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METHOD FOR DETERMINING COEFFICIENT POWER ERROR
OF FRONT RESISTANCE MISSILE BY MEANS STATION
OUTWARDLY TRAJECTORY MEASUREMENTS

The suggested method for determining the error coefficient of front resistance power of the missile, which re-
sults obtained from the use of outwardly trajectory measurements. In the method missile velocity and acceleration
computed by cubic polynomials virtual coordinate systems. The comparative analysis estimates instrumental error
values obtained by the results missile of outwardly trajectory measurements different stations.
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Introduction

Statement of an issue. For the calculation of bal-
listic trajectories of new parameters artillery missile,
rockets multiple launch rocket systems missiles tactical
(operational and tactical) purpose (hereinafter — the mis-
sile) and compiling tables of fire, accuracy of definition

values of the of front resistance power ¢, (M) should

be characterized by an error of not more than
(0,2...0,3)% range throughout the flight speed missile
[1].

Thus, during flight tests missile assess the feasibil-
ity of using stations outwardly trajectory measurements
(OTM), forming the initial data for the calculation of the

function ¢, (M) with specified allowable error is an

actual scientific problem.
Review of last research and publications. Sub-

jection cy (M) during schematic design obtained on the

basis of analytical and numerical methods with a rela-
tive error to 10 % [2-5]. Also, the assessment the values

¢y (M) confirmed based on blowing missile models in

subsonic and supersonic wind tunnels at some fixed
values of Mach numbers relative to an accuracy of a few
percent [3]. Conducted experimental research models
missile specially equipped ballistic routes that can
achieve relative error of 0.2%, but only for a narrow
range of speeds [1].

The aim of the article is Develop a method for
calculating the error calculation values of the of front
resistance power missile using acceleration and velocity
of the center of mass, calculated by cubic polynomials
virtual coordinate systems based on the results OTM.

The basic material

Introduced following assumptions:

— Earth — an area that does not rotate with the cen-
tral field of gravity;

— atmosphere — standard, no wind;

— model artillery missile — material point, which

moves in the vertical plane of the starting coordinate
system by the forces of front resistance and terrestrial
gravity and missile trajectory height value is much less
than the radius of the Earth.

Assessment of ¢, (M) conducted by a formula
obtained by converting the differential equation describ-

ing tangential acceleration of the center of mass in the
high-speed coordinate system [1]:

¢y (M)~ —f. (V+g,sin0), (D)
m exp(kph) v
where fC :CO?W’ M::,
¢, = 8 =2,08; k,=141-10"m™;
PoT

R, =6371110m; g,=9,8066 m/s’, m, d — projectile
mass and diameter respectively; v, 6 — module and the
angle of the velocity vector to the home under the hori-
zon; R, — the radius of the spherical Earth; g, — accel-

eration of gravity at the Earth's surface; p, — air density
at the surface of the Earth; a_ — speed of sound; M —

Mach number.
Value a, sound speed can be calculated by the

formula [2]:
a,, =20,046796.[T, , [m/s], )

where T, =T(1+0,377¢/p), [K]; e — the partial pres-
sure of water vapor, p — pressure at height h;
T=273,15+t°C, [K] ; T, — virtual temperature; t°C —
air temperature.

In the formula (1) value v, M, 6, h evaluated the
results of treatment results OTM.

For the determination of the calculation error the
values ¢, (M) on the basis of OTM options missile

trajectory various complexes (systems) OTM, with dif-
ferent levels of measurement accuracy, the relationship
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between the standard deviation (SD) o, and measuring

errors characterized SD o, 6,,6, (where D — Slant

range to the missile, o — azimuth, § — angle of eleva-
tion), proposed to establish three stages.
The first stage. The connection between o, and

G,, Oys Og, Ops Oy Of -

The second phase will establish a link between SD
G,, 0y, 0, and SD o calculation s of the arc length of
the trajectory missile and SD o, measuring the time t.

The third phase will establish a link between SD
os and SD 6,,0,,0;.

The first stage. If the hypothesis that SD

o, o, calculating the values

Vo

v, M, 0,h, m, d , included in the formula (1), statisti-

cally independent and normally distributed, and system-

Gy»> G¢> O O

m?

atic errors are zero, ccxz defined as [5]:
2 2 2
c, ‘x acf‘ o, + 8& o, + 8& Gez +
h ov oM 00
oc, Y . (oc,Y . (o) .
+ 6, + —| o, + G, .
oh om od

Thus, the partial derivatives are included in (3) are
calculated by formulas:

3)

oc oc 2 . :
2 () @
oc, dc,
o 2,080 ; o =—k f.f,; ®)
oc 1 oc 2
X=——ff,; —2==f1f,. 6
om m CA od 4 ¢* ©)

Substituting (4—6) in the series (3), the formula for
assessing value SD ccxz :

1 4 4
2 2 2 2 2 2 2 2
o, ~f¢ {csv+fA<Ch ch+—m2 O, +—50;+—50y ,+

+(g, cosB)’ 592}2 C, =2x10"
(N

In the formula (7) value C, 6,” <<1, so it may be
ignored.

