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In this paper, we propose a methodology for the prediction and optimization of the ascent trajectory of a
stratospheric balloon to target a specified three-dimensional area. The methodology relies mainly on the Analysis
Code for High-Altitude Balloons, a simulation tool for the prediction of flight trajectory and thermal behavior of
high-altitude, zero-pressure balloons, and on a statistical analysis for estimating the trajectory prediction errors. The
paper also describes the algorithms used for balloon parameter optimization to obtain a flight trajectory that reaches
a predefined target area without any ballast drop or gas venting control. The proposed methodology was successfully
used during the first Dropped Transonic Flight Test of the Flying Test Bed 1 demonstrator accomplished on
24 February 2007 by the Italian Aerospace Research Center. The reported postflight analysis of all the test campaign
demonstrates that the proposed methodology for trajectory prediction and optimization guarantees very satisfactory
and reliable results for both the selection of the best day to perform such a mission and the definition of the correct

balloon parameters to be used for targeting a predefined three-dimensional area.

Nomenclature

Ap = reference area for drag force
computation, m?

A(h) = event identifying the interception of
the release zone at altitude h

Cp = drag force coefficient

E[Z] = expected value of the random variable
¢

= prediction error of east velocity
component, m/s

Veast

€ = prediction error of north velocity
component, m/s

Fr = free lift

f = equivalent form of free lift

S = probability density function of the
random variables x

ey = joint probability density function of
the random variables x, y

Sy = probability density function of the
random variable y conditioned to the
variable x

finax = maximum structural free lift

Jmin = minimum structural free lift

fimax = maximum free lift guaranteeing a

_ success probability p,

fmin = minimum free lift guaranteeing a
success probability p,

Sopt = optimum free lift

g = gravity acceleration, m/s>

h = altitude, m
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Peasl (h)

P good (h)

Pnnrlh (h)

P good

Pgood
Popt
Pr{Q}
Po

AY

prediction reliability index

missed launch index

scaling factor between different rate
of climb profiles

average fractional free lift

reference average fractional free lift
mass of gas, kg

total load mass, kg

ballast loaded onboard, kg

optimum mass of gas, kg
probability of intercepting the release
zone in terms of longitude at altitude
h

probability of intercepting the release
zone at altitude h

probability of intercepting the release
zone in terms of latitude at altitude A
probability of having a successful
trajectory

estimation of probability of having a
successful trajectory

optimum success probability
probability of the event €2

minimum allowable success
probability

projection of Earth’s radius on local
parallel, m

Earth’s radius, m

events identifying the success of the
predicted and actual trajectory,
respectively

instant at which the predicted ascent
trajectory reaches altitude 4, s
instant at which the actual ascent
trajectory reaches altitude £, s

rate of climb of the predicted
trajectory, m/s

reference rate of climb of the
predicted trajectory, m/s

generic variable identifying the
predicted trajectory

generic variable identifying the actual
trajectory

longitude prediction error, rad
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AX = latitude prediction error, rad

A in(h), A, (R) = minimum and maximum allowable
longitude prediction error at altitude
h, rad

AXpin(h), Ak pax (1) = minimum and maximum allowable
latitude prediction error at altitude 4,
rad

AVEL(h), AVES(h) = minimum and maximum allowable

east velocity prediction error at
altitude h, m/s

AVt (g AVEM(R) =  minimum and maximum allowable
north velocity prediction error at
altitude i, m/s

AM Lowe', AM = minimum and maximum allowable
uncertainty on gas mass, kg

4 = longitude, deg

Dinins Pmax = lower and upper longitude of the

rectangular safe release zone, deg

A = latitude, deg

Amins Amax = lower and upper latitude of the
rectangular safe release zone, deg

Dair = atmospheric density, kg/m?

o = ratio between the molecular weight of
the air and the molecular weight of
the gas

