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If the wind is known and the navigation and guidane logic of a parachute system leads it
close to the drop zone (DZ) for final approach, a @pd guidance and control scheme can
make it land a few yards from the IP. Yet when wind change and the system's flight
software is not robust enough, however fine the gdance and control part of the algorithm,
the airdrop error can become very large. Weather feecast agencies can give at best a good
evaluation of an average wind field in a given arefor a given period of time. Wind is seldom
stationary, and its fluctuations are such that twowind profiles measured 30 minutes apart
can show a difference of roughly 4 m/s over a heigspan of 1000 m (observed July 6, 2005
during a Precision Airdrop Capability Demonstration (PACD) in Biscarosse, FR). The direct
consequence is that even with the best forecast ®m and drop sondes used just prior to the
airdrop, Precision Air Delivery Systems (PADS) willface winds different from what was
used in the mission planing. Therefore a class ofadels was developed in ASTRAL software
that simulates accurately generic navigation logiovith simplified guidance and control
models. They are valid as long as the navigationd@ plans trajectories with few turns and
lots of straight branches, or smooth curves that &#w the system to make turns in almost
stabilised turn configurations. Therefore they canbe simulated with only speed and turn
rate performance data on the systems (1st order damics with 3 DoF, as opposed to the 2nd
order 6 DoF dynamics model also available in ASTRA], and are highly representative of
the main part of the descent, the homing? phase, drcan be correctly representative of some
final approach logic, except in cases where highlgynamic manoeuvres are implied (by
extension, those model cannot determine if a seltiged system is stable in turbulent wind
conditions). Assuming the system guidance is efféat, the ASTRAL models allow
simulating a mission plan with an “expected” wind brecast, then simulating an airdrop
mission with a “real” wind forecast, then verifing if the flight logic is robust to the wind
change. The major advantages and opportunities ohe numeric analysis are : the possibility
to choose planing as well as real wind profiles, vith is not possible in real-time airdrop
testing; a significant amount of forecast and sendewind data is available thanks to a
preceding work; the detail level chosen for the maoels (1st order) makes it easy to physically
interpret the simulation results, which facilitatesformal demonstrations to assess the PADS
ability to reach the DZ at the end of the flight, hinted by the pure numerical output, and for
some to assess the performance of the final apprdatogic. In a specific case, it was possible
to show a system was able to reach the Impact Poi(iP) in wind conditions so varied that
flight tests could have never covered them all. Itvas also possible for other systems to
demonstrate that forecast wind data were insufficiet and drop sondes were needed.
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Nomenclature

IP = intended point of impact
PI = actual point of impact
CARR, = Computed air release point

I. Introduction

Self guided and precision airdrop systems are base@ parachute system, a mission planing systein th
requires wind data, and automatic actuation devicasimprove the accuracy as compared to classlistic
airdrop. When using non-guided, immediate openigiesns, the parachute system experience the effegind
drift to the fullest extent, which means any aiglpmsition error, wind forecast error, or systenkgite variation
leads to loss of landing precision.

During the 90’, a 4 power long term technology pobjknown (LTTP) as Precision Airdrop Improvemepal)
was initiated to identify and conduct preparatonrikvfor future precision airdrop applications.

One of the most basic precision systems is the HAlr@rop system, for High Altitude Low Opening, tlzams
at increasing precision by minimising the time ekdent, thus limiting exposure to winds, while rteiiming an
impact speed comparable to the classic solutiompg®ning the main parachutes close to the ground.LFAP
needed figures to assess the concept’s potenmtidlinathe early 2000's ASTRAL proved to be convehisoftware
to generate both figures and illustrations. ASTRAtands for Analyse Statistique des Trajectoiresr pou
I’AéroLargage.

Early in 2005, PAlc, the continuation of the PApdwers LTTP, decided to focus on guided systemis thi¢
same techniques. The work to be done was twofatheging information about the statistical accuratwind
data used for airdrop applications, and modelliregtiehaviour of self guided systems at a level bistiple enough
not to need too much manufacturers’ data and edéd@nough to be representative of how wind chaaffest Self
Guided Systems, at navigatitevel. The second fold is the purpose of the curpaper.