In preparation for flight tests of significance m i d
missile can be determined with high accuracy, value
C,o,’ <1, C,0,” <1, so they also may be neglected.

After simplifications (7), the formula for estimat-
ing the value SD o, can be written as:

c, =f. \/sz +E, GMZ +F, 092 , ®)

2
where F, :[%(\'Hgo sine)} ;F, =(g, cosb)’.

From the analysis of the expression (8) concludes

that the main effect on the SD 6, have SD o, 6, 5,,

dependent instrumental errors stations OTM.
The second stage.
1. Value M, Mach number in the i-th nodal point

is calculated by the formula [4]:
—-s, ;+5s, ,—13s, , +13s,,, —5s,

iv2 t8i3
12Ata,,

M, =

(€))

Assuming that the error calculation the values s, ,

At statistically independent and normally distributed,
and systematic errors are zero (further simplify use

this), then
oM, \ oM, Y
Cy = Lo, 2+ Lo, T+
0s, 5 i 0s, , e
2 2
oM, 2 [ OM; 2
+ o, “+ o, '+
Kl s, i1 Kl S, i1
2 2 2
oM, , (oM, , (oMY,
+ o, "+ o, “+|—| o’
08;. 08,3 h ot
(10)

Partial derivatives that are (10), is calculated by
the following formulas:

M, M.
Mo Mo Ly
0s;_3 0S5 12Ata,,
M. M.
M M5, (12)
0s;_, Os,,, 12Ata,

OM,_ oM, 13 oM Mgy

os,, 0s, I12Ata, ot  Ata

Substituting (11) — (13) in (10) and given that
~o, =0, formula for

3B

6, ~OC, =O, RO, ~ O
Si-3 Si-2 Si-1 Sitl Si+2

estimating the value ,,> can be saved:

o, = ;2(5,42 o +[Mi 01]2) .

(Ata,,)

2. Value v, acceleration module missile center of

(14)

mass in the i-th nodal point is calculated as [4]:

\-,i — —Si3 +4 Sis -3 Si1 _23 Siii +4 Siz2 ~Sis3 . (15)
4 At

After simplification similar to the above is written:

. 2 . 2
o= ov, o, ’+ A7 o, *+
08; 3 - 0s; , v
av. ) ov. ) ov, Y
| s e D6 24 D« (16)
6Si—] - 6si+l - asi+2
ov, ) ov, Y

xc, *+ Vi o, '+ LA/ o’

i+2 asl+3 i+3 6t

Partial derivatives that are (16) are calculated as
follows:
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ov, _ oV, _ 12; oV, _ oV, :Lz; a7
0s,; Os,_, 4At°  0Os,, Os,., At
ov, _ 0%, _ 32; Vi _ 5% (18)
Os 0s, 4 At ot

i-1
Substituting (17), (18) (16) formula for estimating
the value o> we write:

) 4 G, ? . 2
c, = 1,625| —=| +|v. o . 19
! Atz[ {AJ [V:0] (19)

3. The value of sine angle velocity vector sin6,,

3<i<1-3, in the i-th nodal point is calculated by the
formula [4]:

“Yis 5y, 13y 13y, —5Yin tYin

-s, 3 +5s, ,—13s,  +13s,,, —5s,,, +5,,5

sin @, =

When we write simplifications:

2 2 2
c," ~ 08, ol + 96, ol + 08, ol +
Os,_, 0s;_, Os,_,
00, \ 20, Y 20, Y
+ Lol + Lol Llol+ (20)
asi+l 6Si+2 aSi+3
2 2 2
20, ¥ . (20 Y , (06 Y .
+ oo+ oo+ oo+
0Y; 3 Y 0Yi, ! 0y, '
2 2 2
08 > [ 98 > [ 98 2
+ o, + o, + o).
0Yia 0Yirs 0Yis

Partial derivatives included in the expression (20)
are calculated as follows:

00. 00. 00. 00.
e Dy Dl B sk
0Yi4 0Yis oY, 0Yis
00, _ 00, :_13131;&:_ 06, _E; (2
0Yiy 0Yi 0s, 4 08,5
00. 00.
LR T (23)
s, 08;.
06, __ 99, =13F,; F,=FEsin6,; (24)
sy 08y
F - 1/cos6, 25

