframe

wire bundlg currents.

Several types of measurements can be made. These include:

ATLs that are
pasurements

r system ETDLs
Lit voltages and
rameters.
easurements

e those that are
ing equipment

s, the wire bundle
urrents.

loop voltages and

n an individual

a. Open greuit voltages (Vpc), which are induced voltages measured betwee
open-ended wire and adjacent aircraft ground, with the other end of the wire grounded at the
remote equipment location using a low-impedance ground termination. Equipment at either
end of the measurement wire is disconnected from the wire bundle, but shields of the
measured wire. (if present) any other shields in the same wire bundle should be grounded on
the normal fashion, either locally or to equipment connectors, if such shields are normally
grounded at each end in the installation.

b. Short circuit currents (Igc), which are induced currents measured on individual wires with
both ends of the wire grounded using low-impedance ground terminations. Other conditions
are as described in paragraph A.
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4.6.2.5 (Continued):

c. Wire bundle currents (I,,.), which are induced currents measured in a wire bundle, with the
aircraft equipment that use the wire bundle installed in their normal manner and the wire
bundles connected to the equipment at each end, in the normal manner.

Loaded circuit voltages (V|), which are induced voltages measured between a wire and

adjacent aircraft ground, with both ends of the wire terminated normally, and with the aircraft
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ting state in the presence of a full scale induced voltage but would 1
caled down test currents.

lustrates these measurements.” The first three measurement are n
huse they can be easily related to the ETDLs verified with DO-160/
pecause the measurement can be performed using relatively simplg
ith the first two meaSurements, a Thevenin equivalent circuit can b
hircraft circuit, frotn)which the ATLs can be determined. The last m
pre complex breakout boxes to install the voltage and current probe
wire bundle-shield characteristics.

re bundle currents can be used to establish ATLs on entire wire bu
These measurements can be made with the bundle in various con

dual wires with
nstalled in their
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ave to be
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ot conduct during
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5 without affecting

ndles installed in
figurations (i.e.,

both ends
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conductor efc.).

The specific circuits and wire bundles to be measured and the locations where these
measurements are to be made should be described in a test plan, together with other information
regarding equipment configuration and aircraft test conditions. These should be derived from
study of the system function(s), circuit diagrams and installation drawings and inspection of the
aircraft to be tested.
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Shorting
Jumper

Shield
Termination

a. Open Circuit Voltage Measurement

Sherting
Jun

Shield
Termination

b. Short Circuit Current Measurement

Breakout

Box with
voltage or J
current probes

d. Loaded Circuit Voltage and Current Measurement

4.6.2.5 (Continued):

The voltage and current test points should be on selected wires for all Level A systems.
Similarity of equipment interface circuits, wire bundle lay-up, shielding status and routing may be
used to minimize the number of measurement points. These should be selected to determine the
ATLs for the wire and equipment installations assessed to have the most severe exposure to
lightning induced transients. The wire bundle lengths, locally high lightning current distributions,
wires routed in exposed locations, or wires routed with other wires subject to high lightning
transients should be considered during test planning.
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4.6.2.5 (Continued):

For Levels B and C systems, the route to compliance does not always employ aircraft tests.
However, ATL data on typical circuits employed for level A functions may also be used to verify
that the appropriate system or equipment ETDLs were selected for level B systems. Further
discussions of certification of systems performing level B and C functions is contained in 7.2.

The open circuit voltage and short circuit currents measured are the maximums that may be
induced in the interconnecting wiring. Equipment interface circuit impedance may reduce both

voltage and current appearing at equipment o lower levels. The actual volta

enter the L
equivalent
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and current that

RU circuits can be determined by analysis if the aircraft wiring is Wiewed as a Thevenin
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system ins

to determine the actual voltage and current expected'to appear at
Fcuits.

f LRUs and associated interconnecting wiring;should be identified
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close to thg disconnected LRU for grounding the shield during the induced vol

measurem

The measy

ENnts.

rement instrument, such-as an oscilloscope or network analyzer, m

inside the

ircraft to measure the.induced voltages and currents in the aircraft

measurement instrument should be placed in a shielded enclosure to help min
noise in thg measurements.The shielded box should be placed near the meas
grounded tp the airframie-as close to the measurement point as possible. AC

the measufement device should use a filtered feed-through connector mounte
shielded bgx. Ansisolation transformer should be used to provide an isolated f
Measurement Jeads used to connect the voltage and current probes to the me
should be ghielded with an overbraid.

gjf
nd whose series

short circuit
Hce circuit
equipment

Ising aircraft

ding status should
hich is normally
hs to a ground
pbuld be selected
lage

ay be placed
wiring. The

imize unwanted
urement point and
bower supplied to
i in the side of the
ower.

asurement device

The measurement instrument, such as an oscilloscope or network analyzer, may be located
outside the aircraft. A shielded enclosure may be used to minimize unwanted noise in the
measurements. Typically, wide-bandwidth analog fiber optic links are used to connect the

measurement probe to the measurement instrument. Measurement instrumentation outside of
the aircraft should not be hard-wired to probes inside of the aircraft. It is very difficult to control
undesired coupling under this arrangement and the validity of any test results would be therefore
questionable.
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4.6.2.5 (Continued):

46.2.6

Voltage and current probes, oscilloscopes, and network analyzers should have appropriate high
and low frequency response to adequately characterize the test point response. Currents on
individual conductors and on wire bundles can be measured by the use of current transformers.
Wire bundles, which can not be easily disconnected, should be measured using a current
transformer with a split core, so that a wire bundle does not have to be disconnected for

installation

of the probe.

Instrument
analyzers,
appropriatg
Technology
standards

Instrument

5 used to record and measure specified test voltages and currents,
pscilloscopes and probes, should be calibrated to standards tracea
national standards body, such as the U.S. National Instituteof Sta
(NIST), using procedures and processes approved by the appropr
pody.

Noise Measurements: Voltages and currents inddced in aircraft wi

orders of n
the measu

agnitude lower than test current generator voltages and currents.
ement device must be sensitive enough to measure low level probe

uch as network
le to the
hdards and
iate national

fing are several

This means that

output voltages in

areas whete significant electrical and magnetic fields-are present. The measurement system
must be adequately shielded from this radiated and.conducted noise. Instrum
should be measured at each of the test points logations to characterize the noi

the noise n
there is ad
To minimiz
throughout

The me
inside 4

a.

Voltagg

Curren

neasurements should be compared-fo the intended measurements
bquate signal compared to the naise.

b noise content in measurements several precautions should be im
the tests:

asurement instrument, such as oscilloscope or network analyzer, s
shielded enclosure.

and current probe lead lengths should be minimized.

prebés should include electric field shields.

entation noise
se. The results of
0 ensure that

blemented

hould be placed

Consider using wide bandwidth fibre-optic Tinks to elecirically isolafe tThe measurement

probes on the aircraft from the measurement instruments in the shielded enclosure.

Instrument noise levels should be measured at each airframe test point location. For common
mode wire voltage test points, noise levels are typically measured with the voltage probe
disconnected from the test point, and short circuited to the test probe signal return. The test
probe return should also remain attached to aircraft ground. For wire current test points, noise
levels are typically measured with the current transformer removed from the wire, placed
adjacent to the wire, but electrically isolated from the wire.
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4.6.3 \Verification by Analysis: System lightning protection certification compliance can be verified by
analysis. Typically, the analysis is used to calculate the actual transient levels (ATL) that exist on
aircraft wiring. The ATLs may be voltage or current on conductors and wire bundles. Many
techniques exist for calculating the actual transient levels. The techniques range from simple
calculations based on first principles to complex three-dimensional electromagnetic models of the
aircraft and interconnecting wiring installation solved using computer programs. Computer-based

electromagnetic modeling programs generally use techniques in the following categories:

thin wire method of moments analysis,
finite-diff¢rence analysis,

method qf moments patch analysis,
finite eleent analysis, or
transmisgion line modeling.

®P20TO

The analytical model used to determine the ATLs during the vefification step ma
model that has been used during the design process to assistiin establishing the
associated with the system. Analytical models have the.advantage that the effe
conditions cgn be simulated, without the influence of the ground plane or ground
are present quring aircraft lightning tests. Also, application of both of the lightnin
components |(A and H) would be very straightforward. With test, each current cq
requires a sgparate pulse generator. On the other hand, in the analytical model i
to represent pll of the aircraft electrical features, such as structural joint and con
and the myrigd of adjacent electrical conductors usually present in typical aircraf
a higher margin between TCLs and ETDEs must usually be incorporated, even th
factors that gre not modeled may actually reduce the measured transient levels.
method sele¢ted must have been‘verified by comparison of its computed results

Two key aspgcts of verification by analysis are the fidelity of the model, and vali
modeling technique. Thevanalytical model must accurately represent the approy
system, and wiring features that are important for the lightning protection. Altho
analytical teghniques provide accurate solutions, the quality of the input data for
most importgnt element of the analytical solution. Developmental tests on pre-p
airframes, mpékups, or existing aircraft often provide data that will support deve

y be the same
TCLs and ETDLs
Cts of in-flight
return system that
g current
mponent typically
L is rarely possible
nector resistances
. This means that
ough some of the
Any analysis
with test results.

jation of the
riate aircraft,
Lgh the existing
the model is the
roduction
opment of the

analytical model for certification compliance verification. The key items that must be included in
the analytical model should be identified. These items may include structural material electrical

parameters, aperture descriptions, shield transfer impedance, circuit loads impe

dance, etc.

The analytical model and analysis technique should be validated based on known aircraft transient
responses. Validation should address how appropriate the particular analytical model and analysis
techniques are for the given lightning environment and the aircraft and system features modeled.
The validation should also address the sensitivity of the model input data. Typically, validation is
based on verifying the computation accuracy using models that can be verified using other
analytical data. The validation should also compare results of aircraft and system analysis to test
data on the same aircraft. This validation may be performed using models of existing aircraft and
system installations and comparing the results to actual test data for that aircraft.

-72 -



https://saenorm.com/api/?name=227d3c1ae502928e2b36cdeed033f292

SAE ARP5415

4.6.3 (Continued):

46.4

If analysis is used to verify lightning protection compliance, an overview of the analysis methods
proposed should be contained in the Certification Plan recommended by ARP5413, and an
Analysis Plan should be prepared for review and approval by the certifying authorities prior to
commencement of the analysis. This plan should provide information on:

The anal
Key anal

Validatio
Validatio
Sensitivi

@00 op

Details of ea

of the analyses.

Similarity As

certification nequirements. ARP5413 provides guidance on how to evaluate sim
previous cerfified system and installation and a newsystem or installation. Simil
installation fe

shown if veri
proposed. T
system and i

shown. If the

installation c
vulnerability

Important fea
and locationg
panels), locations of-wiring, status of shields, locations of grounds to the airfram
architecture End citeuit designs. Features of the equipment designs include inte

filters, surge

and housings (i.e., box design and materials), equipment grounding, and the E

Source o

TCL, ATL

ysis technique(s) proposed,
ytical model input data required,

the modelinput data,

approach for the model,

approach for the analysis technique,

of the model and technique to input variations, and
and ETDL margins required to account for model sensitivity and ir

ch of above activities should be provided in the Analysis Report, tog

Eessment: Similarity may be used as a megans to verify compliance

atures that influence susceptibility,to’lightning direct and indirect ef
fication of compliance with the lightning protection regulations by si
ne degree of similarity is related to the hazard classification for the s
pstallation is performing a.level A control function, relevant design

hn be accepted, as long as they do not result in sufficient increases
o lightning effects which may compromise their ability to meet accsg

tures of airffame design which must remain similar are structural m
of electrotmagnetic apertures (i.e., windows, non-conducting doors

Gppression devices, equipment locations in the aircraft, equipment

put variations.

jether with results

with the lightning
larity between a
prity of design and
fects must be
milarity is

ystem. If the new
features must be

system is performing afevel B function, some differences in equipment design and/or

in susceptibility or
ptance criteria.

aterials, number
and access

P, system

rface circuits, EMI
racks, enclosures

DLs to which the

new equipment has been previously qualified (or TSO’d). Software similarity is also important,
including features such as fault tolerance, watchdog timers, parity checks, data sample rates and
window times, channel A/B communications, and data processing speeds.

If differences in either the hardware or software aspects described above are discovered, the

effects of these differences on susceptibility to lightning-induced effects must be evaluated. This
includes particularly damage tolerance, and the susceptibility to upset by the multiple stroke and
multiple burst environments.
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4.6.4 (Continued):

4.7

The similarity assessment should be approached systematically. For example, if similarity is used
to verify compliance for an aircraft that is a derivative of an existing certified aircraft, the similarity
assessment should address all changes from the existing aircraft to the new aircraft. The list of
changes may identify change requests, revision records, or part number changes. Each change
should be assessed for its impact on the lightning certification, and the impact identified. It is very
useful to list the change reference number, description of change, and impact in a table, if there are
a number of changes.

For changes
margins, furt

required to s

certification 4§
assessment

Corrective Measures:

If the verificatid
higher amplitu
can not tolerat
installation, or
and ETDL(s).

a. Redesign ¢
For the wiri

shields, or
group of in

ner assessment may be required. This additional assessmentmay i
engineering {ests to support the similarity claim. However, if significant@nalysis
Lipport the similarity claim, this implies that there is not ebvious sim
existing aircrgft installation and the new aircraft installation. Therefore, verifying

shows that the change significantly reduces lighthing protection ma
verification by certification tests or detailed analysis may, be required for that cha

e transients than are allowed by,the TCL(s) assigned to this wiring
e the ETDL(s) assigned to ity ,changes should be made in either the

The following approaches’ may be considered:

replacing-unshielded wiring with shielded wiring, or adding an overt

where the impact is uncertain, or where the impact reduces theMligh

nalysis or certification tests may be more appropriate. Also, if the

n tests and/or analyses show thatthe interconnecting wiring in fact

n the equipment designs;to’enable the necessary margin to exist &

ither the wiring orf the equipment.
ng this usually means improving the shielding by reducing pigtail le

dividualhy shielded circuits.

tning protection

nclude analysis or

or tests are
larity between the
compliance by

Similarity
rgin, compliance

nge.

experiences

or that equipment
wiring designs or
etween TCL(s)

ngths on existing
praid shield to a

For the eqdiipment this usually means adding surge suppression devices to inqerface circuits

(often only one or two such interfaces may require this). Other modifications may include
changes in the designs of EMI filters (to accommodate higher transient voltage levels), and
addition of series impedance. If the incompatibility was associated with system functional upset,
software changes such as the addition of error detection and watchdog timers may be

considered

levels.

Select a different set of TCLs and ETDLs, with both being either higher or lower than the original

The margin between TCLs and ETDLs is preserved, but each level may be increased (if the
original TCL(s) was not met) or reduced (if the original ETDL(s) was not met). The revised levels
may be more compatible with existing wiring and/or equipment designs.
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4.7 (Continued):

5.1

The verification tests or analyses applicable to any parts of the wiring or equipment designs or
installations that have been modified must be repeated to confirm that these systems (or portions
thereof) meet the applicable TCL(s) and ETDL(s). Specific steps should be proposed in revisions to
the original certification plan and to the test or analysis plans that were applicable to the original
system. These need to be reviewed and approved by the certifying authority prior to commencement
of the verification activities. Appendix C provides additional detail on design protection.

EFFECTS OF INDUCED TRANSIENTS:

Induced transients may be characterized by voltages impressed across or cutrents

equipment interf

whether the indyced transient(s) are predominantly voltage or current. These trans
currents can dedrade system performance permanently or temporarily.~“Component
system functiongl upsets are the primary types of degradation. Component damage

condition while f
momentary (e.g.
may adversely a

Component Dgmage:

The ability of glectrical and electronic components to tolerate the damaging effects
insulation breakdown, or burnout, of electrical transients is known as damage imn

immunity of elé
circuit design

a. amplitude
b. impedance
c. impedance

Devices, which

-_—

active elec

hces. Equipment interface circuit impedance(s) and configuration(s

Inctional upset refers to an impairment of system operation, either
a change of digital or analog state, which may or may not require
ffect flight safety.

ctrical/electronic components is a consideration that is part of the €
rocess. Damage immunity will be influenced by:

bf interface transiénts,
of that remote portion of the installation interfacing with the circuit
of the circuitinterface itself.

may, bessusceptible to damage due to electrical transients, are

lowing into

) will determine
ent voltages and
damage and

 is a permanent
bermanent or
manual reset) that

5, such as
unity. Damage
quipment and

hnd

rénic devices, such as diodes, transistors, and integrated circuits,

2. passive electrical and electronic components, such as resistors, capacitors, solenoids,
temperature, pressure and position sensors, especially those of very low power or voltage rating,

3. transient protection devices,

4. electro-explosive devices such as squibs and detonators and

5. electromechanical devices such as indicators, actuators, relays and motors.
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5.1

(Continued):

Damage mechanisms for electronic components subjected to electrical transients include dielectric
breakdown and thermal effects, which can result in semiconductor junction, resistor and
interconnection failures.

Breakdown can occur in all types of insulation if the voltage stress is high enough and applied for a

sufficient time.
puncture. The

Breakdown may occur across a surface or through the interior of a device, such as a
voltage at which dielectric breakdown occurs is a function of the material and its

thickness. Thé
factors such as
circuit board tr
tolerating the s
the surface(s)

equipment is ir
the assigned B
flight altitude.

compared with
withstand appr

b voltage at which surface breakdown occurs is also a function of.efivironmental

b humidity and altitude (air pressure). Surface breakdowns can’als¢ occur between
pces and across connector wafers, and these items should be;shown capable of
ame ETDL(s) as the electrical or electronic component(s) they are associated with. If
mentioned above are exposed to ambient air (as wouldwusually be the case if the
stalled in non-pressurized regions of the aircraft) ability of the surfgce(s) to tolerate
TDL voltage should be demonstrated at the air préssure associated with the certified
-or example, at 33,000 ft (10,000 m) the air pressure is approximatgly 200 mm Hg, as
760 mm Hg at sea level. This means that air,and surfaces exposed to air will
oximately 1/3 the voltage which the samesurface (or air gap) will withstand at sea

level. Failure fo account for the influence of reduced air. pressure on surface and gap voltage

withstand capz
conditions.

Thermal effect
component. T
burnout, failurg
explosive devi

Interconnectio
temperature s
the wire in wire
transistors and

bilities has resulted in failures of suchrinsulation under in-flight lighining strike

5 result from transient current flow, which dissipates excessive energy in the

his is @ major cause of semieonductor failure. Thermal effects can fause resistor
of semiconductor junctiens, spot welding of relay contacts, detonation of electro-

Les and even failure of transient protection devices.

W type failures can occur due to induced electrical transients that ingrease the

fficiently to-melt metal surface connections, beam leads within integ@rated circuits and
-wound resistors. Integrated circuits and discrete active components such as diodes,
MOSEETs are, in general, the most vulnerable components.

Circuit design,

circuit component selection and installation architecture can be employed to enable

equipment input and output inferfaces to tolerate assigned ETDLs and minimize application of
terminal protection devices (TPDs) such as diodes and metal oxide varistors (MOVSs).
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5.2 System Functional Upset:

Functional upset usually applies to a system compromised of two or more items of equipment,
although some systems may be incorporated in a single “box” or within a single rack in which each
part of the system is an individual circuit card. Permanent or momentary upset of a signal, circuit, or
a system component can adversely affect system performance to a degree, which may degrade
ability of the system to perform its intended function. In general, functional upset depends on circuit

design and operating voltages, signal characteristics and timing and system and software

configuration.
transients, incl
displays, (2) el

“System Funct
(e.g., a change
can take the fo
system re-initig
Ultimately, sys

Systems or equipment which may be susceptible to funciional upse
ide (1) computers and data or signal processing systems associatg
ectronic engine and flight controls and (3) power generating @nd dis

onal Upset” is an impairment of system operation, either permanen
of digital or analog state) which may or may not require manual re

t due to electrical
d with cockpit
tribution systems.

t or momentary
set. Upset, itself,

rm of a diverse group of actions or reactions such@sa single discrefe change of state,

lization, or a change in amplitude (either in range or out of range) of
em functional upset must be addressed if it.can' affect safety of fligh

such as non-cfitical system functions, upset or perturbation'may be acceptable.

Functional up

of this nature gre designed to process data using signals having a pulse format arn
the electrical pplses in aircraft wiring produced by lightning. The upset of a digital

statistical eve
adequate. Sin
most prevalent
with a sample

Since many el
throughout the
overall lightnin
of the external
systems. ltis

t can be a particularly important issue:for digital processor based g

and verification based upon testing or analysis of single pulse effg
ce lightning induced transients have time durations in the microseca
in digital subsystems., Upset can sometimes occur in analog syste
and hold circuit.

pctrical/electronic’systems are comprised of components that are d
aircraft, verification of compliance relative to functional upset involv
j environment to which the system is exposed. The multiple stroke
lightning:environment, defined in ARP5412 are intended for use in {
necessary that these environments be translated into corresponding

an analog output.
t. In some cases,

ystems. Systems
d can respond to
processor is a
cts would not be
nd range, upset is
ms, for instance

stributed
bs considering the
and burst aspects
unctional upset of
y internal

environments i

hender for assessments of their effects on systems to be made. Us

hally verification of

system tolerance of these environments is done by tests in which mulliple siroke and burst transients
are injected into a functioning system, usually on a bench. Sometimes system tolerance of the

multiple stroke

and burst effects can be shown by analysis.

When an assessment of upset is being performed by analysis a description of the complete system
architecture, including hardware, interconnections, and software procedures for handling data is
usually necessary. An analysis of multiple stroke and burst transient effects should clearly establish
the reasons why a particular system will not experience functional upset when exposed to the
lightning environment. If this can not be established by analysis, a combination of tests and analysis
may be appropriate. Lightning can induce transients simultaneously on all the wire bundles and
conductors throughout a system. It is therefore important to evaluate the effects of simultaneous

application of i

nduced transients at all system interfaces.
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5.2 (Continued):

An assessment of functional upset involves making pass/fail judgments regarding any effects of the
multiple stroke and burst tests (or analysis) results as they relate to the continued performance of the
system’s intended function(s) and continued safe operation of the aircraft. These acceptance criteria

may rely upon the results of the FHA, a key step in the system safety process. This is a system
design and validation issue requiring the application of systems engineering disciplines.