For the purpose of this paper, navigation, guidamzkcontrol are defined as follow :

- Navigation is the highest level of trajectory magmgnt : it involves positioning and planning a sout

- Guidance is an intermediary trajectory managemermll: it consists in choosing an instantaneousction

to go or attitude to keep that will generate tlasitory trajectory back to the planned routeust keep the
system on route (“flight director”).

- Control is the law that defines command actionsxtecute the guidance objective (“autopilot”).

In the case of airliner automated flight managemetite “flight director” executes the guidance leaad
defines a bank and pitch to keep that lead to thened route defined in the navigation managemgstes. The
“autoplilot” stricto sensu keeps the prescribeduate. In the case of self guided airdrop systesitker attitudes or
heading or bearing can be used as guidance paramdépending on the system’s avionics equipmehtixes
inertial platforms, 1 axis heading reference oydaPS with no orientation data. The 3 trajectorynagement level
are often more difficult to differentiate in SGS@smpared to planes for multiple reasons : read-tirajectory re-
planning blurs the frontier between navigation @juidance, and guidance base on directions to geadsof
attitudes to keep blurs the frontier between gusdsand control.

II.  Simulation architecture, cases and models

A. ASTRAL architecture

ASTRAL is a software application allowing to defiagdrop systems models with the equation of meickaof
their successive phases of operation, and to linke to environmental data (atmosphere, terraid)sgatem data
(masses, drag areas, opening time) in an ergoniateitace.

The simulations are run with either deterministicrandom input data. The automatic running of haddr
simulations allows one to estimate the system’fopmiance when data is available about the probadiiations on
each parameter. In the current work, based ontigtgtal sample of forecast and measured windatiedysis is not
based on the random input data option but on détestic simulation ran with actual statistic windtd taken from
the PAIc database.
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Figure 1: ASTRAL graphic interface for model assemly. This assembly integrates the equations of motion
and the parachute inflation model defined in theeceguations module. Links with additional modulegather,
terrain, Guidance and Navigation Unit model) allome to build a full simulation.

B. Guided hemispherical parachute case

The guided hemispherical parachute model is basdteballistic characteristics of a G-12 parachodeled at
600 Kg, assuming it can be steered with a glidie Gft0.5 (this is hypothetical and not based oisting systems),
and the steering is directed to move the paradioutard a planned trajectory. The planned trajeci®tyased on a
wind forecast and built bottom-up from the planmexbact Point (IP). The instantaneous position ef sfistem is
compared to the planned position at the curreriudé, which gives a direction to drive toward thianned
trajectory. The steering is applied in that directiThe model does not simulate the transitory @hesween two
different steering commands, which is not significat navigation level. It happens only when theaplute crosses
or gets near to the planned trajectory, and thadhelesser effect when the guidance impact isnhre important.

The simulation is conducted in 3 runs. The first uses the forecast wind, provided by one of thecPations,
to generate the CARP and planned trajectory wittguidance. The second run uses the planned CARRand
actual wind profile measured at the time and plafcthe forecast. It does not have any guidanceodides a
reference for the guided case. The first run usesptanned trajectory and CARP, the actual windilprand the
navigation capability. Compared to the first twajéxctories, it shows how well a guided hemisphésgatem could

perform when using wing forecasts.
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Figure 2 : schematic of the guided G-12 guidance jprciple.
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C. High velocity, gliding system with two stages

The second system modelled is a fast load thataisesall parafoil for substantial wind penetratitven opens
a G-12 recovery parachute ~500 ft above ground.l#eetypical performance is a vertical velocitlyl® m/s (2000
ft/min) in standard conditions and a glide ratio2ofAt FL 240, this corresponds to about 15 m/sieally and 29
m/s horizontally (57 Kts). The navigation logic airat heading toward the vicinity of the IP withteaght ground
track, then orbiting around the IP until the reagvieeight is reached. The load then flies a fewosds toward the
IP and the G-12 opens. Its performance is interideallow nearly all weather operations (except tfeg usual
limitations on wind speed at ground level). Whea wind is too strong for the system to rule it€krahe guidance
rule was made to put the load headwind and thusmiza the drift. Its good glide ratio allows one é&pect a
significant horizontal stand-off capability, and kea it robust to wind.

Starting position

/
—

ﬁ B p

Figure 3 : Schematic of the gliding system’s navig@an plan.