(=83 +58,, —13s,_, +13s;,, =55, +5,,;)

i+2

Taking into account the expressions (21-25), we
write:

o, * 390’ (o, *+[o,sin6,]). (26)

The third stage.
1. The value of the length of the trajectory calcu-
lated by the formula:

@7n

When we write simplifications:

2 2 2
o, ~ O ol + O, ol + O oo+
0x; O Jy; ’
as, \ as, ) as, |
T L T P ol + i c..
0y, Y 0z, 0z,

Partial derivatives that are (28) are calculated as
follows:

0 s, 0s, Aq,
—=- l :_q; Aq; =q;—q; -

oq; 09, 5
Substituting (29) to (28) formula for estimating
the value ©,” get in the form of:

(29

2 2 2 2
o’ ~ v [(Axicxi) +(Ayicy‘) +(Azicz‘) } (30)
2. In the calculation error geodetic reference coor-
dinate system measuring complex starting to write the
value of the coordinate system:

X=X,+Xcos¢p—zsindg; y=y,+y; 31
z=12z,+Xsin¢p+zcosd/
When we write simplifications:
2 2 2
o :(ﬁj cg{@j o2 +[ &) a2+
oD oo op
R , R (32)
x| (GX) 2 [ OX)
H— | oxt| = | ot = | o
X, * \oz 0
2 2 2
G’ =(&j op + (0 0§+ oy o ; (33)
y aD aB o Yo
2 2
c = [zj o’ +(gj o, +
0 oo
(34)

AN ) 0z ’ , [0z ’ )
H = | o+ = | 0o, | =| o
op 0z, ¢ o

where the partial derivatives (32—-34) are determined:

ox
= ; 0z/0z, =1; 35
D cosBcosacosd; 0z/dz, (35)
0x ox
— =—cosPsinacosp; —=1; —=-sindp; (36
= B b5 Tl g, msines (0
0x .
a—d):—DcosBcosasmd)—zcosd); 37)
a—X——DsinBcosoccosd)' (38)
op ’
&zsin[?); ﬁ=1; @:DCOSB; (39)
oD oy, op
2=cosBcosocsind)+cos[35inoccosd); (40)

oD

Z—qz): DcosBcosacosdp—DcosPBsinasing; (41)
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=—-Dcosfsinasing+Dcosfcosacosd; (42)

0z
oo
oz

=-Dsinfcosasing—Dsinfsinocosd. (43)

The numerical rating the values c, (M) the for-
mula (1), 6, — the formula (8) Simulation results and

measurements of missile trajectory various stations
OTM.

As an example, flight simulation deals with high-
explosive missile O®P45 by firing a howitzer I'2A65

«Mcra-b» long-range charge. Parameters missile
OD45:

mass m = 43,56 kg; caliber d = 152,4 mm; the initial
velocity 810 m/s.

Missile trajectory parameters calculated by nu-
merical integration of differential equations of spatial
motion of its center of mass.

For OTM selected station:

1) radio engineering station «<KAMA — H»,

2) mobile information combined laser measuring
system (ICLMS) laser, infrared and television channels
[6-7].

Mobile ICLMS based on the use of two modules: la-
ser and optoelectronic (OEM), which consists of television
and infrared channels. With laser module that uses a pow-
erful laser radiation carried angle automatic maintenance of
the aircraft in a wide range of distance, since the beginning
of its flight, while the high-precision measurement of an-
gles azimuth and places slant range, radial and angular
(tangential) velocity and — issue control commands to the
aircraft. With an objective OEM control the aircraft in real
time in day and night conditions. Also mobile ICLMS pro-
vides recognition aircraft.

The main purpose ICLMS This outwardly trajec-
tory measurements (measurements of motion parame-
ters) aircraft during a ground test to test complex.

Indexes measurement parameters, the values of
the stations listed in Table 1.

Error of coordinate

measuring station —

Oy, (v) = 10°m . To simplify the calculations made an-

gle o =0.
The results of calculations using ICLMS shown in
Table 2, where

GCX

100% .

dcy =
CX

When set to indicators measuring accuracy
ICLMS value SD, the following calculation parameters
missile motion:

6,=0,57 m;
o = 5,8 m/s;

G, =2,6 m/s;
6,=2,510" rad.
The resulting calculations show that the accuracy

station «KAMA — H» allowing calculation of values
o, with arelative error dcy =(80...85) %.