For analog computer based architectures, immunity can be achieved through circuit design

measures, but
well as, circuit

Upset control 1
systems and s
external electr

Hardware desi

for digital computer based designs, architectural (fault folerance,,sq
design measures need to be used.

hust be addressed in a multi-tiered effort. It may require cireuit, ints
pftware design coordination. As with a damage assessment, upset

gn must focus on practical methods to minimizethe potential of ups

control loop bgndwidths should be limited to the minimum negessary for functiona

The use of diffi

Layout of circu
to more sensit
suppressors o
the input circui
pulses should

Systems and s
such that systg
equipment mu
ensure system

Software filteri
cycle operatior
parity checks g

brential-balanced inputs will also minimize-the potential of upset.

ts and conductors or internal packaging must also be controlled to
ve buried circuits. In the most severe cases, it may be necessary t
N external input/output signals atytheir point of entry. Also, in many
ks with adequate time constants so that the input does not respond
be considered as alternative’means of protection from upset.

oftware engineering must address the potential of lightning-induceq
m performance is not compromised by upset. System architecture
51, therefore, be'\designed for the potential of errors and fault accom
performance:throughout the lightning event.

ng andseonstantly refreshing data (never re-use data taken in one ¢
s or.calculations) are methods which typically minimize error. Limi

bftware, etc.), as

ernal packaging,
control begins at

bnic interfaces, which are directly stimulated by lightning induced transients.

et. Circuit and
requirements.

minimize coupling
b apply

cases, designing
to short lightning

transient errors
s and associated
modation to

ycle for multiple
ers, rate checks,

nd check-sums are typical methods employed to detect upset.

Once erroneous data is recognized or detected, automatic methods of maintaining a system function
might entail using a last-good-stored value or re-calculation using alternate parametric inputs or
synthesized parameters. Fault latches inhibit automatic recovery and should be avoided.

Since upset can be a function of transient amplitude, rate of change, pulse spacing, or even
repetition frequency, establishment of susceptibility to upset is more complex than establishment of
susceptibility to damage. In some cases, a system could have one type of susceptibility (upset)
associated with transient amplitude, another associated with transient rate of change and yet
another type of susceptibility associated with the repetition rate of transients such as that defined for
the multiple stroke and multiple burst environments. An ETSL may be assigned for amplitude
susceptibility, but may not be relevant to frequency or timing susceptibilities.
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5.2 (Continued):

The determination of timing susceptibilities may be based on an analytical assessment of the
multiple stroke and multiple burst threats. The timing and the repetition rates should be applied
analytically to the equipment by the system designer in an effort to locate areas of susceptibility. This

process must be applied until the system designer is assured of an error-free desi
timing susceptibilities might be determined through extended tests (example: cont

gn. Alternately,
inuous multiple

burst applications well beyond the normal 2 s environmental occurrence time, between 5 to 10 min

for example).

Circuit tests, while primarily used to assess damage, might also be used to detern
response, its efffect on system performance and ultimately the ETSL. Suchiworse|
might, then, bg used as a stimulus (example: input interface) in a large scale closg
model to determine ultimate system performance and the ETSL. When cifcuit tests
evaluation tool| the equipment manufacturer should consider a sample size suffici
confidence and, especially for complex integrated circuits, should“consider affects
second sourcep since internal circuit differences could alter the'worst case respons
synergistic effgcts of lightning induced transients can be important.

However, expdrience has shown that the considerationof synergistic effects is not
for upset evaluation as long as sufficient protection.istapplied to a given interface

damage point of view, for example, damage typically occurs on those electronic c
interface a givegn circuit with its corresponding external wire bundle and therefore t
wire bundles afe not significant.

Lightning attac
connections at
lightning prote
excitation of al
system functio
engineering cq

hment to an aircraft can produce transients simultaneously on all the
fached to any given equipment. It is therefore important for those r
Ction to evaluate the equipment and determine if this synergism, (si

interfaces) could’be a factor. As previously indicated, the control g
nhal upset wilkultimately require close hardware design and system
ordination:

6. MARGINS AND

VERIFICATION METHODS:

nine a worst case
case responses
bd loop system

5 are utilized as an
ent to develop

for alternate or

e. In addition, the

always necessary
circuit. From a
bmponents that
he effects of other

wire bundles and
bsponsible for
multaneous

r elimination of
and software

Margins are incorporated to account for the uncertainties involved in the verification process. Margins
are defined as the difference between the ETDL and the TCL as shown in Figure 1 of ARP5413. The
magnitude of the margin required is usually dependent upon several factors. These include the

confidence placed on the methods used to establish and verify the TCLs and ETDLs and the criticality
of the function provided by the system.

When establishing the acceptance criteria for Level A, B and C systems it should be remembered that
compliance applies to maintaining the functions and not necessarily to continuing the operation of all
components or parts of the system, provided the function is maintained. Thus some components of a
system could be upset or damaged, providing that the required functions are maintained.
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6.

(Continued):

The amount of the margin depends upon the degree of assurance with which the specified TCL and
ETDL levels are verified. If verification is done by analysis only, or analysis supported by minimal test
data on a Level A system, the margin should be large, perhaps separating ETDL from TCL by a factor
of 10. On the other hand, if aircraft tests are conducted to verify the amplitudes of transients in wiring
and the ability of equipment to tolerate the ETDLs is also verified by equipment tests on a Level B
system, margins may be less, perhaps as low as 50%. In this latter case, for example, a TCL might be
300 V and a corresponding ETDL might be 450 V.

Another situatior]
design of a comy
The possibility e
which have beer|
during tests of a
Even when tests
in every single W

Other uncertaint
methods of simu
the difference be
factors. It is the
involved in the v
environment def
lightning environ

Even though the
be agreed upon
cost will be inflic
encounter result

Kists that some conductors or circuits will experience highertransie
full vehicle if that vehicle is not sufficiently similar to-the’ installation

ire due to time constraints.

erification, along with an adequate safety factor. It should be noted
ments is exceeded occasionally in natural lightning strikes.

specific value established for the margin is an engineering judgmen
with the certification authority. If the margin is too large, then penal

ng in systemirdamage or functional upset becomes unacceptably hi

The size of the
and verification
operating aircra

where higher margins are appropriate is in the prediction of the AT
letely new system and the absence of test data from similarisystems or airframes.

are conducted on a representative vehicle, it is néver practical to n

es are inherent in the specification of the patural lightning environn
ating this environment for verification test'purposes. The margin, W
tween the TCL and the ETDL, is thevalue that is used to account fpr all of these
only margin that should be appliedysince it does encompass all of

nitions do not themselves include a margin. It is known that each ¢

Ls during the

hts than those

predicted by analysis during the design phase or those which havé been measured

being certified.
easure transients

ent and the
hich is defined as

he uncertainties
that the lightning
f the defined

|§, the margin must
ies in weight and

ed upon the design. If the margin is too small, then the likelihood of a lightning-strike

gh.

argin is-inversely proportional to the confidence given to the TCL anpd ETDL selection
ethodology. One method of verification would, in theory, be to subject an actual

foa simulated full-threat lightning strike. With this method of verifi

cation, a

comparatively small margin would be required, o account only for environment simulation
uncertainties. Considerations of personnel and equipment safety, as well as test facility limitations
prevent such an approach. There are no facilities capable of performing such a test, except perhaps

on very small air

craft.

-80 -



https://saenorm.com/api/?name=227d3c1ae502928e2b36cdeed033f292

SAE ARP5415

6.

(Continued):

The most common method of verification of TCLs is utilizing low-level full-vehicle test and analysis, or
an analysis method, which has been verified by test on another vehicle. The testing may be
accomplished either by time domain, pulse testing, or by frequency domain methods utilizing variable
frequency continuous wave (CW) testing. An analysis is then performed in which results of these
low-level tests are extrapolated linearly to the levels which would be produced by a full-threat
lightning-stroke current (current Component A) as defined in ARP5412. For these methods of
verification, a margin of approximately 2:1 should be sufficient. The analysis would also include

consideration of current Component D from the mulfiple stroke environment and curf

from the multipl

burst environment.

ent Component H

Another type of yerification is utilizing an analysis method, which has beenpreviously verified to yield

acceptable resulfs for a dissimilar aircraft type. Such an analysis wouldibé’based o
electromagneticg and electric circuits. However, because of difficulty in-describing

within a complic
upon to yield nun
but more specific
unrealistic.

The method(s) o
thereof should b
selected, for con
method often de

MAJOR ELEME
As noted or impl

electronic immur
development prd

ted airframe in @ manner suitable for analyses, sdch methods canr
nerically accurate results. Orders of magnitude 6finduced transients
b results are often not possible. For these cases, margins of up to 1

b described in the certification plan‘stogether with the actual TCLs
currence by airworthiness certifying authorities. Selection of the m
bends on airframe availability,_schedule and cost factors.

NTS OF COMPLIANCE:

ed in Section 3.6(of this User's Manual and Appendices B and C, o
ity from lightning/effects is achieved by designing it in from the star
gram.

If a system with ifs associated equipment is determined to be Level D or E, no furthel

required. Thus

This section is bI‘sed on-the 5 levels recognized by ARP5413, Levels A through E as

ere are four levels of rigor relative to compliance demonstration:

n first principles of
omplex circuits

ot be depended
can be predicted,
0:1 are not

f verification of TCLs, whether by full-vehicle test, analysis, or somg combination

bnd ETDLs
pst appropriate

ptimum electrical/
t of an aircraft

described in 4.1.
test or analysis is

1. Level A control

2. Level A displ
3. Level B
4. Level C

ay

In applying the major levels of compliance it is necessary to equate the level of rigor to the level of the

potential failure.
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7.

(Continued):

For Level A control systems, unless similarity to a previously certified aircraft or analysis can be
employed to verify that actual transient levels in interconnecting wire harnesses do not exceed the
TCLs assigned to the wiring associated with systems performing Level A control functions, a full
aircraft test must be performed to verify that the ATLs in this wiring do not exceed the TCLs assigned

to this wiring.

For Level A display systems, TCLs and ETDLs for most system installations can be selected from

among the stand
Tables 22-2 and
provided in Sect
be done by com
provided to valid

The "substantiat
review of the inst
the wiring install
A display systen]

Whatever verific
presented to the

NOTE: Control
catastro
to requir
Level A

Because the los
default test level

1. Loss of Leve

2. The default |

22-3, respectively, of DO-160/ED-14, Section 22, using the installa
on 7.a.2.(c) of ARP5413 as a guide instead of an aircraft test-"How
parison with the guidance of 7.a.2(c) by itself. Substantiating evide
ate the selected TCLs/ETDLs.

ng evidence" noted above may be references to previous aircraft te

s as compared with Level A control systems:

ption methods are proposed should be‘described in the Certificatior
certifying authorities for review and‘approval prior to proceeding.

ard transient Tevels defined for individual conductors/pins and wwefundles given in
[

on descriptions
ever, this cannot
nce must be

st data, detailed

allation, or analysis based on first principles of caupling physics, to predict the ATLs in
htions being certified. This represents a reduction in the rigor of compliance for Level

Plan and

bystem failures and malfunctions can more directly and abruptly contribute to a

bhic event than display system failures and malfunctions. It is, ther
£ a more rigorous Lightning verification method for Level A control
display systems.

5 of a Level B.and/or Level C system has less effect on safe operat
5 have beenprovided in ARP5413. This reduction in rigor is based

B and/or Level C systems, by definition, does not lead directly to |

bvels are based on measurements of induced transients during full

bfore, appropriate
bystems than for

on of the aircraft,
on the following:
bss of the aircraft.

vehicle tests of

conventional metal aircraft, and margins of 1.5 fo Z over the average of these measured transients
in typical circuits. (Some measured transients have been higher than the default levels.)

When analysis or similarity is used, the level of rigor should be consistent with the level of criticality.
For example, the use of similarity for a Level A control system would require a nearly identical
installation for a nearly identical system on a nearly identical aircraft. Whereas, for Level B and C
systems, a representative installation of a representative system on a representative aircraft is all that

is required.
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7.1

(Continued):

These concepts will be elaborated on in the following sections.

NOTE: The following terms are found in Section 7 of ARP5413:

 adversely affec
« sufficiently simi

ted
lar

* minimal differences

« adverse chandes

+ adverse effect

+ substantiating pvidence

+ timely manner

The detailed megning of these terms is subjective in nature and will depend upon th
addressed and the installation affected. It is therefore necessary t0'define the mear
t to the specific system(s) to be certified and .include these, as apq
certification plan{s) which are presented to certification authorities for review and ap

terms with resp

proceeding with the certification activities proposed in the plan(s).

Level A Requifements:

The primary cd

ncern is the continuation of thectevel A function in flight without ad

susceptibility cannot affect the safe operatign of the aircraft.

Level A functions are further categorized‘into two groups. One group involves func

pilot will not bg

include FBW and FADEC systems.” These systems are usually classified as Leve

both IFR and \

The second grpup involves functions for which the pilot will be within the loop thro
information ex¢hange;—~These are defined as Level A display functions, and includ
EFIS and EICAS systems. Some other cockpit displays may also be included in t

part of the operatianal loop. These are classified as Level A contr

FR operation,

e system being
nings of these
licable, in
proval prior to

erse effects. Any

tions for which the
bl functions and
A functions for

ugh pilot/system
e, for example,
his classification.

If a function is performed by mulfiple sysiems, or a single system that includes multiple redundant
channels, then loss of one or more of the systems or channels during exposure of the aircraft to
lightning shall not result in the loss of the function. It is necessary to keep in mind that lightning
strikes may induce similar transients in all channels of a multiple channel system so that similar
effects may be experienced in each channel. Therefore, redundancy is usually not sufficient to
maintain the function during the lightning event unless it can be shown that the common induced
effects of lightning will not adversely affect each of the redundant systems or channels at the same

time.
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7.1

7.11

(Continued):

The acceptance criteria applicable to a specific system depends upon the function being performed
by that system. In some cases, some degradation in performance may be acceptable, at least for a
limited period of time. For other systems, only a very short upset, within tolerable limits, and
recovery without pilot intervention in a limited time may be accepted. The acceptance criteria is
usually developed as an output of the FHA, and is described in the Certification Plan that is
recommended in ARP5413, for review and approval by the certifying authorities.

functional reguirements of individual systems may preclude such recovery. \While|the function may

recover eventd

ally, it may not recover in a timely manner or without crew interven

Level A Confrol Systems: An acceptable process for verifying compliance of Le

systems with

It should be

the lightning protection requirements is outlined in Figure 2 in ARP

rigorous. Thjs process can also be used for all other function classifications (i.e

Level B and

One type of g
Automatic FI
define syster
axes of pitch
functions, arg

| evel C).

ystem, which at first review might be.considered as a Level A Contn
ght Control System (AFCS). The term “Automatic Flight Control” is
hs, which perform a controlling function with respect to one or more
roll, or yaw of the aircraft inflight. The main systems, which perforr]
e AFCS and FBW Flight Control Systems.

One exampl¢ of the AFCS is the autopilot. The hazard categories assigned to t

performed by
the installatig
flight. In typi

n and the amount of control granted to the autopilot system in varig
cal installations'an AFCS has varying levels of command over cont

movements

nd/or power levels, closed loops, system failures may have catastr

such as fligh{ contrel-hardovers. The issues that must be considered in categoriz
establishing applicable acceptance criteria are whether or not failures, due to a li
are passive andhdo not result in an undesired and unmonitored aircraft control s

While it is normally desirable o have automatic recovery to normal operation, opTational or
|

jon.

vel A control
5413.

noted that the verification process for Level A control systems is somewhat more

, Level A Display,

ol “System”, is the
commonly used to
of the primary

n these controlling

he functions

autopilots can range from minor to catastrophic and are very much dependent upon

us aspects of

ol surface

ophic influences
ing autopilots and
ghtning encounter

Lirface movement

or change in

power level. Another consideration in the validation process woul

be the need to

demonstrate that any autopilot failure, due to a lightning encounter does not (1) cause a command
to a control surface that exceeds the structural integrity of the aircraft and (2) that the “rate of
change” of the flight control servo does not place the aircraft in a position from which the pilot
cannot recover. This includes a standard “recognition” time (normally 1 s in landing and 3 s in

cruise).

The main purpose of this example is to point out the need to carefully examine the System Safety
Analysis from the perspective of the function being performed on the particular aircraft being
certified and not just the system by itself when determining the criticality category of any system.
Similar reasoning can be used in determining the requirements for any system on the aircraft.
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7.1.1 (Continued):

7111

For FBW installations the safety analysis must consider the possibilities and consequences of

partial or total loss of function on continued safe flight and landing of the aircraft.

A FBW control

system must survive a lightning encounter without loss of function and remain operational in a
manner, which will allow continued safe flight and landing of the aircraft. Deviations of control and

asymmetry of control surfaces such as flaps and slats must be shown to be withi
limits.

Lightning prdtection design for a system may employ pariitioning of channels of
in the immunity from loss of the total system. However, it should be noted that
partitioning, i
identical sysfems.

In the case
provide a lower probability of equivalent response. Examples<are where wire bu
on opposite gides of the aircraft fuselage, under floor boards;or above the head
where LRU positioning is in different equipment bays.

Level A Syptems - Similarity: The primary difference between Level A control
display is ip the amount of change that is acceptable. All changes must be ex
certification authorities. Changes to TCL and*ETDL values for Level A control
acceptableif suitable safety margins remain. In practical applications, greater
in similarity arguments for Level A display systems than for Level A control.

When analysis or similarity is used,-the level of rigor is consistent with the levg
example, the use of similarity for.a'Level A system performing control function
nearly identical installation for a nearly identical system on a nearly identical a
for Level Bland C systems;.a representative installation of a representative sys
representalive aircraft.is:all that is required.
CAUTION:|Similarity is a subjective area and similarity justifications must be n
cognizant airworthiness certification authorities. While ARP5413 p

points to cover for the assessment, Table 4 illustrates examples of

similarity arguments may be considered.

n acceptable

he systems to aid
ke redundancy,
and of itself, might not provide sufficient protection for functions performed by

redundant systems, an installation using wire bundle*and LRU separation can

ndles are routed
liner, etc. and

and Level A
pblained to the

systems may be

latitude is allowed

| of criticality. For

5 would require a

rcraft. Whereas,

stem on a

pgotiated with the
rovides a list of
situations where
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TABLE 4 - Examples of Similarity Applications

Generally Considered
Similar

Generally Not Considered Similar

Aircraft Type

A simple stretch

Adding winglets, delta fins

General Aviation to Transport

aircraft

2-engine narrow body to 4-engine

wide body
Equipment Location Going from an unprotected (external | Going from a protected (inside
to pressure vessel) to a protected pressure vessel) to an unprotected
area (internal) area (external)
Moving away from an aperture Moving to aflocation|near an
aperture
Airframe constrpction Same material Diffefent'material - dissimilar such
as dluminum to composite
Apertures Deleting a door/window or Addition of a large cargo bay door or
equivalent apertures other aperture
Decreasing the largest dimension'of | Increasing the largest dimension of
equivalent aperture an aperture
Systems interfages Adding a small number of circuits Changing from analqg to digital or
the same as existing circuits vice versa
‘ Changing from wire {o optical fibers
Wire size and rputing Comparable exposdre of wiring Changing from wire {o optical fiber
Wire runs moving from a less Wire runs moving fr¢m a protected
protected area to a more protected area to a less protegted area
area
Connectors Going from pigtails to properly Going from a properly terminated
terminated backshell backshell to pigtails
Shortening a pigtail Increasing the length of a pigtail
Going from a smaller connector to a | Changing from metal to a material
larger connector as long as the wire | with less bulk conduftivity
bundle does not change (conductive coated plastic/stainless
steel)
Wire bundle shielding/Wire type Going from untwisted wires fo Going from twisted Vires to

twisted

untwisted

Going from unshieided to properly
terminated shields

Installing a higher performing shield

Going from shielded

to unshielded

Installing a lower performing shield

Grounding

Using dedicated returns

Not using dedicated

returns

Bonding

Any change must be reviewed. Assume not OK until proven

otherwise.

System modification status:
Hardware, Software, Firmware

Any change must be reviewed. Assume not OK until proven

otherwise.
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7.1.2 Level A Display Systems: Methods of achieving compliance of Level A display systems to
lightning protection requirements are outlined in Figure 3 in ARP5413.

7.2

7.3

Based on the fact that display system failures and malfunctions do not contribute as directly or as
abruptly to catastrophic failures as do control systems failures, a different verification method is
applicable. This method in which verification of TCLs by similarity to previous test data, as
represented by the transient levels in Tables 22-2 and 22-3 of DO-160/ED-14, Section 22 in place
of full vehicle test or analysis of the present avionics installation, is provided. Selection of the

appropriate |
data from sin

Level A displ
catastrophic.
event is a reg
information
systems are
systems suc

classification|.

Level B and Le

The aircraft teq
are also accep
Alternately, Le
For Level B sy
such as areas
shielding effec

Level 2 as defi
systems install
fuselage, area
open area, Use€

Bvel(s) from Sectlion 22 is o be substantiated by some analyses or
hilar installations, however.

ay systems perform functions with failure condition classifications ¢
However, for Level A Displays, the flight crew is in the:loep and th
bult of some action taken by the crew as a result of hazardously mis
rovided by the display. Typical examples of information provided b
attitude, altitude and airspeed. As aircraft size and complexity incré
N as Engine Indication and Crew Alerting Systems (EICAS) could a

vel C Requirements:

t or analysis methods used to determine the TCLs and ETDLs for L
table for the determination oft TCLs and ETDLs for Level Band C s
el 3 as defined in DO-160/ED-14, Section 22 may be used for most

external to the fuselage, areas with composite structures demonstr
iveness, and othér open area, select a level appropriate to the env

ned in DO-160/ED-14, Section 22 may be used for most Level C sys

ed in more 'severe electromagnetic environments such as areas ex

5 with,eemposite structures demonstrating poor shielding effectiven
Level 3.

references to test

pnsidered to be

b catastrophic
eading or missing
y Level A display
base other display
so fall within this

Llevel A systems
ystems.
Level B systems.

stems and associated wiring installed in more severe electromagnetic environments

ating poor
ronment.

ems. ForLevel C
ernal to the
ess, and other

Example 1 - System Test Levels Developed from Low Current Pulse Test:

Example 1 utilizes data from aircraft tests on a similar aircraft (see 7.1.1.1 for similarity
requirements). The data shown in this example is based on a fictitious light business jet, with
primarily metal structure. It is important to remember that this data is simply given as an example to
show how the data from a previous aircraft test is used to develop test levels.