Oty = standard deviation of prediction error
of east velocity component, m/s

Ocuy, = standard deviation of prediction error
of north velocity component, m/s

Opy = standard deviation of longitude
prediction error, rad

Oax = standard deviation of latitude
prediction error, rad

T = ratio between the air temperature and
the gas temperature

T = average value of t during ascent

Subscripts

1 = relative to the predicted trajectory

= relative to the actual trajectory
Superscript
0 = time derivative

I. Introduction

HE scientific community often relies on high-altitude, zero-

pressure balloons to carry out different kinds of experiments in a
near-space environment. To comply with the objectives of a balloon
mission, it is usually necessary to predict, monitor, and track the
flight trajectory. Balloon trajectory prediction, however, is a
challenging problem [1-7]. Indeed, after liftoff, a balloon can be
considered a thermal and dynamic system that is practically in free
evolution inside a complex thermal environment and subject to
atmospheric winds. Consequently, balloon mission preparation
requires an accurate and reliable prediction methodology to plan the
mission successfully while satisfying possible safety constraints
imposed by the flight.

In the framework of the aerospace research national program, the
Italian Aerospace Research Center (CIRA) is conducting a program
named USV (Unmanned Space Vehicles). The objective of the USV
project [8] is to design and manufacture two unmanned flying test
bed (FTB) vehicles (FTB1 for atmospheric flights and FTBX for
sustained hypersonic demonstrations), conceived as flying
laboratories to test advanced functionalities and critical operational
aspects peculiar to the future reusable launch vehicle. The nominal
atmospheric mission profile, named Dropped Transonic Flight Test
(DTFT), is based on a drop of the FTB1 vehicle from a stratospheric
balloon at an altitude between 19 and 21 km inside a specific target
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Fig. 1 Target area/safe splashdown area.

area (safe release zone), lifting off from a launch base located in
Arbatax, Sardinia, Italy (see Fig. 1). This mission profile requires an
accurate ascent trajectory prediction and preflight optimization of the
key parameters of the balloon system to maximize the success
probability of the mission while guaranteeing all the safety
constraints.

To fulfill these stringent requirements, CIRA has developed the
Analysis Code for High-Altitude Balloons (ACHAB) [1], a specific
simulation software able to predict 3-D flight trajectory and thermal
behavior of high-altitude, zero-pressure balloons and a set of
important prediction and optimization methodologies that are the
main subject of this paper.

In the last years, some efforts have been made to develop flight
prediction and trajectory optimization for stratospheric balloons
([9-14] and references therein). In these papers, balloon trajectory
prediction is performed, taking into account several trajectory
prediction sources of uncertainty (wind velocity, gas mass, air
temperature, etc.). In particular, wind uncertainty is computed using
forecast models as well as soundings. This is accomplished through a
statistical analysis on the (latitudinal) distance between the predicted
and actual trajectories. The analysis results are then used to compute
the levels of probability related to the interception of a target area for
each predicted trajectory. The obtained results, however, could be
heavily dependent on the altitude profile chosen for the analysis,
being the distance between the trajectories strongly related to the
time to reach the target point. For what concerns trajectory
optimization, prediction capabilities are exploited to compute an
optimal sequence of maneuvers aimed at achieving the desired
mission goals. However, the overall uncertainties are not explicitly
taken into account during the preflight optimization process.
Therefore, this kind of optimization may lead to a nonoptimal
mission trajectory because of the actual wind profiles encountered
during flight that could be quite different from the expected ones.

In this paper, we propose a different method for prediction and
optimization of the ascent trajectory of stratospheric balloons. The
proposed method directly takes into account the uncertainties related
to the balloon parameters (mainly gas mass) and wind forecast to
obtain a solution that maximizes the probability to reach a target area
without any ballast drop or gas venting control. Based on this
method, an operative procedure has been defined (supporting the
decision-making process during the prelaunch phase) and a
navigation software tool was developed [15] (supporting the balloon
flight operations and possible ballast jettison) to accomplish the
mission. The proposed method has been successfully used during the
first DTFT1 mission carried out on 24 February 2007 from Arbatax
(Sardinia), Italy.

The paper is organized as follows. The method for prediction and
optimization of balloon trajectory is described in Secs. Il and III. The
description of the operative procedure is described in Sec. IV,
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whereas a postflight analysis of DTFT1 test campaign is discussed in
Sec. V. Finally, Sec. VI contains some brief concluding remarks.

