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Optimization Methodology for Ascent Trajectories
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A simulation and optimization methodology, created by the authors to optimize the trajectories of airbreathing
spaceplanes and already tested and validated, has been improved and applied to a new concept of single-stage-to-
orbit lifting-body spaceplane in order to search for optimal ascent trajectories for a typical mission pro� le. After
a brief discussion on preliminary assumptions concerning the available data set, we � rst present the analysis pro-
cedure and the calculation method, which allowed us to simulate the ascent trajectory of a single-stage spaceplane
model, able to connect the Earth-launch pad to the International Space Station. The optimization technique, be-
longing to the class of direct optimization methods and dealing with a wide number of independent parameters, is
then described in detail, and speci� c results ensuring a better payload/liftoff weight ratio are widely shown. Shape
and size of the vehicle as well as integrated propulsion system and weight distribution are derived from a complete
data set, whereas the aerodynamic performances have been directly generated via a Navier–Stokes code. Finally,
a sensitivity analysis by varying launch-pad location and � nal orbit inclination and altitude has been performed,
and the in� uence of each guidance and control parameter on the optimal ascent trajectory has been emphasized.

Nomenclature
A = total aerodynamic force, N
a = orbit major semi-axis, m
Cs = sound speed, m/s
D = aerodynamic drag force, N
F = boundary condition
G = generic path constraint
G M = Earth’s gravitational parameter
g = acceleration of gravity, m/s2

g0 = sea-level acceleration of gravity (9.80665 m/s2 )
h = � ight altitude above sea level, m
Isp = speci� c impulse, s
i = orbit inclination,deg
L = aerodynamic lift force, N
M = Mach number
MA = aerodynamic moment, N¢ m
MP = propulsion moment, N¢ m
m = vehicle mass, kg
P = atmospheric pressure, Pa
QO = vector joining Earth center to spacecraft position
R = Earth radius (6378 km)
T = thrust, N
V = air speed, m/s
Vi = inertial velocity, m/s
Vorb = orbital velocity, m/s
XCG = center of gravity position, m
a = angle of attack, deg
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c = velocity pitch (path inclination angle), deg
d = power setting
d f = body-� ap de� ection, deg
e = thrust angle, deg
h = geographical longitude, deg
k = geographical latitude, deg
l = velocity roll (bank angle), deg
q = air density, kg/m3

s = differential power setting
v = velocity yaw (path direction angle), deg
!e = Earth angular rate (7.2722e-5 rad/s)

Introduction

T HE presentdemandof reductionin both designand operational
costs has oriented the aerospace community to research and

develop new space launcher vehicles, where scienti� c and techno-
logical innovationsare continuouslyintroduced.To obtain the same
performancesof present multistage expendable launch vehicles, an
equivalentsingle-stagespaceplaneshould include a total propellant
weight up to 90% of the liftoff mass. Moreover, it should be also
powered by an ef� cient propulsion system able to operate at each
� ight condition during the whole ascent trajectory, from takeoff at
sea level to insertion into the � nal orbit.

During the last years several fully reusable single-stage-to-orbit
(SSTO) concepts,powered by fully rocket propulsion systems (like
Venture-Star), have been investigated to obtain a vehicle able to
connectmore frequently the Earth groundpad with the International
Space Station (ISS). Under this scenario the de� nition of optimal
ascent trajectories has revealed great advantages in order to ensure
the betterpayloadto liftoffweight ratio of SSTO reusablelaunchers.

The main goal of this paper, which re� ects the main contribution
to the � eld, is to provide a simulation and optimization method-
ology able to investigate different ascent trajectories of a SSTO
lifting-body vehicle, according to several mission pro� les. Never-
theless, the concept vehicle adopted in this study is not merely a
case example to illustrate the methodology,but the obtained results
in terms of � nal payload carried on orbit are as realistic as the aero-
dynamic, propulsive, and weight distribution models are validated.
Startingfrom the equationof motion, theoriginaloptimizationcode,
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which was successfulfor trajectoriesoptimizationof SSTO vehicles
in airbreathingcon� guration,1 has been implemented with new fur-
ther routines able to obtain rapidly a suitable set of parameters for
the optimal starting conditions (good starting point) and to de� ne
better the strategy to reach the minimum of the objective function
(multistep strategy).