The method outlined below provides an example of how aircraft test data can be used to determine
the test levels for a Level A (Level A control or a Level A Display Level B or Level C system and
associated equipment. However, as has been noted, less rigid methods are available for the
determination of Level A Display, Level B and Level C systems test levels than those for Level A
control systems. These less rigid methods will be expanded upon further in later sections.
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7.3 (Continued):

Usually the test levels are developed by transient analysis testing conducted on either a full aircraft
or aircraft section. There are several methods for conducting these type of tests and the procedures
are outlined in ARP5416 (Draft). The result of this testing is used to support the development of test

levels of install

In most cases,

ed equipment.

this type of data is tabulated to show the following:

a. Worst casd coupling (i.e., open circuit voltage/short circuit currents) of various
throughout|the aircraft or test article.

b. Effects of wire shielding.

c. The effect pf adjacent low impedance conductors.

d. Bulk current measurement to show the expected current flow on wire bundles

By analyzing the tabulated data, test levels for indirect effects tests can be producg

equipment/sys

The results of
purposes:

a. Provide voltage and current levels for:various types of interconnecting circuits

b. Provide da
impedance
These levels

.
equipment int{rfaces. Normally these levels are defined in terms of open circuit v

the short circui
which is the an
and remain op

tem if the wire routing and composition:0f the wire bundle is known

he lightning transient analysis described above provides informatio

[a to determine bulk wire bundle currents in bundles if the routing a
conductors are known.

present the TCLs, which will be induced in interconnecting wiring,
currenty(lgc). In accordance with ARP5413, it is also required to &

nplitude of voltage and/or current that the equipment installed is req
prational without damage or system upset. These levels are set high

wire routings

of various lengths.

d for any installed

n that serves two

vithin the airframe.

hd number of low

and appear at the
pltage (Vo) and
stablish the ETDL
uired to tolerate
er than the TCLs.

The difference between the TCL and ETDL is the margin. This margin will vary depending upon the

actual installati

on and therefore only the TCLs are covered by this analysis.

To develop the TCLs, a comparison is made of the intended installation and the test data from the
aircraft test. This comparison is based upon parameters such as the wire routing, number of low

impedance conductors in the wire bundles, shielding techniques and overall length. An example of
the type of data normally provided by the aircraft test is given in Figure 14 and Tables 5 through 12.
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7.3 (Continued):

Figure 14 shows the current values measured in the aircraft test for various lengths of multiple
conductor wire bundles, with multiple low impedance conductors routed in exposed areas of the
aircraft. For the same exposure area the longer wire runs have much more inductance than the
shorter wire runs and therefore have higher impedances at lightning frequencies. Therefore the
longer wire runs will have less current induced on them. However, for wire runs which are exposed
over their entire lengths, the longer wire runs will have the higher induced currents. For example, the
35-ft. wire bundle might be routed from the nose to the tail for a small business jet and contain
anywhere fronf one to greater than nine Tow impedance conductors. In the establishment of the test
level for the ingtallation a comparison is made of wires of similar lengths and routing along with the
number of low impedance conductors then a margin is added to establish the'test|levels. This data
can also be usgd in the establishment of attenuation values for various waveforms in regard to both
low impedanceg conductors as well as attenuation due to length of theiconductors.| Table 5 and 6
provide these attenuation values for various wire bundle lengths.

1600
140
2 129
=
<
'— ¥ H
il 1 —e—5ftbundle |
E =#- 15 ft. bundle |
8 8 == 35 ft bIndle
fa) {=+== >35 ft hundle
600
S
g
< 4do
240 4
/’-
0
0 2 4 6 8 10

NUMBER OF ADJACENT LOW IMPEDANCE CONDUCTORS

FIGURE 14 - Bulk Wire Bundle Current for Various Wire Bundle
Lengths and Adjacent Low Impedance Conductors

In addition, to the Bulk Wire Bundle Currents shown in Figure 14, the aircraft test normally also
provides data dealing with the open circuit voltage and short circuit current present at the interfaces
of equipment for various routing within the aircraft with similar exposure areas. Tables 7 through 12
provide examples of this type of data. The values are given for both shielded and unshielded
configurations.
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TABLE 5 - Attenuation Provided by Shielding for Various Wire Lengths

Length of Waveform 1 Waveform 2 Waveform 3 Waveform 5
Shielding Run Shielding (dB) Shielding (dB) Shieiding (dB) Shielding (dB)
0to 15 Feet -3.2 -22 -15 -3.2
15 to 35 Feet -8.0 -19 -21 -3.2
> 35 Feet 3.2 -19 -19 -8.0
TABLE 6 - Attehuation Due to Adjacent Low Impedance Conductors for Various 'Wijre Bundle Lengths
Wire Bundle Length | Number of Adjacent Waveform 1 Waveform 3
Low Impedance Reduction in Signal*| Reduction in Signal

Conductors Strength Strength

(dB) (dB)

0-15 Feet 1 6.0 {11.0

3 -10.0 +415.0

5 -13.0 -15.4

9 -16.0 -118.0

15 - 35|Feet 1 -2.2 4.0

3 -6.0 410.0

5 -9.0 {12.0

9 -12.0 +{18.0

> 35 Heet 1 -2.3 3.5

54 -9.0

5 -8.6 -11.0

-11.0 -13.0
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TABLE 7 - Single Shielded Wire Waveform 1 (Igc)

AREA A B C D E F G
A 665
B 374 320
Cc 650 200 22
D 688 38 35 22
E 688 38 35 35 22
F N/A N/A 285 285 340 *
G 723 728 200 83 83 N/A
H
] N/A N/A N/A 250/8 | 250/8
NOTES
N/A NOT APPLICABLE
* Data not available
I First Number - Externally Mounted, Device
$econd Number - Internally Mounted Device
TABLE LEGEND:
A FORWARD NOSE AREA
B MID NOSE AREA
C COCKPIT AREA
D AFT CABIN-AREA
E FUSELAGETAIL AREA
F ENGINE
G VING
H LANDING GEAR
I

BTl AL T A ll i ol m b Fa'
VERTIVCAL tAIL 7 TITIUNRIZU
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TABLE 8 - Single Shielded Wire Waveform 2 (Vo)

AREA A B C D E F G
A 62
B 102 10
Cc 102 15 17
D 136 34 34 17
E 136 34 34 34 17
F 240 240 225 225 225 *
G 170 71 50 33 33 N/A 33
H
I N/A | 307/36 | 400/16 | 400/16 | 400/16

NOTES

N/A IOT APPLICABLE
* Data not available
irst Number - Externally Mounted Device

becond Number - Internally Mounted Device
TABLE L EGEND:

FORWARD NOSE AREA
ID NOSE AREA
OCKPIT AREA
FT CABIN AREA
USELAGETAIL AREA
NGINE
ING
ANDING GEAR
ERTICAL TAIL / HORIZONAL STABILIZER

o-nrOo =z

TIOTMmMUOLP
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TABLE 9 - Single Shielded Wire Waveform 3 (Vo)

AREA A B C D E F G
A 266
B 157 48
Cc 198 24 21
D 239 40 42 21
E 239 40 42 42 21
F 420 420 382 382 382 *
G 270 115 75 225 95 N/A 95
H
| N/A | 480/64 | 688/39 | 688/39 | 688/39

NOTES

N/A INOT APPLICABLE

* [Pata not available

/ fFirst Number - Externally Mounted, Device
q

Second Number - Internally Mounted Device

TABLE LEGEND:

FORWARD NOSE AREA
MID NOSE AREA
COCKPIT AREA

A\FT CABIN AREA
FUSELAGESTAIL AREA
ENGINE

VING

LANDING GEAR

—IGTMMOOwWX

/ERTICATL TAH [ EHORIZAON
| = I W A7 e v < =7
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FIGURE 10 - Single Unshielded Wire Waveform 1 (Igc)

DT

AREA A B C D E F G
A 940
B 940 480
c 940 480 55
D 995 55 50 55
E 995 55 50 50 55
F 000 2000 840 840 2000 *
G 045 760 280 120 120 N/A 120
H
| N/A N/A N/A N/A N/A
NOTES
N/A NOT APPLICABLE
* Data not available
/ First Number - Externally Mounted) Device
$econd Number - Internally Mounted Device
TABLE LEGEND:
A FORWARD NOSE AREA
B MID NOSE AREA
C COCKPIT AREA
D AFT CABIN.AREA
E FUSELAGETAIL AREA
F ENGINE
G WING
H LANDING GEAR
I AY

]\
0]
D
N
)
4

b3
=9
(49}

Al T A
CINTTOCAL TAIL
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TABLE 11 - Single Unshielded Wire Waveform 2 (Vo)

AREA A B C D E F G
A 780
B 910 130
Cc 910 130 150
D 1210 300 300 150
E 1210 300 300 300 150
F 2130 2130 2000 2000 2000 *
G 1510 630 500 300 300 N/A7 300
H
I N/A | 2730/290 | 2600/160 | 2600/160 | 2600/160
NOTES]
E\J/A OT APPLICABLE

—
P
w
-
m

TIGTMOOW>

N

Data not available

Hirst Number - Externally Mounted)Device
Jecond Number - Internally Mounted Device

LEGEND:

ORWARD NOSE AREA
IID NOSE AREA
OCKPIT AREA

FT CABIN AREA
USELAGE,TAIL AREA
NGINE

VING

ANDING GEAR

C<<MMXroOo=mT

CISTi AL T ALt ORDIZAONIAL O
CINTHROAL TAIL 7 TTUNIOUINAL O
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TABLE 12 - Single Unshielded Wire Waveform 3 (Vo)

AREA A B C D E F G
A 1500
B 1770 270
C 1770 270 230
D 2130 360 370 230
E 4130 360 370 370 230
F 3670 3670 3400 3400 3400 *
G 4400 1020 750 850 850 N/AUyT 850
H
| N/A | 4270/570 | 4000/300 | 4000/300 | 4000/300
NOTES
N/A  NOT APPLICABLE
* bata not available
/ Rirst Number - Externally Mounted,Device
$econd Number - Internally Mounted Device
TABLE LEGEND:
A FORWARD NOSE AREA
B ID NOSE AREA
C OCKPIT AREA
D FT CABIN,AREA
E USELAGETAIL AREA
F NGINE
G ING
H
I

7.3 (Continued):

As stated above, in establishing the test levels using this type of data a comparison is made of the
routing of the wires and then the level provided in the table is multiplied by the number of wires in the
bundle to establish the current value. In regard to the voltage level, the worst case value for all the
various routing contained within the wire bundle is used for the test value.

The following example is based upon a simple system but as stated above the method is the same
regardless of the type of system.
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7.3 (Continued):

Figure 15 provides the block diagram of the installed system. In using the data from the aircraft
testing, it is required that the block diagram includes the number of wires into each connector, the
number of low impedance conductors that are contained in each branch and the length of each
branch. Figure 14 can then be used, in conjunction with Tables 5 through 12 to develop the TCLs for
each connector.

NOSE |I\REA 6ss / 1us
2ss /1pl/ 3us
LRU1 LRU2 J LRU3
4ss
c1 [ _:|C1 CZ[ 4ss / 1us :lm
C2
5ss / 1pl/ tsp
3ss / 1pl
3Iss/1sp
285/ 13
BULKHEAD
COCKPIT AREA
LRU4 LRUS LRUé6
c1 [: 1ss _:|C1 Cz[_ 2ss jC1
c2 — C2
2ss
2ss
7ss/3us 3ss/ 1us
953 12us  4ss/fusssp
BULKHEAD
AFT FUSELAGE \ VER :‘L:A'-
AREA | T
L] ' L
c1 3ss / 1pl | L] i
L RU7 c2 |_ | | 2ss/1sp —| c2 LRUB
1
BULK
I HEAD
[}

SYMBOL DESCRIPTION
Ss Single Shielded Wire
sp Shielded Pair
us Unshielded Wire
p! Power Line

FIGURE 15 - Example Avionics Installation
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7.3 (Continued):
In the example given the following assumptions concerning the length of the wire bundles are made:

Wire bundles running within the Nose Area: <5 ft

Wire bundles running within the Cockpit Area: <5 ft

Wire bundles running from Nose Area to Cockpit Area: 5ft<X<15ft

Wire bundles running from Fuselage Tail Area to Nose Area: =35 ft

Wire bundles running from the Fuselage Area to Cockpit Area: 15 ft< X <35 ft
Wire bundles running within the Fuselage Tail Area: ST i< X <151

Wire bundles running from Vertical Tail to Fuselage Tail Area: 15ft<X <35 ft
Wire bundles running from Vertical Tail to Cockpit Area: =35 ft

Based upon these assumptions, the requirement for each connector can-be established:

Since these wife bundles contain shielded wires then Waveform{1yand Waveform {3 are applicable
(NOTE: In other installations other waveforms may apply).

It should be ngted that the margin selected (i.e., 6 dB) forthe various examples is|simply a level
selected and in no way should be taken as a requirement. Other margins have begn accepted by the
authorities to show compliance.

Waveform 1 requirements:
LRU1 connectpr C1:

Total Low Impgdance Conductors.routed within the Nose Area:
= 6ss + 2ss+ 4ss + 1pl

=13 wires @ 320 A (from Table’7)

=4160 A
With attenuatign due toadjacent low impedance conductors for wire bundle <15 ftf -16 dB
(from Table 6)
0.158 * 4160 4 660,A

Add 6 dB for margin: Total Test Current required: 1320 A

LRU1 connector C2:

Total Low Impedance Conductors routed within the Nose Area:

= 3ss +1pl

=4 wires @ 320 A (from Table 7)

=1280 A

With attenuation due to adjacent low impedance conductors for wire bundle <15 ft: -10 dB
(from Table 6)

Total Current for these lines = 0.316 * 1280 = 405 A
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7.3

(Continued):

Because this LRU has wires routed from the Nose to the Cockpit a similar analysis must be
conducted on those lines:

Total Low Impedance Conductors routed from Nose to Cockpit:

= bss + 2sp

=7 wires @ 200 A (from Table 7)

= 1400 A

With attenuatid
(from Table 6)
0.224 * 1400 =
Total current fa
Add 6 dB for

LRUZ2 connect

Total Low Impq
= 4ss
=4 wires @ 32
=1280 A
With attenuatidg
(from Table 6)
Total Current f

Because this I

conducted on those lines:

Total Low Imps
=b5ss + 1sp +
=7 wires @ 2(
=1400 A
With attenuatidg
(from Table 6)

n due to adjacent Tow impedance conductors for wire bundle <5 it:
313 A

r wires running into LRU1 connector C2 = 405 A + 313 A=718 A

argin: Total Test Current required: 1436 A

br C1:

dance Conductors routed within the Nose Area:

0 A (from Table 7)

n due to adjacent low impedance ¢onductors for wire bundle <15 ft

pr these wires = 0.316 * 1280.=404 A

RU has wires routed from’the Nose to the Cockpit a similar analysi
dance Conductors routed from Nose to Cockpit:

1 pl

0 A (fronmJable 7)

n due.to adjacent low impedance conductors for wire bundle <15 ft

-13 dB

. -10dB

5 must be

. -13dB

=0.224 * 140

= 314 A

Total current for wires running into LRU2 connector C1 =404 A+ 314 A=717 A
Add 6 dB for margin: Total Test Current required: 1434 A
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7.3

(Continued):
LRU2 connector C2:

Total Low Impedance Conductors routed within the Nose Area:
=4ss + 2ss + 1pl

=7 wires @ 320 A (from Table 7)

= 2240 A

With attenuation due to adjacent low impedance conductors for wire bundle <15 ft: -13 dB
(from Table 6)
Total Current running into LRU2 connector C2 = 0.224 * 2240 = 502 A
Add 6 dB for margin: Total Test Current required: 1004 A

LRU3 connectpr C1:

Total Low Impgdance Conductors routed within the Nose Area:
=13ss + 1pl
=14 wires @ 320 A (from Table 7)
=4480 A
With attenuatign due to adjacent low impedance conductors for wire bundle <15 fi -16 dB
(from Table 6)
Total Current for these lines = 0.158 * 4480 = 708\A

Add 6 dB for margin: Total Test Current required: 1416 A

LRU4 connectpr C1:

Total Low Impgdance Conductors.routed within the Cockpit Area:
= 8ss
= 8 wires @ 22 A (from Table 7)
=176 A
With attenuatign due tocadjacent low impedance conductors for wire bundle <15 ft -13 dB
(from Table 6)
Total Current for these wires = 0.224 * 176 =39 A

Because this LRU has wires routed from the Nose o the Cockpit a similar analysis must be
conducted on those lines:

Total Low Impedance Conductors routed from Nose to Cockpit:

=2ss + 1sp

= 3 wires @ 200 A (from Table 7)

=600 A

With attenuation due to adjacent low impedance conductors for wire bundle <15 ft: -10 dB
(from Table 6)

=0.316 * 600 = 190 A

Total current for wires running into LRU4 connector C1 =39 A+ 190 A=229 A

Add 6 dB for margin: Total Test Current required: 458 A
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7.3

(Continued):
LRU4 connector C2:

Total Low Impedance Conductors routed within the Cockpit Area:
= 2ss

= 2 wires @ 22 A (from Table 7)

=44 A

With attenuation due to adjacent low impedance conductors for wire bundle <15 ft: -6 dB
(from Table 6)
Total Current for these wires = 0.5 * 44 =22 A

Because this URU has wires routed from the Cockpit to the Fuselage TailArea a gimilar analysis
must be conduycted on those lines:

Total Low Impgdance Conductors routed from Cockpit to Fuselage ‘Tail Area:
= 5ss
=5 wires @ 3% A (from Table 7)
=175A
With attenuatign due to adjacent low impedance conductors for wire bundle 15 ft £ X < 35 ft: -9 dB
(from Table 6)
=0.355*175F# 59 A

Total current fgr wires running into LRU4 connector C2=22 A+ 59 A= 81 A
Add 6 dB for margin: Total Test Current required: 162 A

LRU5 connectpr C1:

Total Low Impgdance Conductors routed within the Cockpit Area:
= 3ss
= 3 wires @ 22 A (from Table 7)
=66 A
With attenuatign duete~adjacent low impedance conductors for wire bundle <15 fi -10 dB
(from Table 6)
Total Current for-these wires = 0.316 * 66 = 21 A

Because this LRU has wires routed from the Cockpit to the Fuselage Tail Area a similar analysis
must be conducted on those lines:

Total Low Impedance Conductors routed from Cockpit to Fuselage Tail Area:

=4ss + 1sp

=5 wires @ 35 A (from Table 7)

=175A

With attenuation due to adjacent low impedance conductors for wire bundle 15 ft < X <35 ft: -9 dB
(from Table 6)

=0.355*175=59 A
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7.3

(Continued):

Because this LRU has wires routed from the Cockpit to the Nose Area a similar analysis must be
conducted on those lines:

Total Low Impedance Conductors routed from Cockpit to the Nose Area:

= 3ss + 1sp

=4 wires @ 200 A (from Table 7)

=800 A

With attenuatid
(from Table 6)
=0.316 * 800 3
Total current fa
Add 6 dB for

LRUS5 connect

Total Low Impq
= 2ss
= 2 wires @ 22
=44 A
With attenuatid
(from Table 6)
Total Current f

Because this
be conducted

Total Low Imps
= 2ss

= 2 wires @ 43
cockpit, the cu
current from th
=86 A

n due to adjacent Tow impedance conductors for wire bundle 15 f 3
F 253 A
r wires running into LRU 5 connector C1 =21 A+ 59 A + 253 A = 3
argin: Total Test Current required: 666 A

br C2:

dance Conductors routed within the Cockpit Area:
A (from Table 7)

n due to adjacent low impedance ¢onductors for wire bundle <15 ft

br these wires = 0.5 *44 =22 A

RU has wires routed from’'the Cockpit to the Vertical Tail Area a sin
bn those lines:

dance Conductors routed from Cockpit to Vertical Tail Area:
A (from/Table 7); Note: since there is no data directly from the Ver

rrent from the Vertical Tail to the Tail Fuselage (8 A/Internal device)
e Tall\Fuselage Area to the Cockpit (35 A).

L X: -10dB

33A

. -6 dB

ilar analysis must

tical Tail to the
is added to the

With attenuation due to adjacent Tow impedance conductors for wire bundie =35 ft: -2.3 dB

(from Table 6)
=0.767 * 86 =

66 A
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7.3

(Continued):

Because this LRU has wires routed from the Cockpit to the Nose Area a similar analysis must be
conducted on those lines:

Total Low Impedance Conductors routed from Cockpit to the Nose Area:

=5ss + 1pl + 1

Sp

=7 wires @ 200 A (from Table 7)

= 1400 A

With attenuatid
(from Table 6)
Total current fd
Total current fa
Add 6 dB for

LRU®6 connect

Total Low Impq
=2ss + 7ss
=9 wires (<5 f{
=198 A

With attenuatia
(from Table 6)
Total Current f
Add 6 dB for m

LRU®6 connect

Total Low Imps
= 3ss
= 3 wires @ 4
cockpit, the cu
current from th
=129 A

n due to adjacent Tow impedance conductors for wire bundle 15 f 3
r these wires = 0.224 * 1400 = 314 A

r wires running into LRUS connector C2 =22 A+ 66 A+ 314 A =4
argin: Total Test Current required: 804 A

br C1:

dance Conductors routed within the Cockpit Area:

) @ 22 A (from Table 7)

n due to adjacent low impedance ¢onductors for wire bundle <15 ft

br wires running into LRUG6 connector C1 =0.158 * 198 =31 A
argin: Total Test Currentrequired: 62 A

pr C2:
dance Conductors routed from Cockpit to Vertical Tail Area:
A (from/Table 7); Note: since there is no data directly from the Ver

rrent from the Vertical Tail to the Tail Fuselage (8 Alinternal device)
e Tall\Fuselage Area to the Cockpit (35 A).

