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Abstract

An orbit injection method is proposed for satell®nchers with uncontrolled last stage, addressing
both orbit plane geometry and inclination issue&n impulsive approach is used to model the
transferring to orbit, with last stage burning dyrmmized through its thrust acceleration profilbeT
method is also supported on strong in-flight idéedtion of suborbital trajectory parameters, and
feasibility pre-evaluation within fault conditionand requirements priorities. Then, an iterative
procedure determines, to the chosen precisionp#iameters values needed to proceed the orbit
injection. Simulation tests results allow testifyithe good performance and reliability of the mdtho

1. Introduction

After the initial propelled ascending phases amdaaly beyond atmosphere, the considered launchélegoes on

a Keplerian suborbital trajectory phase, with atté control capability. Along this suborbital tretjery, the vehicle

should be positioned and stabilized in an adeguattial longitudinal angular attitude to, at aregdate time, start
the transferring into satellite final orbit, thrduthe propulsion of an uncontrolled (no controltbrust intensity and
direction) last stage. The satellite orbit is regdito have a given inclination and a given ecdgtytr An on-board

pointing algorithm is in charge of providing thelwes of those adequate vehicle longitudinal atétadd last stage
start-up time, so that the satellite is injected &n orbit with the required inclination and edcieity.

The method presented here is a pointing algoritased on the concept of impulsive orbit transfer yifjere there
are the parameters impulsive transfer ray, or isguhy, and impulsive transfer time, or impulseetifhhis impulse

ray becomes the orbit injection ray; and this inspuime becomes a reference to fix the last stigeup time. It is

considered that the orbit transfer is to be donéhbytarget orbit perigee. Locally, the vehicleditndinal attitude is

specified by a local pitch angle and a local yaglanThere is a proceeding to calculate the imprdyelocal pitch

angle and timing, using a fixed value of the logalv angle. There is another proceeding to calcufadocal yaw

angle and recalculate the local pitch angle, usirfixed value of the impulse ray. Hence, these gedings are
executed alternately and iteratively, till calcethtvalues converge, following the chosen convergeamiteria. By

construction of the method, there is convergena@insituation, with a low limit in the number ¢driations.

2. Pointing method development

2.1 Orbit transfer synchronizing

The impulsive orbit transfer is associated to apulse timet; at which the transfer would occur. But the time
intervalz, of propulsion during transfer, is finite. Themsfpthe time,, at which the propulsion should start, must be
determined. We consider the following data aboetslid-propellant last stage used for the orhitgfer:

7. time interval of propulsion.

mc: Total mass of components (excluding propellant

mp(t) , 0<t<z: Time-varying propellant mass profile.

T(t),0<t<t: Time-varying vacuum thrust profile.

Ap(t) ,0<t<t: Time-varying propulsion acceleration profile.

AVp=|AVp||: Speed increment, or characteristic speeslt@propulsion.
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Figure 1 illustrates the orbit transfer. Some sylsothe figure are defined in the subsectionswel
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Figure 1: Synchronizing of orbit transfer by ceidrtime of thrust acceleration profile

Vacuum conditions may be assumed since, duringsfeanatmospheric pressure is negligible. In thers® of
actuation of the engine, the inertial directiorpadpulsion, and so of the resulting acceleratisrtoinstant. We have:

AVp =[5 Ap(t)dt (1)

As a vacuum propulsion and propellant mass tablgaotion in time is available, numeric integratis quite
convenient. This way, the acceleration has theWilg calculus, along with integratiomp(t) =T(t)/(mc+ mp(t)).

After integration, the centroid tinteentof thrust acceleration profile is:

. [etAp(tdt _ stAp(t)dt

[5 Ap(t)dt 4Vp
Using this centroid timécent, the start-up time is set referred to the imptilse { [1] asty =t —tcent
However, when fixing the start-up ting its feasibility must be verified. Before lastgtastart-up, the vehicle must
be positioned and stabilized in the adequate adddngitudinal angular attitude, the tipping mame. The time

interval to do this is set as a constant for thesion, namedtip. If Dt;ty andDt.t; are the time intervals from initial
timet, of suborbital trajectory respectively till stagp-timet, and impulse timé, it is required that:

tcen

)

Dtato > ttip = Dtyt; > ttip + tcent 3)

Usually, Eq. (3) is satisfied at first settingtefBut, if it is not,ty andt; are re-valued, as in subsections 2.4 and 2.5.

2.2 Reference systems

For the characterization of the suborbital trajggtparameters must be referred to an inertial geic equatorial
reference frame, here called fra@ewith axesXG, YG, ZG, with ZG pointing to the north pole. Here, this is also
the inertial navigation frame.

For the quantification of the pointing angles, aartial reference frame, called frarkle with axesxXV, YV, 2V,
determined by the inertial position and velocitgtegs, as provided by navigation at initial tilgewhen already in
suborbital trajectory. AxiXV is aligned to this position vector, aixd/ andZV are in the suborbital trajectory
plane, saYV is normal to this plane. For transformatiohs> G, a direction cosine matrix, callédGV, is used.
This matrix is set by the coordinates in fra@ef the unit vectors of the framé axes, taken as column vectors:

o =R IRl o =D/D]: 2v6 =Rug *DifR e x0]

TGV =(%vg 9vg 2vg) (4)
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where: R, : Position at initial time,, in suborbital trajectory, expressed in fra@ie D=V, XRyg,

V.- Velocity at initial timet,, in suborbital trajectory, expressed in fra@ie

One more inertial reference frame is utilized, ¢b\ector relations for impulsive transfer, calfe@imel, with axes
X1, YI, Z1. Axis Xl is aligned to geocentric radial position ved®&rof the vehicle at the impulse tinte Axes Xl
andZl are in the suborbital trajectory plane, afidhas the same orientationa¥. Transformation from framketo
frameV is performed through a simple rotation arotfidor YV, with an angle equal to the difference betweea tru
anomalied; —f,, geocentric angular displacement of the vehictanftimet, to timet;.