Mathematical Model
The equations of motion describing the � ight of a spacecraft

reaching orbital speed over a spherical rotating Earth are derived
with the assumptions that the trajectory is � own in the immediate
neighborhoodof the Earth, and the differentialeffectsof the sun and
the moon on the motion of the Earth-vehicle system are neglected.2

Because of the these hypotheses, the vectorial dynamical equation
can be written in the following form:

T + A + mg =
dV
dt

+ 2!e £ V + !e £ (!e £ QO) (1)

where the inertia terms representthe relative,Coriolis, and transport
acceleration,respectively.To obtain the associatedscalar equations,
it is necessary to de� ne several coordinate systems and establish
angular relationshipsdescribing the position and the motion of one
system with respect to another.

The � nal equations set, usually adopted to analyze the dynamical
behaviorof a rigid body and completed by the variable mass system
condition,3 is able to describe the motion of a SSTO hypersonic
space vehicle over a spherical and rotating Earth with no wind in
the atmosphere:

ÇV =
T cos e ¡ D

m
¡ g sin c

+ x 2 ¢ (R + h) cos k ¢ (cos k sin c ¡ sin k cos c sin v )

Çv =
(T sin e + L) sin l

mV cos c
¡ cos c cos v tan k

V

R + h

+ 2 x ¢ (cos k tan c sin v ¡ sin k )

¡ x 2 R + h

V cos c
cos k sin k cos v
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(T sin e + L) cos l

mV
¡

g

V
¡

V

R + h
cos c + 2 x cos k cos v

+ x 2 R + h

V
cos k ¢ (sin k sin c sin v + cos k cos c )

Çh = cos c cos v
V

(R + h) cos k
, Çk = cos c sin v

V

(R + h)

Çh = V sin c , Çm = ¡
T

g0 Isp

(2)

This system of seven � rst-order differential equations, nonlinear
and with nonconstant coef� cients, denotes the instantaneous trim
and position variations, as well as the mass losses of the whole
space transportsystem.The dynamicalsystem evolutionis managed
by means of the following meaningful parameters that have been
adoptedas control variables:angle of attack a , thrust angle e , power
setting d , and bank angle l .

Because the vehicle is requested to perform vertical liftoff by
means of a full-rocket propulsion system, a shorter equation set
has been employed to describe the � rst instants of the launch. (The
equation system cannot accept c = 90 deg.) In particular, a few
seconds after the vertical launch, a path inclinationangle of 89 deg,
has been instantaneously adopted, without any loss of calculation
accuracy:

ÇV = (T cos e ¡ D) / m ¡ g, Çv = 0, Çc = 0

Çh = 0, Çk = 0, Çh = V , Çm = ¡ T / g0 Isp (3)

Fig. 1 Lifting-body concept vehicle.

Both the systems have been integrated by means of the RKSUITE
software,4 a suite of codes based on Runge–Kutta methods for the
numerical solution of the initial values problems.

Gravitational and Atmospheric Model
Because the latitude variations and the uneven Earth’s mass dis-

tribution have negligible effects on the acceleration of gravity, the
gravitational � eld is assumed to be only function of the altitude,
according to the inverse square law:

g(h) = g0 ¢ [R / (R + h)]2 (4)

The atmospheric model follows the “US Standard Atmosphere
1962,”5 including temperature pro� les linearly dependent on the
altitude.

Vehicle Con� guration
The preliminary vehicle design, which originated from the ref-

erence scenario of an ESA’s study, is a lifting-body concept vehi-
cle (Fig. 1) performing vertical takeoff and horizontal landing and
powered by a full-rocketpropulsion system. Such a model has been
adopted in accordance with the widely accepted requirements in
terms of fully reusable vehicles, which means new space launch-
ers’ technical feasibilityfor the year 2005 and competitivenesswith
regards to launch costs.

Shape and size of the vehicle as well as the integratedpropulsion
system and weight distribution make reference to a complete data
set originating from Alenia Aerospace and considering a fuselage
length of 34 m, a total width of around 32 m, and a wing refer-
ence area of 500 m2 . The estimated gross liftoff weight (GLOW) is
around 450,000 kg, whereas the operating empty weight, including
structures, propulsion system, and thermal protections,is only 10%
GLOW. The trim/maneuver capability on the pitch control is en-
sured by the thrust vectoring and the body-� ap de� ection, whereas
the roll and the yaw controlare respectivelyprovidedby the elevons,
locatedon the side � ns, and the rudders, locatedon the vertical tails.

