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The Affordable Gulded Alrdrop System (AGAS) is bemg evaluated asa low-cost alternatlve for meetmg the :
L mllltary’s requlrements for precision alrdrop Deésigned to bridge the gap between relatively expensive high-glide .
ratio parafoil systems and uncontrolled ballistic parachutes, the AGAS concept offers the benefits of high- altitude - =)
S _parachute releases as: well as the potentlal for hlghly accurate point-of-use dellvery of material. The design goal . &
Lo of the AGAS development is to provnde a gmdance, navigation, and control systetn that can be- placed in line WIth' i
ke €4argo parachute systems; for- exampie e (-12 flat-cireular parachute, asid standard. delivery: containers (A-22) " ;. -
jor 'WIt!mut modlfymg thesé fielded syst he AGAS s required to provide an accuracy of 328 ft (109 m), circnlar’ -
error probable (CEP), w1th a; de51red goal of: 164 ft {50 m) CEP. The feasibility of this concept was, mvestlgated s
: _through modeling and s1mulatlon A three-degree-of~freedom (3DOF)-point mass flight dynamlcs todel, sensor... -
: 3'-.models of a commercnal global posttlonmg system ‘(GPS) receiver and: magnetic. compass, and-a. model of the
~dontrol and- actuator system were meorporated into’a Monte Carlo simulation tool.. A- bang—bang controller was. ;- -
i lmplemented with traj jectory trackmg algorlthms usmg position and heading: mformatlon Flight testing, using a7 =
% radm-contro!ied scaléd: prototype, prowded parachute dynamic and control responsé data to support the modeling
efforts The study demonstrated that this coneepthas the potential to provide control of previously unguided round -
et péu-achutes fo accgracies of approx:mately 2101t (64 m) CEP. The program is now continuing inio the next phase -
Lot mclude the development ofa full-scale prototype system for payloads up to 2209 I (1000 kg) B
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Introduction .

Y HE U.S. Air Force Science Advisory board report titled “New

ol .

- World Vistas, Air and Space Power for the 21st. Centuty

identified a critical need to improve the‘accuracy of airdrop of ma- k
terial. ‘As a tesult-of this study, a U.8. Army and U.S: Air Force - */,
team was formed to'study precision airdrop, This team formulated ..
the New World Vista, Precision Air Delivéry program that seeks to -

demonstrate improved high-altitade cargo air delivery with a goal
of achieving accuracies less than 164 ft (50 m) circular error prob-

able (CEP). The program is investing iri three areas: 1} irproved " '
wind estimation integrating mesoscale modeling with field wind -

measurements, 2) automated computed aerial release point (CARP)

calculations using enhanced modeling-of unguided parachutes, and.:

3Y-advanced decelerators.:

T date, significant emphisis in the developmentof advanced de- *- -
celerators has been placed on large-scale parafoil ‘systems: These .-
Systems provide thie accuracy required with delivery from hi ghalti-

tude and large offset distances, The drawback s relatively high cost

* for.each pound of. payload delivéred, Alternate ‘approaches were -

required to reduce system cost. The low-cost concept of the Afford-

able Guided Airdrop System? (AGAS) is considered in. this paper -

This study encompassed modeling and simulation efforts to-assess

dyiamic tesponse of & flaf-circular parachote; to-design: ghidance:
and control techhiques; and to ‘evaluate: the feasibility of the AGAS- .

coricept: -

gas Coneept

. Th design goal of the AGAS development is to provide a guid-
ance, navigation, and control (GNC) system that can be placed in"...

line with existiing fielded cargo parachuie systems (G-12) and stan-
dard delivery containers (A=22); The ‘system.is required to provide
anaccuracy of 328 £t (100'm) CEP, with a design goal of 164 ft (501)
. CEP. The system should not require any changes 1o the parachute
" orcargosystem.. . o s
. The current design coricept includes implementation of a comi-

mercial global positioning system (GPS) receiver-and a magpetic .- . . Y= No s T oLy 2 AHCCL Wik LIRS
P e ST - this system. PMAs have been knowi; in concept, since al keast 1940 .

compass a8 the Havigation®sensors, a guidance ‘computer fo. deter-

mine and.activate the desired control input;-and the application: of. < wher LE1Ar GEVICE Y ni ent-docl
e RRR ALY 16 affert the o ' " patenit 2,211 478) for'd miriitig application (Fig. 2). -

pneumatic muscle actuators (PMAs)* to affect the control: The GNE.