L X: -13dB

D2 A

. -16 dB

tical Tail to the
is added to the

With attenuation due to adjacent Tow impedance conductors for wire bundie =35 ft: -5.4 dB

(from Table 6)

Total current for wires running into LRU6 connector C2 = 0.537 * 129 = 69 A
Add 6 dB for margin: Total Test Current Required: 138 A
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7.3

(Continued):

LRU7 connector C1:

Total Low Impedance Conductors routed from Fuselage Tail Area to the Cockpit Area:

=0ss + 1sp

=10 wires @ 35 A (from Table 7)

=350 A

With attenuation due to adjacent low impedance conductors for wire bundle (15 < X < 35 ft): -12 dB

(from Table 6)
Total Current f
Add 6 dB for n

LRU7 connect

Total Low Imps
=5ss+ 1pl + 1
=7 wires @ 8
=56 A

With attenuatid
(from Table 6)
Total Current f
Add 6 dB for m

LRUS8 connect

Total Low Imps
= 3ss
= 3 wires @ 43
cockpit, the cu
current from th
=129 A
With attenuatig
Table 6)

br wires running into LRU7 connector C1 = 0.25* 350 = 88 A
argin: Total Test Current Required: 176 A

br C2:

dance Conductors routed from Fuselage Tail Area{o the Vertical T
Sp

A (from Table 7/ Internal Device)

n due to adjacent low impedance conductors for wire bundle 15 ft s

br the wires running into LRU7 connector C2 = 0.355* 56 =20 A
argin: Total Test Current Required: 40 A

br C1:

dance Conductors.routed from the Vertical Tail Area to the Cockpit
A (from Table 7); Note: since there is no data directly from the Ver

rrent from the:Vertical Tail to the Tail Fuselage (8 Al/internal device)

e Tail Fuselage Area to the Cockpit (35 A).

n due.to adjacent low impedance conductors for wire bundle =35 ft

bil Area:

E X <35ft: -9dB

Area:

lical Tail to the
is added to the

. -5.4 dB (from

Total Current for these wires = 0.537 F 129 =69 A
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7.3

(Continued):

Because this LRU has wires routed from the Vertical Tail Area to the Fuselage Tail Area a similar
analysis must be conducted on those lines:

Total Low Impedance Conductors routed from Vertical Tail Area to the Fuselage Tail Area:

= 3ss + 1pl

=4 wires @ 8 A (from Table 7/Internal Device)

=32A

With attenuatid
(from Table 6)
Total current fd
Total current fa
Add 6 dB for

LRU 8 connec

Total Low Impq
= 3ss

= 3 wires @ 43
cockpit, the cu
current from th
=129 A

With attenuatiq
(from Table 6)
Total Current f

Because this L
analysis must

Total Low Impq
=2ss + 1sp
=3 wires @ 8
=24 A

n due to adjacent Tow impedance conductors for wire bundie 15 f 3
r these wires =0.5*32=16 A

r wires running into LRU8 connector C1 =69 A + 16 A = 86A
argin: Total Test Current required: 170 A

or C2:

A (from Table 7); Note: since there is no. data directly from the Ver
rrent from the Vertical Tail to the Tail Fuselage (8 Alinternal device)
e Tail Fuselage Area to the Cockpit{35 A).

n due to adjacent low impedance conductors for wire bundle =35 ft

pr these wires = 0.537 *429 =69 A

RU has wires routed from the Vertical Tail Area to the Fuselage Tai
be conducted on-those lines:

dance Conductors routed from Vertical Tail Area to the Fuselage T

A (frofr Table 7/Internal Device)

dance Conductors routed the Vertical Tail Area'to the Cockpit Area:

E X <35:-6dB

tical Tail to the
is added to the

- -5.4dB

Area a similar

bil Area:

With attenuation due to adjacent Tow impedance conductors for wire bundle 15 ft< X < 35: -6 dB

(from Table 6)

Total current for these wires =0.5*32=12 A
Total current for wires running into LRU8 connector C2=69A+12A=81A
Add 6 dB for margin: Total Test Current required: 162 A
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7.3

(Continued):

Waveform 3 requirements:

This same analysis must be accomplished for Waveform 3, but since the process is exactly the
same, only a limited amount of examples will be provided showing how the levels are developed:

LRU1 connector C1:

Total Low Impé

dance Conductors routed within the Nose Area:

= 6ss + 2ss + 4ss + 1pl

=13 wires @ 4
=624 A
With attenuatiqg
(from Table 6)
=0.126 * 624 {
Add 6 dB for m

LRU1 connect

Total Low Imps
= 3ss + 1pl
= 4 wires @ 48
=192 A

With attenuatid
(from Table 6)
Total Current f

Because this L

8 A (from Table 9)

F 81 A
argin: Total Test Current required: 162 A

pr C2:

dance Conductors routed within the-Nose Area:

A (from Table 9)

n due to adjacent low impedance conductors for wire bundle <15 ft
pr these lines = 0.170:* 192 =33 A

RU has wires, routed from the Nose to the Cockpit a similar analysi

conducted on those lines;

Total Low Impq
= bss + 2sp
=7 wires @ 24

dances€onductors routed from Nose to Cockpit:

A-(from Table 9)

n due to adjacent low impedance conductors for wire bundle <15 ftf -18 dB

. -15.4 dB

5 must be

=168 A

With attenuation due to adjacent low impedance conductors for wire bundle <15 ft: -15.4 dB

(from Table 6)

=0.170 * 168 =

29A

Total current for wires running into LRU1 connector C2=33 A+29 A =62 A
Add 6 dB for margin: Total Test Current required: 124 A
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(Continued):
LRU2 connector C1:

Total Low Impedance Conductors routed within the Nose Area:
=4ss

= 4 wires @ 48 A (from Table 9)

=192 A

With attenuation due to adjacent low impedance conductors for wire bundle <15 ft: -15 dB
(from Table 6)
Total Current for these wires = 0.178 * 192 = 34 A

Because this RU has wires routed from the Nose to the Cockpit a similar'analysis must be
conducted on those lines:

Total Low Impgdance Conductors routed from Nose to Cockpit:
=b5ss + 1sp + {Ipl

=7 wires @ 24 A (from Table 9)

=168 A
With attenuatign due to adjacent low impedance conductors for wire bundle <15 fi -15.4 dB
(from Table 6)
=0.170*168 + 29 A

Total current fgr wires running into LRU connector C1 =34 A+ 29 A=63 A
Add 6 dB for margin: Total Test Current required: 126 A

LRU5 connectpr C1:

Total Low Impgdance Conductors routed within the Cockpit Area:
= 3ss
= 3 wires @ 21 A (from Table 9)
=63 A
With attenuatign duete~adjacent low impedance conductors for wire bundle <15 fif -15 dB
(from Table 6)
Total Current for-these wires = 0.178 *63 = 11 A

Because this LRU has wires routed from the Cockpit to the Fuselage Tail Area a similar analysis
must be conducted on those lines:

Total Low Impedance Conductors routed from Cockpit to Fuselage Tail Area:

=4ss + 1sp

=5 wires @ 42 A (from Table 9)

=210 A

With attenuation due to adjacent low impedance conductors for wire bundle 15 ft < X < 35 ft: -12 dB
(from Table 6)

=0.251*210=53 A
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7.3

(Continued):

Because this LRU has wires routed from the Cockpit to the Nose Area a similar analysis must be
conducted on those lines:

Total Low Impedance Conductors routed from Cockpit to the Nose Area:

= 3ss + 1sp

= 4 wires @ 24 A (from Table 9)

=96 A

With attenuatid
(from Table 6)
=0.178 * 96 =
Total current fa
Add 6 dB for

LRUS8 connect

Total Low Impq
= 3ss
= 3 wires @ 3¢
=1M7A
With attenuatid
(from Table 6)
Total Current f

Because this L
analysis must

Total Low Imps
= 2ss + 1sp
= 3 wires @ 3¢
=17A
With attenuatig
(from Table 6)

n due to adjacent Tow impedance conductors for wire bundle 15 t 3
17 A

r wires running into LRU5 connector C1 =11 A+ 53 A + 17°A = 81
argin: Total Test Current required: 162 A

pr C2:

A (from Table 9/Internal Device)
n due to adjacent low impedance ¢onductors for wire bundle =35 ft
br these wires = 0.355 * 117342 A

RU has wires routed from’'the Vertical Tail Area to the Fuselage Tai
be conducted on thoSe lines:

dance Conductors routed from Vertical Tail Area to the Fuselage T
A (from/Table 9/ Internal Device)

n due.to adjacent low impedance conductors for wire bundle 15 ft s

dance Conductors routed the Vertical Tail Area'to the Cockpit Area:

L X: -15dB

A

. -9dB

Area a similar

hil Area:

£ X <35: -10dB

Total current for these wires =0.316 * 117/ =40 A
Total current for wires running into LRU8 connector C2=42 A +40A=82A
Add 6 dB for margin: Total Test Current required: 164 A

A summary of these current levels for Waveform 1 and Waveform 3 are provided in Table 13 In

addition, the data from the aircraft test can also be analyzed to determine what the voltage limitation
should be when accomplishing the testing. As stated at the beginning of the analysis the worst case
open circuit voltage of the unshielded configuration of any of the wire routings should be used as a
voltage limitation level (with a 6 dB margin). For the example provided this open circuit voltage is
taken directly from Table 11 (with a 6 dB margin) for the worst case for each of the routings analyzed.
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7.3 (Continued):

7.4

TABLE 13 - Summary of Current Levels for Example A

LRU | CONNECTOR C1 CONNECTOR C2 | CONNECTOR C1 CONNECTOR C2
WAVEFORM 1 WAVEFORM 1 WAVEFORM 3 WAVEFORM 3
(current/voltage) (current/voltage) (current/voltage) (current/voltage)
1 1320/260 1436/260 162/260 124/260
2 1434/260 1004/260 126/260 114/260
3 1416/260 N/A 170/260 N/A
4 458/300 162/600 84/600 130/600
5 666/600 804/600 162/600 186/600
6 62/600 138/600 48/600 8§4/600
7 176/600 40/320 106/320 138/320
8 170/600 162/600 182/600 1p4/600

It should be noted that all the requirements are.based on the 200 kA initial strike. Tlhis method allows
for testing of the single stroke as well as the multiple stroke. Under this method the follow on pulses
are defined as|1/4 amplitude of the initial.pulse (i.e., one 200 kA pulse followed by thirteen 50 kA
pulses). If multiple stroke testing is to be accomplished separately, then the first gulse would be
based upon the ‘D’ waveform (100 kA) and the follow on pulses would be 1/2 amplitude of the initial
multiple stroke|pulse (i.e., one 100°KA pulse followed by thirteen 50 kA pulses).

Example 2 — System Test l.evels Developed from Low Current Pulse Test:

Example 2 shqws the_development of TCLs using a combination of mathematical pnalysis and low
current pulse test togrovide the aircraft data.

This example deatswithaninstaltatiomwhere-somedataareavaitablte-from tcat;llg of similar aircraft
but the installation also contains elements for which such test data are not transferable. One such
instance might be a FADEC installation, where the FADEC computers are not located on the engine
itself but rather within the aircraft fuselage. The engines are mounted on the fuselage with all of the
sensors mounted on the engine and cabling is routed through the pylon firewall and into the
fuselage. The wire bundles to be used are all overbraided. The overbraid, as well as the individual
wire shields, are terminated in the connector backshell and controlled by an electrical bonding
requirement. In the development of the threat levels for the engine FADEC system, an analysis is
performed on the installation. This analysis examined all of the conductors (engine beam, hydraulic
lines, wire bundles, etc.) which pass through the firewall. This was accomplished to determine the
physical area available to carry the lightning current from the engine into the fuselage during a swept
stroke attachment to the engine. Since the engines are located in Zone 2, the requirement is
considered to be 100 KA (i.e., engine swept stroke attachment and aft aircraft detachment).
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7.4 (Continued):

It is possible to only look at the physical dimension because the majority of the energy from a
lightning strike (current component A) is contained within the lower frequency spectrum and the skin
effect is minimized (i.e., current division closely approaches that of a DC current).

Figure 16 shows the block diagram of the FADEC system that is installed on the aircraft and Figure
17 shows the pylon firewall with all of the interconnecting lines. Table 14 provides the effective cross
sectional area of all these interconnecting lines/devices.

TO LH ENGINE

s {f] 7O LA SIDE CONSOLE
g/ 7O LH/CB PANEL

FO LH CB PANEL

I —
(B TO ADC #1
TO SWITCH T
PANELs I} —
TO PEDESTAL L
Horcs [ pr—l== —
FADECB gm d l;gl )
- {8 ToLusBOX
% —) B Tooaum o
ToThroTTLE (1 —
QUADRANT . 1F et

TO DAU #2

——
TO RH J-BOX i —
?:DEC B
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TABLE 14 - Fire Wall Penetration and Effective Cross Sectional Area (Skin Effect)

Pylon Firewall Penetration
Description

Tube Diameter

(Diameter in inches)

Total Effective Cross
Sectional Area

(in square inches)

% of Effective Cross
Sectional Area

1) Fuel Line Motive Flow 0.625 0.165 2.664
2) Fuel Line Engine Feed 1.00 0.283 4.569
3) FADEC “B" (External 0.80 0.220 3.552
Overbraid)
3a) FADEC|“B” (Internal 23 wires, each 0.131 2115
Wires) 0085
4) DAU (Ekternal Overbraid) 0.80 0.220 3.p52
4a) DAU (Internal Wires) 23 wires, each 0.131 2115
0.085
8) Hydraullc Pressure 0.625 0.165 2.p64
9) Fire Extinguisher 0.75 0:204 3.p94
10) Hyd. Dfain 0.25 0.047 0.F59
11) Hyd. Siiction 1.00 0.283 4.569
12) Engine|Anti-lce 1.00 0.283 4.669
13) LP Blegd 2.00 0.597 9.p38
14) FADE(Q “A” (External 0.80 0.220 3.p52
Overbraid)
14a) FADEC “A” (Internal 23 wires, each 0.131 2115
Wires 0.085
15) Main Epgine Bundle 0.50 0.126 2.p34
(Overbraid)
15a) Main Hngine Bundle 12 wires, each 0.068 1.p98
(Interrjal Wires) 0.085
16) Active Mount (Overbraid) 0.80 0.220 3.p52
16a) Active Mount{internat 23 Wites, each 0131 2115
Wires) 0085
17) Active Mount (Overbraid) 0.50 0.126 2.034
17a) Active Mount (Internal 12 wires, each 0.068 1.098
Wires) 0.085
18) HP Bleed 1.50 0.440 7.104
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TABLE 14 - Fire Wall Penetration and Effective Cross Sectional Area (Skin Effect) (Continued)

Pylon Firewall Penetration Tube Diameter Total Effective Cross | % of Effective Cross
Description . - Sectional Area Sectional Area
(Diameter in inches) . .
(in square inches)

19) Service Air 0.50 0.126 2.034

20) ATS 2.00 0.597 9.638

21) Thrust Reverser Hyd. 0.375 0.086 1.388
Press

22) Thrust Reverser Hyd. 0.375 0.086 1388
Returm

23) Thrust Reverser Hyd. 0.25 0.047 059
Latch

24) Thrust Reverser Elec. 0.75 0.204 3.p9%4
Bundlg (Overbraid)

24a) Thrust|Reverser Elec. 20 wires, each 0.113 1.824
Bundlg (Internal Wires) 0.085

25) FWD Heam Bonding 0.637 0.169 228
Jumpgr “A”

26) FWD Heam Bonding 0.637 0.169 2728
Jumpgr “B”

27) AFT Bgam Bonding 0.637 0.169 2[28
Jumpgr “A” .

28) AFT Bgam Bonding 0.637 0.169 2728
Jumper “B”

Totals 6.194 100.00
7.4 (Continued):
The development of tRe threat levels for the engine to the FADEC wire bundles, ag mentioned
above, is based upon:

1. The physical area available to carry the lightning current between the aircraft and engine, and
2. the FADEC wire bundle’s percentage of that area.

The percentage of the FADEC's cross-sectional area in comparison with the total can then be used
to determine the percentage of the lightning current that will flow on the FADEC wire bundle.

In order to make this analysis as simple as possible, several assumptions are made:

PN~

All interfaces are metal to metal.
All the materials are the same (i.e., same conductivity).

All the conductors are electrically bonded at the firewall interface.
All of the tubes and overbraid have a skin thickness of 0.1 inch.
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7.4 (Continued):

This will result in a fairly even distribution of the lightning current. Another important consideration
are the engine beams. Since these beams are of a large area, it is natural to assume that they would
carry the majority of the current, engine beams are normally connected by the use of bonding
jumpers across the upper and lower section of the forward and aft attachment points and therefore
only the area of the bonding jumpers are used in the calculation.

The calculation of the various tubes are based upon the ‘metallic’ physical area available for current

flow and does

or fuel). In adad
cross-sectiona

not incorporate any current carrying ability of the fluids within the tu

wire bundle contained within the overbraid.

The formula ug

sectional area
Figure 18.

As can be see

FIGURE 18 - Effective Cross Sectional Area of a Tube

l____] Cross Sectional Area of Conductd

bes (i.e., hydraulic

ition, the electrical bundles physical area is calculated from both'thg effective physical
| area of the overbraid and the combined effective physical cress-sectional area of the

ed to calculate the effective cross sectional area of.the‘tubes is equial to the cross
of the outer tube minus the cross sectional area af the inter tube ag shown in

-

T from Tabie 4, the FADEC A wite bundie has an outer over-braid effective cross

sectional area of 0.22 inZ which is 3.552% of the total area and the internal wire bundle shields have
an effective cross sectional area of 0.131 in? which is 2.115%. When these two are added together,
the total of 5.667% represents the percentage of current that will flow on the FADEC “A” wire bundle

during a lightni

ng strike.
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7.4 (Continued):

Since all the conductors are used in the calculation, the amount of current flowing on the FADEC “A”
wire bundle is:

leapec = It * (%OB + %IW) (Eq. 11)

where:

|FADECECmm\J “K*mamperes

I+ = Total Current Available, in amperes

%O0OB =FADEC “A” Over-braid percentage of total cross sectional area
%IW =|FADEC “A” Internal Wire Bundle percentage of total cross sectiona| area

Therefore:

lFapEc F 100,000 * (3.552% + 2.115%)
100,000 * (5.667%)
5667 A

The test level for testing the entire wire bundle wouldithen be 5667 A or 5.667 kA,

If the wire bundlle was tested without the over-braid then the test level would be:

linternal wire bundle = 1T * (O/OIVY)
linternal wire bundie = 100,000 * (2.115%)

linternal wire bundle = 2119 A =2.113 kA
The same analysis would then.be performed on FADEC “B”.

It should be ngted that this analysis is extremely conservative due to the fact that |t is very unlikely
that if the engine did have a direct swept stroke attachment that all of the current wjould pass through

the firewall. Injmastcases the majority of the current would exit out of the aft secfjon of the engine
and only the cyrrent due to the magnetic field coupling would flow on the FADEC wire bundles. As a
result of this m ' Ve, ' ' lying the test

levels.
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7.41

FADEC Computers to the Aircraft and FADEC to FADEC: In the determination of the threat levels
for the wire bundles that are routed from the FADEC to the other areas of the aircraft as well as
those which run between the FADEC units, a comparison was made based upon wire routing,
number of low impedance conductors in the wire bundles, shielding techniques and overall length.
This method is described in detail in the above sections. However, for this case the use of the data
provided in Figure 14 can be used. Figure 14 shows the current values measured in the aircraft
test for various lengths of multiple conductor wire bundles routed in exposed areas of the aircraft.
For example, if 35 ft wire bundles are routed along the fuselage wall directly under the windows
and around t{e door and escape hatch which expose them 1o the maximum amount of coupling

and while forjthe wire bundles in this example, the FADEC wire bundles are routed under the floor
and against {he fuselage wall providing much greater shielding. Data takén’in the aircraft test can
show a comparison between this type of routing and can be used to previde margin for the test
levels. In this example we will allow for a reduction of greater than 20 dB of the |ATL for wire
bundles routed under the floor panels for similar length bundles gompared to thgse routed above
the floor and|close to the window (10 A versus 100 A for a single shielded conductor). In
establishing the test level for the FADEC wire bundles of similar lengths and routipg, the worst case
coupling of the poorly shielded wire bundle of similar lengtf(200 A) is used to egtablish the test
levels as shqwn for the FADEC wire bundles attached to J2 and J5. As stated gbove, these wire
bundles are ¢f similar lengths, approximately 35 ft (FADEC “B”) and 33 ft (FADEL “A”) and contain
well in excess of 10 low impedance conductors (>21 shielded). The wire bundlg connected to J3
(FADEC to HADEC) is overbraided and is routed‘completely under the floor for hoth sets of
FADECs, whjch provides excellent shieldingsyln comparing this wire bundle to the worst case
coupling of the aircraft test, the 15-ft wire-bundle was used. The J3 bundle is approximately 12 ft in
length and contains eight (8) low impedance conductors. When the overbraid is faken into account
and only the [current flowing on the jnner wire bundle is analyzed, the worst case ATL would be
approximately 850 A. A test levelof 1.1 kA is used for this bundle and with the $hielding provided
by the bundl¢’s installation, a margin of well over 10 dB is achieved.

In addition tolthe individuatwire bundles, the 28 VDC power line is tested to simulate a transient on
the power bus. This test level was also established from the aircraft test. The data can be
analyzed forleffect ensthe loaded system to determine the ATL (in this example we will chose a
value of approximately 70 A for Waveform 1) and 6 dB was added to this measyred level in
determining {he-test requirement for the FADEC system.

The test levels for Waveform 3 and Waveform 5 can also be developed from the aircraft test in a
manner similar to that detailed above. For Waveform 3 the level of 600 V/24 A is used for all wire
bundles in the installation because it represents a worst case (with a 6-dB margin) of the levels
measured in the aircraft test as shown in Table 9. For Waveform 5 a test level of 150 V/150 A is
used for the 28 VDC distribution system and a level of 50 V/300 A and 50 V/200 A are used for the
other wire bundles. Waveform 5 seen in this type of installation is a result of diffusion currents
through the overbraid or in the case of the 28 VDC system, which is an extremely complex system
routed throughout the entire airframe. These values were also taken from the aircraft test and
provide approximately 6 dB of margin.
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7.4.1 (Continued):

All of the test requirements for the FADEC system interface connectors are shown in Table 15 (only
the initial pulse levels are shown, which are based on the 200 kA initial strike). This method allows
for testing of the single stroke as well as the multiple stroke. Under this method the follow on
pulses are defined as 1/4 amplitude of the initial pulse. If the multiple stroke testing is to be
accomplished separately then the first pulse would be based upon the ‘D’ waveform (100 kA) and
the follow on pulses would be 1/2 amplitude of the initial multiple stroke pulse (per environment

standard).
TABLE 15 - FADEC Initial Strike, Multiple Stroke and Multiple Burst Teslt Levels
Waveforms (Vp/lp)
Interface Multiple Stroke Multiple Burst
Connecttor
1 3 5A 3
J2 900/200 600/24 50/300 2p0/10
J3 900/1100 600/24 50/300 2p50/10
Ja 900/2890 600/24 50/200 250/10
J5 (exgept 900/200 600/24 50/300 250/10
28VDC)
J5 (28\‘DC) 900/150 600/24 150/150 2p50/10

7.5 Example 3-§

This example 3
category aircrg
to be certified

backups. This

ystem Test LevélsDeveloped from Swept Frequency Tests:

hows the development of Levels for a Major Derivative of an existil
ft originally certified several years before. As part of the derivative,
bn the€-aircraft. The new engine has a FADEC control with no hydra
aircraft has never had a Level A control system installed before.

g transport
A new engine was
Lilic or mechanical

The aircraft is a twin engine commuter turboprop with a seating capacity of 30 passengers.