Analysis of the impact of errors on the accuracy of
measuring stations estimate the o, shows that for the
relative error dcy < 0,45 % ceteris paribus required ac-
curacy of measurement range ¢,< 0,01 m. This calcu-
lation error motion parameters missile will form:

6, <0,0012;
o, <0,1 m/s;
6,<02m/s; 7,<5010 - rad.

G5 <0,02 m;

Table 1

Value of performance measurements of accuracy

Name . The maximum L
Ne system Appointment opportunities Characteristics accuracy
| KAMA -H measurement D =25 km; on the reflected signal:
motion parameters: a = 0+360°, op= 8,14 m, 5up=>5"
D;a; B B =590
2 ICLMS measurement D =150 km on the reflected signal:
motion parameters: op<0,4m; o,5<0,2";
D; D'; a; B; o'; B op< 0,1 m/s; G,p3<0,2".
Table 2
Results of calculations using the station ICLMS
Ne nodal point
0 1 2 3 5 6 7 8 9
Cy 0,267 0,283 0,301 0,321 0,343 | 0,368 | 0,396 | 0427 0,462 0,501
o, 0,034 0,036 0,038 0,041 0,044 | 0,046 0,05 0,053 0,057 0,062
0C,, % 12,8 12,8 12,8 12,7 12,7 12,6 12,5 12,5 12,4 12,3
Conclusions able for use during flight tests for clarifying values of

Radio engineering station «<KKAMA — H» not suit-

¢y (M) of front resistance power missile obtained in
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previous stages of design.
Applying ICLMS will provide the function

¢y (M) with a relative error 8¢y = (10...15) %, but not

accepted for high-precision ballistic calculations.

To meet the requirements for accuracy of ballistic
calculations necessary to station outwardly trajectory
measurements, which provide measurement error range
not less than ,<0,01 m.
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METOA BU3HAYEHHS NMOXUBEKU KOE®ILIEHTA CUIU JTOBOBOIO OINMOPY CHAPSIIA
3A JONMOMOroto CTAHUIlI 30BHILWLWHbO-TPAEKTOPHUX BUMIPIOBAHDb

0.0. XKypasneos, O.B. Konowmiiiiies, C.B. I'epaciumon

3anpononosanuii memoo eusHaueHHs NOXUOKU Koeghiyienma cunu 10608020 ONOpy CHAPAOA, AKUL OMPUMAHULL i3 BUKOPUC-
MAHHAM Pe3VIbMamie 306HIUHbO-MPAEKMOPHUX BUMIPIOBAHDL. Y Memooi weuoKicmby i NpUCKopenHs cHapsady obuucieHi 3a me-
MoOOM KYyOIUHUX NOAIHOMIE GIpMYanbHUX cucmem Koopounam. IIposedenuil nopigHATbHUL AHANI3 OYIHOK GeIUYUH [HCMPYMEH-
ManbHUX NOXUOOK, WO OMPUMAHI 30 PE3YILIMAMAMU 308HIUHbO-MPAEKMOPHUX UMIPIOBAHb CHAPAOA DISHUMU CIMAHYIAMU.

Knrwwuosi cnosa: incmpymenmanvua noxubka, xoegiyicum cunu 10606020 0nopy, CIManyis 306HIUHbO-MPACKMOPHUX GUMi-

prosans.

METO[ OLIEHKW NOrPELUIHOCTU KO3®®ULIMEHTA CUJbl TIOBOBOIO COMNPOTUBITIEHUA CHAPSIAA
C NOMOLLbIO CTAHUUN BHELWWHNX TPAEKTOPHbIX U3MEPEHUN

A.A. Xypasies, A.B. Konomuiines, C.B. ['epacumon

Ilpeonodicen memoo oyenku nocpewnocmu Kodgguyuenma cunsl 106086020 CONPOMUBIEHUSI CHAPSOA, NOIYYEHHbIX C UC-
NONb306AHUEM Pe3YIbMAMO8 GHEWHUX MPAEKMOPHBIX UMepeHull. B memoode ckopocmv u yckopeuue GbluUCienbl No Memooy
KYOU4ecKux NOIUHOMOS SUPMYAIbHLIX cucmem koopounam. [Iposeden cpasnumenvuulil aHANU3 OYEHOK GENUYUH UHCMPYMEH-
MANbHBIX NOSPEUHOCEU, NOYYEHHBIX NO PE3YTbMAMam GHEUWHUX MPAEKMOPHBIX USMEPEHUT] CHAPAOA PAZHBIMU CIMAHYUAMU.

Kniouesnle cnosa: uncmpymenmanbhas nocpeutHocms, Koagguyuenm cunvt 10606020 CONPOMUGLEHUSL, CIAHYUST GHEULHUX

MpAeKmopHbIX U3MepeHUl.
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