Suspénision Lings

Fig 1: AGAS concept illustration. "

system will be rigged with the payload, and the PMAs will go in'. A PMA i a braided-fiber fube that confracts in length and e
line with: each of four risers. Figure 1 illustfates this concept.. " = i pandsn diameter when pressurized. The contraction 1s quite force-

_ G el T s L T e ful'when_c_:bmpa;red't'c_)-apist__on_—iﬂi_—'cylindfcjrofthesﬁme_ﬁdiameter,’and
" 4 contraction stroke of up to 40% of the original length is:obtainable.

" ity allows for a maximum of 25 control inpu

- ment of the parachite. To affec

. Control System '

- of the aitcraft to.the pre
. tionis far froma preci

Fig, 2 1940 patent (Pierce, US, 2,211,478) drawing of pneumatic
muscle, oo Tl s

~i o Fig 37 Prelnatic miiséle actuators.

Pneumatic Muscle Actuators. " DR s
-+ ‘Vertigo, Inc:, developed. PMAs to affect the ‘control inputs for

when & similar device was'shown in a patent dociiment (Pierce, U.S.

\The PMA ‘characteristics ‘that were considéred beneficial for

"AGAS wete 1) ‘efficient packing and reliable deploymeni, 2) high.

* specific power, and 3) low manufactiring cosf. .

‘ Uninflated- PMAs, as. installéd on . scaled sy'ste'm'; a'r:e shown -

in Fig: 3, Upon pressurization, the. PMAs contract jn length and

-expand in diameter. For this demonstration a displacement of ap-
. proximately 3 ft was selecied. When depressurized, the PMAs are

completely fiexible allowing for éfficient packing. of the actuators
with the parachute (Fig. 4). A teservoir-of pressurized nitrogen is
stored within the payload as the fuél s current fuel capac:

essful deploy-
ntrol Of the. system; otie or two
actuators are depressurized; thereby lengthening one or two system
fisers. This action “déforms” fhie parachute (Fig. 5), creating drive

in'the opposite direction of tio

Initially, all actuators will be pres

" The accuracy. of uncont
Knowledge of the v ; band precise guidance
- ' However, wind estima-
lation of the CARP relies.
rodynamics, and the
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Fig. 4 - Packing the parzchute-and actuators. : -

Fig. 5 Parachute with conirol activation.

aircraft crews cannotfly exéctly to the predicted release point for
each airdrop mission: Therefore, the AGAS control system demgn
must help-overcome these potential errors. '

- ‘The parachiites to be used for this effort wére not” demgned for
glide or to'be controlled. Therefore, lirnited control aitthority was ex-
pected. The G-12 parachute system is'a flat-circular parachute (one,
when lying flat on the ground, forms a circle) without any glide or
control capabilities. A smaller flat-circular parachute, the C-9, was
used for initial flight tests. This parachute was selected for this stndy
as it has similr construction to the G-12 but is léss than one-half the
size, thereby simplifying test opetations. Considering the relatively
low glide ratio and a descent rate of approximately 23 fi/s (7.6 m/s),
it is estimated the AGAS can overcome only a 12 fi/s (3.7 m/s)
(approximately 7 kn) horizontal wind. It is therefore imperative to
implement the system to overcome poor estimates in the wind and
not try to steer the system against the entire wind. In ¢ther words,
the drive of the system is insufficient to attempt to fly straight o the
target but is likely sufficient to overcome errors in the wind estimate.,
For this reason, trajectory fracking techniques were selected. A pre-
planned trajectory, based on the best wind estimate available, must
be determined and provided to the guidance computer. The GPS
navigation system will provide continuous position of the system.
The guidance computer will compare the actual horizontal position,
atthe system’s current altitude, to the planned trajectory. This rep-
resents the position error P, at the current time. A tolerance cone
is-established about the planned trajectory (Fig. 6) starting at 600 ft
(183 m) at the beginning of the trajectory and gradually decreasing
to 60 ft (18.3 m) at ground level. Should the position error be out-
side this tolerance, a control is activated to steer the system back

