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IoBbIlIEeHHE BO3MOKHOCTENH MCIBITATEILHOM 0AJIJITMCTHYECKOH PAKeThI
10 pa3BeAeHNI0 00bEKTOB UCIIBITAHNH

C. . Muusesn

AO «Kopnopanusi «MOCKOBCKUI HHCTUTYT TEILIOTEXHUKM»
Poccuiickas ®enepauust, 127273, r. Mocksa, yin. bepesosast amnes, 10
E-mail: info@corp-mit.ru

IIpeomemom uccnedosanusa nacmosaujeli pabomul AGIAIOMCA MPAEKMOPHLIE XAPAKMEPUCHUKYU UCHbL-
mamenvrol baniucmuyeckou pakemsot (MUBP) danbrezo deticmeus.

Lenv uccaedosanuss — nosviuenue sozmodichocmeti UbP no paszsedenuio ob6vexkmos ucnvimanuii (OH).
Ilpu smom 6 kawecmeae 0606WeHHOU KOTUUECBEHHOU MEPbl OAHHO20 NOSLIULEHUS NPUHAM 3ANAC MONIUBA
cmynenu passedenus (CP), pacxodyemoeo na pazeedenue OU.

Ilocmasnena u yucieHHoO-AHATUMUYECKU PeuleHa NPOeKMHO-0ANTUCMUYeCKds 3a0a4d payuoHaAIU3ayUY
pacnpedenenus umeroujecocs monauea CP UBP medxcoy ciedyrouumu 0CHOGHbIMU XAPAKMEPHBIMU YUac-
Kamu eé nonema: KOMNEHCayuu Heoonema NOcCieoHell Mapulesoll CIyneHi, pasgopomog ¢ nocieoyouet
yenogou cmabunusayueti, omxooa u yeooa, omoenenus OU (yuacmok pazeedenuis).

B pezynbmame nokazano, umo 6e3 cHudicenus kaiecmea uinoaHeHus 3aoay nyckog MBP oonycmumo
nepepacnpedenerue pacxodyemozo monausa CP mesrcoy 0anHvilMu yuacmkamu OmHoCUmensHo pacnpede-
JleHuss 05 wmamuotl oantucmuyeckou pakemol (LLIBP), npusodsauee K CyuecmeeHHOMY YBeIUUEHUIO €20
3anaca, pacxodyemozo Ha yuacmxe omoenenus OU (npu noneme no 6a1IUCmuyecKol 6epmuKailL).

Ipu smom docmueaemces yenv ucciedo8anus — nosviuiaromces 6osmodicnocmu MBP no pazeedenuio OU,
umo, npu HenocpeoCmMEeHHOM NIAHUPOBAHUU NYCKO8, MOJICEM BbIPANCAMbCA 8 YBeIUUeHUU KOIUYeCmad
u / unu cymmapnoti maccor O u/unu ysenuuenuy cKOPOCMHbIX WU 8PEMEHHbIX UHMEPBALO8 8 NOPSAOKe NO-
creoogamenvroco omoenerus OU.

B npusedennvix uucnennvix npumepax (ucnonezyrouux 6 xavecmee UBP nepeobopydosannyo mpex-
cmynenyamyto LIIBP) maxoce npocaescugaemcs Cywecmeennds 3a6UCUMOCMb KOTUYeCmed npupaujenus
monausa CP, pacxodyemozo na yuacmxe omoenenus OHU, om credyiowux mpaexmopHuixX YCio8ull Ucnul-
MamenvbHblx NYCcKos8 (coomeemcmsyrouue ucxoonvle oannsie (M) ons pacuemog 3aumcmeosansl u3 panee
onyoOIUKOBANHOU pabOmbl A8MOPA): NPOMANCEHHOCIU MPACCHl; KUHEMAMUYECKUX NApamMempos gvlgede-
HUSL @ MOMeHnm Hauana agmonomuozo norema CP, onpedensemvix 3a0aueil nycka.

B xo00e uccnedosanusi npumenensvt Memoobl meopuu NOAEMa U NPOEKMHOU OALIUCTMUKY paKem OdlbHe-
20 Oelicmeus.

B kauecmee 3axnrouenus Mod’CcHO ommemume, 4mo paccMompentsie 3a0a4a U Memoovl e€ peuleHus Mo-
2ym Oblmb NOJIe3Hbl (eCMeCmeeHHO, ¢ YUemom NposedeHus HeoOX00UMbIX CReYUaIu3UpPOBaHHbIX 00pabo-

MOK) 8 pabomax yposHs UCHOIHUMENbHOU OAIIUCTUKY NPU NIAHUPOBAHUU U OYEHKe Pe3yIbmamos nycKos
UBP.

