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Initial Guess Generation for Rocket Ascent Trajectory
Optimization Using Indirect Methods
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An approach for generating an initial guess for a direct optimization method in the � eld of rocket ascent trajec-
tories is described. An indirect optimization approach is used to calculate a trajectory that neglects atmospheric
effects, path constraints, and several other more complicated boundary constraints. Once this trajectory is gener-
ated, it is used as an initial guess for a direct optimizationmethod, which includes all atmospheric effects, path, and
boundary constraints. The indirect method also generates a switching function, which is used to analyze the nom-
inal mission pro� le in order to identify possible improvements by adding coast arcs. Such an analysis is presented
on an example mission of the European Ariane 5 launcher. For this mission the payload mass can be increased by
66% by adding one additionalcoast arc. Finally, the � exibility of the direct optimizationmethod allows for various
complicated boundary constraints such as dynamic pressure, heat � ux, or empty stage splashdown constraints. In
the example mission presented, enforcement of those constraints within the direct optimization is demonstrated.

Nomenclature
E = orbital energy, km2/s2

H = Hamiltonian
ib = unit vector along body axis
i f = unit vector perpendicular to the orbit plane,

(iR £ iV /=jiR £ iV j
iN = unit vector pointing north
iR = unit vector along radius vector
iV = unit vector along inertial velocity vector
J = performance index
m = mass of vehicle, kg
P = velocity costate vector/primer vector, s/m
p = magnitude of primer vector, s/m
Q = position costate vector, 1/m
q = mass-� ow rate, kg/s
R = radius vector, m
r = norm of the radius vector, m
S = switching function
T = thrust, N
t = time, s
V = inertial velocity vector, m/s
v = norm of the inertial velocity vector, m/s
® = angle of attack, rad
° = � ight-path angle, rad
´ = throttle factor
¸m = mass costate, 1/kg
¹ = gravitationalconstant, m3/s2

! = Schuler frequency, rad/s
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Subscripts

a = apogee
b = body axis
d = desired value
f = � nal
p = perigee

Introduction

T HE major advantage of trajectory optimization using direct
methods with control discretization is the easy implementa-

tion of fairly complicatedpath and boundary constraints.Such con-
straints are mandatory for realistic mission scenarios. In addition,
the adjoint differential equations are not required. Therefore, the
equations of motion can easily be changed if necessary.

However, it is often very time consuming to supply an adequate
initial guess for the controls in order to get convergence. A com-
mon approach is to use guidance laws to get a � rst estimate for the
controls.1 In this paper an indirect optimization method based on
Refs. 2–7 is used to obtain a solution for an ascent without any path
constraints. It turns out that it is suf� cient to supply the solution for
an ascent in vacuum to the direct optimization method in order to
get convergence. For complex mission scenarios involving several
coast arcs, the mission can be split into sub-missions for generat-
ing an initial guess with the indirect method. All sub-missions are
merged together, and the � nal optimization is performed with the
direct optimization code.

Neglectingthedissipativeterms, such as atmosphericdrag,makes
the resulting two-point boundary-valueproblem easy to solve. Al-
most arbitraryvalues can be used as initial guesses for the unknown
initial costates to achieve convergence.Similar observationsare re-
ported in Ref. 3. To ensure that the resulting trajectory is a feasible
trajectory, a direct mulitple shooting method is used. In contrast
to a direct collocation method, a direct multiple shooting method
yields a nonlinear program with fewer optimizationparameters and
constraints.

As an example problem, a dual-payload mission with the Euro-
pean Ariane 5 launcher (Fig. 1) is presented in this paper. During
the � rst 129 s, the main stage of this rocket is supported with two
solid rocket boosters that includeprede� ned, time-dependentthrust
and mass-� ow rate pro� les. When using direct collocationmethods
in connection with such pro� les, the discretization must be per-
formed with great care by placing the collocation nodes exactly on
the location of the thrust and the mass-� ow rate pro� le data points.8
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Fig. 1 Overview of the Ariane 5 launcher.

A wrong placement will lead to a signi� cantly larger discretization
error, and many additional collocation nodes are required to obtain
a trajectory with a suf� cient accuracy. In the framework of direct
multiple shooting, the step-size control algorithm of the numerical
integration method will automatically take care of this problem.

By analyzing the switching function obtained with the indirect
method, improved mission pro� les with an additional coast arc are
identi� ed. These improved mission scenariosare optimizedwith the
direct optimization method and compared to the original setup.

