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An optimal rescue orbital elements online decision-making method based on RBFNN for launch vehicles under

thrust drop fault.

The present invention discloses an optimal rescue orbital
elements online decision- making method based on
RBFNN for launch vehicles under thrust drop fault?
including: establishing the flight dynamic equations of
launch vehicles in the second-stage ascending phase in the
geocentric inertial coordinate system, to construct a series
of optimization problems of maximum semi-major axis of
circular orbit under the thrust drop fault; using the
adaptive pseudo-spectrum method to solve the
optimization problems of maximum semi-major, and using
the maximum and minimum method to normalize the
sample data to [-1, 1], using the orthogonal least square
method to select the data center of the radial basis
function neural network (RBFNN), where the Gaussian
function is selected as the radial basis function, and the
RBFNN is trained offline to establish a nonlinear mapping
relationship from the fault states to the optimal rescue
orbital elements. The RBFNN is transferred to the actual
flight of launch vehicles, and taking the fault states of the
flight as the input, the RBFNN determines the optimal
rescue orbital elements online.
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AN OPTIMAL RESCUE ORBITAL ELEMENTS ONLINE DECISION-MAKING METH®OP»p00286
BASED ON RBFNN FOR LAUNCH VEHICLES UNDER THRUST DROP FAULT

Technical Field

The present invention relates to the technical field of launch vehicles under thrust drop
fault, in particular to an optimal rescue orbital elements online decision-making method

based on RBFNN for launch vehicles under thrust drop fault.

Background

As a rocket power plant, the engine is a decisive factor for the reliability and safety of a
rocket. Its reliability is related to the success or failure of the entire flight mission. In the
actual flight mission, when the thrust drop fault of the launch vehicle engine occurs, it is
difficult to complete the mission if the guidance and control scheme under nominal ballistic
conditions is continued. In order to avoid the fall of the payload, it is necessary to decide the
optimal rescue orbital elements online according to the fault state so that the payload
enters into the rescue orbit.

At present, for the problem of online rescue under the thrust drop failure, the main idea
is to couple the two problems of rescue trajectory decision and trajectory optimization
based on the dynamic model for online optimization [1,2]. SONG [1] proposed an
autonomous rescue strategy and algorithm for launch vehicle thrust descent failure,
combined with the injection point geocentric angle estimation, convex optimization,
adaptive collocation method, etc., to provide a good online solution for the original coupling
optimization problem, online providing a good initial value for the original coupling
optimization problem to improve the computational efficiency of online trajectory planning.
LI [2] proposed an online trajectory optimization algorithm for launch vehicles based on
convex optimization to obtain a high-precision and high-efficiency online trajectory
optimization method. The above method couples the two problems of rescue trajectory
decision and flight trajectory together and optimizes them. Due to the unknown rescue orbit,
the search space of the optimal solution is very large, which affects the calculation

efficiency of the online part.

Summary
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According to the problems exist in the prior art, the present invention provides an

optimal rescue orbital elements online decision-making method based on RBFNN for
launch vehicles under thrust drop fault, specifically comprising:

establishing the dynamic equations of launch vehicles in the second-stage ascending
phase in the geocentric inertial coordinate system; setting the boundary condition and the
constraint condition with different fault times and thrust drop percentages, to construct a
series of optimization problems of maximum semi-major axis of circular orbit under the
thrust drop fault;

using the adaptive pseudo-spectral method (APM) to solve the optimization problems
of maximum semi-major axis offline , to obtain a sample set of the optimal rescue orbital
elements under different fault states, wherein the input feature of the sample set is the fault
state, and the fault state includes the time of the thrust fault, the percentage of thrust drop,
the position, the speed, the mass and the output features of the sample set are the orbital
elements of the rescue orbit, the orbital elements of the rescue orbit includes the semi-
major axis, the inclination, and the longitude of the ascending node of the rescue orbit;

using the maximum-minimum method to normalize the sample data, and all data are
normalized to [-1,1]; using the orthogonal least square method to select a data center of a
radial basis function neural network (RBFNN), wherein a Gaussian basis function is
selected as the radial basis function; the radial basis function neural network is trained
offline to establish a nonlinear mapping relationship from the fault state to the optimal
rescue orbital elements;

transferring the well-trained radial basis function neural network to the actual flight;
taking the fault state of as the input of the radial basis function neural network, determining
the optimal rescue orbital elements online.