D. Models
Both systems are based on two dynamically linkedet® One integrates the equations of flight, basegpeed
performance data. The other simulates the guidandenavigation logic.

Equations of flight model :

Input :

- atmospheric density (g/l) and wind w (3D vector) from the atmosphetata model

- heading h (degrees)

Parameters:

- sink rate and horizontal velocity (Mzand Vhe) at standard atmospheric conditiops=(1.225 g/l)

Speed computation:

- at any specific location, the atmospheric data rhgdesp (that decreases with altitude)

- with the local atmospheric density, the verticaldamorizontal true speed are updated with

V =Vref 1225 (1)
\ p

- wind is added to determine groundspeed
Output:
- speed is integrated and the output is a trajectory

Guidance and navigation logic for the guided hetésigzal parachute:
The actual position compared to the planned posiibcurrent altitude gives the heading input for flight
model

Guidance and navigation logic for the gliding phafthe high velocity system:

Input:

- current position

- current groundspeed

Parameters:

- IP coordinates

- radius R for the orbit phase

- decision height to rejoin the IP

A mobile target is generated to determine is thetesy should steer right or left if above the recpveeight.
“Mobile target” means a geometric construction basm where the system is and its theoretical track
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(navigation plan as defined in this paper) thadvedl to determine the instantaneous optimal directiosteer
(guidance as defined in this paper). If below, tHrget is the IP. If the system is slower thanwfired, it can be
unable to achieve the prescribed groundtrack. imdhse, the guidance model is set to face the atmtthus
minimise its effect.

Output:

- aturn rate right or left that allows to update tieading for the flight model.

Current groundspeed

Current position

Figure 4 : Schematic of the guidance logic for thgliding system.If the distance to IP equals the orbit radius
R, the direction to go will be tangent to the odiitle. If the distance is different, the directith go converges
to the circle’s tangent.

The orbit radius R is set to at least twice the t@dius at which the system is designed to opefatdong as
the system is faster than the wind and the airaselepoint is close enough, the described guidangie |
generates the required flight pattern. The guiddagi to aim at a mobile target is easier to nrastan the
guidance logic to follow a prescribed path, sinbe tinderlying mathematical model has only 1 degrfee
freedom (a direction to keep) instead of 2 (a dioecand a cross track distance to keep): 2 DoFalspdvhen
badly parameterised, can have a built-in oscillateehaviour that can interfere with the system’snoyaw
oscillations.

[ll.  Simulation results for the guided G-12

A. Purpose

The purpose of this series of simulations is tdweate the capability of a G-12 based precisionrapdystem to
operate with only wind forecast data. The wind degad to run the simulation were collected in 2693he PAlc
nations, both to serve as a statistical sampleird @wata and to develop a wind profile comparisathad.

B. Wind forecast precision data

The precision of wind forecast is hardly easy af irsairdrop application when expressed in termgebdcity
and direction. Indeed, a big change in directionafdow velocity may bring a minimal change in trih small
change of direction for a strong wind may causégachange in drift. Therefore, when analysing thiedixforecast
accuracy for airdrop applications, PAlc often rejergts wind profiles with Cartesian coordinates t(easl north
component, the directions the wind blows TO). Advof force 2 m/s and direction 150° blows FROMthaand
east, TO north and west, its Cartesian componeateast -1 m/s and north +1.7 m/s. The drift efpordifference
between drift as caused by the measured wind afichdrexpected from the wind forecast) can alsarfysed in
east and north components, with a simple intedrti@wind profiles. PAlc chose to sample wind daydayers of
100 m, and the expression of the standard driir ésr:

Derr,(2) = r]:ZZ%‘O(QIVSG}(Za) —er(za))xl—oow/LZa; )

n=1 Vs \ 1.22

Derry(z) is the Drift error, east component, for an mat height z

n is the count of 100 m layers between ground lamdlheight z

Ws and Wf are the wind profiles, sensed and foteeastands for east components.
Za is the average height of the atmosphere lay&00+50)

Vs is a reference calibrated sing rate chosen gqu&am/s
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p is the atmospheric density of the standard OACbaphere at height Za.
The same process is applied to north components.
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Figure 5 : an example of statistics on drift errorprofiles. This data is representative of the french civilian
weather agency forecast in France. The averageatrir is smaller enough than the standard dewiafor the
sample used to be representative. The red cundgs res follows: for airdrop at 2000 m (circle majkavith a
parachute loaded so as to fall at 6 m/s at sed kaeestandard drift error is 400 m on the northith axis. With the
hypothesis of a gaussian distribution, this mea% @robability to fall closer than 400 m north outh of the IP.