II. Prediction of Ascent Trajectory

A. Preliminary Analysis of Sounding and Forecast
Prediction Capability

In this section, a preliminary analysis is performed to decide
whether sounding data or European Center for Medium-Range
Weather Forecasts (ECMWF) wind forecast data are more suitable to
accomplish an accurate balloon trajectory prediction. In fact, several
approaches to trajectory prediction [9-14] heavily rely on the
soundings carried out some hours before the launch, considering
these data more reliable than the forecast ones. Our analysis,
however, will show that forecast data are more reliable.

To perform this analysis, two reliability indices have been defined
for trajectory prediction:

1) The Prediction Reliability Index /, is the probability of having a
successful (i.e., satisfying a given criterion) trajectory when the
predicted trajectory is successful itself.

2) The “Missed Launch” Index I, is the probability of making a
wrong prediction, that is, predicting a trajectory as unsuccessful
when the actual trajectory is successful.

This analysis has been accomplished exploiting three trajectory
databases (soundings, forecast, and actual trajectories) built using
ACHAB and the ECMWF atmospheric and wind data relative to
Arbatax (DTFT1 mission launch base) during the years 2004-2006.
More in detail, “sounding” trajectories have been obtained using
ECMWEF historical analysis data, at the hours of the sounding (6 h
before the launch) whereas forecast trajectories have been obtained
using ECMWF wind forecasts (available 18 h before the launch).
Finally, the “actual” trajectories have been obtained using ECMWF
historical analysis data at 06 UTC (Coordinated Universal Time)
(note that, although true launch hour was 07 UTC, the ECMWEF data
were available only for 06 UTC).

For what concerns the computation of the preciously defined
indices, two different kinds of predictions have been used: a
sounding-based trajectory prediction (using the sounding database)
and a forecast-based prediction (using forecast database). In any
case, the predicted trajectories have been tagged as successful if they
satisfied given safety and mission requirements. The results of the
comparative analysis are shown in Table 1. Given that more than 170
simulated trajectories were used for this analysis, it is possible to
show (see [16]) that the results of Table 1 have a maximum error
(accuracy) of 10%, with a probability greater than 90%. These results
show the poor reliability of the sounding-based predictions with
respect to the forecast-based ones. This fact is not surprising because,
although sounding data guarantee better accuracy on wind status
than the forecast data, they refer to an atmospheric condition which
may be significantly different from the one at the actual hour of flight.

B. Statistical Characterization of Trajectory Prediction Error

Once chosen which set of wind data was more suitable for accurate
trajectory prediction, we carried out a statistical characterization of
the prediction error in terms of “distance” between the predicted and
the actual trajectories, for each ECMWEF forecast at —6, —18, =30,
—42, —54, and —66 h before the launch.

To define the trajectory prediction error, an important assumption
has to be made, that is, the horizontal velocity of the balloon is
considered to be always equal to the horizontal velocity of the wind.
Strictly speaking, this assumption implies instant adjustment of the
balloon’s horizontal velocity as it moves from one air stratum to
another where the wind velocity is different (see [2]). It should be

Table 1 Prediction reliability of sounding and forecast data

Prediction reliability index /; Missed launch index 7,

Sounding data 75.3% 13.6%
Forecast data 95% 11.8%

noted that such behavior does not reflect what actually happens
during some of the flight phases (liftoff, tropopause transition,
stratospheric oscillations, or local wind shears). Nevertheless, it can
be globally considered true because the average acceleration over
long portions of the flight is always practically zero.

In what follows, we will consider only the effects of the prediction
errors on the wind profile, neglecting the uncertainty on the vertical
velocity component of the balloon which is mainly related to
atmospheric forecast data (air temperature and pressure), gas mass,
and thermodynamic model. Although we neglect this uncertainty in
the characterization of prediction error, however, we account for gas
mass errors in the optimization procedure (see Sec. III). Moreover,
for what concerns air temperature and pressure, in this work we will
consider their errors negligible with respect to gas mass errors.
Anyway, their influence on the vertical velocity is currently under
investigation and will be part of future work. Finally, the errors due to
the balloon thermodynamic model are discussed in [1] and will not be
considered in this paper. However, their effect can be regarded as less
influential than the ones related to the other sources of uncertainty
considered hereafter (see [14]).