Along with the 30-passenger version, two minor derivatives of the aircraft were also planned. First, a
stretched version with a seating capacity of 38 passengers was planned. And second, a shortened
version with 25 passenger capacity was planned.
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7.5.1 Early Efforts: The first of the models to certify was the 30-passenger version. This aircraft is a
major derivative of an aircraft that was certified more than 10 years ago. The new turboprop
engines will use a FADEC controller with no hydraulic or mechanical backups. The previously
certified aircraft has never had a Level A control system installed.

Each engine's FADEC was a dual channel controller with the wiring for both channels running from
the engine, up the strut, down the wing leading edge and into the forward electronics bay.

criticality cat¢gory of all aircraft electronic/electrical systems. Due to the factthgt the FADECs
were full authority and had no hydraulic or mechanical backups, the analysis determined that the
FADEC unitqd were performing Level A Control functions.

Early in the }rogram, a functional hazard assessment (FHA) was performed 1o gstablish the

Also, early in the program, the aircraft was zoned for lightning attachments. Thg aircraft zones
show that th¢ possible lightning strike entry and exit locations that would exposg the FADEC
system to the highest levels of induced transients are a strike‘entering” the propeller on one wing
and “exiting”|the from the opposite wing tip.

The acceptance criteria for the FADEC system was ‘€stablished from the FHA.

The FADEC gystem engineer determined the pass/fail criteria for the FADEC to he that the FADEC
did not stop functioning correctly.

Minor anomdlies such as loss of BITE were acceptable because they would not have any affect on
the engine performance in flight.

A Certification Plan was prepated and sent to the FAA for review and approval. The main points in
the plan wereg:

a. The TCL$ and ETPLs applicable to the FADEC system were provided in tabular form.
b. Ability of the.EADEC system to tolerate the assigned ETDLs would be verifigd by equipment

and system-tests at assigned ETDLs two times higher than the ATLs in the RADEC to FADEC
wiring (i.e., the infra-engine wiring) and also the FADEC — Aircraft inferconnecting wiring.

c. The ATLs would be verified as not exceeding the ETDLs by an aircraft test applied using the
Low Level Swept Continuous Wave test with Fourier analysis to translate test results into the
equivalent time domain transient voltage (V) and current (Ig.) waveforms. (Alternately, a low
level pulse test could be performed on the aircraft to determine the time domain ATL voltages,
currents and waveforms in the system interconnecting wiring.
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7.5.2 Setting ETDLs and TCLs: The FADEC controls on these engines had previously been
qualification tested in the lab to lightning transients of 600 V. This qualification was done for
another manufacturer's aircraft certification. The test reports were reviewed to determine their
applicability to the new aircraft certification. The test set up, pass/fail criteria and test anomalies
were reviewed. After reviewing the test report for these tests, it was determined that these tests

7.5.3

could be use

d for certifying the new aircraft.

The aircraft manufacturer also had existing aircraft test data from a similar type aircraft that

showed they|

Since the FA
was 300V, it
aircraft.

Because this
ready until |
lightning ce
very close to

Aircraft Tests
to determine

The aircraft \
placing a she
aircraft throu
at the propel
propeller hul

The network
induced ope
swept from 1

The resulting

could expect around a 300 V fransients at the FADEC without any
DEC was qualified to a 600 V transient and the expected worst'cast
was decided not to add any wire shielding or additional stru¢tural g
was a major derivative, the first aircraft availabledor lightning tests

fication program. The actual worst case in flight transients would 1
the certification date.

. Late in the program, a full aircraft Loaw Level Swept Continuous W|
the worst case in flight transient onithe FADEC.

vas placed over a ground plane. The aircraft was isolated form the
et of 1 in thick dry plywood:under each set of tires. A network ana

er hub and the opposite wing tip was grounded to the ground plane
to opposite wing(tip'lightning attachment.

analyzer provided a current to drive the airframe and simultaneous
kHz ta-50 MHz.

data was a frequency domain response in V/A (i.e., Volts at the FA

wire shielding.

 in flight transient
rotection to the

would not be

e in the program. This meant that there wouldbe a certain amounf of risk in the

ot be known until

ave test was done

ground plane by
yzer drove the

gh an amplifier using the-ground plane as the current return. The aircraft was driven

This simulated a

y measured the

1 circuit voltage at the FADEC pins versus the drive current. The dijive current was

DEC pin versus

Amperes into the propeller hub). The test set up allowed real fime data reduction to get the time
domain transients.

The data was multiplied (in the frequency domain) by the known spectrum of a particular lightning
component (in this case current Component A). These lightning spectrums are in A/Hz, so the
resulting data is in V/Hz. By inverse Fourier transforming this, the result is the time domain voltage
transient the FADEC pin would see due to that particular lightning current Component.

As it turned out, the measured time domain transient at the FADEC pins due to lightning current
Component A was about 350 V. Since the FADEC was only qualified to 600 V, there would not be
a 6 dB margin.
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7.5.3 (Continued):

7.5.4

7.6 Example4 - S

After the certifi
stretch consist
wings. Thisin

A software chgd
determined thg
Therefore the

The main wire
and forward inside the fuselage fo the forward elecironics bay. Therefore, the only change in FADEC
wiring for the stretched model was the additional 5 ft of internal wiring in the forward fuselage plug.

Several methods of increasing the margin were investigated. First, the FADEC wiring outside the
fuselage could be shielded. The lightning test had shown that this wiring accounted for most of the
induced voltage. Second, the FADEC could be re-qualified to 700 V thereby increasing the margin
to 6 dB. And a final method was to add a metal foil layer to the fiberglass wing leading edge over
the FADEC wiring.

The last method was determined to be the most cost-effective solution. A 2-mil aluminum foil was

added to the
and the FAD
something tg

Certification:
the results of]
provided of r
Analysis Pla
Certification
the documer
analysis repq

and system functional upset standpoints, in accordance with approved Test/Ana

acceptable ¢

inside surface of the fiberglass wing Teading edge. ATighining re-ie
EC transient was found to be reduced to about 250 V. This met'the
spare.
Documentation provided to the certifying authorities (ie.“FAA, JA/
both TCL and ETDL verification activities. For the FClPverification,
bsults of full vehicle test or analyses conducted infaccordance with
is to verify that the ATLs are less than or equal t0 the TCLs presen
Plan that has been approved previously by therauthorities. For the
rts, demonstrating that the system tolerates the ETDLs from the dg
riteria set forth in the Certification_Plan.
ystem Test Levels Developed.from Similarity and Analysis:
cation of the original 30-passenger model, a stretched version was
bd of two 5 ft fuselage.plugs. One was added forward of the wings
creased the seating)capacity to 38.
nge in the FADEC increased the maximum thrust rating of the engi

priginakFADEC qualification test data was used.

rans for the FADEC went from the engine, up the strut, down the w

st was conducted
6-dB margin with

\) should include
reports should be
approved Test/
ed in the

ETDL verification,

tation should include damage tolerance apd system functional upsét test and/or

mage tolerance
ysis Plans and

introduced. The
and one aft of the

ne. An analysis

t software change had no effect on the HIRF/Lightning susceptibility of the FADEC.

ng leading edge

The coupling to the internal fuselage wiring was known to be minimal from the lightning ground test
on the earlier model. The internal fuselage coupling was no more than 10% of the coupling from the
external wiring on a per unit length basis.

An analysis was performed using the data from the earlier model ground test. The analysis showed
that the additional 5 ft of internal wiring added about 20 V to the induced transients. Therefore, the
maximum lightning transient this model would see in flight would be 270 V. This still met the 6-dB

requirement since the FADEC had been qualified to a 600 V transient.
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7.6 (Continued):

7.7

A certification report including the analysis and previous FADEC qualification test data was prepared
and sent to the FAA for approval.

Example 5-S

ystem Test Levels Developed from Generic Data Base:

An alternative method for the development of test levels for Level A display systems is also provided
for in ARP5413. This method uses the generic database provided in DO-160/ED-14, Section 22 for

wire bundle teg

In using this m
ARP5413.

This example \
with no bulkhe
are terminated

special shieldipg measures (i.e., composite glareshield with 16 embedded screen

used around th
The equipmen
metal fuselage
bulkheads and

For the wire bu
Level 4 would
bay. Level 4 p

For wire bund|
the cockpit to A
current carryin
equipment is ir
a default voltag
600 V.

i#

ethod an analysis is performed upon the installation using thé-guide

Ad between the radome and avionics bay, all shields*and current ¢
at cockpit and aft fuselage bulkheads and equipment connectors. 1

e doors etc.) but all shields are terminated at bulkheads and equip

area and all shields and current carrying conductors are terminate
at the equipment connectors.

ndles routed entirely within the nose area with no other wires comin
be applicable because of the’lack of a bulkhead between the radom

FT Fuselage Area or Cockpit to Vertical Tail, Level 3 would be appli
j conductorstare terminated at the bulkhead and equipment conne
stalled within the metal fuselage. Level 3 provides a Waveform 1 |
je of 300V and with Waveform 3 having a level of 120 A with a def

Fovides Waveform 1 levels of 1500 A with a default voltage of 750 V.

lines provided in

vill use the simple system provided in Figure 19. The system is insjalled in an aircraft

rrying conductors
'he cockpit has no
no EMI gaskets
ment connectors.

installed in the AFT Fuselage area, as<well as the Vertical Tail area are within the

J at various

y from other areas
e and the avionics

bs routed from the nose to the cockpit as well as those routed within the cockpit, from

cable because the
ctors and the

bvel of 600 A with
bult voltage of

For wire bundles routed from the AFT Fuselage Area o the Vertical Tail Area, Level 2 would be
applicable because the current carrying conductors are terminated at the bulkhead and the
equipment is mounted in a well shielded area. Level 2 provides a Waveform 1 level of 250 A/125 V
with Waveform 3 having a level of 50 A with a default voltage of 250 V.

The following table provides the test levels based upon the above example using the generic
database for the example system.

The margin between ETDLs and TCLs (or ATLs) utilized in these examples is inherent in the
selection of the levels from the generic data based upon the guidance given in ARP5413 and as
such no additional margin is required.
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7.7 (Continued):

The TCLs and ETDLs described in this example are based on the external environment component
A (i.e., 200 kA). This method allows for the single stroke as well as the multiple stroke testing.
Under this method the follow on pulses are defined as 1/4 amplitude of the initial pulse. If the testing
is to be accomplished separately (i.e., damage tolerance testing accomplished using only single
stroke testing and system upset testing accomplished using the multiple stroke/multiple burst
environment) then the first pulse for the multiple stroke environment would be based upon the “D”
waveform (100 kA) and the follow on pulses would be 1/2 amplitude of the initial multiple stoke pulse.

The transient levels associated with the Components D, D/2 and H external envirgnments are
fractions of thg component A related transients, as described in ARP5412. (As stafted above, the
component A related transients are employed for damage tolerance verification pyrposes and all of
the transient lgvels are employed for assessments of system functional Gpset purposes in the
multiple strokeland multiple burst modes, as defined in ARP5412. ,Specifically, the Component H
related transiepts are applied in the multiple burst mode and the{Component A (o Component D)
and D/2 relatedl transients are applied in the multiple stroke mode. The amplitudeps of the follow on
pulses in the multiple stroke mode are determined based upon the predominant cpupling
mechanism, also as described in ARP5412.

Table 16 showp the ETDLs (and embedded TCLs) test levels for the above example. These were
derived from the generic database that was considered applicable for the example system.
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TABLE 16 - Summary for Level A Display Functions Example

LRU | CONNECTORC1 | CONNECTORC2 | CONNECTORC1 | CONNECTOR C2
WAVEFORM 1 WAVEFORM 1 WAVEFORM 3 WAVEFORM 3

(V) (vn) (Vi) (V)

1 750/1500 750/1500 1500/300 1500/300

2 750/1500 750/1500 1500/300 1500/300

3 750/1500 N/A 1500/300 N/A

4 300/600 300/600 600/120 600/120

5 300/600 300/600 600/120 600/120

6 300/600 300/600 600/120 600/120

7 300/600 125/250 600/120 250/50

8 300/600 300/600 600/120 600/120
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NOSE AREA 655 / 1us
2ss / 1pl/ 3us
LRU1 . LRU2 LRU3
01[ = _](31 CZ|: 4ss / 1us :]C1
Cc2
[ 1
5357 1p17 15D
3ss/1pl
3ss/1sp
2ss/1sp
BULKHEAD
COCKPIT|AREA
| RU4 LRUS LRU¢
c1 [_ 158 —]m CZ{:_ 255 :|C1
C2 ] C2
[ ] [ 1
| 2ss
2ss
7ss / 3us 3ss/ 1us
5ss /2us 4ss/ 1us/ 1sp
BULUKHEAD
AFT FUSELAGE !_ VERTICAL
AREA I TAIL
& , &
1
LRU7 c2 l: e = 2ss/ 1sp —j c2 LRUS
[]
BULK
I HEAD
]
SYMBOL DESCRIPTION
ss Single Shielded Wire
Sp Shielded Fair
us Unshielded Wire
pl Power Line

FIGURE 19 - Example Avionics Installation
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7.7 (Continued):

8. MAINTENANCE

8.1

8.1.1

Since the Component H induced voltage transients are of short duration as compared with transit
times in typical wire harness, the associated currents are related to the induced voltages by the
characteristic impedance’s of the wire harnesses. These typically are in the 100 Q range, however
the relationship between Waveform 3 (i.e., traveling wave) voltages and currents in ARP5412 for
multiple burst test applications is implied as 25 Q, resulting in the ETDL assignment of 600 V/24 A.
(NOTE: The frequency of the applied Waveform 3 must be 5 MHz or higher for use in the Multiple

Burst application)

For some cassg
terminated to t
6, (see 4.4.2).

General:

The lightning n
maintained thr
detectable thrg
depends on th
with the systen

This chapter p
lightning prote
aircraft mainte

This chapter a
ensure that the
degradation. T
lightning prote

s, where a portion of the installation involves very short shielded.w
ne airframe, the waveform of the current in the shield can approach

SURVEILLANCE, REPAIR AND MODIFICATIONS:

bughout the life of the aircraft. Degradation of the lightning protecti
ugh scheduled maintenance. The scape and level of the maintenar
b detailed lightning protection desigi‘approach and the level of criti
ns addressed by the maintenance program.

rovides general guidelines:on how to define maintenance proceduré
tion features. In keeping-with the normal aircraft design and certifig

so provides guidelines on lightning protection assurance programs

definedprotection maintenance program adequately detects lightn
'he section describes the role of engineering validation, tests and s
ction.assurance program.

re bundles
current Waveform

haintenance program is developed to ensure 'that the designed lightning protection is

bn should be
ce program
cality associated

s for aircraft
ation process, the

nance program should address those features, which are required for the lightning
protection schéme of the aircraft and its systems.

developed to
ing protection
Lrveillance in the

Section 8.1.1 defines the general terms, which are used in the following sections related to
maintenance, repair and modification. Section 8.2 discusses how lightning protection requirements
may affect maintenance and repairs. Section 8.3 discusses maintenance for aircraft modifications.
Section 8.4 discusses the lightning protection assurance program. Section 8.5 describes test
techniques, which may be used for in-service maintenance.

General Definitions: Maintenance actions ensure the continued airworthiness of the aircraft and its

systems duri

ng in-service operation.

Maintenance is defined as those actions required for restoring or maintaining an item in
serviceable condition, including servicing, repair, modification, overhaul, inspection and
determination of condition.
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8.1.1 (Continued):

8.1.2

This definition of maintenance includes repairs and modifications, but it is useful to define these
terms separately, since they are derived differently.

Repair is defined as making an item serviceable by replacing or processing failed or damaged
parts. It typically consists of replacing a (damaged) item by another (undamaged) identical or
functionally equivalent item.

A Modificatid
effected thro
design chang

It is also use

Scheduled M
condition by

Unscheduleg
correcting a

Maintenanceg
discussed in
8.5.

Inspection D

General VisJ
installation, g
made under
droplight ang
platforms mg

n is defined as a change or alterafion o a part of the aircraft or its s
igh rework and/or installation or removal of an item. Typically, am
je that alters the original state of the aircraft or its systems.

aintenance is performed at defined intervals to retain an itemin a g
systematic inspection, adjustment, etc.

nown malfunction and/or defect.

tasks and procedures are defined by the aircraft maintenance prog
8.2. Maintenance associated with repairs and modifications is disc

efinition: Currently visual-inspection is accomplished at the followin

al (Surveillance) [nspection is a visual examination of an interior or
r assembly to,detect obvious damage, failure or irregularity. This le
hormally ayailable lighting conditions such as daylight, hangar light
may require removal or opening of access panels or doors. Stand
y be regquired to gain proximity to the area being checked.

ful to distinguish between scheduled and unscheduled maintenance.

ystems, which is
bdification is a

1)

erviceable

Maintenance is performed in order to restore an item to a satisfactory condition by

ram and are
ussed in 8.4 and

g levels.

exterior area,

el of inspection is
ng, flashlight or

s, ladders or

Detailed Insg

getion is an intensive visual examination of a specific structural are

a, system,

installation, or assembly to detect damage, Tailure, or irregularity. Available Tighiing is normally
supplemented with a direct source of good lighting at an intensity deemed appropriate by the
inspector. Inspection aids such as mirrors, magnifying lenses, etc. may be used. Surface cleaning
and elaborate access procedures may be required.

A Visual Check is an observation to determine that an item is fulfilling its intended purpose. It does
not require quantitative tolerances. This is a failure finding task.

A Functional Check is a quantitative check to determine if one or more functions of an item
performs within specified limits.
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8.1.2 (Continued):

8.2 Maintenance R

8.2.1

8.2.1.1

The word "inspect" is used to describe a task where it is judged whether the detail, component,
system, or area inspected is:

At the time of inspection, free from any observed defects likely to affect airworthiness.

Will remain serviceable until the next scheduled inspection of that detail, component, system,

a.
b.

or area.
c. Isinaco
Further guid

Developme

n
section of thI

requirementg
manuals.

General: Th
normal part ¢
developed by

Visual inspec
important to
methods not
hardness de
activities (e.g
adequate gu

hdition that requires a report or recording.
nce on inspection definitions can be obtained in the ATA Maintena

Document MSG-3. Inspection/check requirements can be found i
Instruction for Continued Airworthiness (ICA), as required by local

rocedures and Lightning Protection:

 initial aircraft maintenance programis defined by the aircraft man
f the aircraft design and certification’process. The maintenance pr
tion is the first and generally most important step in lightning maint
previously encountered by maintenance personnel. Because of th

., paint overspray, errors in re-assembly of connectors). It is impor
dance to allow detection of incorrect installations that could advers

lightning profection features.

Scheduled m

aintenance tasks should not be defined in order to protect against i

and repair.

, which usually consists of a Aircraft Maintenance” Manual and othe

the manufacturer together withrregulatory authorities and aircraft ¢

note that lightning protection design philosophies may employ conce

jradation can be_Unintentionally introduced during normal mainteng

nce Program

n the applicable
regulatory

r associated

Ufacturer as a
bgram is typically
pperators.

bnance. Itis

pts and protection
s, lightning

nce and repair
ant to provide

ely impact the

ncorrect assembly

Relationship Between Design And Maintenance: Maintenance requirements for aircraft lightning
protection should be defined as an integral part of the initial aircraft maintenance program and
adjusted as the program is developed in accordance with service experience. The procedures
can only be defined with a detailed knowledge of the design. The primary design features used to
ensure aircraft systems operate satisfactorily when exposed to a lightning environment involves
three complementary hardening features:

+ Aircraft structure - (aircraft skin and frame)
* Electrical wiring installation protection - (solid or braided shielding/ connectors)
» Equipment protection - (LRU case, electronics I/O protection)
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8.2.1.1 (Continued):

8.2.1.2

In theory effective protection could be achieved by either of the two design extremes:

a. large contribution to overall protection from conductive aircraft structure and extensive wiring
shielding, but with no specific protection of the electronic equipment, or

b. no specific protection provided by the aircraft structure and no specific shielding of the aircraft
wiring, but with extensive protection of the equipment and its interfaces.

In practice
combinatio
maintenan
architectur

typical designs will lie between these two extremes; the design“ch
n of both. The relative combination will have a direct impact{en the
ce procedures. The maintenance program will depend on the spec
b, aircraft structure design, system design and lightning:protection g

Increased

ime between maintenance checks may be achieved by redundant p|

bice is generally a
resultant
fic aircraft system
llocation.

rotection. System

architecturg, which results in system redundancy, contributes to overall lightning protection and

can reducq the impact of protection degradation. If sufficient redundancy can
then scheduled maintenance of lightning protective features may not be requir
degradation common to multiple levels of redundant protection, such as corrog
considered.

Further de

Developmé
by the aircl

* Applicable systems.

* lightning
Potential

» Maintengnce techniques which are applicable for these features.

The develqg

ils on maintenance of shieldingyand equipment protection is given

nt of Scheduled Maintenanee Procedures: The maintenance prog
aft manufacturer or maintenance board, should identify the followin

protection features and their locations.
failure modés-of these features and their effect on system operatio

pmentof scheduled maintenance procedures comprises two phase

be shown to exist
ed. However,
sion, should be

in 8.2.3 and 8.2.4.

am, established
g:

s; identification

and selecti

bA-of applicable tasks and determination of task intervals (periodicit

Y)-

1. Identification And Selection of Applicable Tasks

Once the lightning protection features have been identified for a particular installation or
system, applicable and effective maintenance tasks should be selected for that particular
installation or system. These tasks may be selected from the initial systems and powerplant,
structure and zonal maintenance programs. Table 17 gives some guidance to the
maintenance tasks that may be applied to certain types of electromagnetic protection
features.
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TABLE 17 - Applicable Maintenance Tasks for Lightning Protection Measures
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8.2.1.2 (Continued)

Visual inspection may suffice for the observation of deterioration of the protective feature,
dependent upon the design philosophy. Where assurance of the protective integrity
standards cannot be maintained adequately by such measures then specific testing may be
required. These techniques should make use of easy to apply quick-look portable devices,
which can be readily integrated into the normal maintenance operations.
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ant operating experience gained in the past with the same’or similaf
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ng leads fitted from structureto moving parts (e.g., doors, flap track
susceptible to damage than leads fitted between fixed structural pg
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8.2.2 (Continued):

8.2.3

The following are examples of items, which will typically need to be considered for inclusion in the

maintenance

program to ensure acceptable protection retention:

* Primary structure:

Electrical continuity between main parts, e.g., wing/fuselage, pylon/wing, fin/fuselage, tailplane/

fuselage, e

tc.