Furthermore, when constructing the optimization problems of maximum semi-major
axis:

setting the X1 axis to point the primary meridian at the time of launch in an equatorial
plane, the Z1 axis vertical to the equatorial plane and to point the North Pole, and the Y1
axis to meet the right-nand rule; establishing the dynamic equations of the launch vehicles

in the second-stage ascending phase in the geocentric inertial coordinate system as
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follows:
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wherein r and v represent the position and the velocity vector of launch vehicles; y=GM
is an earth’s gravitational constant; represents a total mass of the launch vehicles, and i,
represents a specific impulse of the engine of the launch vehicles; & = {it,., Uy ug]T is

a component of a thrust unit vector of the engine; when the engine fault occurs, a
percentage of thrust drop is # ; a thrust magnitude is {1 — )T m, Wherein 7, is a
nominal thrust of the engine; in the case of a thrust drop fault, the specific impulse of the
engine remains unchanged, a propellant consumption per second decreased;, and a total
flight time exceeds a nominal flight time; assuming the engine thrust drop failure occurs at

tq, SO the constraint condition of the starting point is expressed as follow:

x(ty) = x, 4
wherein x, is the state of the starting point, a nonlinear relationship from the number of
orbital elements to a terminal state is expressed as

[as, errip, 2, 0017 = (), v(E) (5)
wherein y is a terminal moment; @y, ef, i, {s, wy is the orbital elements of the target
orbit including the semi-major axis, eccentricity, inclination, longitude of the ascending node,
argument perigee of the terminal point.

a total mass of the launch vehicle and payload after the fuels exhaustion is expressed
as my, the radius of the earth is R,, and the minimum safe orbit height is defined as :’Efu
the terminal mass and the height meets:

m(tp) =me, k. < v () — Ry 6)

when the thrust drop fault occurs, because an energy required to send a load into a

circular orbit is less than an energy of an elliptical orbit under a same perigee height, so

searching for a highest circular orbit within the current orbital plane as the optimal rescue



LU500286
orbital elements; describing, by the solution to the highest circular orbit under the thrust

drop failure, the maximum optimization problem of the semi-major axis:
Objective Function:  min ] = —a(t;)
4z . : T _ 1y V88 presyT
Boundary Conditions: [ef, i, 25 }' = [0,i:%°,£2:]", Eq.(4), Eq.(6)
Dynamics Constraints: Eq. (1)-(3)
Control Constraints:  {alf = 1

s PeR

The orbital inclination {-° and the longitude of the ascending node {2;™ is in
accordance with the fault states of launch vehicles. Due to the above technical scheme, the
present invention provides an optimal rescue orbital elements online decision-making
method based on RBFNN for launch vehicles under thrust drop fault, which has the
following beneficial effects:

(1) Benefiting from the invention, the complicated trajectory optimization problem of
launch vehicles under the thrust drop fault is decoupled into an optimal rescue orbital
elements decision-making and a simplified trajectory optimization problem.

(2) RBENN can fit the nonlinear relationship from the optimal rescue orbital elements
to the fault states accurately. The online decision-making time is almost negligible
compared with trajectory optimization time.

(3) The invention can quickly determine the optimal rescue orbital elements online
and provide reasonable terminal constraints for subsequent online trajectory optimization.

Then the complexity of the online trajectory optimization problem will also be greatly

reduced, thereby improving the overall computational efficiency of online rescue.

Brief Description of the Drawings

In order to explain more clearly the embodiment of this application or the technical
scheme in the prior art, a brief description of the attached drawings required in the specific
embodiment or the existing technical description is given below. Obviously, the attached
drawings in the following description are only some of the embodiments recorded in this
application. For general technical personnel in this field, other drawings can be obtained
without creative work.

Fig. 1 shows the scheme of the optimal rescue orbital elements decision-making

strategy.
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Fig. 2 shows the flow chart of sample set generation.

Fig. 3 shows the results of the optimal rescue orbital elements decision-making.

Detailed Description

In order to make the technical scheme and advantages of the invention clearer, a clear
and complete description of the technical scheme in the embodiments of the invention will
be described in conjunction with drawings attached in the embodiments of the invention
hereinafter.