2.3 Suborbital trajectory identification

Just after initiated the suborbital trajectory, igation provides inertial positioR,c (Ra = |Rac ||) and velocity ¢
(Va=|NMac ||) expressed in frant@ and referred to the initial timg of this trajectory. The vector parameters specific
angular momentunHsubg (Hsub = |Hsubgl|), nodalNsubg (Nsub = |Nsubg|[) and eccentricityesube (esub=
[lesubg]|), constants for the suborbital trajectory angregsed in framé, are [2]:

Hsubg = (Hsubs, Hsul, Hsuks, )’ = Rag XVag (5)
Nsubg =(0 0 )7 xHsubg = (~Hsuks, Hsuty, O
1
esubg = (esulg%X esuly, esuléz)T :;Kva2 _éjRaG —(RaG Vag Mac (6)

wherey is the Earth gravitational parameter.
Also constants for the suborbital, the scalar patars semi-major axigsuh semi-latus rectunpsuly apogee ray
Raposubapogee speadaposub mean motiomsub inclinationlsuband argument of perigessubare [2]:

- Ra
asub= (7)
2- RV /)
psub= asut(l—esulf) (8)
Raposub= asull+esul) (9)
12
_H ) a-
Vaposub= ( psubj (1 esut) (10)
u V2
nSsz[asuk?j (12)
Isub= arccoEHLQﬂj (12)
Hsub

esubg INsubg
esubNsub

cosgsub) = (13)

where: ifesuly, > 0 then: X wsub<x; elsex <wsub< 2.
The time-varying parameters trajectory angle true anomalyf, and eccentric anomall,, for the timet, in
suborbital trajectory are [2]:

B, = arcsir{—R 26 Yag J (14)
codf,)= Pt (15)
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asub-R,
codE,)=———= 16
{E.) asubesub (16)

where: iff;>0then: Xfy<mand O<E,<=; elsexn <f,< 2t andr <E, < 2r.

The trajectory anglg, in Eq. (14) is to be positive. If not, then thehiabe is entering the suborbital trajectory
already in decreasing altitude, and this is treateéault condition. But if, is positive as expected, the time interval
Dt taposub fromt, till apogee timgaposub is [2]:

1
nsub

Dt taposub= [n -E, + esubsin(Ea)] an

2.4 Solution constraining and requirements priority

Initial propelled stages are planned so that theécle enters the suborbital trajectory, descritredubsection 2.3, in
such conditions that, through the transfer thatdtege provides, the orbit requirements are féifysfied. However,
it must be considered the possibility of occurreatdispersions in initial phases, which lead te itmpossibility of
requirements fulfilment. If this happens, a bestgilole solution is determined, taking into accauptre-established
priority between inclination and eccentricity requments. It should be kept in mind that orbit tfanss to be done
by the target orbit perigee. We set the followiagiables:

Rbot Minimum impulse ray allowing orbit transfer pgrigee.

haposub Altitude of the suborbital trajectory apogeerresponding to its apogee rBaposubin Eq. (9).

Rtop: Maximum possible impulse ray.

Dt titop:  Time interval from initial time, till time corresponding t&top, in the suborbital trajectory.

Eitop: Eccentric anomaly correspondingRgop.

fitop: True anomaly correspondingRiop.

Vitop: Vehicle speed correspondingRpop.

Sitop. Trajectory angle correspondingRdop.

A6itop. Local pitch angle, for orbit transfer withoutlination change, correspondingRgop.

Vsattop Injection speed, for orbit transfer withoutlination change, correspondingRiop.

Vcirtop: Speed in a circular orbit with ray equaRtop.

eorbMax Maximum feasible eccentricity for a target orbi

eorbln Target orbit eccentricity value, to be usedénative proceedings.

VsatMin Minimum orbit injection speed for the targebityto be used in iterative proceedings.

In the course of the suborbital trajectory, in nafmonditions, there should be two points of saraecgntric
distanceRbot, one in the increasing altitude sector, the otheghe decreasing altitude sector, where the innpeils
transfer without inclination change (in relationgoborbital trajectory inclination) would lead twoular orbit with
geocentric distance equal Rbot So, in points above those two of minimum Rlot and up to the maximum
impulse rayRtop, which in these normal conditions is the subotlaf@ogee rayRaposubin Eq. (9), the transfer
without inclination change would be by the perigé¢he target orbit, in which the eccentricity wouhcrease with
the increasing of the impulse ray, to say, theelaggbit perigee ray. And in points under thosarifimum ray
Rbot, the horizontal transfer would only be possiblethg target orbit apogee, in which the eccentrigiguld
increase with the decreasing of the impulse ragaig target orbit apogee ray.