A factor 2 is needed to reach a 95 % probability arfiactor 2.6 (1040 m) to reach a 99 % probability

The drift error expression raises two other diffies related to wind profiles, be they Cartesiapalar :

First, a wind forecast error may have oppositectimas at different altitudes. When a parachutdrépped in
such conditions, wind forecast errors at a givditudle can be compensated at a lower altitude. sfatistical
analysis is made on wind profiles, the informattout error direction change with altitude is lastl the effect on
drift can not be determined. The drift error funatincludes the effect of error direction (the sadrws-Wf and the
integral form) and statistics on drift error arertuseful for airdrop applications.

Moreover, a parachute does not have a constanbfréda# with altitude: the effect of wind forecastrors at high
altitude are therefore a little attenuated by higtiek rates, related to the decrease in atmospHterisity.

The reference sink rate of 6 m/s was chosen asa lgase value, making conversions easy for vadtasses of
systems. For example, for the slower gliding systémown (with sink rates of 3 or 4 m/s), the deiftor shall be
multiplied by 2 and 1.5 respectively. For a Corgaibelivery System (CDS), falling closer to 9 nismove one
third. For a HVCDS, divide by three. For a HALOyidie by up to ten.

These statistics are used to know the likelinessagrtain amount of forecast error, in terms df.dr

C. Example simulation cases

In a first case where the biggest forecast errppéias 3,500 m above ground level, the system provies able
to enhance precision: without control, the impaotig be more than 3 Km away from the IP. Guidarikmva the
system to land within 200 m of the IP.
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Figure 6 : Wind data used in a simulation and simwdtion result. The greatest local wind forecast errors are
marked with arrows on the left graph. The first asgtond encounters of errors greater than the rsigste
compensation capability cause the system to ldevelanned trajectory (arrows on the right graph).

In a first case where the biggest forecast errppéias 3,500 m above ground level, the system ptovies able
to enhance precision: without control, the impaotuid be more than 3 Km away from the IP. Guidarikzeva the
system to land within 200 m of the IP.

In a second case, the biggest forecast error haperbe close to ground level. In such a cases tre system
leaves the planned trajectory, there is no podsitid subsequently return to it. This case wasetasn a wind
forecast generated by a foreign forecast systera fegion in France influenced by the local geolgyapountains
in the south of France and a valley that goes flmmlouse to the Mediterranean cause a local inerefisvind at
ground level 2 days out of 3. The foreign agen@bpbly did not use a fine enough numerical terragdel or a
boundary condition to its weather simulation; tlaens result would be expected for any nation thas usugh
terrain data for areas outside their own territdhg wind forecast is the worst close to grouncellewhere it is
more difficult to handle.
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Figure 7: Wind data used in a simulation and simul@ion result. The greatest local wind forecast errors are
marked with arrows on the left graph. The greaf@scast error happens close to the ground, sotlieasystem
cannot compensate it.

D. Performance analysis
Cases with a large range of unguided drift errarevtested to estimate the correction capabilitthefsteered G-
12. If the drift error due to the forecast qualgyower than 2,000 m, the system is able to corsgien
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Figure 8: guided system precision vs. unguided sysh precision for a G-12 model for airdrop at 7,000n.

For unguided impact errors greater than 3,000 mgthided system could fail by more than 500 m. {siata
such as presented in figure 5, French civiliandasts in France with a 6 hours term would allowrogk precision
with a probability of 85 %. This kind of analysisrdonstrates that precision airdrop with a guideti2ZGarachute
based on wind forecasts is successful only witbpaquality weather forecast system. Since few natltave so far
the ability to check their forecasts’ precisionany area of the world, and it can hardly be expktiebe better than
the forecast they make for they own territory, tise of drop sondes is for most users the only meansake the
concept effective.