Althoughit is sometimespossibleto automaticallyremoveunnec-
essary, additional burn arcs in the framework of a direct trajectory
optimization method, it is usually hard to obtain an initial guess for
such a setup without an a priori knowledge about the shape of the
resulting trajectory. If the initial guess is too far from the optimal
solution, the optimizer might remove an additionalburn arc and � nd
another, locally optimal solution with a reduced number of burns.
By using the switching function analysis, such situations can easily
be identi� ed, and correctionscan be applieduntil the structureof the
switching functions shows an optimal sequence of burn and coast
arcs.

The main objective of this paper is to demonstrate the possibility
of using an indirect optimization method for a detailed optimality
analysis in a simpli� ed setup and the option to use such a trajectory
as an initial guessfor a directoptimizationmethod.In the framework
of the direct optimizationmethod, all path and boundaryconstraints
that are required for a realistic mission can easily be added to the
scenario.

Indirect Optimization Method
This section brie� y describes the indirect optimization method

High-Speed Trajectory Optimization Software (HISTOS) as it is
used for this study. A more detailed description can be found in
Ref. 7. All variables have been normalized in the numerical imple-
mentationof the algorithmsuch that ¹ can be set to one as described
in Ref. 5.

The dynamic system for an ascent in vacuum is
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The control is the direction of thrust, represented by the unit
vector ib . ´ is a throttle factor,which becomes zero during coast arcs
and one during burn arcs. As it was mentioned in the Introduction,
thrustT and mass-� ow rateq can be user-suppliedfunctionsof time.
Such pro� les are not consideredas beingfree foroptimization,but as
prede� ned thrust and mass-� ow rate programsas they usually occur

in the framework of solid rocket boosters. To simplify the further
discussion, a constant thrust T and mass-� ow rate q are assumed.

To integrate the trajectory almost analytically,4¡7 a linear gravity
� eld is used. ! is the Schuler frequency, de� ned as ! D

p
.¹=r 3

ref/,
where rref is a reference radius. In this application the Earth radius
is used as a reference.

With the Lagrange cost term set to zero, the Hamiltonian of the
optimal control problem is de� ned as

H D PT
£
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¤
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where P, Q, and ¸m represent the costates. Based on Eq. (2), the
adjoint differential equations can be derived as
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It turns out that ¸m is not required during the solution process and
can therefore be disregarded.

The optimal control for an ascent in vacuumis ib D P=p, which is
a well-knownresult in theclassicalliteratureon spacecrafttrajectory
optimization.2;3 It is assumed that all initial states are known. The
initial costates are computed such that the � nal states and costates
satisfy the � nal boundary constraints and the transversality condi-
tions. The � nal orbit is de� ned by its apogee radius, perigee radius,
and inclination.The remaining orbital parameters are consideredas
being optimizable.

To be able to propagate the trajectory in an almost analytic form4

and to keep the formulation of the required Jacobian matrix (the
sensitivity of the � nal states and costates with respect to the initial
states and costates) simple, the problem is reformulated as a � xed
� nal time problem. In the new problemformulationonly the inclina-
tion and the perigee radius are enforced when solving the two-point
boundary-valueproblem. The � nal orbital energy

J D E D v2
f

¯
2 ¡ ¹=r f (4)

is maximized.
The detailed equations for the � nal boundary constraints and

transversality conditions can be found in Refs. 4–7. For a circu-
lar target orbit with an inclination of id and a radius of r p;d , the
following set of terminal constraints and transversality conditions
can be used:
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A simple Newton method with step-size control is used to
solve the two-point boundary-value problem. Starting with arbi-
traryguessesfor the initial costates,convergenceis usuallyachieved
within 20 iterations. Such an optimization yields a trajectory with
a maximum � nal orbital energy. A detailed analysis on the con-
vergence radius is not performed.However, the convergenceradius
seems to be very large because no problems were encountered in
choosing an initial guess for the costates. Similar observations are
also made in Ref. 3. Note that P must not be set to the null vector
because the optimal control vector is computed as the unit vector
along P.

Depending on the mission, either the burn time is minimized, or
the payloadmass is maximizedin an outer loop. In otherwords,once
the two-point boundary-value problem is solved, the � nal orbital
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energy is compared to the required orbital energy calculated from
the desired apogee and perigee radius as

Ed D ¡¹=.r p;d C ra;d/ (6)

Then, either burn time or initial mass are modi� ed, and the two-
point boundary value problem is solved again until the deviation
between � nal orbital energy and desired orbital energy becomes
less than a user-speci�ed value. The required changes in the burn
time or in the initial mass are computed according to the following
two sections.