Yet in normal conditions, for each point above thad minimum rayRbot, the introduction of orbit inclination
change within the transfer, would result in targgitit in which the eccentricity decreases with thereasing, in
absolute value, of the orbit inclination change;tapattain null eccentricity, after what the eccrity would be
increasing, but with transfer by apogee. If thelimation requirement is set preferential over thleemtricity
requirement, the criterion here is to allow themifecation of inclination change up to the limit arcular resulting
orbit. But, if the eccentricity requirement is ggeferential over the inclination requirement, ination change is
guantified as to best fulfil the eccentricity requment, with transfer by perigee. We note thatrémge of feasible
solutions increases with the increasing of thaualé. Nevertheless, the solution that best fulffd tequirements,
with priority, is associated to a unique feasidl&we. Moreover, if any of inclination value ocaentricity value
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results at its respective feasibility limit, theguoisive transfer is done at the highest possilifaudé which, in the
above normal conditions, is the suborbital apodtteide haposub and vice-versa, if the impulsive transfer altéud
results the highest possible, at least one ofweréquirements is quantified at its feasibilityit.

However, due to eventual severe dispersions, donditmight be diverse from the above. Examining @), the
minimum time interval from initial time, to impulse timet; is ttip + tcent If in this minimum time interval the
vehicle is already above that minimum @&pot, but not beyond the suborbital apogBd,taposub> ttip + tcen),
then, if the impulse rafR is unfeasible in the increasing altitude sectois enough to make the transfer within
the decreasing altitude sector.

Now, if in the minimum time interval the vehicleagready beyond suborbital apog&.faposub< ttip + tcen), yet
above the minimum raRRbot in the decreasing altitude sector, the maximumuisg rayRtop becomes smaller
than the suborbital apogee rgposubHence, feasible solutions range becomes moreredmesd.

In the most adverse conditions, if the suborbikttory is such that it is not possible any tfanby the perigee of
the target orbit, or if in the minimum time intehtfip + tcentthe vehicle is already under the minimum Riyotin
the decreasing altitude sector, then the orbitsfeanis accomplished at the greatest possibleR#p, without
inclination change, with horizontal orbit injectiomhich in this case means by the apogee of thdtirmg orbit.

Using results from Egs. (1), (2), (6) to (11), (&8 (17), we have the following proceeding:

1) If E, <= (vehicle in the increasing altitude sector) &gaposub> ttip + tcent

Etop=n (18)
Rtop = Raposub (19)
Dt titop = Dt taposub (20)

ftop=m; 46top=0; Vsattop=Vaposub+ 4Vp

2) Else, ifE, > & or Dttaposubx ttip + tcent the eccentric anomabitop is calculated first, using a time intervgl
within a reference eccentric anom&élsef, then, the remaining variables are calculated [2]:

IfEa,>n > Eref=E, > 4t=ttip +tcent

Else (soDttaposub< ttip +tcen) > Eref=n > At =ttip + tcent— Dt taposub

Then, with the determinéttef andt:

E;top=Eref + Atnsub (21)
1-esubcos(Eref)
Rtop = asut(l— esubcos(Eitop)) (22)
Dt titop = ttip + tcent (23)
psub- Rtop ]
cos(fitop) =—————— > fitop=2xn-arccogcoq ftop));
(ftop) == riop = op=2x-arccofeog ftop)
2 vz esubsin( ftop)
vtop=| —H - H | . ptop=arcta iop 1.
Ritop asub 1+ esubcos(f,top)
B Vitop.sin(,Bitop)

A6top= arcsir{
AVp

J ;  Vsattop= Vitop.cos(g;top) + AVp.cos( .top)

3) Inacircular orbit of raRtop, the speed would beVcirtop = (,u/ Rtop)l/z. Now, if we haveVsattop< Vcirtop,

we are in the most adverse conditions. Therefoeeative proceedings of subsections 2.5 and 2.Gatrapplied;
and the time intervdDt.t,, true anomaly;, local pitch anglefd, and local yaw angley will be as follow:

Dt.to = Dt titop—tcent (24)
fi = fitOp (25)

A0, = Aé),top (26)

wy =0 27)
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Instead, ifVsattop> Vcirtop, there is a set of solutions, with orbit tranddgrits perigee. Aiming convergence to the
best feasible solution, we set some feasibilityitnio use within iterations. The maximum feasiblentricity

corresponds to transfer at the maximum ray, witlinabnation change [2]: eorbMax= leattop?. Rtop/ /1)—1.

Then, the target orbit eccentricigorbln to be used in iterations, may be smaller thanréwpiredeorb. The
minimum injection speelfsatMinrelates to transfer at maximum ray [2], with ineliion change set by the priority:

If eorb<eorbMax- eorbln=eorb (28)
If eorb>eorbMax- eorbln=eorbMax
12
If priority isinclination - VsatMin= M
Rtop
vz (29)
If priority iseccentridy - VsatMin= (W]
op

The orbit requirements are on inclination and etrggty. But the orbit injection speed corresporglio the required
inclination depends upon the yet unknown declimatibthe point of impulsive transfer. Hence, ih@ yet known if
the limit VsatMinis going to impose inclination value differentrftdhe required one during iterations. Furthermore,
if inclination is the priority over eccentricityhé solution to be found for the inclination may sauo eccentricity
greater constraining than that causedbgbMax The iterative proceedings solve these issues.

2.5 Impulseray, timing and local pitch angle

Figure 2 is a vector sketch of the impulsive transwith the following data referred to the imputsee t;, vectors
expressed in framie

R;: Impulse rayR = [Ril])-

Vi: Vehicle velocity in the suborbital trajectoN; € |V ||)-

Si: Trajectory angle in the suborbital trajectory.