» Secondary

Electrical ¢
structure, 4

Degradation
normal part ¢
structure can
This can be
techniques (
bonding che

The items in

Where equip
standard of i
applied.

Maintenance
have clearly
overall wiring
protection th
developed a

structure:

pntinuity between secondary structure, if used as a shielding featur
.g., bonding of cowls, doors, access panels, etc.

or failure modes of structure, both metallic and nensmetallic, are as
f maintenance program development. The most significant degrad
have on lightning protection arises from a decrease or loss of elec
taused by corrosion, accidental damage, etc: Existing structural m
pbased primarily on visual inspections, sdpplemented as necessary !
tks) have proven to be effective at detecting such degradation.

Table 18 may need to be addressed during visual inspection.

ment racks, shelves and.deerways are designed to contribute to th
nstalled equipment or systems there should be appropriate inspecti

of Electrical Wiring Installation Protection: The design lightning an
dentified thésrelative contribution of each of the main items, which
protection:Since the aircraft wiring installation features contribute
s aspect:should be considered when the aircraft maintenance requ
nd should be adequately addressed in the aircraft maintenance mair

e and the primary

sessed as a
ation effect that
rical continuity.
hintenance

by electrical

b protection
bn procedures

alysis or test will
contribute to the
to the lightning
rements are
hual.

Electrical wir|

ng protection Is achieved mainly by shielding, shielding of bundles,

or individual wire

bundle shielding. An integral part of wiring shielding is termination of the shielding. Note that this
section addresses maintenance for wiring shields, which contribute to lightning protection.

The examples in Table 19 are typical of items that may need to be addressed during visual

inspection.
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TABLE 18 - Aircraft Structure Shielding

ITEM INSPECTION
Bonding Straps Check and/or inspect as necessary for:
¢ Damage,
¢ Chafing,

¢ Deformation,

s Security of attachment,

e Corrosion,

¢ Degradation due to electrical discharge.

Conductive Gaskets Check and/or inspect as necessary for:
+ Damage,
e Corrosion,
o Wear,
»  Water,

e Brittleness
» Hardening,
e Fluid contamination,

‘e Evidence ©f continuous contact between gpsket and
associated panel/enclosure.

Flame Sprayed Surfaces Check and/or inspect as necessary for:
¢ Damage,
e ““Erosion,

e Corrosion,
¢ Retaining screws in contact with surface.

Raceways Check and/or inspect as necessary for:
¢ Damage,
e Security of attachment and corrosion.

Finger Stock Check and/or inspect as necessary for:
e Damage,

o Deformation,
e Corrosion.
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TABLE 19 - Wiring Installation Protection

ITEM "INSPECTION
Wire Bundle Shielding Check and/or inspect as necessary for:
+ Damage,
e Chafing,
e Birdcaging,
o Wear,

e (Corrosion,
e Fluid contamination.

Bonding S{raps Check and/or inspect as necessary for:
o Damage,
¢ Chafing,

¢ Deformation,

¢ Security of attachment;

e Corrosion,

¢ Fluid contamination,

¢ Degradation due to electrical discharge.

Connector(Backshells Check-and/or inspect as necessary for:
¢ Damage;

e Security of attachment,
e Corrosion,

o ‘_Fluid contamination.

Wire Bund]e Shield Pigtails Check and/or inspect as necessary for:
¢ Damage,
¢ Chafing,

o Deformation,
¢ Corrosion,

o Wear,
¢ Security of attachment.

Finger Stock Check and/or inspect as necessary for:
o Damage,

s Deformation,
e Corrosion.
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8.3 Aircraft Modifia

8.2.4 Equipment Maintenance: Lightning protective features may be designed into equipment in such a

way to preclude meaningful in situ testing of the protective features. In a large percentage of these
cases, the failure of a protective feature in the equipment will result in a loss of function. In that
case, the protection feature will be restored to normal by the resulting maintenance action.
However, in some cases, the protective feature’s failure is latent and is not easily detected. In
those cases, the reliability of those features should be orders of magnitude greater than the
reliability of the equipment itself, which would result in a reasonable assurance that the protective
feature remains available for the life of the equipment. Other equipment protective features include

design architiecture, such as differential circuits. Tn those cases, no maintenanc

required to v

Normally, mg
the existing 3
testing. How
feature, durin
of lightning p|
functions, su
where the re
equipment a

During the des
overall lightnin
be compromist
areas of the ai
evaluated. Th
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Changes in wi
to ensure that
wiring should r
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erify the operation.

intenance of lightning protective features in equipment can'be accg
cope of maintenance activities for the equipment, witheut-specific
ever, the equipment manufacturer may require a specific test of a li
g equipment repair or maintenance, if they find that test necessary
rotection. This is most appropriate for equipment which supports h
ch as equipment in a Level A system, where the'lightning protection
iability of the lightning protection feature is,not significantly more re
5 a whole.

ation and Lightning Protection:

ign phase of a modification,~an assessment should be made of the
j protection of the aircraft;to’ensure that the overall electromagnetig
bd. In particular, those madifications and repairs that may introduce
rcraft's skin, or causeva decrease in the aircraft structural shielding,
s evaluation should)ensure that the structural shielding of equipmen
ised.

ing typeconnectors, bonding, shielding and LRU modifications shq
hey de-hot compromise the protection of Level A, B or C systems.

ot be{modified without re-assessing the impact on the protection th
methods used for assessing the protection levels should be accom

accordance wi

h current lightning cerfification requirements.

b activity is

mplished within
rotective device

ghtning protective

to preclude a loss
ghly critical
failure is latent, or
iable than the

impact on the

c hardness will not
discontinuities in
should be

t or wiring has not

buld be evaluated
The routing of the
at is already
plished in

Any modification should ensure that the segregation provided for wiring associated with systems of

differing critica

lity is not compromised by the modification.

Where modification is proposed which requires an interface to a Level A, B or C system, the
applicant should verify that the lightning protection of that system is not degraded or compromised.
Additional lightning protection measures may need to be introduced to support the certification of
such a modification. If the appropriate information is not available from the aircraft manufacturer or
OEM, additional lightning tests or analysis may be required to support the modification certification.
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8.4

8.4.1

Protection Assurance Program:

The maintenance program should be validated to ensure that the maintenance actions detect and
effectively restore lightning protection features that may degrade in service. The lightning protection
maintenance assurance program is a desirable element of the aircraft continuing airworthiness for
lightning protection. The protection assurance program should focus on the protection adequacy of
Level A systems.

The aircraft, erjgine and equipment Tighining protection features are typically desighed to be effective
over the life of {the aircraft or equipment. Laboratory environmental tests for vibration, humidity,
temperature and salt exposure are often conducted on protection elements{and equipment and
previous servige experience on other aircraft models or configurations is typically considered when
developing thel maintenance program.

craft or
at the lightning
gram may be

ratory environmental tests, previous service experience on other ai
and visual inspections have not always been adequate to assure th
be maintained. Therefore, a protection maintenance assurance prg
plidate the effectiveness of the defined maintenance program.

However, labo
configurations
protection will
necessary to v

In addition, the
effectiveness,
visual inspectig
shield bonding
measurement,

If a protection
the program is

Protection As
evaluation of]
airworthinesy
unscheduled
to detect und

but may look for indirect indications.that would represent degradatic
pns may look for connector corrosion that would indicate the potent

maintenance program activities may:not directly determine the ligh

resistance. But the shielding effectiveness itself can only be deter
which may be accomplished by the assurance program.

pssurance program.iswrequired then the following sections provide ¢
to be planned.

ssurance Program Goals: The protection assurance program is an
the protection maintenance program, which supports the instructio
. Thesntent of the protection assurance program is to validate the
maintenance actions, to confirm that the maintenance intervals arg

nticipated protection degradation that is not detected in the mainten

tning protection
n. For example,
al for increased
mined by direct

uidance on how

engineering

ns for continued
scheduled and
appropriate and
ance program.

Results from this program may be used to justify changes to the scheduled and unscheduled

maintenance

program.

Elements of the protection assurance program are described below.

Protection assurance plan. This plan describes the general approach for the aircraft lightning
protection, types of surveillance actions, the number of aircraft that will be under surveillance, the
time intervals between surveillance actions and the overall duration of the surveillance program.
The plan should include the expected acceptance or pass/fail criteria for the results of the
surveillance. The protection assurance plan should be prepared as part of the aircraft certification,
to validate compliance with the instructions for continued airworthiness.

-135-



https://saenorm.com/api/?name=227d3c1ae502928e2b36cdeed033f292

SAE ARP5415

8.4.1 (Continued):

8.4.2

Protection surveillance. The protection surveillance may include full aircraft lightning tests,
shielding effectiveness tests, resistance measurements, or connector or structure teardown. The
protection surveillance for avionics black boxes may include checks for filter effectiveness and

transient suppression performance.

Protection maintenance program modifications. The results and findings of the protection
surveillance should be reviewed and incorporated into the protection maintenance program.

These could[include changes to the maintenance intervals or changes to the ma

Scope of Sufveillance: The extent of the surveillance program depends en'the s
aircraft mainfienance program. A surveillance program is needed if the maintena
not directly determine the effectiveness of the lightning protection. Eof‘example
program may rely upon visual inspections to determine if wire shielding or racew
provide effeqtive protection. Then the surveillance program should include dired
on an agreed-upon set of protection features.

In contrast, if the maintenance program incorporates digect measurement of the
elements, th¢n the surveillance program may not be<required for these elementg
example is iflthe maintenance includes scheduled:or unscheduled shield and cg
resistance measurements, a surveillance program is not necessary for the shiel
protection effectiveness.

Full aircraft tests are a method to determihe the overall lightning protection effeg
aircraft testsjinclude low-level swept frequency tests, low current pulse tests, or
tests. The results of these tests can be directly compared to the original lightning
The disadvantage of full aircraft tests is that these tests do not provide informati
or extent of ipdividual protection element degradation. For example, a full aircra
indicate degnadation, but'could not determine that the cause is an individual con
termination. A further/disadvantage is that full aircraft tests require dedicated acq
generally at a specific-test site.

intenance actions.

scope of the

nce program does
the maintenance
ays continue to

t measurements

protection

. Again, an
nnector loop

i and connector

tiveness. Full
high current pulse
certification data.
bn on the location
ft test could
nector or shield
ess to the aircraft,

Detail bondirjg-resistance measurements are effective for determining changes {

0 connector

bonding resistance, panel bonding or bonding jumper performance. The disadvantage is that

additional evaluation is required to assess whether bonding resistance changes
lightning protection. Bonding resistance on certain components may have more
lightning protection than bonding resistance on other components. Also, traditio

resistance measurements are not effective for detecting wire shield degradation,

complex wire bundles with many branches and terminations. Bonding resistanc

are affecting the
effect on the
nal bonding
particularly for
e measurements

can often be performed during other aircraft maintenance activities and do not require that the

aircraft be located at a specific test site.
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8.4.2 (Continued):

8.4.3

Loop resistance or impedance measurements are effective for determining changes to the
protection afforded by wire bundle shields and connectors. The loop measurements are
particularly good for complex wire bundles. As with bonding resistance measurements, additional
evaluation is required to assess whether loop resistance or impedance changes have any real
effect on the lightning protection margin. Higher loop resistance on certain wire bundles may have
more effect on the lightning protection than high loop resistance on other wire bundles. Loop
resistance or impedance measurements can often be performed during other aircraft maintenance

activities and

Tear-down in
surveillance

surveillance,
maintenance

The selectio
shielding, ha
measuremer
and environn
covered by §
exposure, th

A separate s
equipment o
equipment th
Avionics, ele
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example, if th
functionality
program cou

Selection of

do not require that the aircraft be Tocated at a specific test site.

program. For example, disassembly of selected connectors<may bg
to detect corrosion or shield termination failure that would’not be vi
inspections.

of lightning protection features for surveillanceshould be based o
dware type, physical environment and lightning environment. Sulffi
ts should be made on Level A systems to include a significant sam
nent combinations. [f lightning protection.features for some Level A
urveillance on other Level A systems:with similar configuration, har|
bn surveillance may not be requiredor all Level A systems.

urveillance program may be.set up for individual avionics systems,
electronic engine controls.to assess lightning protection elements
at cannot be effectively ‘assessed by aircraft tests or equipment acc
ctrical equipment, eléctronic flight control, or engine control inspect
Db determine the effectiveness of the avionics lightning protection fe
e maintenance‘program for a specific item of avionics does not spe
pf lightning filters, based on an assumed reliability of the filters, thef
d include-tésts to validate the assumed reliability.

The selectio

Aircraft: The surveillance program typically uses selected aircraft, n

spections that are not part of the maintenance program maybe part of the

e part of the
sible during the

n the class of
cient

ble of all hardware
systems are
dware and

electrical

within the
teptance tests.
ons or tests may
htures. For

ify tests to assure
n the surveillance

ot the entire fleet.

ofithe aircraft for surveillance should consider high operating time

and high flight

cycle aircraft.” The operating environment should also be considered in selecfing aircraft for
surveillance. Use of aircraft that operate in extreme temperatures, corrosive environments like salt
spray, or harsh environments is recommended.

More than one aircraft should be used in the surveillance program. The number should be based
on the considerations above and should be agreed upon with the regulatory authorities. For
example, when dealing with aircraft models with expected fleet sizes that exceed 500 aircraft, an
initial sample size for surveillance of five to ten aircraft should be acceptable to the regulatory

authorities.

A separate surveillance program may be set up for individual avionics systems, electrical
equipment, electronic flight controls, or engine controls for lightning protection elements within the
equipment that cannot be effectively verified by aircraft tests.
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8.4.4 Frequency and Duration of Surveillance Program: The surveillance activities are normally
scheduled with heavy maintenance activities, such that an evaluation of in-service conditions is
possible. Surveillance typically requires access panel removal to gain access to lightning
protection features, which can be scheduled along with the heavy maintenance activities.
Surveillance activities scheduled every four to five years on the selected aircraft have been
acceptable to the regulatory authorities. The duration or the frequency may be amended based on
the results of the protection assurance program.

8.4.5

8.5

Allowable Lightning Protection Variations: The manufacturer should define the acceptable

lightning profection effectiveness tolerances that are due o production variation

aging. The't
features, by
monitoring th

tolerances can be detected.

In-Service Mai

This section ai
effectiveness d
discussed in th

system criticality and the architecture and allocationof the aircraft lightning protec

The first step i
cases visual in
dependent upd
adequately by

The test techn
a. DC resista

b. Low frequg
c. Equipment

plerances may be developed by analysis, tests with intentionally~de
margin tests, or other methods. The measurement techniqués‘and
e lightning protection effectiveness should be assessed tocensure t

htenance Test Techniques:

ms to provide general guidance on the methods, which may be use
f typical lightning protection measures, employed in aircraft. Availg
e following paragraphs. The tests selected should be appropriate f

N maintenance is almost always-visual inspection for damage and ¢
spection may suffice for the-abservation of deterioration of the prote
n the design philosophy.Where the protection integrity standards @
such simple measures then specific testing may be necessary.

ques, which may(be performed in an airline maintenance environm
Nce measurement

ncy loopsimpedance measurement
protection tests

5 and in-service
graded protection
accuracy for

hat these

1 to determine the
ble methods are
or the level of
tion.

orrosion. In many

bction feature,
annot be assured

ent, are:

The milliohm-n

néter is often used to measure the ground path resistance of grounc

ling straps or

bonding. This technique is Timited to the indication of only single path resistance values.

Low frequency loop impedance testing is a useful method complementary to DC bonding testing. A
visual inspection of wire bundle shields complemented by a low frequency loop impedance test gives
good confidence in the integrity of the shielding provisions.
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8.5 (Continued):

Low frequency loop impedance testing is a method developed to check that adequate bonding exists
between over braid (conduit) shields and structure. To achieve the shielding performance required it
often is necessary that both ends of a wire bundle shield are bonded to aircraft structure. In such
cases it is hard to check bonding integrity by the standard DC bonding test method. If the bond
between shield and structure at one end is degraded while the other one is still good, there is little
chance of finding this defect by performing DC bonding measurements. The remaining bond still
ensures a low resistance to ground but the current loop through the shield is interrupted causing

degradation o

shielding performance. The faulf, however, can be defected by pe

frequency loog impedance test.

The loop impe
determining th

jance test is performed by injecting a low frequency signakinto the
b voltage/current relationship that results.

Where dedicated lightning protective devices are used in electrical'and electronic

installed in the

Those tests co

tests may also

aircraft, the manufacturer may develop test techniques to check th

include temporary disconnecting the protection devices.

fforming a low

wire bundle and

equipment
bse devices.

uld include checking the functionality of filters\with impedance bridges, etc. These

PREPARED UNDER THE JURISDICTION OF
SAE COMMITTEE AE-2, LIGHTNING,
IN CONJUNCTION WITH EUROCAE WORKING GROUP 31
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APPENDIX A
FARS AND JARS RELATED TO LIGHTNING PROTECTION

The documents below include descriptions of the external lightning environment applicable to aerospace
vehicles and provide additional guidance.

NOTE:

A1 FARS/JARS PART 23:

A1

Whenever a reference document appears in this report, it carries the minimum
the reference document acceptable to meet the intended requirements. Later

revision level of
versions of the

reference Jocument are also acceptable but earlier versions are not accepiable. In all cases,

other documents shown to be equivalent to the referenced document are, also

FARs Part 23:
FAR 23.867 |Electrical bonding and protection against lightning and static electr
a. The airplane must be protected against catastrophie effects from lightning.

b. For metallic components, compliance with paragraph (a) of this section may

1. Bondjng the components properly to the airframe; or
2. Designing the components so that a-strike will not endanger the airplane

acceptable.

city.

be shown by:

c. For nonmetallic components, compliance with paragraph (a) of this section may be shown by:

1. Designing the components.to minimize the effects of a strike; or
2. Incorporating acceptableymeans of diverting the resulting electrical curre
endanger the airplane.

FAR 23.954 |Fuel System Lightning Protection.

The fuel system mdust be designed and arranged to prevent the ignition of fuel v
system by:

nt so as not to

bpor within the

a. Direct lightning strikes to areas having a high probability of stroke attachment;
b. Swept lightning strokes on areas where swept strokes are highly probable; and

c. Corona or streamering at fuel vent outlets.
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A.1.1 (Continued):
FAR 23.1309 Equipment, systems, and installations.

a. In showing compliance with this section with regard to the electrical power system and to
equipment design and installation, critical environmental and atmospheric conditions, including
radio frequency energy and the effects (both direct and indirect) of lightning strikes, must be
considered. For electrical generation, distribution, and utilization equipment required by or
used in complying with this chapter, the ability to provide continuous, safe service under
foreseeaple environmental condifions may be shown by environmental tesis] design analysis,
or reference to previous comparable service experience on other airplanes:

A.1.2 JARs Part 23:
JAR 23.867 |Electrical bonding and protection against lightning and-static electricity.
a. The aeroplane must be protected against catastrophic effects from lightning.

b. For metallic components, compliance with sub-paragraph (a) of this paragraph may be shown
by:

1. Bondjng the components properly to the @irframe; or
2. Designing the components so that a strike will not endanger the aeroplane.

c. For non-metallic components, compliance with sub-paragraph (a) of this pargagraph may be
shown by:

1. Designing the components.to minimize the effects of a strike; or
2. Incorporating acceptableymeans of diverting the resulting electrical current so as not to
endanger the aeroplane.

JAR 23.954 |Fuel System Lightning Protection.

The fuel system mdust be designed and arranged to prevent the ignition of fuel vapor within the
system by:

a. Direct lightning strikes to areas having a high probability of stroke attachment;
b. Swept lightning strokes on areas where swept strokes are highly probable; and
c. Corona or streamering at fuel vent outlets.
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A.1.2 (Continued):
JAR 23.1309

a.

Equipment, systems, and installations.

In showing compliance with this section with regard to the electrical power system and to

equipment design and installation, critical environmental and atmospheric conditions, including
radio frequency energy and the effects (both direct and indirect) of lightning strikes, must be
considered. For electrical generation, distribution, and utilization equipment required by or
used in complying with this chapter, the ability to provide continuous, safe service under

foreseeaple environmental conditions may be shown by environmental tests
or referemce to previous comparable service experience on other aeroplanes.

A.2 FARS/JARS P,
A.2.1 FARs Part 2%
FAR 25.581

a. The airpl

b. For meta

1. Bond
2. Desig

c. For nonmetallic components, compliance with paragraph (a) of this section

1. Desig
2. Incor
enda

FAR 25.1316

Jlic components, compliance with paragraph (a) of this section may

ART 25:
b
Lightning protection.

hne must be protected against catastrophie effects from lightning.

ng the components properly to the airframe; or
ning the components so that astrike will not endanger the airplane

ning the components.to minimize the effects of a strike; or
porating the acceptable means of diverting the resulting electrical ¢
nger the airplane.

System-lightning protection.

design analysis,

be shown by:

hay be shown by:

irrent so as not to

Id prevent the

safe flight and landing of the airplane, each electrical and electronic system that

a. For functlons whose failure would contribute to or cause a condition that wo
continue
peﬁorms%ummmmmwj

peration and

operational capabilities of the systems to perform these functions are not adversely affected
when the airplane is exposed to lightning.

For functions whose failure would contribute to or cause a condition that would reduce the

capability of the airplane or the ability of the flight crew to cope with adverse operating
conditions, each electrical and electronic system that performs these functions must be
designed and installed to ensure that these functions can be recovered in a timely manner after
the airplane is exposed to lightning.
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A.2.1 (Continued):

c. Compliance with the lightning protection criteria prescribed in paragraphs (a) and (b) of this
section must be shown for exposure to a severe lightning environment. The applicant must
design for and verify that aircraft electrical/electronic systems are protected against the effects
of lightning by:

PON=

Determining the lightning strike zones for the airplane;
Establishing the external lightning environment for the zones;

EstaT’r&hiﬁg—t-hermemal-ewweﬁmem;i
Identifying all the electrical and electronic systems that are subject to.thg requirements of

this s

pction, and their locations on or within the airplane;

5. Estahlishing the susceptibility of the systems to the internal and external

envir

bnment;

. Designing protection; and
7. \Verifying that the protection is adequate.