Fig. 1 shows an optimal rescue orbital elements online decision-making method based
on RBFNN for launch vehicles under a thrust drop fault, specifically steps are as follows:

S1: Taking the two-stage launch vehicle as the research object, it is assumed that the
thrust drop failure occurs in the second stage of flight. At this time, the atmosphere is thin
and the influence of aerodynamic forces can be ignored. Define the geocentric inertial
coordinate system: the origin is at the center of the earth, the X1 axis points to the primary
meridian at the time of launch in the equatorial plane, the Z1 axis is vertical to the equatorial
plane and points to the North Pole, and the Y1 axis satisfies the right-hand rule, respectively.
Establishing the dynamic equations of the launch vehicles in the second-stage ascending

phase in the geocentric inertial coordinate system as follows:

F=y
(1)
i (-7
Y =— £ ; ¥ I O i

i . biH
(2

. {1 _??} Tm:tm
m=-—-—- (3)

folsp
wherein ¥ and ¥ represent the position and the velocity vector of launch vehicles; y=GM
is an earth’s gravitational constant; ¥* represents a total mass of the launch vehicles, and
I, represents a specific impulse of the engine of the launch vehicles; u = {xt,, 1y, u,]’ isa
component of a thrust unit vector of the engine; when the engine fault occurs, a percentage
of thrust drop is 1; a thrust magnitude is {1 — )7, wherein T, is anominal thrust of

the engine; in the case of a thrust drop fault, the specific impulse of the engine remains
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unchanged, a propellant consumption per second decreased #, and a total flight time

exceeds a nominal flight time; assuming the engine thrust drop failure occurs at ¢, so the

constraint condition of the starting point is expressed as follow:

x(ty) = X, (4)
wherein x, is the state of the starting point, a nonlinear relationship from the number of
orbital elements to a terminal state is expressed as

{ap, e i 82y, w’f]y = 1{r{Le) v{ts)) (5
wherein tr is a terminal moment; G, €, ip, f1p, wp is the orbital elements of the target orbit
including the semi-major axis, eccentricity, inclination, longitude of the ascending node,
argument perigee of the terminal point.

a total mass of the launch vehicle and payload after the fuels exhaustion is expressed
as my, the radius of the earth is Ry, and the minimum safe orbit height is defined as fégafe,
the terminal mass and the height meets:

mt) =mp, £ < v () —Ro (6)

when the thrust drop fault occurs, because an energy required to send a load into a
circular orbit is less than an energy of an elliptical orbit under a same perigee height, so
searching for a highest circular orbit within the current orbital plane as the optimal rescue
orbital elements; describing, by the solution to the highest circular orbit under the thrust
drop failure, the maximum optimization problem of the semi-major axis:

Objective Function:  minf = —a{t;)
Boundary Conditions: fey,ir. {2 1" = [0, ei*‘“’f’ig“]T Eq.(4), Eq.(6)
Dynamics Constraints: Eq. (1) - (3)

Control Constraints:  {fufl = 1

The orbital inclination ™ and the longitude of the ascending node £ isin

accordance with the fault states of launch vehicles.

S2: In the actual flight, the position, speed and mass of the rocket are merely near the
nominal trajectory due to the noise disturbance. Therefore, the state of the fault is the time
when the fault occurs, the size, location, speed, and mass of the thrust drop. Traverse

different fault states, construct the optimization problem, and use the adaptive
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pseudo-spectrum method to solve the optimization problem, as shown in Figure 2. The

sample set of optimal rescue orbital elements versus fault states is the training date for

RBFNN.

S3: The data of sample set are normalized into the range [-1...1] in order to eliminate
the order of the magnitude difference between the data of each dimension and avoid the
large prediction error caused by the large magnitude difference between the input and
output data. The orthogonal least square method is used to select the RBF network data
center, and the nonlinear mapping the relationship from the fault state to the optimal rescue
orbital elements is established.

The hidden unit is activated by the basis function, the Gaussian basis function is used
in present application. The output of j-th hidden layer is:

aw )
| R

B XRBFNN — H;
¢ij =CXp —

2
L 20 J
(i)

wherein Xppenn IS the @ -th input data. g; is the center of the basis function ofthe

(7)

hidden node, and o; is the expansion speed of the radial basis function. The center of the
basis function and the expansion speed are determined by the training of the network. The

output layer linearly combines the output of the hidden layer of the radial basis function to

generate the expected output. The output of the kth node in the output layer is

EN
RIS LI
'} X 4‘&““‘ H x:"‘i: {"g}f.g

.
F=1

F==,

(8)

Wherein wy;, is the weight from the jth hidden layer neuron to thei output neuron. In
order to achieve appropriate approximation accuracy, the following parameters are
determined through training: the number of hidden layer neurons, the center of the basis
function of each hidden layer neuron, and the weight of the radial basis function output
passed to the summation layer.