The characterization of the trajectory prediction error is related to
the error on the wind velocity components (north and east). In other
words, the following variables have been considered:

ot AU(h et AM(R
e R EN ey, S
h h

(€]

where £ is the altitude, A} and AX are the longitude and latitude
prediction errors (in radians), respectively, #, is the instant at which
the predicted trajectory reaches the altitude 4, and R, and R, are the
Earth’s radius and its projection on the local parallel, respectively.
Using the preceding definitions, it is possible to evaluate (for each
altitude) the difference in velocity necessary to null out the longitude
(latitude) error under the hypothesis that velocity is constant from #,
to , and that these errors do not depend on latitude and longitude.
This last assumption can be justified considering that, above a certain
altitude, the wind prediction error is mainly due to the wind model
inaccuracy and not to the specific geography of the launch site.
Furthermore, the “velocity errors” have been assumed to have
Gaussian statistical distribution. This assumption has been
confirmed by the numeric calculation of the cumulative distribution
function for the variables of interest. The characterization of Eq. (1) is
quite general and can be considered almost independent of the actual
balloon rate of climb. In fact, let us consider the error related to the

east component of the wind velocity (the same conclusions hold for

the north component). Letting V(z)défRe 19(1) (r/180), we can write

the velocity error as

R, T
e () =2 920 = 91 (W] g5

1 Phac h 1 1
o E |:/(; Va(r)di — /(; V(1) df] x~ t_hA [VL(r) =V, (t)](:;)

where the subscript 2 refers to the actual trajectory, and the
subscript 1 refers to the forecast made a number of hours before. In
Eq. (2), we assumed that #;, = #,, based on the explanation at the
beginning of this section about error sources other than wind profiles.
Performing a change of variables (from the variable “time” to the
variable “altitude”) we have

1 1) = Vi)
/

Iy Vz (Z) & (3)

eveas( (h) =

where V(1) = dz/dtis the predicted rate of climb of the stratospheric
balloon. By rewriting the instant #, as the integral in the variable

altitude z,
/ "d / "1y 4
t, = t= z )
" 0 0 VZ(Z)

the variable e, (%) can be written as
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JHI(Va(z) = Vi(2)]/V.(2)} dz
fo"[l/VZ(Z)]dz

Now, if the rate of climb can be written as a scaled version of a
reference profile V_, that is,

e, (h) =

®)

V.(2) =kV.(2) 6)
we have

ﬁmww—@@wﬂ@Mz
JiL/V.(2))dz

for any constant k and thus for every rate of climb profile. The
hypothesis that allows us to write the rate of climb as a scaled version
of a reference profile can be justified through the following
considerations. Let us start from the vertical equation of motion of a
balloon under zero vertical acceleration [2]:

e, (h) =

O

(Drag)z = _(Mgr + Mbal)g|:1 + /'L(l - %)] (8)

where @ = My, /(Mg + My, ), My, is the mass of gas, M,, is the
total load mass (balloon film, payload, flight chain, etc.) without
ballast and gas, My, is the ballast loaded onboard, o is the ratio
between the molecular weight of the air and the molecular weight of
the gas, and t is the ratio between the air temperature and the gas
temperature. Under the hypothesis that the horizontal velocity of the
balloon can be considered always equal to the horizontal velocity of
the wind and, moreover, that 7 = 7 = const during the ascent
trajectory, we can write the vertical velocity as

2(M,, + My,)gL:
V.= ( g bal) & )
IOairCDAD

where L; = u[(o/7) — 1] — 1is an average fractional free lift and it
is representative of the average free lift along the trajectory. If the
preceding hypotheses are valid, all the quantities in Eq. (9) except for
L; can be considered as a function of the altitude only. Then, we have
the following relationship between V_ and L;:

V.(h.Fy) =a(h)y/L; (10)

with a(h) being a function of the altitude. Therefore, if we consider a
reference average free lift L; and the related vertical velocity

V.(h,L;) = a(h)\/L:, all the vertical velocity profiles will be
obtained by simply scaling VZ, that is,

V.(h.L;) = kV (h. L) (11)

where L; = kzLAf. It is worth remarking that, although the function
a(h) depends on the daily local atmospheric conditions, we can
consider air temperature and pressure similar to those of the standard
midlatitude winter atmospheric model and therefore time invariant.
In view of these considerations, the analysis carried out is always
valid provided that local and seasonal atmospheric conditions are not
much different from the aforementioned atmospheric model.
Figure 2 shows the standard deviation of the east velocity prediction
error (as a function of altitude) between the actual trajectory and the
trajectory predicted 18 h before.

