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Abstract

During the flight, a satellite launch vehicle is subjectedisiurbances. If the vehicle continues tdfsu
these disturbances and no compensation is applied, theomiskthe vehicle can be jeopardized. This
article presents a closed loop guidance algorithm for thedtage of a satellite launch vehicle intended
to minimize the fects of these disturbances on the overall launcher’s misdibis strategy calculates
onboard the pitch angle profile to the attitude control systin order to evaluate the performance of this
guidance strategy, the Monte Carlo simulation was perfdtrii@e results obtained showed tHBaency

of this algorithm.

1. Introduction

Due to the dispersions and disturbances that occur durenfligint of a satellite launch vehicle, the nominal trajegtor
can not be fulfilled, as well as the vehicle mission. For thison, it is not recommended to use the nominal trajectory
data (attitude profile to the whole flight, as well as the iigmitand separation time for each engine) to conduct the
payload to the desired orbit, mainly for the upper stagesisTihis necessary a guidance algorithm to recalculate some
data onboard, in order to reduce theets of the disturbances on the vehicle flight and, consetyuemreduce the
dispersion on the final orbit parameters.

In [1] it is presented a guidance algorithm for the uncomlast stage of a satellite launch vehicle that uses
solid propellant. It calculates a proper ignition time te tlast stage and the proper attitude in this time. These
calculations are based on real navigation data, desirébparameters, the velocity and position impulsive imeceat
given by the engine of the last stage, and its burning times ghidance algorithm is performed only once just after
the separation of penultimate stage. After the executichiefalgorithm, the vehicle will fly in coasting phase until
the ignition of last stage. During this time, the last-sfagtellite assembly is orientated. After the ignition of thst
engine, the attitude of this stage remains the same unitiiitsout.

However, in [2] results were presented which showed thatrtethodology proposed inl[1] is able to reduce
the dispersion around the nominal orbit when the disturbsioccur during the last stage flight, but not satisfactorily
Obviously, it happens because these disturbances oceuitafexecution.

In order to obtain a solution for this problem, as proposefBinin addition to the calculations done by the
algorithm presented in_[1], this article presents a guigaalgorithm that calculates periodically onboard, durimg t
burning of the controlled last stage, a new pitch angle aseete for the control system.

The obtained results using Monte Carlo simulation showad tthis new guidance algorithm is better than the
algorithm proposed iri [1], by reducing the impact of the digjions on the overall mission performance of a satellite
launch vehicle. For this particular case, the vehicle usecttify the performance of this algorithm was the Brazilian
Satellite Launch Vehicle (VLS, acronym in Portuguese) (dg&r more details about VLS).

The article is organized as follows: the sectidn 2 is deviadethe guidance algorithm for the last stage of a
satellite launch vehicle; in secti@h 3 the results are priesk and conclusions are found in secfibn 4.
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2. Guidance Algorithm - GA
2.1 Guidance Algorithm Presented in [1] - GA1

The nominal trajectory pre-specified of the VLS containsdtiggude profile to the whole flight, as well as the ignition
and separation time to the VLS’s engines. However, due tdisipersions and disturbances that occur during the flight,
the nominal trajectory is not fulfilled. Thus, since the Istsige of VLS does not have velocity and attitude control, but
it has only the spin stabilization, it is not appropriatedige the nominal value of ignition instant of the upper stage
and its attitude in this time to conduct the satellite to teeidkd orbit.

So, VLS uses an algorithm called pointing algorithm thatckdtes the proper ignition timég) and the proper
attitude 6,,, andyy,_) in this time for the last stage. These calculations aredasereal navigation data, on desired
orbital parameters, and on the velocity and position impelscrement given by the engine of the last stage and its
burning time. This algorithm plays a role of guidance looge(§1]) in order to obtain a proper transfer from actual
Keplerian orbit to a final circular orbit. By assuming thatdisturbance occurs during the coast phase (phase between
the 3rd-stage burnout and the ignition of 4th-stage) to ghahe present Keplerian orbit, this algorithm is performed
once just after third stage separation.

The strategy proposed is based on the impulsive orbit tean#fis considered that all the 4th-stage energy is
applied as an impulse. To compensate the impulsive sujmasit correction factor is obtained for impulsive ignition
time, which results in the right ignition timtg,, whose corresponding radius in the ascending phase of thieikan
orbitis Ryg.

The GA1 foresees safe modes. The alternatives are the last statierign the apogee of the Keplerian orbit, or
in the radiusRy during the descending phase of the path. In both cases a mimipheccentricity is looked for.

This algorithm is very simple, making its real time implertaion possible in the onboard computer. After
its execution, the pitch-over movement is executed using gas thrusters to point the last-stgggellite assembly
towards to attitude obtained by t&A 1.