S4: The well-trained RBFNN is transferred to online application for decision-making of

the optimal rescue orbital elements, taking the fault states of the actual flight as the input,
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can quickly determine the optimal rescue orbital elements online.

Example:

In this section, simulation verification is conducted in the entire second stage flight
phase of a launch vehicle, and the parameters are from reference [1]. The state distribution
of the faults established by the sample set is based on the fault time is incremented by 1s
from Os to 375s, and the proportion of thrust-drop is incremented by 1% from 13% to 40%.
Excluding the fault conditions that can enter the target orbit and the rescue orbit height is
less than 160km, the fault conditions that require rescue are shown in Figure 3. In the
sample set, 90% of the data is randomly selected as the training set, and the remaining
10% of the data is used as the test set. A radial basis function neural network is used to
establish a nonlinear mapping from the fault state to the optimal rescue orbital elements.
The spread factor of RBF neural network training is 1, and the final number of trained
hidden layer neurons is 50. In the test set, the optimal rescue orbital elements are
determined by the RBF neural network are shown in Figure 3. The error of the semi-major
axis decision is [-0.148, 0.774km], and the relative error is within 0.015%. The error of
orbital inclination and the longitude of the ascending node is within+10-*deg, and the
maximum relative error is within 105,

Table 1 RMSE of different machine learning models

No. Mechanism learning model RMSE (km)
1 Linear regression 3.854
2 Decision tree 2.225
3 SVM (Gauss) 1.214
4 SVM (Cubic) 1.111
5 Gaussian process regression 0.129
6 Radial basis function neural network 0.105

Table 1 is a comparison of the root mean square error (RMSE) of the results of different
machine learning methods. The RMSE obtained by linear regression is larger than that of
the nonlinear regression method, because the relationship from the fault state to the
optimal rescue orbital elements are nonlinear, and it is suitable to use the nonlinear function

approximation method. Compared with several other machine models, the RBF neural
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network model has a smaller RMSE, which means that it has a better function

approximation effect in mapping the relationship from the fault state to the optimal rescue
orbital elements.

The above is the preferred implement approach of the invention, the protection range
is not limited to what mentioned above. Any technician who is familiar with this technical
field replaces or revises technical schemes and inventive created on the basis of the
present invention within the technical scope disclosed in this invention, schemes and
inventive should be involved in the protection range of this invention.

[1] Z. Song, C. Wang, Q. Gong, Joint dynamic optimization of the target orbit and flight
trajectory of a launch vehicle based on state-triggered indices, Acta Astronaut., 174 (2020)
82-93.

[2] Y.Li, B.J.Pang, C.ZWei, N.G.Cui, Y.B.Liu, Online trajectory optimization for power
system fault of launch vehicles via convex programming, Aerosp. Sci. Technol., 98(2020)

P.1 (1-10).
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Claims

1. An optimal rescue orbital elements online decision-making method based on
RBFNN for launch vehicles under thrust drop fault, comprising:

establishing the dynamic equations of launch vehicles in the second-stage ascending
phase in the geocentric inertial coordinate system; setting the boundary condition and the
constraint condition with different fault times and thrust drop percentages, to construct a
series of optimization problems of maximum semi-major axis of circular orbit under the
thrust drop fault;

using the adaptive pseudo-spectral method (APM) to solve the optimization problems
of maximum semi-major axis offline , to obtain a sample set of the optimal rescue orbital
elements under different fault states, wherein the input features of the sample set are the
fault state, and the fault state includes the time of the thrust fault, the percentage of thrust
drop, the position, the speed, the mass and the output features of the sample set are the
rescue orbital elements, the rescue orbital elements include the semi-major axis, the
inclination, and the longitude of the ascending node of the rescue orbit;

using a maximum-minimum method to normalize a sample data, and all data are
normalized to [-1,1]; using the orthogonal least square method to select a data center of a
radial basis function neural network (RBFNN), wherein a Gaussian basis function is
selected as the radial basis function; the radial basis function neural network is trained
offline to establish a nonlinear mapping relationship from the fault state to the optimal
rescue orbital elements;

transferring the well-trained radial basis function neural network to the actual flight;
taking the fault state of as the input of the radial basis function neural network, to determine

the optimal rescue orbital elements online.