* Generate predicted trajectory based on wind estlmaxe

« Establisk control tolerance
« Compare actual position to predicted mgectory
* ‘Drive’ to pmd.mted trajectory ..

Flg 6 Ccmtrol cancept.

direction of
predominate
effor i

“ ¢OmpASS zerg
reference

Flg 7 Control activation: "

to the planned tragcctory ‘When the system is w1thm 30 ft {9 1 m)
of the planned trajectory, the control is disabled, and the parachute
drifts with the wind. Thirty feet was selected to ericompass approx-
imately 1-o of the GPS errors (each axis, no. sclective avaﬂablhty-
GPS érrors). :
Asjust outlined, the control system relies on the current hOI‘IZOIltﬁl
position error to detéimine if control input is requu‘ed This position.
error P, is-defermined in inertial space and: is then rotated to the
body ax1s usmg an Eu!er angIe rotation with headmg only [Eq (I)}

='R- Peoivooin il }'_(_1)

where ! R is the Euler rotation matrix, o L
The resultant body-axis error P is then used to 1dent1fy wlnch
control input must be activated as shown in Eq (2) : 5 :

mput=sgBAPD @

Two components are returned a+or— for the X axis and a + or
— for the y axis. It was assumed for this simulation that +x would
activate control A, —x activates conirol C, +y activates: control
B, while ~y activates control ) (Fig. 7). The actual rigging of the
operational system must align these control actuators to the compass
reference line to ensure proper control, Control A i is assumed to be
aligned with the compass zero reference line. _

The magnitude of the individual x and v components of the nor-
malized body-axis position error vector is used to determine if the
selected control will be activated. If the magnitude is greater than

- (L3, then that control is activated, This concept will allow the acti-

vation of a single centrol input or two simultanecus control inputs.

- System Modeling

Three major components are included in the overa]l system
model: 1) dynamics model, 2} sensor model, and 3) control system
model. In addition, the reference trajectory generator was imple-
mented using the same equations of motion used in the dynamics
model. :

Dynamlcs Model

In the absence of snfficient wind- tunneI datafor theC 9parachute
a point-nass system was assumed with the only forces on the sys-
tem being drag and weight. Included in the weight are the effects
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. Fig. & Coordinate axes.. -

of apparent mass. As a body accelerates through-a fiuid; the fluid
itself must accelerate to accommodate the motion of the body. Re-
sultant forces and momeénts are applied o the body. A common
method for accounting for these forces is to include added or ap-

parent mass terms. in the equations of motion. Sir Horace Lamb.
performed the: original work on the effects of accelerating fluid on -

a body.* Lamb derives the apparent mass effects and identifies 15
independent terms. Dohérr and Saliaris® demonstrated that for an
equivalent parachute, four independent apparent mass terms -exist
considering six degrees of freedom. For the three-degree of freedom
point-mass estimate, the following terms are considered:

Cam= WD) D

where D, is thg profile diametér of the p'araéhﬁte.
au:dn:%a’ﬁ.'. (4)

" ‘Inherent in the point-mass estimate is that the coordinate axis of

the system is aligned with the inertial axis, assuming a flat nonrotat- -

ing Earth. This assumption places limits on the applicability of this
model to-an oscitlating parachute. system. Research® has demon-
‘strated that the aerodynamic forces of parachute systems can vary
. greatly with angle of attack. This miodel will not capture those dy-
namics. However, insufficient data on this parachute are available to
‘formulate 4 full six-degree-of-freedom model at this time. Figure 8
presents the coordinate axes:used and defines the parameters in the
equations of motion.. . ... :