2.2 Guidance Algorithm Presented in this Article - GA2

As proposed in[3], in addition to the calculations done ®/dlgorithmGA 1, this guidance algorithi®A2 calculates
periodically onboard, during the burning of a controllestlstage, a new pitch angle as reference for the controlrayste
At the time of last stage ignition, its attitude,, andy,, previously calculated by th&A1 algorithm remain
constant duringt seconds. Aftest seconds, a new pitch angle is calculated online by@A& algorithm, diferently
of y,, that remains the same until the burnout of the last stage.aVe h closed-loop solutio#;,,, is recalculated
periodically everyst seconds during the upper stage flight.
The new pitch angle is computed as follows:

e Calculate the profile of the specific force for the last stage:

=0
= N

whereE(t) andM(t) correspond to the total thrust and total mass of the |lagtesiatellite assembly.

a(t) 1)

¢ Disregarding the gravitational acceleration, one hastliea¢quations of the motion of the vehicle during the last
stage flight on the particular inertial navigation frame aording to FiglJ1, fot, <t < tpo:

ax () = a(t).cosf).cosfr,,); 2)
ay(t) = aft).sin@); (3)
az(t) = -a(t).sin@).cosr,.,); 4)

wheret, is the actual time instant argl, is the last stage burnout.

e By using the information obtained byl (2])] (3) and (4), onewdates the flight from actual tim until tyo, Since
we have the actual information of position and velocity pded by the navigation systems. Thus, the estimated
position of the vehicle at the end of last stage flighi, () iS obtained, as well as the altitude related to the apogee
and perigee ého (Hapogee@NdHperiges respectively).

¢ To solve the guidance problem, it is necessary to find theavadd, that minimizes the following cost function:

J=Cyp* |th0 - Hde4 +Coo % (HApogee_ HPerigee) , (5)
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where Hges is the desired altitude to the final orbit. The values @ and C,, are constant chosen by the
designer.

e The angle); that produces the minimum value to the cost functiosill be the new pitch anglé,,, to be used
as reference to the control system of the last stage. It arflain the same until the next value is calculated after
6t seconds.

Figure 1: Inertial frameX; Y, Z] and Body frame X, Yy, Zy] used by VLS.

3. Resaults

To assess the performance of both algorith®#sl and GA2, digital simulations were done by usiddATLAB A
Monte Carlo simulation was performed. The vehicle used tdopa these simulations was the Brazilian Satellite
Launch Vehicle. However, th8 A2 strategy can be used in other satellite launch vehiclesedass stage is controlled.
The simulations considered random profiles on the thruspemgellant mass of the first, second, third and fourth
stages, as described in [5], considered dispersions oftrtletigal mass of the vehicle, aerodynamic drag, ignitimmet
and attitude misalignment of the last stage (to orbit ingegt
Table1 shows the cases that were simulated.

Table 1: Cases to be simulated using Monte Carlo simulations

Sort of CASE
Disturbance 1]2]3]4
1stStage Engine X | X | XX
2nd Stage Engine X | X |X
3d Stage Engine X | X
4% Stage Engine X
1st Stage Structural Mass X | X | X|X
2nd Stage Structural Mass X | X | X
3d Stage Structural Mass X | X
4% Stage Structural Mass X
Aerodynamic Drag X | X | X|X
Ignition Time of the Last Stage) X
Pitch Angle of the Last Stagé(,,) X
Yaw Angle of the Last Stage/(,.,) X

The obtained results of Monte Carlo simulation for the cdse’ 3 and 4 are depicted in figuiddi,13,4 Bhd 5,
respectively. The number of simulation runs was 500 for édchte Carlo simulation.
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Figure 2: Results obtained by the algorithms GA1 and GA2Her@ASE 1 (random disturbances on the first stage of

GA2

VLS).
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Figure 3: Results obtained by the algorithms GA1 and GA2 lier CASE 2 (random disturbances on the first and

second stages of VLS).
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Figure 4: Results obtained by the algorithms GA1 and GA2Her@ASE 3 (random disturbances on the first, second

and third stages of VLS).

4. Conclusions

A guidance algorithm was developed to reduce tfiects of the disturbances that happen on the vehicle duriag th
flight, thus reducing the dispersion around the final orbrapseters. This article presents two algorithm denoted
by GA1 and GA2. The obtained results using Monte Carlo sitradashowed that both GA1 and GA2 guidance
algorithm worked properly when the the dispersions occuindithe flight of first, during the flight of first and second,
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Figure 5: Results obtained by the algorithms GA1 and GA2Her€@ASE 4 (random disturbances on the whole flight
of VLS).

and during the flight of first, second and third stages (CASEBdhd 3). Such results are depicted in figlidds 2, 3 and
[, respectively.

For the CASE 4, when the disturbances occur on the whole Bighit S, the results showed that the performance
of the new guidance algorithm proposed in this article (Gia2etter than the performance of the algorithm proposed
in [1] (GA1), since that the new algorithm was able to reduaeerefectively the impact of the dispersions on the
overall mission performance of a satellite launch vehiste(figuréb).

The vehicle used to verify the performance of this algorithvas the VLS, but such guidance strategy can be
used by every satellite launch vehicle that uses liquid tid sontrolled last stage.
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