The propulsion system includes seven linear aerospike rocket
engines, which are able to guarantee optimal working conditions
for the whole ascent. With respect to the conventional bell nozzle,
the aerospike nozzle performs the gas expansion on its external
surface, allowing the jet to expand ef� ciently at any altitude, thus
providinghighermean speci� c impulse.Furthermore, the aerospike
nozzle is shorter and lighter than the bell nozzle, and its shape can
be positively integrated into the vehicle structure so that a lower
aerodynamic drag and a better distribution of the thrust loads can
be obtained. Finally the possibility to arrange seven rocket engines
in a side-by-sidecon� gurationallows the thrust vectoringsystem to
perform � ight maneuvers easily.

Aerodynamic and Propulsive Model
The aerodynamicperformances have been directly generated via

a computational � uid dynamics Navier–Stokes code. The aero-
dynamic coef� cients (CL , CD , and CMA) have been tabulated in
database form as functions of angle of attack, Mach number, and
body-� ap de� ection angle and havebeen linearly interpolatedin the
program code.
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The powerplant model adopted for the SSTO vertical liftoff ve-
hicle is based on the innovative linear aerospike rocket engines and
has been sized to provide a thrust/liftoff weight ratio T / W = 1.4,
according to the safety speci� cations adopted in the ESA’s study.
This assumption can avoid the falling down of the launcher, in
case one of the seven engine module should become not operat-
ing anymore; in such a case, even if the corresponding module on
the opposite side of the aerospike engine should be turned off,
the T / W =1 can be guaranteed anyway. The aerospike engine
con� guration does not allow the thrust gimbals (see http//www.
boeing.com/space/rdyne/x33/aerospik/aerospik.htm), but the pitch
control during the whole ascent trajectory is performed by employ-
ing the thrust throttling in differential mode. On the basis of the
vehicle con� guration, it is realistic to assume the propulsionsystem
able to provide: 1) axial thrust linearly depending on mean power
setting and atmospheric pressure TX = TX (P , d ); 2) normal thrust
linearly depending on atmospheric pressure and differential power
setting TZ = TZ (P , s ), where the differential power setting s is
limited up to 30% of the mean power setting; and 3) pitch moment
as a function of axial thrust, differential power setting, and c.g. po-
sition MP = MP (TX , s , XCG). The c.g. is assumed to linearly move
along the longitudinal axis according to the vehicle mass variation.
Because the thrust angle can be easily expressed in the form

e = tan ¡ 1(TZ / TX ) + a (5)

both themeanpowersetting d and thedifferentialpower setting s can
be adopted in Eq. (2) as control variables for the ascent simulation
as well as the angle of attack a , the body-� ap de� ection d f , and the
bank angle l .

Trajectory Optimization Problem
The investigation of optimal ascent trajectories for hypersonic

spacevehiclesgenerallyconsists in a typical trajectoryoptimization
problem,6 ¡ 8 where different sequential phases can be identi� ed.
By de� ning t the independent variable, the system is dynamically
describedduringeach trajectoryphasebyn y statesvariablesy(t ) and
nu control variables u(t ) and sometimes by n p parameters, which
are not depending on t .

The dynamical behavior of the system is usually de� ned by a set
of ordinary differential equations, called state equations or system
equations, written in explicit form:

Çy = f [y(t ), u(t ), t] (6)

which have to satisfy the following boundary conditions at the be-
ginning and at the end of each phase:

Fl · F[y(t ), u(t ), t] · Fu (7)

namely for t = t0 and t f . Moreover, the system solutions have to
satisfy, in the following form, some de� nite path constraints

G l · G[y(t), u(t), t] · Gu (8)

as well as speci� c bounds on both the state and control variables

yl · y(t ) · yu (9)

ul · u(t ) · uu (10)

An equality constraint can be given in the same way, by simply
imposingtheupperbound to be equal to the lower one, i.e., G l = Gu .
The optimal control problem consists in determining the control
variables vector able to minimize the objective function:

J = U [y(t ), t] (11)

when t 2 [t0, t f ] for each phase. By always taking into account that
the larger the number of variables is the more complex is the ob-
jective function topology, the number of control parameters has to
be reduced as much as possible in order to obtain an ef� cient opti-
mization process.