The derivation of the equations 6f_ niotionfor he uncontrolléed

'i)arachi]te follows. Noting that_: Shone

Vemvew L ®

where Vi isthe gfoi.md veloéity, VA is velbcity relative to the local

‘gir miass (airspeed), and Vy is wind vélocity. Tt assumes no rotation

between the fixed Earth referenice and the system’s body axis: -
By NewtowsLaw; .+ L L

' L MVe=Fimot oy - ©

The aerodynamic forces, in their individual componets, are |

o Xamo = (m 4 =—Dcosycosy - N
: - Yapro = (m +0-'22)i‘)-=.—DCOS]!Sin"(fJ‘. SE : ®)
Zasro = (n +amyb = —Dsiny - )

whete y. and i are the ﬁight—path angle and yaw angle, respectively.

RO B b= geps e (10)
Thc g:ra..lvitioﬁal.fc;rée.s.are o e :  . '

T _ 'XGMV;[) R :,(ﬁ)

Yopav =0 B . L2

 Zaws=w @

where W is the system weight.

- From geomietry the ré_fgre’nce_ anglesare- . ;0o
g W )

: S”i:lbst'i_tiiﬁhg, rearranging terms, and put_‘ti_iig in state-space form

" cosy = :

=] 0 e 0 L
o] Lo o mrms]

o

a9
S WemVaawy oD

B _'Slibéti:tu_ﬁng',.'the 'Bqﬁaﬁbns- of Motion" (EOM) for cstimmating
ground speed resules, 0 T oL o
R : o +0£110 0 _;

Tei+po|

Adding in fﬁ_ef control’ 'forc:és_,.'- W getthe fall set of e:quat.ions-' of
rr_aotidf_i_':' ' R e I e S T e e

Ve )

- This set of equations can be solved numerically fo estimate the

sysiem response. To estimate heading, a constant rate of rotation
was assumed. The flight-test results for the C-9 parachute showed
significant rotations and changes in rotation rate with control acti-
vation. Flight testing of the larger (G-12 parachute showed a mean
rotalion fate. of approximately 1.8 degfs. A standard deviation of
1.0 deg/s was assumed based on qualitative observations during
flight test., An insufficient sample size was available to acéurately
determine a standard deviation for rotation rate. A normal random
number generator at the start of each simulation determines the ro-
tation rate. That raté is then integrated to provide heading. Multiple
wind profiles were incorporated into the simulation using a look-up
table based on the current system altitude, - 0L

Sensor Models e e e
The AGAS is expected to include two. navigation sensors:- 1) a
commercial GPS receiver for position determination and 2) a head-
ing reference assumed to:be'a magnetic compass for this study. To
assess the effects of navigation sensor-errors; models for each sensor
were be-incorporated into the simulation, . w0l :
_ GPS error sources include errors: induced by: ‘the- atmiosphere
(ivriospheric and tropospheric), miiltipath, feceiver noise, satellite
clock noise, -and. Selective availability. Selective availability is a
means of intentionally induéing errors into the GPS satellite signal.
The U.S: Department of Defense induces these‘errors to restrict use
of the full precision of GPS to unauthorized users. Authorized users
mustapplya rcc'eiv:ei;'cq;_iable'bf-procesfsiﬁg'@h;:’-'cryptographic codes
to remove these induced errors: Although the- AGAS concept could
incorporate dn-authorized receiver; itis desired to utilize a commer-
cial GPS receivet for cost savirnigs: Also, with airdrop the loads may
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not be fully recoverable, and loss of the authorized receivers would
not be desirable. Modeling techniques for GPS range errors result-
- ing from these sources have been developed and validated® to model
range errors and not errors in a Cartesian reference as desired here.
Carfesian (x, y, z) errors would therefore have to be formed from
the range errors for implementation ‘in this simulafion. This neces-

sitates application of a numerical solution like maximum likelihood -

techniques.”- Although this implementation is relatively trivial, the
computation; resoyrces Tequired severely limit the simulation speed
on 4 PC. Therefore, a variation of this approach was unplememed