Approach for Minimizing Burn Time
According to Ref. 9, the variation in the performance index due

to a variation in � nal time can be expressed as

± J D H f ±t f (7)

Because neither any terminal constraint nor the performance in-
dex J dependson � nal mass, the � nal value of its associatedcostate
¸m has to be zero at � nal time. Therefore, ±t f can be calculated as
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The necessarycorrectionpredicted by Eq. (8) is limited to a user-
de� nable value. For the Ariane 5 launcher, 20–30 s has proven to
be a reliable value. The two-point boundary-valueproblem is then
solvedusingthenewburn time until the requiredaccuracyin the � nal
orbital energy is achieved.Because very good guesses for the initial
costates are already available, only one to three Newton iterations
are required for such an update.

Approach for Maximizing Payload
If burn time is to be kept constant and the payload mass has to

be maximized, the algorithm calculates the necessary change in the
� nal mass. First, Eq. (4) is differentiatedwith respect to time, which
yields

PE D v Pv C ¹v sin ° =r 2 (9)

If thrust is assumed to be aligned with the velocity vector, the
conservationof momentum can be written as

m Pv D T ¡ ¹m sin ° =r 2 (10)

In case thrust is not aligned with the velocity vector, T would
have to be replacedby T cos®. However, Eq. (10) is a good approx-
imationeven for large anglesof attack.Substituting Pv in Eq. (9) with
Eq. (10) yields

PE D T v=m (11)

which can also be written as
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Thrust and mass-� ow rate are assumed to be constant, which
usually is the case for an upper stage engine. If velocity is also
assumed to be constant,Eq. (12) can be integrated.The result is the
necessary change in � nal mass:
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Because thrust T and mass-� ow rate q are state independent and
the burn time is � xed, m f ¡ m0 is constant for all possible trajecto-
ries. Therefore,1m f in Eq. (13) is equivalentto the requiredchange
in the initial mass 1m0 .

Fig. 2 Changes in the control u when adding an additional coast arc.

Switching Function
The control´ appearslinearlyin theHamiltonian[Eq. (2)]. There-

fore, it is optimal when it is either on its upper bound (burn arc) or
lower bound (coast arc). The possibility of a singular arc, where ´
is between its bounds, is excluded by assumption. The switching
function shows whether a burn arc is optimal or if additional coast
arcs should be added. By writing the thrust-dependent part of the
Hamiltonian as

H D ´S.T / C other terms (14)

where0 · ´ · 1 is the throttle,a switchingfunctioncanbe calculated
as

@ H

@´
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m
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Without a loss in generality,one can assume that a trajectoryends
on a coast arc and � nal time is � xed. According to Ref. 9 and using
Eq. (15), the variationin the performanceindexcausedby variations
in the scalar control ´ can be written as

dJ D
Z t f

t0

.S±u/ dt (16)

If a small coast arc of length ±t1 is inserted at t1, where t0 <
t1 < tburn, the necessary ±u is ¡1 at this point. Because burn time
is kept constant, the end of the second burn will be at tburn C ±tburn,
where ±tburn D ±t1 and ±u at this point is C1 (Fig. 2). Now, Eq. (16)
can be written as

dJ D [S.tburn/ ¡ S.t1/]±t1 (17)

If the current solution is already optimal, dJ has to be less or
equal to zero for an arbitrary ±t1. On the other hand, if a new coast
arc is inserted ±t1 is greater than zero. Therefore, if the performance
index J is to be maximized dJ has to be less or equal to zero for a
positive ±t1 if the current solution is already optimal.

In other words, S.t1/ has to be greater or equal to S.tburn/ at all
times t1 < tburn:

S.t1/ ¸ S.tburn/ (18)

If Eq. (18) is not satis� ed during a burn arc, an additional coast
arc could increase the performance index. This feature will later
be exploited to improve the payload performance in the example
mission scenario.

Direct Optimization Method
The direct optimization method transforms the in� nite dimen-

sional optimal control probleminto a � nite dimensionalproblemby
discretizing the control with piecewise linear functions. The opti-
mization algorithm that is used in this study is the Collocation and
Multiple Shooting Trajectory Optimization Software (CAMTOS)
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Fig. 3 Program structure.

and is described in more detail in Ref. 8. CAMTOS allows for a
combination of direct collocation and multiple shooting within a
multiphase trajectory optimization problem. In the framework of
this study, all phases are discretized as multiple-shooting phases.
Path constraints are enforced at certain path constraint evaluation
points that have to be speci� ed by the user.