Mission Description and Path Constraints
The simulation and optimization procedures have been applied

to the ascent trajectory of a lifting-body full-rocket SSTO vehicle
from the launch to the insertion into a Hohmann Transfer (H.T.)
orbit.9 During the optimization process, the maximum payload to
GLOW ratio has been adoptedas an objective function, the payload
includingall of the propellantmass losses as a result of the impulses
of velocity required to accomplish the H.T. as well as the propellant
mass contributionfor deorbitingand beginningof the reentry phase.
The fully reusable launcher has been designed to perform vertical
liftoff,placethegreatestpossiblepayloadintoa 400-kmorbit (where
typically the ISS is going to be located), and return to the Earth
along a reentry path trajectory by performing horizontal landing on
a conventional tricycle landing gear.

Obviously the ful� llment to mission requirements cannot be lim-
ited to simply carry on such a payloadat a speci� c altitude, but also
consists in carefully complying with some constraint conditions,
concerning both the ascent path trajectory and the correct injection
into orbit. Upper limits on the dynamic pressure as well as on axial
and normal accelerationhave been taken into account to limit aero-
dynamic and mechanical loads on the vehicle structurefor the entire
mission. In particular, the admissible dynamic pressure is bounded
to 40 kPa, and the axial and normal acceleration must not exceed
30 and 15 m/s2, respectively.

Further constraintconditions,called injectionconditions, have to
be respected to enable a suitable orbit insertion: when entering into
the elliptical transfer orbit, the path angle must be c =0 deg, and
the spaceplanemust have an orbital velocity only depending on the
injection altitude and the major axis of the destination orbit. The
spacecraft velocity value must satisfy the following relationship,
directly originating from the energy equation:

V 2
orb = G M ¢ [2/ (R + h) ¡ 1/a] (12)

where Vorb is not the aircraft velocitywith respect to the Earth, but it
is the absolute inertial velocity referred to a nonrotating coordinate
system centered in the center of the Earth and expressed by the
following vectorial equation:

Vorb = V + !e £ r (13)

Besides, on the basis of geometrical relationshipsbelonging to the
spherical trigonometry � eld, a further injection condition relates
the � ightpathdirectionto the latitudeof the injectionpointand to the
inclinationof the � nal orbit accordingto the following relationship:

sin v +
p

2
=

cos(i )

cos( k )
(14)

where, as just discussed, the angle v is the absolute path direction,
measured in a clockwise direction from east onward. Matching the
injection conditions allows the spaceplane to avoid subsequent and
costly correctionmaneuvers that are very dif� cult to execute in low
Earth orbit (LEO) because of the quite high orbital velocity.

Preliminary Analysis and Control Laws
Taking into account the optimization requirements, a prelimi-

nary simulation analysis has been conducted to � nd the meaningful
characteristics of the ascent � ight path and therefore appropriately
assign the maneuver control laws while minimizing the control pa-
rameters. The availability of a thorough aerodynamic data set and
an accurate powerplant model has allowed the performance of a
more realistic trajectory simulation analysis, where a further static
trim condition on the pitch equilibrium for the whole ascent trajec-
tory has been adopted by imposing the equality of pitch moments
originatingfrom the aerodynamicactions and the propulsivesystem

j MP + MA j · j »= 0 (15)

The � rst simulationresultshavecon� rmed theassumptionthat the
inertialmoments can be surelyneglectedwith respect to the external
moments (Fig. 2). The trim/maneuvercapabilityon the pitch control
is then ensured at each � ight instant by a repetitive variation of the
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Fig. 2 Externalmoments:Ma, aerodynamicmoment,andMp,propul-
sion moment.

thrust vectoring (via differential power setting control s ) and the
body-� ap de� ection d f , according to the following relationships:

D s = Crm ¢ P s (0 · Crm · 1)

D d f = (1 ¡ Crm) ¢ P d f (0 · Crm · 1)

where P s and P d f are some constant parameters evaluated to be
congruent with the variation � eld of s and d f .

The preliminary analysis has shown the following:
1) The maximum payload is obtained by using the maximum

available thrust, namely the maximum power setting values, ac-
cording to the constraintson the axial accelerationand the dynamic
pressure.

2) The velocityroll control law can be neglectedduring the whole
ascent trajectory because the freedom of choosing the launch direc-
tion at the vertical liftoff enables the path direction at the end of the
climb to be aligned to the destination orbit inclination. Thus l = 0
can be adopted at all times.

3) The static pitch trim provides the same results of a fully dy-
namic pitch trim, but reducesboth problem complexity and compu-
tation time.