- The errors resulting from selective availability are not stichastic
in nature. Therefore: systern identification methods were employed
- to obtain a reasonable error model. Data were collected at the Yania
' Provmg Ground Satellite Reference Station. An unauthorized GPS
teceiver was placed on a known survey point. GPS position’ data were
collected for over two hours. The position data in the three Cartesmn
axeis were differenced with the survéyed coordinates. resultmg in'the
Carfesian errors. These errors fepresent all GPS. efror sources just

Identrﬁed F1gure 9 ﬂlustrates ‘the apparént random narure of thcsc_

data.: -
-To obtam a model of these data the MATLAB® system Idenuﬁ-
catmn toolbox was utilized. An ARMAX?® model was used: wﬁh the
input being white noise and the output being the position errors Just
shown. The ARMAX model i incorporatesa prediction érror method
with: 2 model represented by a-set of difference equauons of the
form:-

AV = B@ult—nb) + c"'(q')e(rj

where 'y and u are the outputs and inputs of the system, respectively.
.. The coefficients A, B, and C-are polynomials that describe the
model’s difference equations. The prediction error is minimized
using an iterative Gauss-Newton algorithm, The ARMAX function
returns a matrix of the polynomial coefficients. This matrix, referred
to as THETA format, can then be transformed into a transfer function
using the MATLAB® command THZTE. This technique resulted in
the following transfer function that was used in the overall systern
model to obtain GPS errors: :

42 15303 4 026082 + 0.25662"{-.0.0191 S
—: 2.6500z° _+ _1.9532z? + 0.0337; — _0._3420_ o

Flgure 10 preserits the output of thc GPS error model mcludmg
selective availability errors.

The transfer function i mput is whjte noise mmated wath a random
seed ensuring variable errors are introduced from simulation to sif-
ulation. To assess the adequacy of this model, the mean, standard
deviation, and nns were calculated for the measured and modeled
GPS errors. The sample of measured errors just presented has a mean

;. Table 1, GPS positton error model
' C/A-code "

Lo o : _ " Draper P-code _
Parametcr U model.© . . model:.
- Accuracy standa.rd dev;atlon ft ) 0. 0 4500
Acciiracy correfation time constant, s 010 o 0L
Jitter standard deviation, ft 8 IEETIRE SR
. Jitter correlation timi¢ constant, s ©° " 0(}5 CTL00s
‘Uniform uncorrelated noise. s SR
. - standard deviation-- " - q/[2*sqrt(3)} g/[2%sqri(3)}

o q is the quantization interval.

Fig. 10 Modeled GPS (unauthorizéd) errors;

value of approxunately 0 ft in each axi§' and a standard dev;atlon of
56,94 and 69 1t (17, 29; and 21’ ni)in the ¥, y; atid 7 axes; Tespec-
tively. The modeled results demonstrated mean-errors of 10 to 20.ft

. - (3 to 6 m) with standard deviations ranging from 82 to 115 ft (250

35 m). The rms errors for the model were found to fange: from 85
t0 122 £t (26 to 37 m) for three independent simulations: The model

produces a reasonablé representation of the measiifed GPS ‘dafa’

With selective avallabﬁlty turned off, that is, néo induced en-ors, a
commercial GPS receiver is capable of navigating with greater accu-
racy. A GPS error model was derived constdermg d noise structure
proposed by Drapet Laboratory.” This repoit ntodels a P-codé GPS
receiver incorporafed into: the Honeywell Embedded GPS/Inértial
Nawgatlon System: The noise model incorporates twocomponents:
accuracy andjitter. The accuracy noise component is considered éx-
ponentialty: correlated noise. The jitter component consists of two
elements: an exponentially correlated noise component with a faster
time constant than the accuracy component and 4 uniform uncorre-
lated noise component. The GPS position noise model, suggested for
GPS-only operations (o ‘inertial aiding), was adaptéd for a com-
mercial grade (C/A-code) receiver by adjusting the accuracy and
jitter standard déviation spemﬁcatlon Table 1 presents the orlgmai
and adapted models.