46;:  Local pitch angle, around vehicle’s pitch axmsplanezI-XI, starting fromZl, negative if downward.

wy: After angular displacement);, local yaw angle, around vehicle’s yaw axis.

AVp: Velocity increment, or characteristic velocityedto propulsionAVp = |AVp||).

Vsat =V; + AVp: Target orbit injection velocityMsat= |V sat||).

AAzZ: Azimuth change in the transfer.

Figure 2: Vector diagram of the impulsive orbitriséer

Primary determination of theimpulseray:
Still using reference framlg the following expressions hold for the velocities

Vi =Vi(sin(8) 0 cos))" (30)
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AVp = aVplcos@, )sin(@8) sin@y) cosfy)cos@8,))’ (31)
Vsat =V, +AVp - Vsat® =V,? + AVp® + 2V, [AVp (32)

The energy and angular momentum equations, hofdinpe suborbital trajectory, are applied for time t; [3]:

V.2 _2u - (33)
" R asub
VR cos(5;) = Hsub (34)

If the orbit injection velocity/sat is to be in the local horizontal plane, then:

V, sin(g,) + 4Vp.cos{y, )sin(46) =0 (35)
(V; cos(B) + AVp.cosfy, ) cos 8))* +(aVpsin@y,))? =Vsat (36)

If the target orbit eccentricity should berbln, given by Eq. (28), witliR becoming its perigee distance, then [2]:

Vsaf = H{d+eorbin ;"rb'”) 37)

The manipulation of Egs. (30) to (37), aiming tietedmination o, lead to the following " order equation [3]:

TARTAR A0 (38)
2
where: A =- 2@+eorbln . o _ 1, AVp©.
F asub  u
(3+eorbir)? +4(AVp-sin(wv)Hsub]2
B ad _ _ 4Hsuly’ (1+eorbln)
T F? Ag=- e _

AVpis a flight parameter, pre-determined as in Ef§}.d8ubandHsubare given by Egs. (7) and (5). The local yaw
angleyy is determined in the following subsection 2.6, bsing the value dR now being determined. Hence, in the
first iteration, a null or nominal value fay, is used here. Afterwards,, and R are alternately and iteratively
calculated, the output of each iteration being thput to the next, till some condition is fulfile for instance, the
difference between the outputs of consecutivetitara are under certain negligible maxima. Butihesproceedings
are set here, a determinationRyShould be the first and the last one.

Mathematically, Eq. (38) may have up to three smdilitions, but only one should have feasible plafsiceaning.

We take the auxiliary variablé&s= (Af —3A2)/9 , Q= (QALA2 -2A3 - 27A3)/54, and the three situations bellow [4]:
1%) Q2-P°00: All the three roots are real, the second amglidate: R =2Q*°-A/3, R =-Q¥-A/3.

2"% 1% situation does not hold ai@gf—P*>0: One root is realR = (Q+ (Q?- P3)]/2)J/3 + (Q—(Q2 - P3)1/2)]/3 -A/3
3% 1% situation does not hold ai@f—P3<0: All three roots are real:

R =2p¥2 co{%)—%, R =2P¥? co{§+2?ﬂ]—%, R =2P¥? co{§+4?ﬂ]—% (39)

where: S= arcco@/P?”z).
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In the above % and the % situations, the solution should be selected bgnigsghe physical meaning, for instance,
which one is the closest to a pre-established rede value. Nevertheless, in all cases we havalated, the 3
situation holds and its last root listed in Eq.)(BSthe solution.

Timing, fault conditions and impulse ray adjustment:

Using Eitop (or Eqg. (18) or Eq. (21)Rtop (or Eqg. (19) or Eq. (22)Pt.titop (or Eq. (20) or Eq. (23)E. (Eq. (16)),
asub(Eg. (7)),esub(Eg. (6)),nsub(Eqg. (11)),tcent(Eqg. (2)) and tipping timétip, we set possible adjustment in
impulse rayR,, its corresponding eccentric anomglyand time intervaDt,t;, from initial timet, to impulse time;:

1% situation)R, > Ritop (fault: insufficient energy; this may occur eveithathe previous proceedings in subsection
2.4): Transfer at the maximum impulse ral; = Etop, R =Rtop, Dty = Dt,ttop.

2" situation)R; < Rtop: E; is calculated, at first for increasing altitudé: [2E; = arccoé(asub— R )/(asubesut)).

But, if resultsE; < E, or if Etop > = (fault: insufficient time in the increasing aliiter sector), therk; is
recalculated for the decreasing altitude sectar [B]= 2t — E;. With theE; determinedDt,t; is calculated [2]:

-1 (e _E —esullsin@E)-si
Dtati—nsub{EI E, esulﬁsm(E,) sm(Ea)]} (40)

But, if resultDt,t; < ttip, + tcent (fault: insufficient time; because of proceedirigssubsection 2.4, this can
only occur if still in increasing altitude sectothenE; is recalculated for the decreasing altitude sectgr= 2t —E;.
Then, Dtgt; is recalculated as in Eq. (40).

For both situations above, the time inte®ait,, from initial timet, to start-up time, is finally calculated:

Dt,to = Dt.t; —tcent (42)

Local pitch angle, orbit injection speed and effective eccentricity:
Using R, E;, psub(Eqg. (8)),esub(Eq. (6)) andasub(Eg. (7)), we determine the true anomglyhe vehicle speed
and the trajectory angjg, at impulse time; [2] :

coff)=— - (42)

12 .
_(2u_ u Lo esubsm(fi)
Vi _[ . J A —arctarEh esubcoe(fi)j

where: ifE <z, then O<f, <m; elser <f; < 2r.