4) The maximum peaks of dynamic pressure and aerodynamic
actions are reached in the transonic region (50–80 s after launch at
an altitudeof about 10 km), where also the differentialpower setting
and the body-� ap de� ection achieve their maximum value during
the � ight path.

5) Because the angle-of-attackcontrol law cannot be directly as-
signed as functionof time a = a (t ), a new strategyhas been needed
to � nd the good starting point set of parameters in order to make
easier the path trajectory control, reduce � ight path angle oscilla-
tions in the central phase of the ascent, and be sure that velocity
pitch will be very close to 0 deg when entering into the LEO outside
the atmosphere.

Good Starting Point Methodology
One of the limits of direct gradient optimization methods is that

optimal results are strongly in� uenced by the de� nition of a starting
point set of parameters,namely, the set of control variablesadopted
as input for the optimizationprocess drives the code toward a mini-
mum, which often is a local minimum. Therefore, a new calculation
routine has been implemented into the original simulation and opti-
mization code in order to rapidly de� ne a suitable set of parameters
for the optimal startingconditions,the so-calledgood startingpoint,
that is desirable for obtaining the correct result or, at least, a good
local minimum of the objective function.

The investigation of optimal ascent trajectories for fully rocket
propelled space transportation systems reveals great dif� culties in
the assignmentof the initial guess at the angle-of-attackcontrol law.
This problem has been solved in our case by analyzing the third
equation in Eq. (2), where the path inclination rate is expressed as
a function of the following parameters:

Çc = Çc [T ( d ), e ( a , s ), L( a , d f ), l ] (16)

As just mentioned, the power setting d has been assigned to obtain
the maximum available thrust, and the velocity roll control l has
been neglected, whereas differential power setting s and body-� ap

de� ection d f are univocallydeterminedby imposing static trim con-
ditions on the pitch control. Therefore the path inclination rate can
be assumed to be only a function of the angle of attack:

Çc = Çc ( a ) (17)

This assumption allows the velocity pitch variation to be smoothed
directly along the ascent trajectory because the simulation routine
enables the step-by-step veri� cation for each value of angle of at-
tack, the instantaneous equivalence of the path inclination rate as
resulting from the differential equation system, and a path angular
velocityvalue imposedby a simple law Çc = Çc ( c ), able to satisfy the
requirements at liftoff ( c =90 deg) and at the injection into orbit
( c =0 deg; Çc =0 deg/s). The adopted procedure is able to control
better the rotational dynamics when the path angular control law is
providedin a splinevariationform and enables the input variablesto
be more easily reset when a sensitivityanalysison differentmission
requirements is required to be performed.

Optimal Ascent Trajectory
On the basis of the preliminary analysis results concerning the

ascent simulation and by applying the good starting point method-
ology just illustrated, the optimization process to de� ne the op-
timal ascent trajectory ensuring the greatest payload/GLOW ratio
has been � nally run.

Before presenting the resultsand the control laws able to perform
the optimalascenttrajectory,a newoptimizationroutine,calledmul-
tistep strategy (MSS) and created by the authors to more ef� ciently
reach the minimum values of topologically complicated objective
functions, is described. Moreover, a sensitivity analysis has been
conducted to better appreciate the trajectory variations related to
differentmission requirements,and a speci� c optimizationcase has
been addressed to evaluate the capability of aerodynamicand thrust
vectoring trim conditions.

Multistep Strategy
The so-calledMSS is a new routine,which has been implemented

into the optimization code to attain more rapidly the minimum of
the objective function during the optimization process. The single-
step methodology,alreadyadoptedfor optimizing the trajectoriesof
airbreathing SSTO spaceplanes,1 could not provide the same good
results when applied to the ascent trajectoryof a fully rocketvehicle
because the obtainablegains in terms of payload/liftoff weight ratio
are smaller than the improvements brought by optimization in the
previouswork. Insteadof imposing a speci� c step for the whole op-
timizationprocess, the MSS has allowed the optimization step to be
increased or decreased differently according to the objective func-
tion topology,by continuouslyvarying the increment value through
repeated calls to the optimization routines.

The results of this new strategy, as shown in Fig. 3, have em-
phasized that a lower minimum of the objective function, resulting
in a better payload to GLOW ratio, can be attained by repeatedly
adoptinga 2, 4, and 5% variationstep on the control variablesrather
than a single 2% step. The MSS routine has obviously required a
longer CPU time with respect to the single-step procedure, but the
achievedgain in terms of optimal payloadplaced into orbit (3600kg
vs 3150 kg with the same starting point) deserves such an increase
in computation time. Furthermore, referring to the same Fig. 3, the

Fig. 3 Multistep strategy.