IV. Simulation results for the fast gliding system

A. Purpose

The analysis purpose is to check the capabilitthefsystem to operate without wind forecast anduats its
precision if the final turn toward the IP is notagtked to the encountered wind. The goal of theegystesign is to
allow a 100% accurate airdrop with 0% mission piagnlt shall allow vertical airdrop with no moreformation
than the wind at flight level obtained with the q&s navigation data and a wind at ground level gatible with
the G-12 final stage.

B. Wind sample

To determine the « vertical airdrop » capabilitye strongest profile was chosen, valid for March ZW5 at
0900 UTC. With 10 m/s at ground level, 15 m/s & &Ad 3,000 m, 23 m/s at 5000 m and 52 m/s at H200is as
strong a wind as can be expected that allows a @-lghd (10 m/s at ground level). Two simulati@ans presented
here, the first for an airdrop facing north, thea®l for an airdrop facing east.

7000

60001

5000
o ,-' —— Wind profile used in
E 4000 H : simulation, east component
J;:'D - - - -Average wind in Toulouse
S 3000
T —— Standard deviation

K —— Standard deviation
Velocity (m/s)
-20 -10 0 10 20 30 40 50

Figure 9 : East component of the wind profile used to chdwk \tertical airdrop capability for a fast gliding
system.
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In France, such winds happen no more than a few dasear (except for actual storms, when airdr@gmisvay
impossible). The north component is about halfest component (wind blows from direction 300°).

C. Vertical airdrop simulation result
In the initial part of the descent, the system daitee wind with a heading 300°, and yet was untbland close
to the DZ. Below 5000 m, the wind decreases, aligvthe system to start rallying its waiting pattern

3. Headwind, S
backward

1. Forward descent

travel
distance

5. Orbit and
landing

The Air releas~ »

7000 —

600.0

Airdrop
facing north

500.0 4
400.0 o

3000 4

Airdrop
facing east

200.0 4

100.0 4

(IR T .
T T T T T
oo a0.0 100.0 140.0 200.0

Figure 11 : Trajectory of the fast gliding systemgast component (seen from south)¥hen facing east, the
exit time and forward travel in the wind’s diregticause the system to drift further away from tAgrharked in
blue).

The concept of fast gliding systems is adaptedvéotical airdrop with the strongest wind profilecoeded by
PAI, with a glide ratio of 2 and a sink rate ofhls at sea level.
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C. Stand-off capability assessment

The modeled design was aimed at a vertical airdegability, yet it may still have some horizonttdral-off
capability. Two drawbacks were identified in thadgunce and navigation logic. First and obvious, teadwind
waiting phase against strong winds does not allo@ to make the best use of the gliding capabilitythie
downwind direction. Second and less evident, tlgclés based on navigation with a direct groundakrarhis
implies that when the system encounters winds ofing cross-track velocity, it has to use a varyitgft
correction angle over the descent to maintain ectlirack. As a result, it cannot use its maximdidirgy potential
that can only be achieved with a constant heading.

ballistic point of impact (purple) is the centretbé maximum gliding distance circle.

4 IP were tested (orange points) to check how naiigts maximum gliding capability the system car.ushe
actual Pl are green. The worst performance happees the Pl is downwind, as was expected (easkeantl PI).
Nevertheless, even with the time passed facingvthd at high altitudes, the system is able to gBdé€m out of a
maximum 14, and to cover a ground distance of 20démnwind.

V. Perspectives

The continued use of such models and the acquisiti@dditional forecast and measured wind dathaddw
airdrop engineers to check the limits of use of ¥BS concepts in terms of trajectory correctionabéjty,
maximum sustainable wind or horizontal offset calggibThese limits are closely related to eachiovd@s weather
forecast ability. For that reason, government sefficiency to conduct these evaluations helpsrtiget general
information related to general defense capabilit®ach analyses are accessible only through siiomjavhere it is
possible to control the atmospheric condition ingwen the most extensive testing program wouldguatrantee
that the system’s domain of use is fully invesighatThe result is an improved confidence in thézootal margin
used for the CARP. The major advantage of the niugldével of detail chosen is that it requires oslyeed
performance data and high level information abdwe havigation logic, not detailed guidance and robnt
information that industry may want to protect omdynic 6 DoF flight models that are seldom availafileus
evaluation teams can be self sufficient in thealgsis.

A 6 DoF dynamic flight model also exists in ASTRALt does not give a specific evaluation capabiliigt
industry testing or simulation would not fully piide.
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