Starting from the preceding statistical characterization of the
velocity error, it is possible to obtain directly (for each altitude)
dispersion areas having the shape of an ellipse in the longitude—
latitude plane. These ellipses are centered on the predicted trajectory
and give indication about the true position of the balloon trajectory
with a confidence of 99.7% (30 for a Gaussian variable). This
approach is particularly attractive, as it does not require any
Monte Carlo analysis to obtain the trajectory dispersion areas due to
wind forecast uncertainties, thus allowing a very quick computation
of such areas and making them suitable for an optimization
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Fig. 2 East velocity error as a function of altitude (forecast).

algorithm. The dispersion ellipses are drawn starting from the
velocity errors previously defined. Leto,,  ando,,  bethe standard
deviations of these errors. The standard deviations of position errors
AY, AA can be written as [see Eq. (1)]

v, ]’l t Oy h t
AY(h) = e—()h = opg(h) = J
Eh)l Zh)t (12)
e”nunh O-gv“m
A(h) = —=—— R" = o, (h) —_7’1’1

These two standard deviations are used to draw an ellipse having
as semi-axes 3.43930 5 9(h) and 3.43930,, (h). In fact, if we consider
the velocity errors as two Gaussian and independent random
variables, the same conclusion will hold for the position errors
obtained through Eqs. (12) (see [17]). In this case, the probability that
the position errors are limited within an area having the shape of an
ellipse will depend only on the ellipse’s radii (see [17]), and so it is
possible to find the length of each radius (with respect to the standard
deviation) that guarantees a probability of 99.7%. It is worth
remarking that these ellipses are dependent on the trajectory rate of
climb. In fact, although we can consider o,  and o,,  almost
independent of the rate of climb, the time instant ¢, is strongly
dependent on it [see Eq. (4)]. Therefore, the slower the ascent
trajectories are, the larger the horizontal dispersions will be, and vice
versa. The physical meaning of this assertion is straightforward
because the velocity error implies a displacement (from the predicted
horizontal trajectory) which monotonically increases with time. The
dispersion areas computed in such a way have been employed for
both offline and online [15] prediction and optimization methods.

III. Balloon Trajectory Optimization

The uncertainty of the wind forecast makes it difficult to choose
the proper amount of gas mass necessary to obtain, with a reasonable
safety margin, the desired trajectory that reaches the final target area.
In addition, inflation procedures at launch do not allow the exact
knowledge of the actual mass of gas transferred to the balloon. These
two main concerns make the ascent trajectory optimization a
challenging problem.

The parameter that usually identifies the balloon ascent force, at
least right after liftoff when the aerodynamic forces are negligible
and the ratio between the temperature of air and gas is close to 1, is the
starting fractional free lift (or simply free lift hereinafter) F; =
u(o—1) —1 (see [2]). For the sake of simplicity, we will use the
following equivalent form:

f=1+F, =ulc—-1) (13)

In this section, we will describe a trajectory optimization
algorithm that allows the determination of the optimal free lift, with



130 MORANTIL ET AL.

respect to mission objectives (i.e., reaching the target area), while
taking into account wind uncertainties without any ballast drop or gas
venting control.

The optimization problem has been solved with a probabilistic
approach: the optimal free lift will be the one maximizing the
probability that the ascent trajectory intercepts the release zone
depicted in Fig. 1. This probability can be computed, for each free
lift, starting from the statistical characterization of the trajectory
prediction error (see Sec. II). More in detail, let

Ayia (1) = [P = O] 155 A (h) = P = D) 55
A)‘min(h) = [)‘min - )‘(h)]r;ro A}‘max(h) = [)‘max - )‘(h)]wno
(14)

be the trajectory errors as a function of the altitude & with respect to
D mins Pmax> Amin> Amax Which define a rectangular safe release zone in
terms of longitude and latitude. It is worth noting that, even if the
actual safe release zone is not rectangular (see Fig. 1), it is always
possible to approximate it by the union of a finite number of
nonoverlapping rectangles and thus compute the interception
probability by simply summing the probabilities computed over each
rectangular zone (the interception of each rectangular zone is an
exclusive event).