If impulse rayR has been modified, then the target orbit eccetyris different from that used foR primary
determination. Anyway, orbit injection is to be lzontal; hence, respectively from Eq. (35) and %), we have
the local pitch angle and the target orbit injectipeed:

—aresil —_Visin(5)
16 = arcsw{ Npco S(l//v)j (43)
Vsat= ((\/I cos(B) + AVp.cos(y, ) cosd 8))* + (AVp.sin((,//V))Z)]/2 (44)

The resulting effective eccentricity, which is meteded in the proceedings, can be obtained justflmmation [2]:

VsafR
U

eorbEf = 1
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2.6 Azimuth change and local yaw angle

In subsection 2.5, with a previous value of thelg@aw angleyy,, we have calculated the impulse Rythe vehicle
speedV,, the trajectory anglg;, the true anomal§;, the orbit injection speedsatand the local pitch anglég;. In
this subsection, other values for the orbit injgetspeed and the local pitch angle are calculat@ahed respectively
Vsatland46l, using and keeping unchanged the remaining vasadibove; and a new value {gy is generated.

In the orbit transfer, there should be an inclimatchange from the suborbital inclinatitsub to the target orbit
required inclinationlorb. This inclination change corresponds to an azinelthnge4Az, from the suborbital
azimuthAze at impulse time; to the target orbit azimuthzf at the same time, atAz = Azf — Azg; which depends
upon transfer geographical localization. As showgs E and regarding that here the orbit injectipeed is named
Vsatlinstead oVsat to achieve this azimuth change, the vehicle ghbalpointed with local yaw angjg/, so that:

Vsatl.sin(AAzi ) = AVp.sin(wV) (45)

Primary deter mination of the azimuth change:

\\

cquator
i

47  tajectory

2

vehicle position ——S
meridian ="
(b} 7= /2, vehicle at south hemisphere

——
wajectory-"  — W2-(m-0)
{c) § = w2, vehicle at north hemisphere

W 2-(A=-1)

— meridian ! trajectory ___,f’]ll

I eequator

n-f

u

e vehicle position 22-(-D)
(d) S>> /2, vehicle at south hemisphere

Figure 3: Trajectory spherical trigopnometry

Figure 3 illustrates, for a generic vehicle positim a trajectory, the right spherical triangle inted by the
equatorial plane, the local meridian plane and ttlagectory plane. Four situations are illustratedrying the
trajectory plane inclination, which is in the rarfgem O tox radians, and the geographical position of thealehi
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(a): Inclination less tham'2 (progressive), and position at the north hengsph

(b): Inclination less tham/2 (progressive), and position at the south heneisph

(c): Inclination greater that’2 (regressive), and position at the north hemisphe

(d): Inclination greater tham2 (regressive), and position at the south hemisphe

In all the above situations, it should be notickdttthe shown variables and expressions hold ak ifvéte
considered position is in increasing latitudé2(< u < =, at the south hemisphere;<0u < n/2, at the north
hemisphere) or in decreasing latitud#2(< u < =, at the north hemisphere;<Qu < n/2, at the south hemisphere)
sector of the trajectory. The concerning angulaiatdes are:

o] (in the meridian plane): Absolute value of tdeelination at the current position.

| (in the equatorial plane): Equatorial angulapticement, from last equator crossing up to theentimeridian.

| (between equatorial and trajectory planes): €ktajry plane inclination.

u (in the trajectory plane): Trajectory angulasplacement, from last equator crossing up to theeotiposition.

Az (between meridian and trajectory planes): Ttapgccurrent azimuth.

The circles for each situation in Fig. 3, suitabhared in the shown angles, are to guide the atiglic of Napier
rules [5] for right spherical triangles. So, wetsta

Situation (a): sinf/2 —1) = cos(@]) cosf/2 — A2).

Situation (b): sin{/2 —1) = cos(§[) cosBz—n/2).

Situation (c): sid(—n/2) = cos(d|) cosfAz— 3r/2).

Situation (d): sirl(—n/2) = cosd|) cos(&/2 - A2.

From any of these four statements, resultsin(Az) = cos()/cos(|J]) .

From the above value of its sine, the value of ahenuth is determined considering its correspondjagdrant,
which is determined by the inclination type (ot n/2, orl > n/2), and by the trajectory sector of current positjor
in increasing latitude sector, or in decreasingudé sector). Table 1 presents the azimuth detextioin in relation
to inclination type and latitude variation relatsattor.

Table 1: Azimuth determination

Inclination type Latitude variationAzimuth quadrant AzimuthAz
increasing i arCSiV(LS(I)J
| <n/2 cos(|d 1)
decreasing y { cos() j
T —arcsin ————
decreasing "3 cos(|a )
| >n/2
increasing il 2n+ arcsi{%(lao_)l)j

We assume that the transfer is in such a way dahe impulsive transfer position, if the latitudeor increasing or
decreasing in the origin trajectory, then it alst be respectively or increasing or decreasinthm target trajectory.
This corresponds to the option for the manoeuvrh Wiss azimuth change, in eventual cases whereuid be
possible to choose between two opposed manoeuvrieb would lead to trajectories with the same mation.
However, there is a constraint for the target arigtinationlorb, which should be such that the trajectory carratta

the impulsive transfer latitud®, constraint which may also be deduced from theatt column in Table 1:
|cos(orb)| < cos(§i]) — 5| < lorb <= - il
Then, at each iteration we determine a vadublIn for the target orbit inclination, to use in plaafdorb, as follows:

If |6 < lorb<n—|J; |- lorbin =lorb
If lorb<| 4, |- lorbln=| 4 | (46)
If lorb>n—|9, |- lorbin=n—|J; |

After the above precaution, Table 2 presents tlsipte transfer cases, with corresponding azimbiéimges.