Kniouesvle cnosa: payuoHalbHoe pacnpedeﬂeHue Koaudecmea monjaueda, CmyneHsb paseedeﬁu}z, ucnol-
mamenvbHas oaniucmuyeckas pakema.
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The subject of this study is the trajectory characteristics of the long-range test ballistic missile (TBM).

The purpose of the study is to increase the capabilities of TBM in separating test object (TO). At the
same time, as a generalized quantitative measure of this increasing, the post-boost vehicle (PBV) fuel re-
serve consumed for separation of TO is studied.

The design-ballistic task of rationalizing the distribution of the available fuel of the TBM PBV between
the following main characteristic section of its flight has been set and numerically and analytically
solved: final sustainer stage undershoot compensation; turns with subsequent angular stabilization, re-
treats and lead away,; TO disconnection (separation section).

As a result, it is shown that without reducing the quality of TBM launch tasks, it is permissible to redis-
tribute the consumed fuel of the PBV between these section relative to the distribution for a standard ballis-
tic missile (SBM), leading to a significant increase in its reserve consumed in the section of disconnection
of the TO (when flying along the ballistic vertical).

At the same time, the purpose of the study is achieved — the capabilities of the TBM in the separation of
the TO are increased, which, while direct planning of launches is evaluating, can be expressed in an in-
crease in the number and/or total mass of the TO and/or an increase in speed or time intervals in the order
of sequential disconnections of the TO.

The given numerical examples (using a converted three-stage SBM as a TBM) also show a significant
dependence of the amount of fuel increment of the PBV consumed at the TO disconnections of the trajec-
tory conditions of test launches (the corresponding initial data (ID) for calculations are borrowed from the
author’s previously published work): length of the route; kinematic parameters of launch at the moment of
independent PBV flight beginning determined by the launch task.

During the study, methods of flight theory and design ballistics of LR (long range) missiles were used.

As a conclusion, it can be noted that the considered task and methods for its solution can be useful (of
course, taking into account the necessary specialized improvements) in works of the executive ballistics
level when planning and evaluating the result of TBM launches.

Keywords: rational distribution of fuel quantity, post-boost vehicle (PBV), test ballistic missile.

1. Introduction

The research provides the substantiation of the rational distribution of the amount of fuel consumed
by the post-boost vehicle (PBV) of a long-range test ballistic missile (TBM) (converted from the stan-
dard ballistic missile SBM [1]) in the distinctive sections of its flight.

The purpose of such work is to increase the capabilities of the TBM for separating typical ballistic
test objects (TO)[2] (separation capabilities are understood as the number and/or total mass of test ob-
jects (TO) and/or intervals in the order of sequential separation of TO. The desire to increase these
capabilities is naturally linked to the desire to maximize the economic return from the use of TBM
[L1D).

The intended goal is achieved under the following basic provisions and limitations:

— an increase in the available post-boost vehicle capabilities is understood as an increase in the
mass of fuel consumed during separation of test objects in the section separating the test objects from
the post-boost vehicles [3];
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— considering the fundamental differences between the ideology of constructing the trajectories of a
standard ballistic missile (SBM) (ensuring that it hits a given targeting point (TP) with a given accu-
racy and at a given time) and a test ballistic missile (TBM) (ensuring that the test objects TB are
launched with the planned levels of mechanical or thermal loads in the atmospheric passive section of
the trajectory [4]), this paper develops the idea of saving fuel in the stage of the TBM PBV while
compensating for the undershoot of the final sustainer stage relative to the TP);

— this idea is realized by means of incomplete compensation for the above-mentioned undershoot
(in the general case, possibly overshoot) by compensating it only in the projection onto the A-direction
with the expansion of the set on the Earth's surface, to which the PBV is guided [2], from the generally
accepted TP [5] to a certain targeting line (TL), oriented along the axis of the natural range of the tar-
get coordinate system [6], with the center at the AP (in this case, the permissible length of the TL is
determined based on the requirements for safety and information content of the launch, taking into
account the placement of trajectory means of obtaining information on the ground [7]; conditions for
ensuring the required accuracy of operation of these trajectory means [8; 9]; the vastness and accessi-
bility of territories subject to mandatory inspection and notification before launch [7]).

The author of this article is not aware of any previous publications by other authors presenting sim-
ilar studies.

Further, the article contains the following information:

— section 2 provides a description of the used model ID (initial data) and mathematical models;

— section 3 states the problem and describes the methods of its solution;

— section 4 provides examples of solutions to the stated problem;

— section 5 provides a conclusion to the research.