D’ANGELO ET AL. 765

considerable in� uence of the starting set of parameters on the opti-
mization results, as just mentioned, is clearly shown.

Sensitivity Analysis
A sensitivity analysis, by varying the � nal orbit inclination and

altitude and the launch pad latitude, has been conducted to evaluate
how different mission requirements or different starting conditions
affect the optimal ascent trajectories in terms of � nal payload/liftoff
weight ratio.

During the same analysis, the in� uenceof speci� c controlparam-
eters and path constraints, like angle-of-attackcontrol law and axial
accelerationlimit, hasbeeninvestigated.In particular,threedifferent
orbit inclinationshave been consideredin order to estimate the pay-
load possibilities,a nearly equatorialorbit (i = 6 deg), a nearlypolar
orbit (i =98 deg), and the typicalISS orbit (i =51.6 deg), with three
different � nal altitudes (185, 250, 400 km) and two typical launch
sites, Kourou (5.2± North) and Cape Canaveral (28.5± North).

Optimization Results
The main results of the analysis are presented in Figs. 4–12. A

comparison between starting point and optimal ascent trajectories
has revealed several differences in terms of guidance and control

Fig. 4 Flight-path trajectory.

Fig. 5 Angle of attack.

Fig. 6 Axial acceleration and power setting.

Fig. 7 Aerodynamic actions and available thrust: T, thrust; D, drag;
and L, lift.

Fig. 8 Body-� ap de� ection.

Fig. 9 Differential power setting.

Fig. 10 In� uence of orbit inclination and launch site latitude on the
payload.

laws and � ight-path parameters that can be shortly summarized as
follows:

1) The optimized � ight path is steeper at the beginning and
smoother at the end of the climb with respect to the starting point
trajectory(see Fig. 4), looking for the optimal compromisebetween
gravity losses and aerodynamic drag. When considering a desti-
nation orbit of 400 km, the optimal parking altitude seems to be
stabilized at about 90 km.
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Table 1 Optimization results

Optimization results Payload % of
(empty weight: 10% of GLOW) GLOW

Orbit inclination 6 deg, altitude 400 km, liftoff from Kourou 1.90 ) 2.11 (+0.21)a

Orbit inclination 51.6 deg, altitude 400 km, liftoff from Kourou 1.45 ) 1.65 (+0.2)
Orbit inclination 98 deg, altitude 400 km, liftoff from Kourou 0.55 ) 0.79 (+0.24)
Orbit inclination 30 deg, altitude 400 km, liftoff from Cape Canaveral 1.67 ) 1.93 (+0.26)
Orbit inclination 51.6 deg, altitude 400 km, liftoff from Cape Canaveral 1.46 ) 1.65 (+0.19)
Orbit inclination 98 deg, altitude 400 km, liftoff from Cape Canaveral 0.54 ) 0.79 (+0.25)
Orbit inclination 98 deg, altitude 250 km, liftoff from Kourou 0.85 ) 1.09 (+0.24)
Orbit inclination 98 deg, altitude 185 km, liftoff from Kourou 0.9 ) 1.21 (+0.31)
Orbit inclination 6 deg, altitude 250 km, liftoff from Kourou 2.23 ) 2.50 (+0.27)
Orbit inclination 6 deg, altitude 185 km, liftoff from Kourou 2.46 ) 2.66 (+0.20)
aArrows represent the improvement brought about by optimization.

Fig. 11 In� uence of � nal orbit altitude on the payload.

Fig. 12 In� uence of axial acceleration limit on the payload.

2) During the whole optimal ascent trajectory,the angle-of-attack
control law follows a more regular trend (variable in the range
0–4 deg), and so reducing aerodynamic losses and increasingthrust
ef� ciency (Fig. 5).

3) The maximum normal acceleration is strongly reduced in the
optimal ascent trajectory, whereas the axial acceleration always
achieves the maximum permitted values to reduce the � ight time
to get the H.T. orbit.

4) In the same way the dynamic pressure as well as the peaks of
aerodynamicactions appear to be reduced in the optimal � ight path
trajectory; therefore, the limit on the axial acceleration is the only
one which occurs in reducing the available thrust (Fig. 6).