10
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Table 2: Orbit transfer cases and azimuth changes

Inclination

Latitude Origin Target Azimuth changedAz = Azf — Azg
Isub< m/2 lorbin < /2 ,{coilorbln)J ,{coilsub))
arcsin ————* |—arcsin ——+
Isub>x/2  lorbin > /2 cog| g |) cod| g |)
. lorbl b
Increasing  Isub<n/2 lorbln > w/2 2n+ arcsw{MJ —arcsi { 5( > )J
cog| 4, | coq| 4, |
Isub> /2 lorbln < /2 arcsi{MJ 2n - arcsw{ S( SUb)J
coq| g, | co| 4, |

cos(lorbln) cos(lsub)

Decreasing  any " {M|Uam&me
| I

Examining Table 2, we conclude that the cosinethadine of the azimuth change are, respectively:

@AZ){{%]{HB (1)

sm(AA;)=ism(arcsi{%]-mi{%]} 8)

where the positive sign is applicable if the transé in increasing latitude, and the negative $ign decreasing
latitude. To find out if it is increasing or decsagy, we let the variablg; be the vehicle angular displacement from
the last virtual transition by the least latitudesiion /2 radian before the ascending node) up to impelsiansfer
position, in the suborbital trajectory; and chelok value olJ;. This translates to:

U, = (n/2+wsub+ f,)moduld2r)
If U, <=z -~ transfeinincreasindatitude (49)
Else - transfein decreasingatitude

However, we do not know yet the value @&f|| Getting back to Fig. 3 and applying once moNagier rule [5]:
1) For I <n/2> sin(p]) = cosf/2 —1) cosf/2 —u).

2) For | >a/2> sin(p]) = cos( - n/2) cosft/2 - u).

As P)| can only be in the®lquadrant, from any of both above expressions sie|d |= arcsir(sin(l )sin(u)) .

So, letting the variable; be the vehicle angular displacement from the Varstial cross by equator plane up to
impulsive transfer position, in the suborbital &etpry, we have:

u; -(wsub+ f; )modul((n) |o |- arcsn(sm(lsub)sm( )) (50)

Resuming, the azimuth chang@z is obtained by means of Eqgs. (46) to (50), wHeud, wsub andf; are given
respectively by Egs. (12), (13) and (42), and Iera given parameter.

Orbit injection velocity and azimuth adjustment:
With the orbit injection velocity now namédkat! instead oV sat, and the local pitch angle now nan#l instead
of 46;, we obtain from Egs. (30), (31) and (32):

Vsatl? =V;? + AVp? + 2V, AVp[sin(B, ) cos{, )sin(4 6 1) +cos(B ) cos(y, ) cosd 6.1)] (51)
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Expressing the null vertical componentatl, as in Eq. (35), and its componen@h we get, respectively:

V; sin(5;) + 4Vp.cos,, )sin(461) =0 - cosf,, )sin(461) = —V'j—:/(f) (52)
Vsatl.cosdAz) =V, cos(5,) + 4Vp.cosfy, )cosd 1) - cosf,, )cosdb.l) = Vsatl.cos(AZ\f‘-/;—Vi cos(f) (53)
Applying Egs. (52) and (53) in Eq. (51), and depélg, we come to the"2order equation ivsatt
Vsatl? - 2V, cos(dAz ) cos(B, )Vsatl +V,> — AVp? =0 (54)
The solutions for Eq. (54) and the condition faalreolution are, respectively:
Vsatl =V; cos(dAz ) cos(B) B/iz(cos(AAq ))?(cos(@))? -Vi2 + avp? ' (55)
(cosunz))? = (2 - avp?) (v; cos@) (56)

If the cosine of1Az, given by Eq. (47), does not fulfil Eq. (56), whielso means that th&%ide of Eq. (56) can
only be positive, then we assumé| < /2, and proceed the following adjustments in thees of cosine and sine
of 4Az, where the sign of the sine is preserved as @frédsious value:

cosAz) =2 - avp2 [ [ cosi3)
If sin(4Az)=0 - sin(4Az) = sin(arccoécos@Aq)))
Else - sin(4Az) = sin(— arccoécos@Azi )))

After the above eventual adjustments, if Eq. (58¢g two distinct solutions, the criterion herédsselect that which
is closest to the value dsatgiven by Eq. (44). Now, if the selected value/shtlis less thaisatMingiven by Eq.
(29), then we adjudtsatland, accordingly and using Eq. (54), adiaz, yet preserving the current sign of its sine:

Vsatl = VsatMin
cos@Az) = (\/satl2 +V? —AVpZ)/(Z\/i cos(B, )Vsatl)
If sin(4Az)=0 - sin(4Az) = sin(arccoécos@Aq)))
Else - sin(4Az) = sin(— arccoécos@Azi )))

Local yaw angle and effective inclination:
From Eqgs. (52) and (53), we obtain:

EIE arctarE— (v sin(4) j

(Vsatl.cos@Azi )=V COS(,B’i ))

Then, replacing!, with 46,1 in Eqs (45) and (52), the local yaw anglgis identified:

sin(, ) = Vsatl sin(4Az )/ 4vp (57)
cosyy) = ~(v; sin(8))/(avpsin(4 1)) (58)

12
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The resulting effective inclinatiomorbEf, which is not needed in the proceedings, can hiredd just for
information, replacindgorbin with lorbEf in Egs. (47), (48) and (49) which, after manipiolat yields:

lorbEf = arccoEsin{arcsi{%%:')@J £ AAZ jCOSM |)}

where the positive sign is applicableif< x; and the negative signlif; > .
2.7 Angular attitudein navigation refer ence system

In framel, the attitude at transfer time is expressed byesatf; (or Eq. (26) or Eq. (43)) angd, (or Eq. (27) or Eqgs.
(57) and (58)). Using the true anomalieg®r Eq. (25) or Eq. (42)) arfd (Eq. (15)), we get the attitude expressed in
frameV, with pitch angledy, and yaw angle the sam@,. As we consider as null attitude when the vehimey
frame is coincident with the inertial referencenfimbut, by convenience, we measusélstarting fromZ| instead

of X1, now we introduce an off-set of/2 in the rotation around!l orYV. So: &, =46 —(f; - f,)-n/2.

The vehicle longitudinal orientation in frarieis: L, = (cos(z//\,)cos(ev) sin(z//V) —CO{(//V )sin(&v ))T .
Using the matrixt GV in Eq. (4), the longitudinal orientation is tramsfied to navigation fram@:

Lg = (LGx Lgy LGZ)T = (Cos(l//G)COS(HG) Si”( G) ‘Coi‘//e )sin(HG ))T =TGV.Ly

wherefs andg are, respectively, the pitch and yaw attitude esigleferred to fram@, to be used at transfer time.
The determination of their values, from thg components, is mission dependent and should be darefully in

identifying their correct quadrants. Vehicle shobt&lpointed and stabilized at this attitude wittiime intervalDt,to,
set forth or by Eq. (24) or by Eq. (41).

3. Simulations

A software prototype was built for testing purposashe developed pointing method. This prototypesrwithin an
already existing simulator for launcher flight, piding fair assessment conditions. Several testxcdmve been
performed, using two launch missions, one with sbital trajectory in decreasing latitude, the otfreincreasing
latitude. Table 3 lists some characteristics ofshieorbital trajectory and the last stage for eaidsion.

Table 3: Suborbital trajectory and last stage attarestics

Mission > M1 M2
Time-varying latitude decreasing increasing
Inclination: Isub (deg) 13.6556 14.6205
Specific angular momenturhtsub (km?/s) 30104.16 28361.37
Suborbital Initial ray: Ra(km) 6620.254 6660.724
trajectory Apogee rayRaposut(km) 7197.389 7065.621
Apogee altitudehaposub(km) 819.250 687.482
Apogee declinatiordaposub(deg) —-6.1942 +1.4733
Time to apogeeDdt taposub(s) 463.430 373.896
Tipping time:ttip (s) 60 60
Last stage Centroid time of thrust acceleration profiteent(s) 42.468 42.687
Characteristic speedVp (km/s) 3.376259 3.613275

In all cases shown here, it has been set to sémptibns when, within two consecutive iteratior® difference
between the respective impulse r&ss less than I6km, and between the respective local yaw angless less
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3. SIMULATIONS

than 10* radian. In the tables below, values presented@snaplished inclination and accomplished eccetyriaie
the determined by the launcher flight simulatopinceedings after finishing of the pointing metlamtuation.
Tables 4 and 5 show, respectively for variationsMih and M2, cases in which the inclination and etdeity
requirements could be fully performed. For both Biid M2, initial ascending phases are configuredttain
suborbital trajectory with inclination near to thespective required target orbit inclination, andsuch conditions
that, with the last stage, a circular orbit in pstablished altitude is achieved. Thus, Tables @ @rhave the
eccentricity values nearby zero. Except for casds Mnd M2a, each eccentricity value is set nearfahsibility
limit for the corresponding inclination value. Béss, cases M1b, M1f, M2b and M2f have inclinati@ues set
near the corresponding feasibility limits for neltcentricity. Compliance between effective valugisen by the
pointing prototype, and corresponding accompliskeddes, given by the launcher flight simulator, banverified.

Table 4: Cases on variations of M1, without corsing actuation

Case> Mla M1b Mlc Mid M1le M1f
Required/effective inclinatiororbEf (deg) 14 7 10 14 18 22
Accomplished inclination (deg) 14.00 7.00 10.01 014. 18.00 22.00
Required/effective eccentricitgorbEf 0 0 0.02 0.03 0.02 0
Accomplished eccentricity 0.00053 0.00065 0.0199302995 0.01996 0.00068
Impulsive transfer altituddy; (km) 743.104 808.673 807.530 815.235 811.564 &B5.7
Impulsive transfer declinatiow; (deg) -4.9637 -5.7441 -5.7201 -5.9179 -5.8110 FAH9
Azimuth changesAz (deg) +0.3694 -8.4022 -4.2044 +0.3817 +4.6868 189
Iterations 3 13 6 3 6 9