The dynamics are implemented in the AeroSpace Trajectory
Optimization Software (ASTOS)10¡13 and include all aerodynam-
ics and a more detailed gravity model with J2 terms. ASTOS is a
completely data-driven implementationof launch and reentry vehi-
cle dynamics, includinga wide choiceof path constraints,boundary
constraints, and cost functions.

Both CAMTOS and ASTOS are embedded in the Graphical En-
vironment for Simulation and Optimization (GESOP).14;15 Within
this environment it is possible to perform the whole grid speci� ca-
tion, optimization,and simulation interactivelyby using a graphical
user interface (Fig. 3).

State and control grid points, which are required for the direct
optimization, can be initialized by using either guidance laws to
generate an initial trajectoryby runninga simulation,1 or by reading
an existing trajectory data � le. For this study the latter option is
used to read the trajectory and control data that are generated by
the indirect method HISTOS. It is essential for the convergence
behavior of CAMTOS that the multiple shooting points are also
initialized using the state values from the initial guess trajectory.
Once all parameters are initialized, the optimizationcan be started.

Nominal Test Mission Scenario
The nominal testmissionscenariopresentedin thispaper is a dual-

payload mission for the European Ariane 5 launcher (see Fig. 1)
using a reignitableupper stage L9. The Ariane 5 vehicle consists of
two solid rocket boosters P230 that burn in parallel to the cryogenic
main stage H155 during the � rst 129 s. After the two P230s are
jettisoned, only the H155 stage burns. After burnout of the main
stage at 567 s into the � ight, the L9 engine is ignited (see also
Fig. 4).

The objective of this mission is to deliver two payloads in two
differentorbits where the mass of the second payload is maximized.
The � rst payloadwith a � xed massof 3000kghas to bedeliveredin a
600-km circular orbit with 7-deg inclination.The second payload is
then injectedinto a highlyellipticorbitwith an apogee of 35,800 km
and an argument of perigee of 270 deg. The launch site is Kourou.
Because an argument of perigee of 270 deg has to be met for the
second payload’s target orbit, a coast arc is required after the � rst
payload is delivered into its orbit.

There are certain additional path and boundary constraints that
need to be satis� ed. First of all, the dynamic pressure must not ex-
ceed 30 kPa during the whole mission.This path constraintbecomes
active once during the � rst 129 s. Second, the jettisoningof the pay-
load fairing is triggered by a heat-� ux value of 1135 W/m2. Finally,
the enforcement of a splashdown constraint is demonstrated. The
H155 main tank is forced to splash down behind a line parallel to
the coastline of the east coast of Africa.

The altitude pro� le of the whole mission is shown in Fig. 4. The
solution shown is the � nal result obtained with the ASTOS model.
There is a slight drop in the altitude pro� le during the coast arc,
which is caused by the oblateness of the Earth.

Generating the Initial Guess
The implementationof the indirect optimizationmethod does not

allow any intermediate point constraints. Therefore, the mission is

Fig. 4 Optimized altitude pro� le of the nominal mission scenario.

Fig. 5 Dynamic pressure in the � rst ascent phase.

split into two sub-missions. The � rst mission is equivalent to the
� rst burn arc, which delivers the � rst payload into its orbit. After
engine cut off, a coast arc of � xed duration is added.The durationof
this coast arc is only an initial guess and will later be optimized by
CAMTOS such that the argument of perigee constraint is satis� ed.

The second mission starts at the end of the coast arc and delivers
the second payload into its targetorbit. For the indirect optimization
methodthe argumentof perigeeconstraintis not enforced.However,
it will be satis� ed during the direct optimization.

Because the data from the indirect optimization are only used
as an initial guess, they might have jumps in the states, for exam-
ple, mass. For both sub-missions the payload mass is maximized.
However, the lack of atmosphere during the � rst part of the mis-
sion increases payload so much that the second part would become
infeasible. Therefore, the initial guess for payload mass is reduced
beforethe secondsub-missionis optimized.After bothsub-missions
are optimized with HISTOS, the trajectory data � les are merged to-
gether, and the resulting trajectory can be used as an initial guess
for the direct optimization method. CAMTOS converges within 46
iterations.

Optimization Results for Nominal Mission
As just mentioned, Fig. 4 shows the � nal altitude pro� le. Sev-

eral constraints have been enforced with the direct optimization.
Figure 5 shows that the dynamic pressure pro� le along the trajec-
tory generated by HISTOS clearly violates the dynamic pressure
constraint,whereas it is satis� ed in the ASTOS solution. The same
applies to the splashdown constraint shown in Fig. 6. The uncon-
strained impact (HISTOS solution) occurs in a forbidden region.
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Fig. 6 Splashdown of the H155 stage.