2. Used ID and mathematical models

The research is more related to the direction of design ballistics than to the direction of launch sup-
port ballistics (in the terminology of [10; 11]), due to this, the use of relatively simple mathematical
flight models is intended to increase both the clarity of the research (without introducing unnecessary
complexities of a purely technical nature into the perception of the material) and the generality of the
results achieved. For this purpose, the article provides numerical examples. If desired, the reader can
independently increase the level of detail of the mathematical models used.

2.1. Description of model ID based on SBM:

— maximum effective firing range 10000.0 km [12];

— maximum undershoot (of course, at some fairly high level of probability [6]) of the final sustainer

stage in apparent speed AWgu.: = 70.3 m/s [12];

— PBYV separates all TOs at one section of movement in the direction of the ballistic vertical
(v-direction) [6] (in this case, three-parameter terminal guidance to the planned geodetic TPs and the
full flight time is carried out [2]);

— the set of TOs has a total mass mro;

— the total fuel reserve of the PBV propulsion system with an initial mass mpgy = 525.5 kg [12] is
Ocomp = 25.62 kg [12] and is represented as the sum [10; 12]

=0 +o +o., )

comp Guar boost turn+backout

where the guaranteed fuel reserves [6; 12] spent on compensation AWg,,, are calculated by the formula

— AI/VGuar ) mPBV (2)

O
uar J, -cos(a)

the consumption of PBV turning to the v-direction, its stabilization, departure and removal of PBV
from the last separated TO are set constant and equal to ®pooss urn+backons = 4-49 kg [12];

— the consumption of ensuring the separation of the TO in a given order wgs [12] are calculated by
the formula (1);
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— the PBV mass is represented as a sum [12]

m,.. =1,1‘(mTO+mDK+mNCS+m + Mpgg + O ). (3)

PBVS compl

2.2. Description of model ID based on TBM:

— the kinematic parameters of the trajectory at the moment ¢, at the end of the operation of the pro-
pulsion system of the last (3rd) cruise stage and the beginning of the operation of the propulsion sys-
tem of PBV are set in the following volume:

Vin— Earth velocity module;

05, — the angle of inclination of the Earth velocity to the local horizon;

hgn — height above the Earth surface;

Onn — angular range from the starting point to the sub-satellite point;

@compt — angular range from the starting point to the TP;

— the “impulse” approach [13] is used in the space of apparent velocities to calculate the final flight
parameters of the PBV based on the specified final flight parameters of the last cruise stage;

— the value of Wpoost turn +backout 18 taken from the SBM;

— a new value of mrgto the mass of the total TO is set.

3. Statement of the problem and its solution methods

3.1. For ID given in subsection 2.2, the task is to obtain a quantitative comparative estimate of my,:

— with complete compensation for the shortfall of the last cruise flight stage (ideology for con-
structing the SBM trajectory);

— with incomplete compensation for the shortfall of the last cruise flight stage (ideology for con-
structing the TBM trajectory).

3.2. There are to methods to solve the stated problem:

— Method A — compensation for the miss of the last cruise flight stage of TBM is performed only in
the projection on the A-direction (that is two-parameter terminal guidance to the planned geodetic TP
is carried out [2]);

— Method B — guiding PBV to the TL (more precisely, in relation to practical applications — for ex-
ample, to the boundary point of the TL or the closest achievable point of the TL to the TP depending
on the actual realized undershoot), as a result of which the magnitude of the compensated miss of the
last cruise flight stage in the A-direction is reduced.

It is natural, the rational application of these methods is consistent:

— first is method A;

— then method B is used (in combination with the previously applied method A).

When method A is applied:

— the calculation of the maximum undershoot of the last cruise flight stage is carried out in projec-
tion onto the A-direction:

AW, =AW, -cos(0, —6,); 4

— the appropriate guaranteed fuel reserve is determined:

_ AVVGuar A m

PBV ; (5)

® =
Guar J; - cos(a)

— a new value of the mass of fuel consumed in the separation section is determined:

Q)

(DSS AT (Dcompl - (Dcompl AT (Dboost turn+backout

When method B is applied:
— the admissible TL [-Ly; Ly;] with TP at point 0 is specified;
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— it is calculated using the first formula (3.9) of the source [14] based on the values of Vg, O, A6,
@fin, and @compi 18 partial ballistic derivative 0L/0V, (in this paper it is used to estimate the range in-
crement on the passive section of the trajectory. As it can be seen, this assumes a simplified account-
ing of its atmospheric part, which, however, is sufficient for the design-ballistic level of calculations.
It is advisable to perform when preparing data for launches to perform a more accurate calculation of
this derivative or a complete rejection of its use by performing direct integration of the equations of
motion of the TO, taking into account the dependence of the meteorological parameters of the atmos-
phere on the geodetic coordinates and month of the year);