Now, we can convert the errors in Egs. (14) into velocity errors by
appropriate scaling [see Eq. (1)], thus obtaining AVE!(h),
AVEL (h), AV (h), and AVES® (k). Therefore, the probability of
having a trajectory error not greater than the maximum allowable one
can be expressed as

Pey(h) = Pr{AV(h) = AV (h) = AV (h)}

min max

Pnorlh(h) = Pr{Avm'mh(h) = Avmmh(h) = Avrrrlx(e)&h(h)}

min

s)

If the east and north velocity errors are assumed to be independent,
the desired probability will be

Pgood(h) = Peast(h)Pnorth(h) (16)

In our case, a successful mission is performed if the trajectory
intercepts the release zone at an altitude between h; and h,.
Therefore, the “success” probability can be defined as the probability
that the trajectory errors are not greater than the maximum allowable
ones for an altitude between £, and h,, and so if we define A (%) as the
event “the release zone is intercepted at altitude 4,” it follows that

hy

Pgood = PI'{ U A(h)} = Pgood = PI‘{A(/’!)} = I_)good = Pgood(h)

h=h,
hy <h=<h,
(17)

Therefore, we can take the maximum value of P,oq(#) in the
range [y, h,] still having a conservative estimation of the success
probability P, that is,

Pgood = len[;ai ]Pgood(h) = pgood (18)
g 1.2

Finally, itis possible to find the optimal free lift £, by solving the
following optimization problem:

Poy = maxf’gmd (19)
Fy

Therefore, the optimal mass of gas M5y can be calculated by using
Eq. (20):

M
f=l-D—5— (20)
. . ng + My . s
It is worth noting that the free lift is constrained to stay within a
certain range, because two structural limitations exist. The first

limitation F; _ (or fy,,) is related to mechanical resistance of the

balloon film. In fact, if the ascent velocity is too high, the film may
cool below its glass transition temperature, possibly causing a
balloon burst with consequent mission failure. The second F, . (or
Jfmin) 18 instead related to the total mass that the balloon can carry. Itis
practically the buoyancy force corresponding to the minimum
acceptable rate of ascent. These constraints provide two limits on the
acceptable mass of gas:

M as  Fmin(Mg + Myy)
n = o—1 min = Mgd.s _ J/ min ar al 21
fain = (0 =1) My + Myy P | @1
S =(0—=1) Mis _, pyee — So M+ M) (22)

Mgr+Mbal (0_ 1)

Finally, considering that the exact value of gas mass is not known
at liftoff, it can be useful to evaluate the allowable uncertainties on
the free lift that still guarantee an acceptable success probability.
More in detail, it is possible to find the maximum free lift F L., (OF
fina) and minimum free lift F Lom (OF fimin) corresponding to a
minimum acceptable probability p, < P, (see Fig. 3):

fmax'ﬁgnod = Do f_min|ﬁgood = Po (23)

As a consequence, assuming that it is possible to compensate a
(negative) gas mass error through ballast discharge during flight, the
maximum allowable uncertainties on the gas mass (AM™™ > 0,
AM‘g"WCr =< 0) that still guarantee a success probability greater than
Do are given by Eqs. (24):

opt upper
M, gas + AM g

jmax = (U - 1) = AMUPPCI’
Mgr + Mbal ¢
— fmax(Mgr + Mbal) _ Mopt
(@—1) s
_ Mgg‘ + AMlower f‘ M
= (o— 1) T8 A glower i Y Vi
fmm (0 ) Mgr 8 (0’ — 1) -

(24)

IV. Procedure for Launch Decision Making

In this section, we will describe an operative procedure to support
the decision-making process during the hours preceding the launch.
This procedure relies on the statistical analysis carried out in Sec. II
and on the optimization algorithms described in Sec. III. The
procedure described next has been used during the DTFT1 mission
campaign for the selection of the best day to perform the mission and
for the definition of the correct balloon parameters. Obviously, this
procedure is not concerned with ground wind conditions which, of
course, must be monitored to verify the feasibility of the launch
operations. The procedure is briefly described next.