This model was mcorpﬂrated info the Slmuhnk® snnulauon
Figure 11 illustrates the results obfained from this model for a 50-s
simulation. /The standard deviation of the three-axis ‘error for this
simulation was 56.3 ft (17.2 m), which is close to the specifications
foran commercial receiver with selective availability off.

The heading sensor is assumed to be a magnetic compass for this
study. Two componenis of errors are considered here: a siatic error
or bias and a dynamic (noise) component. System specifications for
the attitude heading referenice system (AHRS) provide a static-error
of 2 deg (£1 deg with velocity aiding) and a dynamic component
of +2%. The AHRS. incorporates rate: gyros o obtain three-axis
attitude rates and attitude data. Specification sheets of a low-cost
digital magnetic. compass produced by KVH Industiies presented
similar accuracy statements. The static error is incorporated: as a
bias element in the Simulink®model and is set as a uniform random .
variable at the start of each simulation. The dynamic component
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N -, Fig: 12 " Modeled head:ihg error

presénts 4 400-s simulation of the heading error.

is found by adding 2% of the curvent heading eading. Figure 12

S  Flight-Test Overview R
The flight-test effort focused on the collection of flight dynamic
data to support modeling of the AGAS concept and was conducted
with four-actuators in line with a C-9'parachute (a 28-ft (8.5 m),

flat-circular parachute) and a one-half scale container delivery sys- -

tem [300-1b (137 kg) payload]. The actuators were activated using a
manual tadio control system. Six-degree-of-freedom light dynamic
data were obtained including the position, velocity, acceleration, at-
titude, and attitude rates of the system, Tt was necessary to correlate
these data with control inputs. Therefore, the state of control activa-
tion was also monitored. In addition, preliminary, drop tests of the
G-12 parachute (a 64-ft (17 m),flat-circular. parachute) were con-
 ducted to assess qualitatively the differences in performance from
that of the C-9 system and estimate effective PMA lengths, which
are sized to maximize glide ratio. - e

Instrumentation. .- 7 o0 sl o T B
- Ideally; both the parachute and payload would have been instru-
mented to collect all necessary data. However, the state of the art
in instrumentation is not yet sufficient to instrument the parachute
itself: As a-result, only the payload could be instrumented. An in-
strumentation system (Fig: 13) was developed and included a dif-
ferential GPS: system: for precise position and velocity, three-axis
accelerometers. for acceleration; and an AHRS for three-axis atti-
tudes and attitude rates. Pressure transducers were put in line with
the pneamatic-actiators to monitor their action. R
. The accuracies of the measuréd data are presented in Table 2.

These - dataare the compilation of the measurement SeRsors,

A/D conversion; and resultant resolution of the data storage ‘and
processing. - '- : - S

Table 2! Flight-test data accuracies/resolutions

Secnsorrange .

Parameter Accuracy.  Resolution
GPS position- - o &3m?* +0.1m - Dynamicsuptod g
GPS velocity 40.1m/s® 200l mfs Dynamicsupto4.g
Three-axis attitude . £0.5deg?  F0.I deg +90 deg
T 0360 deg heading
Three-ixis attitude rates  +0.1 deg/s® =0.01 degfs +£100 degfé
Threc-axis acceleration . £0.1 g° +0.05 g . 0-10g
Actuator pressure: +1 psi® +0.1 psi 0-250psi -

aMeasured against other comparable range instramentation systems. -
bObtained from manufacturer specifications. o

. Tt
Sensors H
. i
" Accelerometers |- | - AHRS. i Recorder
g S + D——— 1 .
. ]
S A 1
A-D Converter . ¥»]  Processor =t Processor
CPU 1 i CPL 2
. i . e 1 F -
- Pressure Trans Recorder - H GPS Receiver - |

: ; Fig._ls:._ Instrumentation block diagram. .