Very interesting results have been provided by the speci� c in-
vestigationaddressed to evaluate the capability of aerodynamicand
thrust vectoring trim conditions. Such an analysis has shown that
the aerodynamic lift force plays a secondary role during the entire
ascent trajectory so that the optimal ascent trajectory, ensuring the
better payload/liftoff weight ratio in the trim conditions, should re-
quire the maximum thrust in accordance, with the path constraints
(Fig. 7). Moreover, the thrust vector should be oriented along the
speed direction as long as possible. Because of the simpli� ed pow-
erplant model, where ef� ciency losses caused by the thrust adjust-
ments are not taken into account, the optimal trim conditionsof the
whole launch system are preferably guaranteed by thrust vectoring
rather than by aerodynamic moments in order to minimize the ad-

ditional aerodynamic drag caused by body-� ap de� ections (Figs. 8
and 9).

Optimization resultsconcerningthe sensitivityanalysison differ-
entmissionrequirementsandstartingconditions,as listedin Table 1,
have demonstrated the following:

1) The two different launchsite latitudesdo not sensiblyin� uence
the optimal payload values, except for the 30-deg inclination orbit
case, where an eastward launch from Cape Canaveral results to
be more advantageous with respect to Kourou solution in terms of
payload placed into orbit.

2) When considering a 400-km orbit, the maximum payload/
liftoff weight ratio values obtained by the optimization process re-
spectively correspond to 2.1% for the nearly equatorial orbit case
and 0.8% for the nearly polar orbit case (Fig. 10).

3) The required propellant mass, and hence the optimal payload,
are linearly dependent on the � nal orbit altitude for both the polar
and the equatorialorbits,as shown in Fig. 11.Therefore,a maximum
payload to takeoff weight ratio of 2.66% has been achieved starting
from Kourou and getting an equatorial orbit at a � nal altitude of
185 km.

Furthermore, the in� uence of the axial accelerationlimit on max-
imum payloadplaced into orbit has been speci� cally evaluated,and
results have con� rmed the 30 m/s2 value as a suitable limit behind
which the achievable gain in terms of payload becomes no longer
interesting (Fig. 12).

Conclusions
A simulation and optimization methodology, applied to a new

concept of vertical liftoff SSTO fully reusable launch vehicle, has
been investigated in order to � nd optimal ascent trajectories ac-
cording to typical mission pro� les for serving a future manned
space station. The adopted powerplant model, including seven lin-
ear aerospike rocket engines and operating with both linear and
differential throttling modes, guarantees pitch moment control and
optimal working conditions during the whole ascent trajectory.

A preliminary simulation analysis in static trim conditions has
emphasized the possibility to neglect inertial effects on the pitch ro-
tational equilibrium because they resulted extremely small if com-
pared to aerodynamic and propulsive moments. This assumption
has been successful to comply with the path constraints require-
ments and to provide the control adopted for the � ight path simula-
tion, whereas the suitable set of � ight control parameters has been
rapidly individuated through the application of the good starting
point methodology.

During the optimization process, the application of the MSS to
more accurately attain the minimum of the objective function has
resulted in a 15% payload increase, the maximum axial accelera-
tion being the only active constraint which reduces the available
thrust. The subsequent sensitivity analysis on different mission re-
quirementshas clearly con� rmed that the maximum payloadplaced
into orbit is strongly in� uenced by the � nal altitude and inclina-
tion of the destination orbit. Accounting for the effects of Earth
rotation and the propellant mass required by the reentry phase, the
different optimal ascent trajectorieshave indicated typical values of
� nal payload to gross liftoff weight ratio going from 0.8 to 2.1%, for
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polar and equatorial orbit respectively at a � nal altitude of 400 km,
whereas a maximum payload to takeoff weight ratio of 2.66% has
been achieved starting from Kourou and getting an equatorial orbit
at a � nal altitude of 185 km, as shown in Table 1.

The achieved results unequivocally provide useful indications
for the next optimization step, which will consider the whole as-
cent and reentry mission. In particular a continuationof the present
work should include the following topics: 1) investigation about
how a nonlinear interpolation of the aerodynamic data set could
affect the simulation and optimization precision; 2) estimation of
the wind effects on the optimal climb path; 3) evaluation of the
payload reduction when propellant reserves for an improved sta-
bility and dynamic control are considered; and 4) application of
different optimization techniques, e.g., a genetic algorithm, to be
adoptedin alternativeor in combinationto the gradientoptimization
method.
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