Table 5: Cases on variations of M2, without corising actuation

Case> M2a M2b M2c M2d M2e M2f

Required/effective inclinatiodorbEf (deg) 14 6 10 14 18 24
Accomplished inclination (deg) 14.00 6.00 10.00 0p4. 18.00 24.00
Required/effective eccentricitgorbEf 0 0 0.02 0.03 0.02 0
Accomplished eccentricity 0.00044 0.00055 0.0198802887 0.01987 0.00061
Impulsive transfer altituddy; (km) 614.174 675.186 678.620 684.898 670.314 685.9
Impulsive transfer declinatiod; (deg) +0.1511 +0.9351 +1.0166 +1.2269 +0.8370 8402
Azimuth changesAz (deg) +0.6205 +8.6643 +4.6372 +0.6228 -3.3842 0Zp4
Iterations 3 7 5 3 5 7

Tables 6 and 7 show, respectively for variationsMih and M2, cases in which the inclination and etdeity
requirements could not be fully performed. Therefdor each inclination/eccentricity requiremengsrptwo tests
results are shown, with priority set respectivelyohe and other requirement. Now, effective valmay differ from
the corresponding required values, according tofélsibility conditions and the chosen priority. dases M1al,
MlaE, M2al and M2aE, the required inclination idaasible, regardless the priority and the requeedentricity,
whereas the required eccentricity may be feastdpending on priority setting and required inclimat In cases
M1bl, M1bE, M2bl and M2bE, the required inclinatiomy be feasible, depending on priority setting eaglired
eccentricity, whereas the required eccentricitynifeasible, regardless the priority and the reguinglination. In
cases Milcl, M1cE, M2cl and M2cE, both requiremeats unfeasible, regardless the priority setting sl
respective other requirement value. Examining éiffecand accomplished values, we verify that a ireqoent set
with priority is fully performed if it is feasibleand performed up to a feasibility limit if it ihfeasible. We also
verify that a requirement not set with priorityas least partially performed, provided that theueabf the other
requirement does not achieve its feasibility lifkithen this feasibility limit is achieved by the t@é@ment set with
priority, the value of the other requirement copads to or null eccentricity (cases Mlal, M1cl,a1and M2cl),
or null inclination change (cases M1bE, M1cE, M2btel M2cE), according to which is the requiremers.varified
above in Tables 4 and 5, we also verify in Tables® 7 the compliance between effective and acdshea values.
As set forth in Subsection 2.4, when any requirdnaghieves its feasibility limit, the orbit transfis performed at
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the highest possible altitude, which in cases shbene is the respective suborbital apogee altihafsosub once
the minimum time to impulsive transfeip+tcentis less than the time to suborbital apoBé¢g¢aposubin all cases.

Table 6: Cases on variations of M1, with constragractuation

Case> Mlal MlaE M1bl M1bE Mlcl M1cE

Required inclinationtorb (deg) 0 0 10 10 180 180
Required eccentricityeorb 0.01 0.01 0.90 0.90 0.90 0.90
Priority (Inclination/Eccentricity) Inc Ecc Inc Ecc Inc Ecc
Effective inclinationlorbEf (deg) 6.9390 7.7741 10 Isub 22.0980 Isub
Accomplished inclination (deg) 6.94 7.78 10.01 83.6 22.10 13.66
Effective eccentricityeorbEf 0 0.01 0.02443 0.03171 0 0.03171
Accomplished eccentricity 0.00073 0.00995 0.02437.03066 0.00072 0.03166
Impulsive transfer altitude haposub haposub haposub haposub haposub haposub
Impulsive transfer declination daposub daposub odaposub Jdaposub daposub Saposub
Azimuth changesAz (deg) -9.0601 -7.4869 -4.32786 O +9.0601 0
Iterations 3 3 3 2 3 2

Table 7: Cases on variations of M2, with constragractuation
Case> Ma2al M2aE M2bl M2bE M2cl M2cE

Required inclinationtorb (deg) 0 0 10 10 180 180
Required eccentricityeorb 0.01 0.01 0.90 0.90 0.90 0.90
Priority (Inclination/Eccentricity) Inc Ecc Inc Ecc Inc Ecc
Effective inclinationlorbEf (deg) 5.2563 6.8845 10 Isub 24.0916 Isub
Accomplished inclination (deg) 5.26 6.89 10.00 24.6 24.09 14.62
Effective eccentricityeorbEf 0 0.01 0.02367 0.03122 0 0.03122
Accomplished eccentricity 0.00063 0.00989 0.0235503009 0.00064 0.03109
Impulsive transfer altitude haposub haposub haposub haposub haposub haposub
Impulsive transfer declination Jdaposub Japosub daposub Jdaposub oJaposub daposub
Azimuth changesAz (deg) 9.5015 7.8219  4.6557 0 -9.5015 0
Iterations 3 3 3 2 3 2

4. Conclusion

Simulations show compliance with specifications feeth in the pointing method development. The ftssin all
tests, some of which are depicted in Section Feesuitable precision. Regarding that the deesl@ggorithm is a
critical application to run in flight, we stand ats following characteristics:

1) Treating for any conditions in flight, includinlge adverse ones resulting from severe dispersiitts generation
of solutions addressing safety and best possilfiniant of requirements.

2) Convergence assurance in iterative proceedwigfs little processing.

3) Versatility on requirements values setting, ptyosetting, and precision to be achieved, whicayrbe refined
with no practical impact on response time.

Studies on the subject continue, as on orbit teanmgft necessarily by orbit perigee, and on colatote last stage.
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