Fig. 14 ~System response.

Flight-Test Results . - : S w
The control system is inténded to affect a change in horizontal
velocity: This is best demonstrated by assessing the glide ratio of the
system ‘with the winds removed. Figure 14 presents the glide ratio
wilki the measured control inputs. The results show that'a nominal
glide ratio of 0.4 to 0.5 exists for the-C-9-parachute:with no control
inputs. Potential causes of this induced ghide are: motion induced
by the oscillations, imperfections in length of ‘the pressurized ac-
uators, the mathematics of creating a ho;izonta_l’giide' Tatio, which
eliminates direction of motion or errors i the wind-estimate. This
nominal glide ratio does not limit:the  assessment of the response
caused by control input; as/we arg interested inthe change of glide
ratio at the time of control-activation: Af ime’zero all PMAs were
pressurized. The system was then ‘allowed to stabilize to a “trim”
condition. A charige in glide rafio is apparentat-approximately 20 s
with no- change inthe state of the' controls. The first incident of
change in ghide ratio can be attribisted to the parachite inflation and
stabilization process; The remaining data clearly show a correlation
of glide ratio changes to:thie activation of the controls. -
. Figure 15 isolates the response of d'single control input. An in-

-crease in‘-glide-tati_o*f:om-appmx' ately-0:5: 10 approximately 1.0

with:a tir'rig‘--COnstah_t".Of_ Bou Sls observed. The system
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Fig, 15 _ Single control response.

2 Fig. 16 ~Two conitrol responses..

returns £ its OSCillatory {rim state after about 5 s fo'llo'wing remioval

ofthe control put. The reduced magnitude of oscillation or coning
angle contribuites to a reduced tate of descent and incréased glide
ratio: Reeall that the two control inputs can'be activated simultane-

ously. The indent is (o provide additional resolution (eveiy 45 deg) -

ini controlling the systein. Figite 16 preser;ts the response with two
simultaneous inputs.. i :

As cxemplificd by this figure, there is 1o increase in performance

with two control i mputs over that achieved with one. In fact, the data
indicate reduced response results fromi the simultanémis activation
of two PMAs. This reduced perfonnance islikely catised by leading-

edge collapse {45 observed in flight test). of the parachute with 16
control iriputs. The miagnitude of the oscﬂlatl_ons is not reduced as.

dramatically as wrth a smgle control mput

Model Venﬁcatlon

Flgure 17 presents the measured velocity data from ﬂnght testas -

compared 10 the miodeled velocity data’ for an uncontrolled drop

The “rioise™ i the 'measured data results from the velocity being :

measured- at the payload, which is- experiencing significant oscil-

lations. Because'the ‘point-mass ‘model does not incorporate these |
oscillations, fio noise is apparent i the modeled datal As.is demon-
strated in the graph, the velocity data agree very well for this uncon™ -

trolled condition. For this rzn atmospheric dénsity measurements
were not available. Therefore, the: modeled descent rate does not
match precisely with the measured descent rate, but the differences

appear neghglble. Imttallzmg the model at the start position of the -

Modeled data: smooth lines
" Meastred data: noisy Hnes

“Fig. 17 Measured vs modéled velocity. -

: Fig_. 18" Meszsured vs mode!ed position_.' _ .

ﬁl ght test the model s ab1hty to estlmate posmon of the system wis :
evaluated. - : i
F1gure 18 shows the &ccurate predlc _n of th : ﬂlght path under-

“the g‘tven wind condmons

Slmulatlon o

The 1nd1v1dua1 modelmg efforts have been presented These mod—
els were integrated info a full system simuiation using Simulink.’ @
Figure. 19 provides a block diagram of the overall simulation. con-

‘cept: To obtain the statistical base desired, Monte Carlo capabilities

were: added 6 the simulation. The parameters randomly. selected. -
during the simulation in¢lude 1) planned wind file-(used to- obtain

predicted trajectory}, 2) GPS selective availability errors included
{or not) in the simulation, 3) offset from predicted release poirit;