— the permissible value of the non-compensated miss of the last cruise flight stage is determined:

L
— TL .
8Wﬁn B oL ~ Q)
oV nfin
— its projection onto the A-direction is defined:
8VVGuar A - 8VVGuar ) COS(OK - eﬁn )’ (8)

— the compensated error in the projection onto the A-direction is reduced by an acceptable value:

*

AW r)" :AWGuars)‘_SW 7\', (9)

Gua Guar»

— the guaranteed fuel reserve is adjusted:
(,0* _ AWGuars)‘ ) mPBV . (10)
Guar-»
J, -cos(a)

— the adjusted value of the mass of fuel consumed in the separation section is specified:

*

® (11)

SSoh T mcompl - Q)Guar A mboost turn+backout *

Fig. 1 illustrates the comparison of the flight profiles of the SBM PBV and TBM PBV without TL
use. Fig. 2 provides a flight profile of TBM PBV with targeting line (TL)

™~ f
. 3
the flight~"
of the
third stage

i g
/" the flight
of the
third stage

Puc. 1. Cxemsi nonera CP (cepsim 1iserom) LIIBP (cnesa) u UBP (cnpasa) 6e3 JIIIp

Fig. 1. Flight profiles of SBM (left) and TBM (right) PBV (grey) without targeting line (TL)
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AL TL

Puc. 2. Cxema nonera CP (cepsim nserom) UBP ¢ JIIIp

Fig. 2. Flight profile of TBM PBV (grey) with targeting line (TL)

4. Problem solution using the example of model ID
4.1. Example 1: firing an TBM at a range of 2000.0 km with trajectory parameters at the moment

tan [15]:
Vin= 5676.6 m/s;
05=—18.9°;
hen = 250847.1 m;
Oa, = 12.39°;

Qoompl = 17.99°.

A new value of myo is set to 331.3 kg (100.0 kg more than the original value for the SBM [12]).
The value of Lt = 1.0 km.

The calculation results are in table 1.

Table 1
Calculation results for example 1
TBM Ideology

SBM Ideology Method A Methods A and B
Compensated undershoot, AWguar = 70.3 AWiyar) = 12.1 AW*Gua,J =8.5
m/s (ID of section 2) (formula (4)) (formulae (7, 8, 9))
Guaranteed fuel reserve of Oguar = 19.75 OGuary. = 3.40 co*Gum =2.39
PBV, kg (formulae (3, 2)) (formula (5)) (formula (10))
Fuel consumed per separa- wgs = 1.38 wgsp = 17.73 sy = 18.74
tion, kg (formula (1)) (formula (6)) (formula (11))

Table 1 demonstrates that for the accepted ID:

— applying method A allows to significantly increase wsg (by 12.85 times);

— additional application of method B allows to increase mss by another 1.06 times.

4.2. Example 2: firing TBM at a range of 6000.0 km with trajectory parameters at the moment z,

[15]:
Vi = 5680.6 m/s;
O = 11.47°;
B = 644904.6 m;
¢fin = 9.08°;

Peompl = 53.96°.
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A new value of mro is set to 281.3 kg (50.0 kg more than the original value for SBM [12]).

The value of Lt = 4.0 km.

The calculation results are in table 2.

Table 2
Calculation result for example 2
TBM Ideology
SBM Ideology Method A Methods A and b
Compensated undershoot, AWgar = 70.3 AWGyary = 63.3 AW*Gua,’k =62.0
m/s (ID of section 2) (formula (4)) (formulae (7, 8, 9))
Guaranteed fuel reserve of Oguar = 18.04 OGyarp = 16.25 w*GuaLx =159
PBV, kg (formulae (3, 2)) (formula (5)) (formula (10))
Fuel consumed per separa- wgs = 3.09 g5y = 4.88 oa*ssyx =523
tion, kg (formula (1)) (formula (6)) (formula (11))

Table 2 demonstrates for the accepted ID:
— applying method A allows to increase mgs by 1.58 times;
— additional application of method B allows to increase wsg by another 1.07 times.

5. Conclusion

Due to the above, it follows that the stated objective of the research has been achieved, namely:

— the design and ballistic problem of implementing rational distribution of the consumed fuel of the
TBM PBYV has been solved;

— a two-stage method to increase the TBM capabilities for separation of TOs has been developed.

The proposed two-stage method allows to significantly (up to several times) increase the available
PBYV stock of fuel intended for separating the TOs.

Considering the necessary specialized modifications (for example, taking into account the areas of
fall of the detachable parts of the tested ballistic missile along a specific launch route [16, 17]), the
researched problem and the proposed solution methods can be used in work at the level of executive
ballistics to plan and evaluate the results of launches of the tested long-range ballistic missile.
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