2. The method according to claim 1, wherein, when constructing the optimization
problems of maximum semi-major axis:

setting the X1 axis to point a primary meridian at the time of launch in an equatorial
plane, the Z1 axis vertical to the equatorial plane and to point the North Pole, and the Y1

axis to meet the right-hand rule; establishing the dynamic equations of the launch vehicles
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in the second-stage ascending phase in the geocentric inertial coordinate system as
follows:
F=v (D
g (bl
t;= P - F g ? VN i
i
8 i (2)
. 1= Thom
}?1:_{ L 11550 x (3)

gﬁfsp

wherein r and ¥ represent the position and the velocity vector of launch vehicles; y=GM
Is an earth’s gravitational constant; =: represents a total mass of the launch vehicles, and

I

. represents a specific impulse of the engine of the launch vehicles; = [u., -u:_},,-uE}T is a

component of a thrust unit vector of the engine; when the engine fault occurs, a percentage
of thrust drop is #; a thrust magnitude is {1 —»)7%,,.,, wherein T, is a nominal thrust of
the engine; in the case of a thrust drop fault, the specific impulse of the engine remains
unchanged, a propellant consumption per second decreasedr and a total flight time
exceeds a nominal flight time; assuming the engine thrust drop failure occurs at #; so the

constraint condition of the starting point is expressed as follow:

x{tg) = X, (4)
wherein X; is the state of the starting point, a nonlinear relationship from the number of
orbital elements to a terminal state is expressed as

[ap, ep ip, 0 w17 = P, vity) (5)
wherein ¢, is a terminal moment; a;, e, i, I, wy is the orbital elements of the target orbit
including the semi-major axis, the eccentricity, the inclination, the longitude of the
ascending node, the argument perigee of the terminal point.

a total mass of the launch vehicle and payload after the fuels exhaustion is expressed
as my, the radius of the earth is R,, and the minimum safe orbit height is defined as {mﬂ,
the terminal mass and the height meets:

m{te) = my, .»ﬁgafe < r(t;}— Ry (6)

when the thrust drop fault occurs, because an energy required to send a load into a

circular orbit is less than an energy of an elliptical orbit under a same perigee height, so
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searching for a highest circular orbit within the current orbital plane as the optimal rescue
orbital elements; describing, by the solution to the highest circular orbit under the thrust
drop failure, the maximum optimization problem of the semi-major axis:

Objective Function:  minJ = —a(t;)

Boundary Conditions: {er, i, ﬁf]‘" = {5, *}f?’,‘”f Eq.(4), Eq.(6)

Dynamics Constraints: Eq. (1) - (3)

Control Constraints:  jiuji =1

7

3 Tes
3

determining the orbital inclination z}*’ and the longitude of the ascending node i/,

according to the fault states of launch vehicles.
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Anspruche

1. Ein optimales Online-Entscheidungsverfahren fur Rettungsorbitalelemente

basierend auf RBFNN fur Tragerraketen mit Schubabfallfehlern, umfassend:

Aufstellen der dynamischen Gleichungen von Tragerraketen in der
aufsteigenden Phase der zweiten Stufe im geozentrischen
Tragheitskoordinatensystem; Einstellen der Randbedingung und der
Einschrankungsbedingung  mit  unterschiedlichen  Fehlerzeiten  und
Schubabfallprozentsatzen, um eine Reihe von Optimierungsproblemen der
maximalen Halbhauptachse der Kreisbahn unter dem Schubabfallfehler zu

konstruieren;

Verwenden der adaptiven pseudospektralen Methode (APM), um die
Optimierungsprobleme der maximalen Halbhauptachse offline zu I16sen, um
einen Probensatz der optimalen Rettungsorbitalelemente unter verschiedenen
Fehlerzustanden zu erhalten, wobei die Eingabemerkmale des Probensatzes
der Fehlerzustand sind und der Fehlerzustand die Zeit des Schubfehlers, den
Prozentsatz des Schubabfalls, die Position, die Geschwindigkeit, die Masse
umfassen, und die Ausgabemerkmale des Probensatzes die
Rettungsorbitalelemente sind, die die Haupthalbachse, die Neigung und die

Lange des aufsteigenden Knotens der Rettungsumlaufbahn umfassen;

Verwenden eines Maximum-Minimum-Verfahrens, um Abtastdaten zu
normalisieren, und alle Daten auf [-1,1] normalisiert werden; Verwenden der
Methode der orthogonalen Methode der kleinsten Quadrate, um ein
Datenzentrum eines neuronalen Netzes mit radialer Basisfunktion (RBFNN)
auszuwahlen, wobei eine Gaullsche Basisfunktion als radiale Basisfunktion
ausgewahlt wird; wobei das neuronale Netz mit radialer Basisfunktion offline
trainiert wird, um eine nichtlineare Abbildungsbeziehung vom Fehlerzustand zu

1

LU500286
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den optimalen Rettungsorbitalelementen aufzubauen;

Ubertragen des gut trainierten neuronalen Netzes mit radialer Basisfunktion auf
den tatsachlichen Flug; Nehmen des Fehlerzustands von als Eingabe des
neuronalen Netzes mit radialer Basisfunktion, um die optimalen

Rettungsorbitalelemente online zu bestimmen.