A.2.2 JARs Part 2%:

JAR 25.581

a. The aero|

Lightning protection.

plane must be protected against catastrophic effects from lightning

and ACJ25.581).

b. For meta
by:

1. Bond

2. Desig

c. For non-metallic components, compliance with sub-paragraph (a) of this par
shown by:

1. Desig

2. Incor
enda

Jlic components, compliance with sub-paragraph (a) of this paragra

ng the components-properly to the airframe; or

ningdhe components to minimize the effects of a strike; or

porating the acceptable means of diverting the resulting electrical ¢
hger the aeroplane

lightning

see JAR 25C899

bh may be shown

ning the components so that a strike will not endanger the aeroplane.

agraph may be

irrent so as not to
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A.2.2 (Continued):

JAR 25X899 Electrical bonding and protection against lightning and static electricity (see also ACJ

25X899).

The electrical bonding and protection against lightning and static electricity systems must be such

to:

a. Protect the aeroplane, including its systems and equipment, against the dangerous effects of

lightning
b. Prevent

c. Minimize

maintengnce personnel using normal precautions, from the electricity supply

system;

d. Provide 3
aeroplan

e. Reduce
electrical

JAR 25.954

The fuel system must be designed and arranged to prevent the ignition of fuel v

system (see

a. Directlig

b. Swept Iightning strokés:on areas where swept strokes are highly probable; g

c. Corona

JAR 25.1316

discharges;
angerous accumulation of electrostatic charge;

the risk of electrical shock to crew, passengers and setvi€ing persq

n adequate electrical return path under both nermal and fault cond
bs having earthed electrical systems;

D an acceptable level interference from these sources with the funct
y-powered or signaled services (seé’also JAR 25.1351(b)(4) and J

Fuel System Lightning Protection.

ACJ25.954 and ACJ25X899):
ntning strikes to\areas having a high probability of stroke attachmer
nd streamering at fuel vent outlets.

System lightning protection.

nnel and also to
and distribution

tions, on

oning of essential
AR 25.1431(c)).

apor within the

o

a. For funct

ons whose failure would confribute 1o or cause a condition that would prevent the

continued safe flight and landing of the aeroplane, each electrical and electronic system that
performs these functions must be designed and installed to ensure that the operation and
operational capabilities of the systems to perform these functions are not adversely affected

when the

aeroplane is exposed to lightning.

b. For functions whose failure would contribute to or cause a condition that would reduce the
capability of the aeroplane or the ability of the flight crew to cope with adverse operating
conditions, each electrical and electronic system that performs these functions must be
designed and installed to ensure that these functions can be recovered in a timely manner after
the aeroplane is exposed to lightning.
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A.2.2 (Continued):

A.3.1

1.

2.

3.

4.
this s
5. Estah
envir
. Desig
7. \erify
A.3 FARS/JARS P

FARs Part 27:

FAR 27.610

c. Compliance with the lightning protection criteria prescribed in sub-paragraphs (a) and (b) of this
paragraph must be shown for exposure to a severe lightning environment. The applicant must
design for and verify that aircraft electrical/electronic systems are protected against the effects
of lightning by:

a. The rotor

b. For meta

1. Elect
2. Desig

c. For nonmetallic compenents, compliance with paragraph (a) of this section

1. Desig

2. Incor

the rd

Determining the lightning strike zones for the aeroplane;
Establishing the external lightning environment for the zones;

EstaTi&hiﬁg—t-herFﬁemal-eH%rmeﬁ(;i
Identifying all the electrical and electronic systems that are subject to.thg

ection, and their locations on or within the aeroplane;

lishing the susceptibility of the systems to the internal and external
bnment;

ning protection; and

ing that the protection is adequate.

ART 27:
Lightning protection.
craft must be protected against.catastrophic effects from lightning.

Jlic components, compliance with paragraph (a) of this section may

ically bonding the eomponents properly to the airframe; or
ning the components so that a strike will not endanger the rotorcra

ning the'components to minimize the effects of a strike; or
borating-acceptable means of diverting the resulting electrical curre
torcraft.

FAR 27.954

requirements of

lightning

be shown by:

t.

hay be shown by:

ht to not endanger

Fuel System Lightning Protection.

The fuel system must be designed and arranged to prevent the ignition of fuel vapor within the

system by:

a. Direct lightning strikes to areas having a high probability of stroke attachment;
b. Swept lightning strokes on areas where swept strokes are highly probable; and
c. Corona and streamering at fuel vent outlets.
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A.3.1 (Continued):

FAR 27.1309 Equipment, systems, and installations.

a. In showing compliance with paragraph (a), (b), or (c) of this section, the effects of lightning
strikes on the rotorcraft must be considered in accordance with Section 27.610.

A3.2 JARs Part 27:

JAR 27.610 [Lightning protection.
a. The rotoricraft must be protected against catastrophic effects from lightning.

b. For metallic components, compliance with sub-paragraph (a) of this' paragra
by:

1. Electfically bonding the components properly to the airframe; or
2. Designing the components so that a strike will not endanger the rotorcra

c. For non-metallic components, compliance with subzparagraph (a) of this par
shown by:

1. Designing the components to minimize the effects of a strike; or
2. Incorporating acceptable means of diverting the resulting electrical curre
endapger the rotorcraft.

JAR 27.954 |Fuel System Lightning Rrotection.

The fuel system must be desighied and arranged to prevent the ignition of fuel v
system by:

a. Direct lightning strikes to areas having a high probability of stroke attachmer
b. Swept Iightning strokes on areas where swept strokes are highly probable; g
c. Corona gnd streamering at fuel vent outlets.

bh may be shown

t.
agraph may be

nt so as not to

ppor within the

JAR 27.1309—Equipment; systems, andinstattatons————————————————

a. In showing compliance with paragraph (a), (b), or (c) of this section, the effects of lightning
strikes on the rotorcraft must be considered in accordance with JAAR 27.610.
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A.4 FARS/JARS PART 29:
A4.1 FARs Part 29:
FAR 29.610 Lightning and static electricity protection.

a. The rotorcraft must be protected against catastrophic effects from lightning.

b. For metaflic components, compliance with paragraph (a) of this section mayJbe shown by:

1. Electfically bonding the components properly to the airframe; or
2. Designing the components so that a strike will not endanger the rotorcratt.

c. For nonmetallic components, compliance with paragraph (a) of this'section may be shown by:

1. Designing the components to minimize the effects of astrike; or
2. Incorporating acceptable means of diverting the resufting electrical current to not endanger
the rqtorcraft.

d. The elecfric bonding and protection against lightning and static electricity myst:

1. Mininpize the accumulation of electrostatic-charge;
2. Minimize the risk of electric shock to crew, passengers, and service and maintenance
persgnnel using normal precautions;
3. Provige an electrical return path, under both normal and static electricity jon the functioning
of essgential electrical and electronic equipment.
4. Reduce to an acceptable levelthe effects of lightning and static electricity|on the functioning
of essgential electronic equipment.

FAR 29.954 |Fuel System Lightning Protection.

The fuel system mustbe designed and arranged to prevent the ignition of fuel vapor within the
system by:

a. Direct lightning strikes to areas having a high probability of stroke attachment;
b. Swept lightning strokes on areas where swept strokes are highly probable; and
c. Corona and streamering at fuel vent outlets.

FAR 29.1309 Equipment, systems, and installations.

a. In showing compliance with paragraphs (a) and (b) of this section, the effects of lightning
strikes on the rotorcraft must be considered.
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A4.2 JARs Part 29:

JAR 29.610 Lightning and static electricity protection (see ACJ 29.610).
a. The rotorcraft structure must be protected against catastrophic effects from |

b. For metallic components, compliance with sub-paragraph (a) may be shown

1 Elect cioallh, handina tha caminAnAanta neanArhy t0 thin Alefrana - Ay

ightning.

by:

ooty OO Ty S SO P OTTOT IS PTrop oy o thcanm oo~ Ot

2. Designing the components so that a strike will not endanger the rotorcra
c. For non-fnetallic components, compliance with sub-paragraph (a) maybe sh

1. Designing the components to minimize the effects of a strike; or
2. Incorporating acceptable means of diverting the resulting electrical curre
the rqtorcraft.

ric bonding and protection against lightning and static electricity my

=
>.

ize the accumulation of electrostatic charge;

ize the risk of electric shock to crew, passengers and servicing pers
mainfenance personnel using normal precautions;

3. Provifle an electrical return path under hoth normal and fault conditions,
having earthed electrical systems;

4. Reduce to an acceptable level interference from lightning and static elec
functioning of essential electrically-powered or signaled services (see alg
29.1351(b)(4) and JAR 29.1431(a)).

JAR 29.954 [Fuel System Lightning Protection.

The fuel system must be,designed and arranged to prevent the ignition of fuel v
system by:

a. Direct lightning-strikes to areas having a high probability of stroke attachmern

t.

own by:

ht to not endanger

st be such as to:

onnel, and also to
on rotorcraft

ricity with the
o JAR

bpor within the

I

b. Swept lightning strokes on areas where swept strokes are highly probable; 2

c. Corona and streamering at fuel vent outlets.

JAR 29.1309 Equipment, systems, and installations.

a. Compliance with the requirements of sub-paragraph (b)(2) of this paragraph must be shown by
analysis and, where necessary, by appropriate ground, flight or simulator tests. The analysis

must consider:

Possible modes of failure, including malfunctions and damage from external sources;

1.

2. The probability of multiple failures and undetected failures;

3. The resulting effects on the rotorcraft and occupants, considering the sta
operating conditions; and

ge of flight and

4. The crew warning cues, corrective action required, and the capability of detecting faults.
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APPENDIX B
LIGHTNING TRANSIENT COUPLING

Determining the aircraft actual transient levels (ATLs) can involve analysis, tests, and data comparison in a
complementary fashion as illustrated in Figure B1. This appendix provides a discussion of coupling
mechanisms, analytic simulation (“Rapid/Virtual Prototyping” of aircraft EM configurations and lightning
protection) technology and results from test and analysis combinations. Actual measured lightning
transient amplitudes are also presented, based on the results of tests on three business jets.

LIGHTNING
ENVIRONMENT

DEVELOP

INITIAL
ANALYTIC
MODELS OF
AIRCRAFT
EM RESPONSE

ELECTROMAGNETIC
(EM) THEORY

MECHANISMS

DATA BASE OF AIRPLANE
ELECTROMAGNETIC
RESPONSE

¥

PERFORM VEHICLE LEVEL TESTS
o PULSE (DOUBLE EXPONENTIAL)
o SWEPT CW

MEASURE INTERNAL EM RESPONSE

o OPEN CIRCUIT CABLE VOLTAGE

o SHORT CIRCUIT CABLE CURRENT

0 VOLTAGE ACROSS INTERFACE
CIRCUITS

o CURRENT INTO INTERFACE
CIRCUITS

A

DETERMINE
Vog, Vig, Isc & hc
FOR THREAT
LEVEL LIGHTNING

v

CIRCUITS (Vic)

CIRCUITS (lic)

CALCULATE INTERNAL EM RESPONSE

o OPEN CIRCUIT CABLE VOLTAGE (Voc)
o SHORT CIRCUIT CABLE CURRENT (isc)
o WVOLTAGE ACROSS INTERFACE

0 CURRENT INTO INTERFACE

Ci

OMPARE Voc, Vic, Isc & lic

VALUES FROM ANALYTIC
MODEL DERIVATIONS AND

TEST MEASUREMENTS

!

REFINE ANALYTIC NO

MODELS AND/OR

TEST PHILOSOPHY

CONSISTENT

AIRCRAFT EM
RESPONSES
CHARACTERIZED

©

EXTRAPOLATED (IF NECESSARY)

o MEASUREMENTS FROM PULSE
TESTS

o FOURIER INVERSE TRANSFORMED
RESULTS OF MEASUREMENTS
FROM CW TESTS

FIGURE B1 - Analysis and Test Process

- 149 -



https://saenorm.com/api/?name=227d3c1ae502928e2b36cdeed033f292

SAE ARP5415

Testing of a complete aircraft containing complex, flight-safety electronics in various configurations can be
time consuming. An aircraft test carried out over an extended time is likely to investigate only a small
number of possible combinations of system modes and lightning attachment configurations. It is unusual
for a complete aircraft to be made available for many weeks of ground testing prior to production
certification. A more complete assessment can be accomplished using analysis for the effectiveness of
protection and resulting system immunity. An analytical approach can mitigate undesirable impacts on the
aircraft certification program.

In addition to allowin
testing. Two examp

g more comprehensive assessments than testing alone, analysis.can directly support
es of such direct support are:
+ Defining and seleqting the test methodologies

» Assessing the co
approximations m

pleteness and validity of the test results (i.e., assessing the impact|of the

de during testing).
The simulation of the propagation of lightning EM energy into electrical/electronic systern

ns is complex and
involves a detailed U

provide required exd
simulation in detail.
in the test setup can

nderstanding of the EM interactions involyed. The design of test a
itation of the aircraft is heavily dependent'on being able to analyze

Furthermore, a quantitative assessment of impact of the unavoidab

rangements to
the empiric

le approximations
fication should be

be achieved using detailed analyses: In general, airworthiness cert
achieved through a gombination of test and analysis:
Analytical methods 2
calculation of electrg

imed at the problem of pretecting the aircraft against lightning effect
magnetic field coupling te' aircraft wiring bundles and calculation of

S primarily involve
circuit responses.

Detailed analyses can identify problem areas of system installation and electrical design. The
measurement program during the airworthiness testing can be planned to concentrate on those areas.
High quality measurgment data-Can be obtained for these areas and used to validate thg analysis. If
validation is achievef, then many of the combinations of system modes and attachment gonfigurations can
be considered by analysis enly. In this way, a more thorough lightning protection certifi¢ation is achieved
as well as possible neduction in test time.

Until recently, full aircraft defailed modeling and analyses of induced currents and voltages in wiring
bundles, conduits, LRU cases, and various structural components was not feasible with any accuracy.
However, the development of three-dimensional computer codes which can be run on machines of
increasing speed and efficiency now has made such analyses viable. Furthermore, the trend towards the
extensive use of non-metallic airframe materials (lower shielding), coupled with the increasing reliance on
electronic (sensitive devices, etc.) systems for functions whose failure impacts safe aircraft operation, has
made the task of Level A system design for immunity to lightning effects very difficult and expensive to
accomplish. The level of confidence required in the modern aerospace industry for system installation
design, airframe design, and airworthiness certification cannot be easily accomplished without using
analytical methods. In general, errors in analysis are comparable to test errors. Efficient design
processes offload expensive testing with less expensive analysis.
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It is advisable that the process of validation of the analysis methods employed be confirmed by test as
soon as there is a complete airframe available with some systems installed. At every opportunity
throughout the development program, the design verification database can be expanded. This analysis
and test process identifies potential design weaknesses early in the development process. Corrective
measures can be taken immediately thereby making rectification more cost-effective and the body of
evidence to support certification can be developed. Testing of the final standard production aircraft should
be little more than a confirmatory check to ensure that there have been no significant changes between

prototype and produ

ction.

Detailed and high qu
development of mog
early assumptions W
deliberately designe

ere correct. In addition, the many features of the airframe<and sys
d to provide lightning protection must be investigated for their impa

protection performance.

Analytic EM simulati
systems and to dete
large state-of-the-arf
implementations of 4
tools appropriate an
been developed. Sg
PCs. Some are only
codes represent con
technology has evol
simulation technolog

The analytic simulat

on technology has been developed to predict electromagnetic coup
rmine the effects on system operation. The technology ranges in c
numerical simulations suitable for modeling ‘entire aircraft to more
pecific analytical models of lightning energy coupling. In addition,
0 useful in determining the circuit levelresponse to lightning-induce
me of these computer codes are suitable for use on microcomputers
practical for more powerful workstation or mainframe computers.
nmercial products and are available from the developer for a fee. D
ved to the point such thatpresently they are becoming excellent pla

Y.

on role is emerging) (empiric simulation is a well established practic

following is only a partial list of codes.that are available. Some design consulting comp

house codes and to

Three Dimensional

bls that are available as a part of their services, but are not included

[ime Domain Codes

ality analysis of the lightning protection has a significant role to playf in the design and
ern aircraft. However, testing will always be required in orderto ensure that the very

em which are not
ct on lightning

ling to electronic
pmplexity from
simple numerical
Circuit analysis

d transients have
5, such as desktop
Some of these
esktop PC

tforms for EM

e) and the
Bnies have in-
in this list.

This group of codes

represents the proven state-of-the-art in modeling entire complex

qircraft

electromagnetic features in three dimensions. All codes mentioned here solve Maxwell's equations
directly via a numerical algorithm that employs finite difference techniques spatially and temporally.
Models of aircraft may include both exterior and interior detail, accounting for both non-metallic

(composite, dielectric, plastic, etc.) and metallic materials.

Mathematically, these codes model the aircraft as a spatial mesh, equivalent to a lattice of nodes. Electric
fields, magnetic fields, and currents are computed anywhere within the mesh. This calculation is done for
each time step specified. Mesh size determines the fidelity of the results, and also strongly influences
computer run times and computing resources required. Small increases in model fidelity require
significant increases in both computation time and required computer memory.
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Examples of these codes are listed below:

« EMA3D: EMAZ3D is a full 3D solution of Maxwell's equations based on the time domain finite difference
method. It solves both the exterior and interior coupling problems simultaneously (self consistently) by

directly meshing the entire aircraft. As a result, EMA3D allows the user to analyze the response of an
aircraft to lightning, HIRF, or other EMC environments. It can also be used to perform antenna pattern
computations and intrasystem EMC. The computations are done in the time domain, and wide-band

frequency domain results are obtained by Fourier methods. Extensive post-processing facilities allow

the user to obtain

and others. Sourd
and others. EMA3J
Isotropic frequenc
included. An airc
situations. EMAS3I]
CAD system, such
available. The GU
of the meshing an
environment. Pos
plots, animations,

NT, and some sup
Applications, Inc.,

TSAR (Temporal S

tasks. A CAD module is used to generate theshape of the aircraft, both exterior and

module can imporf
from the CAD mog
obtained in three ¢
both in the exterio
apertures, seams,
dielectric, compos
available for a non
Livermore, Califor
suitable for use on

fts, fransfer functions, S-parameters, input impedances, complex in]
es include lightning currents, plane waves (e.g., HIRF), voltage'driy
D uses a thin wire formalism to model bulk wire harnesses anhd cab)

dependent materials, composite materials, and anisotropic-materi
nemistry algorithm can be used to model the breakdown of air, as 0
D has a Graphical User Interface (GUI) which can import IGES CAL
as CATIA, IDEAS, and others. Direct interfaces40ysome native C/
| also has an extensive solid modeling capability, and can also exp
i EMA3D problem definition and setup is donein the GUI in a user-
-processing results visualization can be dene in terms of 3D color in
zoom, rotations and simple x-y plots. EMAS3D is available in variou
brcomputer environments. EMA3D istavailable commercially from
Denver, Colorado.

cattering and Response): TSAR uses a suite of modules to accom

data from other CAD meodels with IGES form. A finite difference m
el and Maxwell's equations are solved directly in the time domain.

put/output power,
ers for antennas,
les in the aircraft.
als can be

ccurs in lightning
files from any

\D file formats are
brt IGES files. Al
friendly

nages and surface
5 UNIX, Windows
Electro Magnetic

plish its modeling
nterior. The CAD
esh is generated
Solutions are

imensions. Lighthing transients coupling in terms of fields and cur

work stations, minicomputers, mainframes, and supercomputers.

ents is obtained,

and interior. .Selutions account for penetrations through compositg structures,

and exposed:conductors. Solutions account for materials media that include

te, metallic;;and lossy. TSAR is a code that was developed by the government and is
ninal charge to qualified contractors from Lawrence Livermore Labdratories in
nia..Fhe code can be run on several operating systems (UNIX and VAX/VMS) and is

SAR is not

commercially supported.

TLM (Transmission Line Modeling): TLM implements a numerical technique which is used for predicting
electromagnetic fields, surface currents, and wire currents in a variety of problems. TLM models
structures with a network of transmission lines and makes use of the equivalence between this network
and Maxwell's equations. The solution of the network can be solved exactly, and gives a stable time-
stepping numerical routing. The frequency range appropriate to the technique depends on the spatial
separation used. At least six nodes/wavelength are required. Diakoptics is an extension of the TLM
method and allows a large structure to be broken down into smaller substructures with differing grid
sizes as required. The code is available from Kimberly Communication Consultants, Nottingham, U.K.
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Three-Dimensional Frequency Domain Codes

These codes implement the method-of-moments (MOM) algorithm for the solution to Maxwell's equations.
Rather than directly solving Maxwell's equations in the time domain, either a frequency domain electric
field integral equation (EFIE) form of Maxwell's equations, and/or a magnetic field integral equation (MFIE)
form is solved using the MOM algorithm. Complex aircraft structures are modeled either as a structure of
wires (in the case of the EFIE solution), as patches (in the case of the MFIE solution), or as a combination
of the two. Solutions are provided at specific frequencies. Dielectric materials are difficult to account for

with these codes.

codes do not have g GUI and no solid modeling capability.

* NEC (Numerical

Maxwell's equations in the frequency domain. It can be used to predict EM fields and
for a variety of proplems. The frequency range the technique covers depends on the
relative to the exci

required.) The co

Livermore Laboratpries, Livermore, California to qualified contractors. NEC is not cor

supported.

that is augmented

excessive MOM n
has been develops
AFB, NY to qualifi¢

Electrical/Electronic

« MHARNESS: MH
transmission line g
are obtained by Fd

consisting of multi

GEMACS (Generz
program comprise
element/difference

OM codes are generally only appropriate for modeling external cou

pling. These

lectromagnetic Code): This code implements the MOM technique fo the solution of

ation wavelength. (The smaller the wavelength, the*more model ¢
le was developed by the government and is available for a fee fron

| Electromagnetic Analysis of Complex Systems): GEMACS is a h
d of a MOM module, a geometrical\theory of diffraction (GTD) modt
module. Itis included in this category of codes, since it is often usq
by the GTD module in the higher frequency regimes to alleviate the
odel elements. The code.ean model three dimensional structures

bd by the government and’is available from Rome Air Development
pd U.S. companies intVAX and PC formats. GEMACS is not comm

System Installation Wiring Analysis

ARNESS-is\a time domain finite difference solution of the multi-con
quations, useful for both HIRF and lightning applications. Frequen
uriermethods with post processing utilities. It can model complex v
ble-conductors, multiple branches, and multiple shielding layers. It

surface currents
size of the model
bmponents
Lawrence
nmercially

ybrid analysis

le, and a finite

d as a MOM code
need for

vith apertures. It
Center, Rome
ercially supported.