For each update of the ECMWF weather forecast, the optimization
method described in the previous section is capable of giving the
optimum balloon parameters, the predicted trajectory, and the related
success probability as defined in Sec. III. If this probability is greater

Latitude & .,
rajectory Trajectory 2

at 7 ot o=
max A Fonin

Ci '
,
/ \ Trajectory 2

Trajectory 1 Po
dispersion

dispersion

" Longitude
Fig. 3 Maximum and minimum free lift with probability p,,.
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Table 2 Decision thresholds

Forecast Prediction reliability index

—66 h 75.0%
—54h 80.0%
—42 h 85.0%
—30h 90.0%
—18 h 95.0%

than a given threshold (see Table 2), launch operations are confirmed
until the next forecast update. Conversely, the decision to launch is
left to the Mission Board which makes further evaluations, mainly
related to safety constraints and mission requirements. If the success
probability is zero, launch operations are stopped.

The aforementioned decision thresholds are reported in Table 2,
and they are obtained by computing the probability /; (see Sec. II) for
the forecast-based predictions at different hours. It will be shown that
such probability is greater than the average success probability when
a generic predicted trajectory is successful. Therefore, we decided to
consider the overcoming of the threshold as a sufficient condition to
state that the launch conditions are suitable enough to accomplish the
mission successfully.

Let us consider two random variables x and y which represent,
respectively, the predicted trajectory and the actual trajectory. We
can define two events S, and S|, as follows:

{ Sy =[x =x=x)]
Sy=bi=vy

X
(25)
y yZ]

IA 1A

where S, means that the predicted trajectory is successful and S,
means that the actual trajectory is successful. Therefore, the decision
threshold is the probability of the event S, conditioned to the event
S,. Now, recalling that, from Bayes’ theorem [17], the following
equality holds

Pr{S,, S,}
PriS. - 77 2
rls)r|Sx} PI'{SX} ( 6)
we have
PI’{S |S } _ f;]z f\V]z fx,y(x~y) dy dx _ f/\lz v\]z fy|x(y|x) dyfx(x) dx

PriS,} a PriS.}
@7

where f ,(x, y) is the joint probability density function of (x, y), and
we exploited Bayes’ theorem for the density functions, that is,

f,\ny(xv y) = fy‘x(yv X) = fy|x(y|x)fx(x) (28)

The inner integral of Eq. (27) is just the probability of the event S,
conditioned to the value of x, Pr{S, |x}, then we have

[ Pe{S, 6} £ (x) dx

Pr{S,} 9)

Pr{S,|8,} =

It is easy to see that the numerator of Eq. (29) is just the mean
(computed over the successful predicted trajectories) of S,
conditioned to the trajectory x; then we have

Ex] =x=xy [Pr{S) |X}] >

Pris,|s,) = et

E}q <x=xy [Pr{S) |X}] (30)
since Pr{S.} < 1.

V. DTFT1 Postflight Analysis

In this section, the effectiveness of the method used for the ascent
trajectory prediction and optimization during the overall DTFT1 test
campaign will be assessed. The analysis will be carried out by
exploiting the results achieved during the flight campaign that ended
on 24 February 2007 with the launch of the FTB 1 vehicle and

DTFT1 mission accomplishment. The main objectives of this
postflight analysis are the verification of the accuracy of the
estimation of the trajectory prediction errors and the verification of
the effectiveness of the operative procedure described in Sec. IV. The
analysis exploits the following data: 1) statistical analysis carried out
before the launch window; 2) daily ECMWF weather forecast data at
—66, —54, —42, —30, —18, and —6 h; 3) daily prediction and
optimization of the ascent trajectory as described in Secs. II and III;
and 4) daily soundings carried out at 07 UTC using typical weather
balloons [18] (a total of 33 soundings during the flight campaign).

A. Trajectory Prediction Error

During the flight campaign, several soundings were carried out.
The sounding trajectories have been compared with daily predicted
trajectories to evaluate the reliability of the trajectory prediction. As
an example, Figs. 4 and 5 show a comparison between a sounding
and the related trajectory prediction made 18 and 6 h before.