2. Verfahren nach Anspruch 1, wobei beim Konstruieren der

Optimierungsprobleme der maximalen Haupthalbachse:

Einstellen der X1-Achse auf einen primaren Meridian zum Zeitpunkt des Starts
in einer &aquatorialen Ebene, Einstellen der Z1-Achse senkrecht zur
Aquatorialebene und zum Nordpol, und Einstellen der Y1-Achse, um die
Rechte-Hand-Regel zu erfullen; Aufstellung der dynamischen Gleichungen der
Tragerraketen in der Aufstiegsphase der zweiten Stufe im geozentrischen
Tragheitskoordinatensystem wie folgt:

F=v (1)

3 -7
4“ r+{'- }} B i

i)

4l

= — (1' U)Tnom (3)

golsp

) LI

Hi

wobei ¥ und VY die Position und den Geschwindigkeitsvektor von

Tragerraketen darstellen; wobei y=GM eine Gravitationskonstante der Erde ist;

. . ) Y
wobei M eine Gesamtmasse der Tragerraketen darstellt, und wobei ~*Peinen

spezifischen Impuls des Motors der Tragerraketen darstellt; wobei

_ T
"= [ux,uy,uz] eine Komponente eines Schubeinheitsvektors des Motors ist;

wenn der Motorsfehler auftritt, ein Prozentsatz des Schubabfalls n betragt;

1

wobei eine SchubgréRe (-1 om ist, wobei “nom ejn Nennschub des Motors

2
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ist; wobei im Falle eines Schubabfallfehlers der spezifische Impuls des Motors

unverandert bleibt, wobei ein Treibstoffverbrauch pro Sekunde um n verringert,

und eine Gesamtflugzeit eine nominelle Flugzeit Uberschreitet; unter der

o

Annahme, dass der Motorsschubabfall bei auftritt, die

Beschrankungsbedingung des Startpunkts wie folgt ausgedriickt wird:

X(1)=x, (4)

wobei der Zustand des Startpunkts Yo ist, eine nichtlineare Beziehung von der
Anzahl der Orbitalelemente zu einem Endzustand ausgedruckt wird als:

[ar ec.ip Q.0 ] =y (r(tp), (1)) (5)

af’ef’lf’Qf’a)f die Orbitalelemente der

wobei e ein Endmoment ist; wobel
Zielbahn sind, einschlielllich der Haupthalbachse, der Exzentrizitat, der
Neigung, der Lange des aufsteigenden Knotens, und des Argumentperigaum

des Endpunkts,

wobei eine Gesamtmasse der Tragerrakete und Nutzlast nach der

Treibstofferschépfung als Mg ausgedruckt wird, wobei der Radius der Erde Ry

ist und wobei die minimale sichere Umlaufbahnhéhe als Pate definiert ist,

wobei die Endmasse und die H6he entsprechen:

m(te ) 2my , hye < 7 () =Ry (6)
wenn der Schubabfallfehler auftritt, weil eine Energie, die erforderlich ist, um
eine Last in eine kreisférmige Umlaufbahn zu schicken, geringer ist als die
Energie einer elliptischen Umlaufbahn bei gleicher Perigaumshéhe, also
Suchen nach einer héchsten kreisformigen Umlaufbahn innerhalb der aktuellen
Umlaufbahnebene als optimale Rettungsorbitalelemente; Beschreibung, durch

die Lésung der héchsten Kreisbahn unter dem Schubabfallfehler, das maximale

Optimierungsproblem der Haupthalbachse:

LU500286
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Zielfunktion: minJ=—a(t ;)

Randbedingungen: [e,,i,.,Q), ]TZ[O,i}eS, ;fS]T, Gleichung (4) und (6)
Dynamik-Einschrankungen: Gleichung (1)-(3)
Kontrollbeschrankungen: ||u|| =1

-res

Bestimmen der Bahnneigung / und der Lange des aufsteigenden

1es
Knotens =“f gemaR den Fehlerzustanden von Tragerraketen.
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