4 parachute system turn rate 5) re]ease altttude and 6) eompass

bias

Results

Slx hundred sunulatlons were conducted 1o These results mclude
the achieved accuracy improvement of the controlled syster over

-that of ‘an uncontrolled system. The simulations produced excel-

lent results with-an accuracy of 210 ft (64 m) CEP. The total ay:
erage horizontal error. was 309 ft (94 m) with an average of 15-
control: inputs bemg required. The maximum number of control

- inputs for all 600 simulations was 33. Figure 20 presents a three-

dtmensto__nal plot of several of the simulation resufts. Thisfigure il-
lustrates the initial release points and flight paths to impact with the
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center of the coordmate system (0 0) bemg the planned nnpact pomt

With the exceptlon of a few tnals the system gulded to the desu'ed

L target :

. % The analysrs of these resuIts demonstrated that the predormnant
.+ factor influeneing acciracy of the control systern was the time from
the predicted winds uSed to establish: the planned tra]ectory to that

- of the t:me of the s1mulated au’drop :

Conclusnons
ThlS study demonstrated that the AGAS concept ‘has potenual of

. providing a cost- effective option for precision airdrop. Simutations -
demonstrate that accuracies of 210 ft (64 m) CEP can be achieved.

~ Additional efforts are. needed to optimize the control system in an
effort-to fiirther: reduce ‘the amiount of stored gas régitited ‘on the
operational system: The flight-test:program provided flight dynamic
- datafor iie AGAS system An efficiént Monte Carlo type simulation
was ‘déveloped using a point-mass model for parachute dypainics;

- sensor.models for GPS, anid heading information, and 4 Bang-Bang .~
_ type control system. The point-mass concept for system miodeling is
adequate for this evaluation. The position and velocity results from -
the'model matched well ‘with the measured flight-tést results nndésr -
the saing wind condifions. However, to optimize the ¢ontrol system, - .

ig. 19 : Simulation overview. |

‘be investigated to support this effort.

a full stx—degree—of freédom model is hkely requ;red to capture the
proper heading response..

- Six-tiundred: simulations' were conducted thh randomly "se-
lected initialization parameters. These results demonstrated thit the
AGAS; as described herein, shows strong potential of prov1dmg a
low:cogt alternative for precision aixdrop. Three critical factors will
drivé the final desigri of the AGAS. First, the accuracy of the: esti=

‘mated wmds Wwhen. determmmg the planined trajectory is the don

inatit factor in the accuracy ‘of the AGAS concept. Wind data of
up 1o six hours old (as compared fo the “actual” winds used in the
smmlatton) resulted i Targe horizontal erfors from: the desued im-
pact pomts Second, ‘the’ Totation tate of the. pa:achute system is
important. Rotation tates with a mean “of 1.89.deg/s and 4'standard
deviafion' of 1-deg/s allowed effectivé control: Tf the Totation rates
of the-production system are increased from that, suificient control
may hot be possible, Finally, the number of control inputs réquired -
(mamum of 33 mputs demonstrated in simulation) to.achieve the

- degired accuracy is margmal under the current control concept, The

prototype fliel’ system ‘currently-under: design has been specified to
aflow for-a maximum.of 25 control inputs. There-is insufficient fuel
in.the' current design to ensure the accuracies can be met. How-
ever, fio atterapts were made to optimize the control algortthms for
minimum fuel usage . . L

: ‘ Follow-On Work_"‘-

TTus study demonstrated the feasrb:hty AGAS concept
However the siiccess of the final’ design’; ndes on the'three critical
factors just presented Theréfore; 'the foliowmg reeommendatxons
are offered for follow-on work .

1§ Cornpletej the; mcorporatton of six legt of- fr'eedo'rn 'equa~
tions of motion, Nonlinear parameter. estimation. techmques 5houId

2) Fully charactenze the performanee of the’ AGAS concept using
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