Juctor

cy domain results
vire harnesses
can be used to

evaluate the effectiveness of various shield designs, connectors, and bonding impedances. It can be
used to determine core wire voltages/currents for lightning, HIRF, and signaling and crosstalk

applications.

It can also predict the EMI fields radiated from a harness. A GUI simplifies the creation of

MHARNESS models. It also has an interface with Mentor Graphics Logicable CAD software for wiring
tables. The interface format can be easily changed for other wiring list formats, also. MHARNESS is
available in UNIX or Windows NT environments. MHARNESS is available commercially from
Electromagnetic Magnetic Applications, Inc., Lakewood, Colorado.
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Circuit Analysis Codes

Numerous circuit analysis codes exist for taking lightning induced transients on wires and cables and
calculating their effects on a unit's electronic circuitry. Many of these codes are available commercially
and are suitable for the PC environment.

» SPICE (Simulation Program with Integrated Circuit Emphasis): SPICE was developed at the University
of California at Berkeley and released in 1972. It has become the dominant analog circuit simulator for

virtually every typd of elecfronics application. Though upgraded several times, the co

remained essenti
parameters.

IS_SPICE: IS_SH
operates in the PQ
graphics output an

XSPICE: XSPICH
available through

SPICE version 3C
XSPICE over SPI(
over 40 devices, in
state machines; ar
language. Systen
system and work g

lly unchanged. Semiconductor devices are modeled using Gummg

ICE is a commercial version of SPICE offered by Intuseft“San Ped
(386 or higher) or Macintosh environment and offers advanced fec
d post processing.

is a version of SPICE developed under contract to the United State
Seorgia Tech Research Corp. XSPICE isan‘enhanced and extend
1 and has both analog and digital simulation capabilities. The two ¢
LE are (1) The basic R, L, C, diode, and transistor library has been e
cluding summers, integrators, digital' gates, s-domain transfer func
d (2) a set of programming utilities allows model creation in the C
level simulation is possible with this program. The code is written f
tation platforms. XSPICE:is’not commercially supported.

RANSIENT COUPLING MECHANISMS AND WAVEFORMS:

ntning transient energy to aircraft systems and associated wiring car
rrent waveforms on the system wiring and circuits. The coupling af

and skins, wirg routing;sshielding characteristics, and circuit characteristics. Howg
coupling mechganisms’can be broken into simpler descriptions of the coupling.

end on many aircraft features such as structural materials, opening

B.1 LIGHTNING T
Coupling of lig
voltage and cu
waveforms de

B.1.1

Lightning Transient Coupling Mechanisms:

-

re algorithm has

I-Poon

o, California. It
tures including

s Air Force and is

cd version of
ndvancements of
xtended to include

ions, and digital
rogramming

or UNIX operating

result in complex
d resulting

Js in the structure
bver, the complex

A lightning strike to an aircraft will result in lightning currents that are conducted on the aircraft skin
and major structure. This external current will then produce voltage and current on wires inside the
aircraft. For example, coupling that results from current flowing past an opening or aperture in a
conducting cylinder is illustrated in Figure B2. These are typical responses for wires within a metal
aircraft fuselage that has door, window and access hatch openings. Using lightning current
Component A waveform, the resulting current and voltage on a wire within the cylinder are shown.
In Figure B3, the voltage and current waveforms for various wire, shield, and circuit impedance

arrangement:

s are shown.
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FIGURE B2 - Aperture Coupled Fields
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ALUMINUM

|
- 0’ .

ALUMINUM

SCREENED WIRE NEAR APERTURE

COMPOSITE/HYBRID

0’ o,

UNSCREENED WIRE IN COMPOSITE AIRFRAME

COMPOSITE/HYBRID

|

SCREENED WIRE IN COMPOSITE AIRFRAME

FIGURE B3 - Field Topology Effects on Coupling Mechanisms
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B.1.1 (Continued):

Figure B4 illustrates the coupling mechanisms for a single wire routed along conducting structure.
For the lightning transient current, |4 (current Component A), flowing through a conducting
structure, the wire, circuit loads and coupling can be represented by lumped-element networks in
Figures B4B and B4C. The transfer inductance, L5, represents coupling of magnetic fields from
the current in the structure into the loop formed by the wire and conducting structure. The
resistance, R4o, represents the resistance of the conducting structure below the wire.

1 e ==

STRUCTURE

R
Y ANR,
L22 4]»
2y C,,
5 1,
O _
AV ANA
Ly V,
l «
ly
b. Norton Equivalent Circuit
R,
A AR,

[T ]
N
5
$
3|
)

¢. Thevenin Equivalent Circuit

FIGURE B4 - Wire and Circuit Coupling Mechanisms
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B.1.1 (Continued):

During the early times in the lightning waveforms, such as current Component A waveform, the
voltage, V,, is mostly due to the magnetic coupling for wiring terminating in a high impedance. So
the voltage follows an amplitude/time curve proportional to the rate of change of the current
waveform. Hence, test Waveform 2 reasonably approximates this voltage. This voltage appears
as a source in series with the wire and structure loop, as illustrated in Figure B4C. Figure B4B is
the Norton equivalent circuit and Figure B4C is the Thevenin equivalent circuit.

For wires with both ends terminated in a Tow impedance, the magnetic field wou
n amplitude/time curve proportional to the magnetic field amplitude

current with
Waveform 1

Very often, t

conduit mou

multi-wire bu

conductive s
Figure B5B.

The current i
waveform in

reasonably approximates this current.

the structure; hence, the incorporation‘of test Waveform 1. Figure

model, assuming a current source, where 12 is trahsient Waveform 1.

For the wire,
This voltage

Where the ai
the same. F
can be repre
current in thq
impedances.

The circuit m
shield/structy

e wire is completely enclosed by a conducting shield. This could b
nted on the wing, through which the wire is routed. Orit could be anh outer shield of a
ndle. In either case, the configuration of a wire in{ayconductive shie
ructure would be as illustrated by Figure B5A, and the circuit mode

there is a voltage source V4.in the wire/structure loop, as illustrateg
s the same as that develeped across the shield resistance by the o

rframe is constructed\of conductive composite such as CFC, the cirg
gure B6A illustrates a single shielded wire routed within a section g
sented by Figure-B6B where |4 is the lightning current Component A\, and I3 is the
wire. As with:the previous examples, Z, and Zg represent the terminating

odel for the wire and shield is illustrated in Figure B6C. Here, the g
re-loop will have a much longer time to the peak, and an even longer time to decay to

d produce a
. Thus, test
e in the form of a

Id along a highly
| would be as

h the shield would have essentially the:Same waveform as the curr¢gnt Component A

B5C is a circuit

in Figure BSD.
urrent l,.

uit model remains
f structure. This

urrent |, in the

half-peak. T

his can be described as the current redistributing into the shield, an

is represented by

test Waveform 5. As before, this current in the resistance of the shield will create a voltage in the
wire/shield loop, as illustrated in Figure B6D.

Thus, as shown in Figures B4, B5 and B8, the lightning current Component A waveform occurring
at an attachment point can produce current Waveform 1 and voltage Waveform 4 sources. These
sources drive internal wire responses and can produce current and voltage waveform responses
ranging from Waveform 1 and 4 to responses having Waveform 5 or even longer waveforms. In
addition to the waveform/response to the magnetic field produced by the current Component A
waveform, voltage Waveform 2 can also be a response (see Figures B2, B3 and B4) to this

Waveform A

magnetic field.

- 158 -



https://saenorm.com/api/?name=227d3c1ae502928e2b36cdeed033f292

SAE ARP5415

a. Shielded Wire over Metal Structure
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Za\ 1 V, Ca T
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R
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71

Ca 7

< — SHIELD
Vs
‘LL

Ras

YTYTY Y
L3 WIRE
l ZA I C33 e
3

SHIELD Rys

«——
Vs

d. Thevenin Equivalent Circuit

FIGURE B5 - Wire in a Conductive Shield
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I Ve T N

R33
YTYTY Y
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Zy R A Ca T Zg
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SHIELD
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Iy

R33
WIRE
Cyu T Zg
SHIELD
¢. Norton Equivalent Circuit
R33
WIRE
Cyy T
SHIELD
VR ¥
<+—

d. Thevenin Equivalent Circuit

FIGURE B6 - Structure Section
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B.1.2

B.1.3

Forced Transient Response:

The electromagnetic processes and associated coupling mechanisms may be described by simple
algebraic relationships:

V=Rland g = LI

or ordinary differential equations having forms ranging in complexity from:

V = do/dt (Eq. B1)

to:

d’v dv d”l dl
Au-cF Tt AT AV = BWEW s+ Byt Bl (Eq. B2)

where:

= Cuirrent Component A

flagnetic flux produced by current waveferm
nterface voltage

nductance

Resistance

(apacitance

nd B are functions of L, R and.C

TOoOr<g
i
535 =

o o N

Test Waveforms 1, 2, 4 and 5 aretrepresentative solutions to these equations.
Oscillatory Transient Response:

There are typically diseontinuities in the aircraft structures, as well as impedancg¢ mismatch
between the [aircraft-and the lightning channel. These discontinuities and mismatches give rise to
reflections, and to«0scillating currents in the structure. These reflections result in a mixture of
damped sinusoidal responses with different frequencies. The damped sinusoidal waveform
responses c i i fatdi ial equations for
electromagnetic transmission lines. Each frequency is a function of the length of the section of
aircraft structure or wires. The lowest frequency is typically associated with the longest distance
between discontinuities. This is often the length of the current path on the aircraft between
lightning attachment points.

In addition to being driven by the lightning current waveforms conducted on the aircraft structure,
aircraft wires have their own natural resonance at frequencies associated with their lengths when
they are excited by the lightning waveforms. The wires and the adjacent conducting structure can
be represented as an electromagnetic transmission line.
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Transmission line segment

< dZ
0 O
Q) O
—  fE — [ + (dl/dyyd=>

Cdz T~

—< —>

!

V + (dV/dydz

Partial differential equation representation

A or
Y
or [l
az__Cat

FIGURE B7 - Fundamental Transmission Line Segment
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B.1.3 (Continued):

Figure B7 shows the fundamental transmission line segment and associated partial differential
equations. From the partial differential equation for voltage and current change along the
transmission line segments, the traveling wave solutions are developed.

2 2 2 2
0V - 1c&Y angZl = Lc) (Eq. B3)
0z ot 0z ot
V = Fy(t—J/LC z) + F,(t+ J/LC 2) (Eq. B4)
and:
| = Fi(t-+LCz) F,(t+JLC2) (Eq. B5)
ZO ZO
where:
7 = f (Eq. B6)
© C
As can be sgen, Z, is the ratio of voltage to current for a single traveling wave af any given point
and time alopg the transmission line. This traveling wave representation provides insight relative

to the role Z
responses re

Unlike forced
to the circuit
Waveform 3,

plays in providing a bound ‘en those interface currents that are dan
sulting from traveling waves’(see Figure B9).

response Waveforms 1, 2, 3, 4, and 5, a circuit representation for ¢
at either end of a‘system interface due, to travelling wave (natural)
could be simply:

L
N

l z Q }
+

nped sinusoid

bnergy application
response

L

Z

L
AN

where: V, is the natural response (traveling wave) voltage = F4 + F, , Z; is either Z, or Zg

FIGURE B8 - Natural Response Energy Application to an Interface Circuit
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B.1.4 Total Lightning Transient Response:

The total response induced by lightning current such as Waveform A is made up of the forced and
natural responses. The total lightning transient response is then the actual transient level (ATL).
The quantitative relationship between the lightning current and the corresponding total lightning
transient response induced in aircraft wiring can be expressed in either the frequency domain or

time domain.

A representdfion for energy application to an interface circuit (either and of a syg
interconnection) from a total response (contains the appropriate composite, ffom
Waveform 1,2, 4, and 5 forced responses and a significant Waveform 3 natural

be:

Vi

where:

Since Z, willlonly have a relatively small variation, when a significant natural res

Z L [
| 2, |

O

Vr =¥+
Vs\.# composite forced responses
Z_ =loop impedance

FIGURE\B9 - Total Response Energy Application to an Interface Ci

tem
the possible
response) could

rcuit

ponse is present,

Z, will provideatower bound om current (during the Waveform 3 transient, cturre

to go lower than V/Z;).

t will not be able
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B.1.4 (Continued):

When compared to the forced response, if the natural response does not occur or is insignificant,
the current representation for an interface circuit reduces to:

\"/ Zi

-

where Vi is composite forced response which could also€ontain waveform 3

FIGURE B10 - Forced Response (Only) Energy Application to an Interfage Circuit

A transfer fupction for the open circuit configuration,of a 1-m long wire above a ground plane is
shown in Figure B11. This transfer function inclddes the frequency range (below resonance)
where the regponse could be approximated by V = do This simpler equation would yield the
double exponential derivative (Waveform\2) open circuit voltage.

NORMALIZED VOUTAGE [V/(V/IM)]

1l L1l Lokl b1l i1l

FREQUENCY (Hz)

FIGURE B11 - Transfer Function - Open Circuit Configuration
of a 1-Meter Long Wire Above a Ground Plane
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B.1.4 (Continued):

A transfer function such as this would also represent the time domain ordinary differential equation
for the total response (natural and forced) to the lightning current which would have the form:

n 2
d V+...+Dld—V+DoV = Emd ! +Elcu+Eocﬂ (Eq. B7)

dt" dt dt” dt dt

where:

V = \oltage at any particular point
| = Cdirrent Component A
D and E are functions of L, Rand C

As can be sgen in the plots for solutions, shown in Figures 12 through 15, to the| differential
equation, thg damped sinusoid waveform response would be_the ‘natural responise seen in the
early time regponse, of the various solutions, where the forced response would bie seen at the later
time, following the damped sinusoid.

It is important to recognize that the differential equation for the total response ngeds to contain
additional teqms for fidelity, an upper limit of 6 for.a(order of the differential equation) should
provide suffigient granularity, of the response associated with the early time resopance. Except for
some relativgly simple electrical configurations, the D and E parameters are not|analytically
determined. |The quantitative response of-complex aircraft electrical and electrophic systems may
need to be determined through an iterative process employing numerical and eXperimental
methods.

Figures B12 through B16 show the early and late time response for a double exponential lightning
pulse electromagnetic field. (substantial aperture) coupled to a wire suspended gbove a ground
plane. Also pote that, fram*the transfer function of Figure B11, in which natural fesonant
frequencies ¢an be identified, it is evident that the voltage associated with an open circuit loop
could contain a significant traveling wave (Waveform 3 resonances) component |n its response. In
the plots of FiguresB12 through B16, amplitudes are normalized to Ly (referencg length) and time
is normalizeq to:

- (Eq. B8)
with:

[ﬂ 0.1, 0.01, 0.001, 0.0001; = =0.1, 1, 10, 100, 1000

L, = Wire lengths (L4, Lo, L3, L4) associated with the plots of Figures B9B through BO9E
Lr = Reference length giving _T_— =1

T, = % from the double exponehtial equation
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B.1.4 (Continued):

a < < f3 (lightning current component A)
B=6.5x10°
T,=15x10

T

T=3.

c=3

From the plo

L

c
14159265

x 10° m/s

 of Figure B12 G— =0.1,

L .
[B = ) it can be seen that the resporise t
L

R

exponential g¢xcitation is strongly oscillatory with more distortion relative to the s

other plots of

L
T 1 _..l:

Figures 12 through 16, due to higher modes, beingsomewhat more

b a double
nusoids of the

evident. The plot

of Figure B13 (T—r =1 0.1) still shows a strong oscillatory response. The plots of Figure B14
T - 10221107 Fiae T~ 100,58 = 107 - T _100d £t = 107

(TL = 10, i 10 j , Figure B15 (TL = 100, 0o 10 ) and.Figure B16 (TL = 1004, L. 10 j show

an oscillatory (early time) response on top of a double exponential derivative (lopger time)

response. T

As can be se
response (sg
short wire (F
sinusoid. Be
sinusoid app|
of Figure B1¢

Structural vo

gures B15 and B16), it could be easy to miss the "more" intense "e
cause of the time duration for the top plot of Figure B15, the early t
pars to be questignable 'hash'. Even for the relatively shorter time
b, the peak value (of the sinusoid) was not captured.

tage drop-(WWaveform 4) would be given by:

V = RI

where:

he double exponential response is pafticularly dominant in Figure B

en, the plots of Figures B14,B*5 and B16 include the later time po
me portion of time after the'sinusoid has damped out). Note, that f]

16 (top plot).

rtion of the

or the relatively
brly" time damped
me damped
Juration (top plot)

(Eq. B9)

V = Voltage between two points along the structure
| = Current Component A
R = Structure impedance (where structure impedance is dominated by resistance)
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-1.0-00

FIGURE B12

- Early Time Response of Electrically Very Long Wi

re

-5.0-02

FIGURE B13 - Early Time Response of Electrically Long Wire
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FIGURE B14 - Time History of Intermediate Length Wire
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FIGURE B15 - Time History of Electrically Short Wire
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FIGURE B16 - Time History of Electrically Very Short Wire
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B.1.4 (Continued):

In general, current (Waveforms 5A and 5B, for instance) and voltage responses in "buried" (several

layers of shielding, etc.) wiring could be given by:

(Eq. B10)

d"v dv d"l dl
AUF + ... +Ala +A0V = BWE\I + ...+ Bld_t + Bol
where:
| = Clllrrent Component A

V = Interface voltage
Aand|B are a function of L, Rand C

A transfer fupction for the short circuit configuration of a wire abeye-a ground pl3
Figure B17. [A transfer function such as this would also represent the simple alg

® =Ll

Where | is the current induced in the wire. This equation would yield the doubl
(Waveform 1) short circuit current.

aine is shown in
ebraic equation:

(Eq. B11)

b exponential

NORMAUIZED CURRENT [A/(V/M))

FEST| il el 2ol

FREQUENCY (Hz)

FIGURE B17 - Transfer Function - Short Circuit Configuration of a Wire Above

a Ground Plane
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B.2 EXAMPLE: Al

RCRAFT TIME DOMAIN FINITE DIFFERENCE MODELING:

This example illustrates a very cost-effective application of the time domain finite difference (TDFD)
method? for the lightning validation of a complex carbon fiber wing on a digital fly by wire aircraft.’
The basic problem with validating the wing was that the wing is a sealed geometry, and no probes
could be placed inside to make measurements. One could build an entire wing with imbedded
probes to make measurements, but this is extremely expensive. The approach which was taken was
to build a section of the wing with imbedded probes, perform a TDFD analysis of the section, perform

a lightning test
then the TDFD

The wing box

of the section, and then compare test and analysis resulis. Tfthey G
method would be applied to the entire wing. This is in fact whatw

igure B18) was 2.6 m long, 0.7 m wide and 0.1 m thick. The top 3

F
the side, the in(lernal spars and one of the ribs were made of CFC. One rib, four st

of the box werg¢

Top and botton
CFC spars: 2
Aluminum spa

CFC rib: 2 mn

The wing box i
as perfect con
was connected
numerical mod

During tests, ¢
Figure B19. Vi
Voltage and cu
skin materials
of current trans

b made of aluminum. Thicknesses were as follows:

n CFC skins: 6 mm
mm
T 2mm

hcluded a fuel pipe, fuel pipe bell and wire conduit, these being nun
fuctors. The insulated fuel pipe¢couplings were modeled as gaps.
to the box at both ends andin the middle with bonding straps, ass
el to be perfect conductors.

Lrrent was injected.into one end of the wing box, the test geometry
bltages and currents 'were measured at the points shown in Figures
rrent probes were built into the test object when it was made, the c
being measured by passing some of the skin material through Roggd
former.

lompare favorably,
hs done.

nd bottom skins,
ipes and the ends

nerically modeled
The wire conduit
umed in the

being as shown in
B20 and B21.
Lirrent density in
wski coils, a form

4. Rudolph, T. H., "Application of Finite Difference Techniques to Electromagnetic Scattering Problem," EMA-93-R-009, December 2, 1992.

5. Wahigren, Bo. |. and Rosen, Jonas W., "Finite Difference Analysis of External and Internal Lightning Response of the JAS39 CFC Wing,"
presented at the 1988 International Aerospace and Ground Conference on Lightning and Static Electricity, April 19-22, 1988, Oklahoma City,
Oklahoma.
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CFC RIB

METAL END RIBS
CFC SPARS

METAL STRIPS

METAL RIB

LOWER'CFC SKIN

FIGURE B18 - WingBox Analyzed With TDFD Technique
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FIGURE B19 - Setup for Tests on Wing Box
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FIGURE B20 - Locations Where Voltages Were Measured
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FIGURE B21 - Locatioins Where Currents Were Measured
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B.2 (Continued):
Test and analysis conditions: Analysis and tests were done for two different conditions:

TABLE B1

Low level test: 400 A peak
0.25 pysrise time
4 O o donars dion o
1.\ PD ucuay USR]

High level test: 200 kA peak

10 s rise time

150 ps decay time

The analysis was done with the TDFD techniques described earlier. The CFC surface and transfer
impedances wgre modeled by the approach described in 6 though modified somgwhat to conserve
computer time| The time and space resolution for the two'cases were:

TABLE B2

Low level: Ax=10cm
Ay = 4d'em
Az 225 cm
At =50 ps
Volume = 60,680 cells
Number of time steps = 60,000
Simulated time = 3 ps
Bandwidth = 700 MHz

T—hgh level: Ax=20cm

Ay=7cm

Az=4cm

At=100 ps

Volume = 17,600 cells
Number of time steps = 30,000

Simulated time = 30 ps
Bandwidth = 350 MHz

6. McKenna, P. M., Rudolph, T. H., and Perala, R. A., "A Time Domain Representation of Surface and Transfer Impedance Useful for Analysis of

Advanced Composite Aircraft," International Aerospace and Ground Conference on Lightning and Static Electricity, June 26-28, 1984, Orlando,
Florida.
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