Fig. 7 Comparison of the state time histories.

Fig. 8 Comparison of the control time histories calculated by ASTOS
and HISTOS.

Figure 7 shows a comparison between the state pro� les of the
initial guess and the � nal solution. Note that the major differences
occur only as a result of a different timing of the second burn. This
burn has to be adjusted in order to meet the argument of perigee
constraint of the second payload’s orbit. The mass of the second
payload is calculated as 1938 kg.

The controls yaw and pitch are shown in Fig. 8. Of course, there
is a difference as a result of the missing atmosphere in the HISTOS

Fig. 9 Switching function pro� le during the nominal mission.

solution. In addition, the timing of the second burn is different and,
because the splashdown and the dynamic pressure constraint are
only enforced in the ASTOS solution, additional deviations can be
observed.

Analysis of the Switching Function
Figure 9 shows thepro� le of the switchingfunctionduring the two

upper-stage burns. Because two sub-missions have been optimized
with the indirect optimizationmethod, there exist two differentval-
ues for the switching function at burnout. Note that the values of
the switching function indicate an optimal performance during the
second burn arc (3700–4500 s). However, the values of the switch-
ing function are clearly below its burnout value for the end of the
� rst burn arc (500–900 s). Not shown in this plot is the switching
function during the � rst 500 s. Its value is an order of magnitude
larger than the burnoutvalue of the switchingfunction.The fact that
S is below its burnoutvalue at the beginningof the � rst upper-stage
burn suggests that an additional coast arc right after the burnout of
the H155 stage could improve the performance index.

Modi� ed Test Mission Scenario
According to the results found for the nominal mission, the mis-

sion pro� le is changed by adding an additional coast arc after the
burnout of the H155 stage. Again, the mission was split into two
sub-missions in order to generate an initial guess using HISTOS. A
coast arc of � xed durationwas insertedafter the H155 burnout.The
altitude pro� le of the � nal ASTOS result for this modi� ed test case
is shown in Fig. 10. The altitude drops and rises again during the
second coast arc because of the oblateness of the Earth.

Creating a New Initial Guess
To generate an initial guess, the mission pro� le is split into two

sub-missions again. Now, the � rst sub-mission includes a coast arc
of � xed durationright afterH155 burnout. The durationof this coast
arc is estimated based on the assumption that the apogee altitude is
600 km and perigee altitude is 100 km. The period of such an orbit
can then be calculated as

P D 2¼

q
[.ra C r p/=2]3

¯
¹ (19)

which results in 5554 s. Half of this orbital period was used as an
initial guess for the � xed-durationcoast arc. However, the switching
function for the second burn started slightly above its � nal value.
Therefore, the duration of this coast arc was reduced to 2745 s
until the optimality conditionwas almost met. This procedurecould
easily be done automatically, but because the � nal optimization is
done by using the direct optimizationmethod an accurate result for
the switching times is not required at this point.

After the � rst sub-mission the vehicle is in a 600-km circular
orbit. The duration of the second coast arc has been estimated to
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Fig. 10 Optimized altitude pro� le in the modi� ed mission scenario.

Fig. 11 State pro� les in the modi� ed mission scenario.

5500 s, which is slightly less than a full revolutionaround the Earth.
This long coast arc is required in order to meet the argument of
perigee constraint for the second orbit later. The value can easily
be estimated based on the position of the vehicle at the end of the
second burn, and the position of the vehicle at the beginning of
the burn arc required for the second payload that was calculated for
the nominal mission scenario.

The second sub-mission is a single burn arc to achieve the correct
apogee for the second payload. The argument of perigee constraint
for the � nal target orbit is not enforced for the initial guess but will
be enforced within the direct optimization.

Intermediate Optimization Results
Because the perigee of the � rst transfer orbit is too high for a

reentry of the main tank, the splashdown constraint was not en-
forced in this modi� ed mission.However, all other constraints,such
as heat � ux and dynamic pressure, were enforced. Figure 11 shows
a comparison between the state pro� les of the initial guess created
with HISTOS and the � nal optimization results obtained with AS-
TOS. Now, there is a larger difference in the pro� les, especially
for the altitude. However, CAMTOS convergesvery rapidly within
47 iterations. The payload mass was calculated as 3840 kg, which
is almost twice as much compared to the nominal mission.