The dashed trajectory is the sounding carried out on
17 January 2007 at 07 UTC and the solid trajectory is the related
predicted trajectory. The asterisks mark the points corresponding to
the altitude of 20 km (nominal release altitude of DTFT1). We recall
that the sounding trajectory is representative of an actual trajectory,
whereas the predicted trajectory is a simulated trajectory having the
same altitude profile of the sounding balloon and using forecast
winds. It is worth noting that, during the flight campaign, the
soundings were carried out using weather balloons whose flight
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behavior cannot be simulated (using ACHAB) because it is quite
different from the one of zero-pressure balloons. Hence, to compare
the predicted trajectories with the actual ones (soundings) in terms of
horizontal velocity errors, we simply computed the predicted
trajectory using the sounding altitude profile (assuming zero error
between predicted and actual rate of climb as previously done) and
integrating the related horizontal wind velocities. In this way, the
reliability of the trajectory prediction was verified using actual (not
simulated) trajectories.

As we can see from the figures, there is a very good agreement
between actual data and predicted ones. Nevertheless, although
almost all predicted trajectories have been in very good agreement
with the actual ones, there were some days in which the agreement
was poor, that is, the actual trajectory was outside the dispersion
ellipse given by the statistical analysis. Further analysis using
predicted trajectories and trajectories simulated with ECMWF
analysis data at 06 UTC showed that the most likely reason for such
poor agreement in the aforementioned cases is that sounding
trajectories refer to 07 UTC whereas predicted trajectories refer to
06 UTC. Furthermore, this difference is noticeable only when
meteorological conditions are rapidly changing. Anyhow, such
meteorological conditions would prevent launch operations,
therefore the performed analysis can still be considered valid in all
the cases which are suitable for a safe accomplishment of the launch.

Finally, in Fig. 6, the actual DTFT1 balloon trajectory (solid line)
and its forecast at —18 h (dotted line) are depicted; the star represents
the actual release point (at about 20 km of altitude), whereas the
triangle represents the predicted release point. The predicted
trajectory was obtained using ACHAB with wind forecast and the
actual gas mass transferred to the balloon at inflation. As we can see
from Fig. 6, the dispersion zone allowed us to reliably identify the
actual release point. It is worth emphasizing that, although the
success probability computed through the optimization process was
less than the decision threshold (see Sec. 1V), the launch was
confirmed by the Mission Board. As a matter of fact, balloon
trajectory prediction allowed a safe splashdown of all of the system
parts (vehicle, gondola, balloon), provided that the actual release
point was sufficiently to the east (even if outside the release zone).
Therefore, the Mission Board decided to operate the launch
nominally.

B. Effectiveness of the Operative Procedure

Concerning the effectiveness of the operative procedure used as a
support for the decision-making process during the entire test
campaign, we observed that when the procedure issued a “positive to
launch” decision, the sounding at launch hour was successful, and
when the procedure issued a “negative to launch” decision, the
sounding at launch hour was unsuccessful. The results are

Predicted Trajectory at -18 hours

T T T T
. GPS Gondola DTFT1
40.6F-----"o o N b oo o e e «---« ACHAB at -18hrs

40.8 -

Lat [deg]

i
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Fig. 6 February 24 2007: actual balloon trajectory and forecast at

—18 h.

Table 3 Operative procedure results

Procedure  Launch hour sounding

outcomes outcomes
Negative to launch 13 13
Positive to launch 5 5
Decision left to board 15 —_—

summarized in Table 3. Therefore, we can conclude that the analysis
of experimental data demonstrated the effectiveness of the proposed
method.

VI. Conclusions

In this paper, a method for the prediction and optimization of the
ascent trajectory of a stratospheric balloon to target a specified 3-D
flight area has been proposed.

The described method mainly relies on the following points: 1) an
accurate statistical estimation of the trajectory prediction errors and
its direct application to nominal trajectory simulation without using
Monte Carlo analysis; 2) an algorithm that maximizes the probability
of reaching a predefined target area taking into account wind forecast
uncertainties; and 3) the use of a procedure based on the statistical
theory to select the right day to perform the mission.

The proposed methodology has been successfully used during the
DTFT1 mission accomplished by Italian Aerospace Research
Center. Its effectiveness has been verified by means of a postflight
analysis carried out with the experimental data collected throughout
the test campaign.
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