Figure 12 shows the pro� le of the switching function computed
with HISTOS. Note that there are two burnoutvalues again because
two sub-missionshavebeenoptimized.It can clearlybe seen that the
very short secondburn is lyingon the burnoutvalue of the switching
function. A magni� cation of this region is shown in Fig. 13. The
valueof the switchingfunctionis almost constant.A small deviation
of about 10¡4 can be observed when using greater magni� cation.

Fig. 12 Switching function in the modi� ed mission scenario.

Fig. 13 Switching function during the second upper-stage burn.

Reactivating the Splashdown Constraint
To avoid unnecessary space debris, a � nal modi� cation to the

mission pro� le is performed. The splashdown constraint has to be
enforced again, such that the H155 main tank will return to Earth
after burnout.However, the calculationof the splashdownconstraint
will fail because the perigee altitude after the H155 burnout is too
high in the modi� ed mission pro� le. If the H155 stage is supposed
to deorbit, the perigee at burnout time must be below the Earth’s
surface. Therefore, an additional upper stage burn is added right
after H155 burnout.

The splashdown constraint is now reactivated in two steps. First,
the perigeealtitudeafter H155 burnoutis constrainedto be¡200 km
or less.The additionalupper-stageburn is requiredto aim thevehicle
to its 600-km target orbit (Fig. 14).

This intermediatesetupis initializedusingthe trajectorydata from
theprecedingmission.Of course,these trajectorydatadonot include
any upper-stage burn right after H155 burnout, but ASTOS just
requiresposition,velocity,and attitudecontrolsfor the initialization.

After 10 iterations in CAMTOS, the optimization process is
stopped, and the trajectory is simulated using a multiple shoot-
ing integration. Because convergence is not achieved yet, the re-
sult will show some jumps at the multiple shooting points. How-
ever, the perigee altitude after the H155 burnout is now below the
Earth’s surface,and the splashdownconstraintcan now be enforced.
CAMTOS is reinitializedusing the intermediate trajectory,and con-
vergence can now be achieved. The constraint on perigee altitude
after the H155 burnout is not enforced anymore. However, it was
necessary to require a minimum perigee altitude of 200 km for
the � rst coast arc in order to avoid a reentry of the upper stage.
To get comparable results, a splashdown of the H155 stage was
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Fig. 14 Altitude pro� le of the modi� ed mission scenario with splash-
down constraint.

Fig. 15 Splashdown of the H155 stage in the � nal mission scenario.

requested in the same region as for the original mission pro� le
(Fig. 15).

The payloadmass is now reducedto 3222kg. This value is 618 kg
less payload than in the preceding result without a splashdown con-
straint, but it is still 1284 kg more than for the original mission
pro� le.

Conclusions
The indirect optimizationmethod HISTOS, which has been used

to generate an initial guess, shows a very robust behavior when
arbitrary initial guesses for the initial costates are used. It is a little
bit more sensitive as far as an estimation on burn time or payload
mass is concerned,but in generalan adequateguess for these values
can easily be provided.

The directoptimizationmethodCAMTOS convergesvery rapidly
using the initial guesses supplied by HISTOS. A near-optimal so-
lution is calculated within a few iterations. Most time is spent to
achieve a high accuracy for the � nal result, which is mainly caused
by inaccurate gradient calculations caused by the interpolation of
tabulated data for thrust, mass-� ow rates, aerodynamics,and atmo-
spheric data.

The ASTOS model has shown great � exibilitywhen mission pro-
� les were modi� ed. Especially the setup, optimization,and analysis
of the � nal mission pro� le have been generated in only about half a
day, without the necessityof generatingcomplicated initial guesses.

Using the approach discussed in this paper, the payload perfor-
mance of the Ariane 5 vehicle for a given mission scenariohas been
improved signi� cantly. The switching function, which was calcu-
lated as a byproduct of the indirect optimization method, clearly
showed that the original setup was not optimal. Based on this con-
clusion, an improved mission pro� le is created,which � nally yields
a solution that satis� es all constraints and leads to an almost 66%
increase in the payload mass compared to the nominal mission
scenario.

Future research will focus on a tighter integration of the indirect
optimization method into the ASTOS library. Such an integration
will also allow for a combinationof directand indirectphaseswithin
one optimization problem. This approach is especially attractive
because a solution of such a problem does not require an explicit
formulation of the transversality conditions and these are already
included in the corresponding Karush–Kuhn–Tucker conditions of
the SQP solver.
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