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ABSTRACT

This paper discusses the error estimation in radar measurement data obtained while
tracking a launch vehicle. It is known that typical radar measurement data consist of the
true positional or orientation information on the vehicle being tracked, random noise and a
deterministic bias due to radio refraction. Unlike previous research works, this paper
proposes a tracking-error (mainly bias) estimation method solely based on the single radar
measurement with no aid of other measurement such as GPS. The proposed method has
been verified with real measurement data obtained while tracking the KSLV-I launch

vehicle.
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Fig. 1. Elevation after refraction correction[3]



45 4 12 W% 2017 12.

goltt At del o HAA FH A F4

1079

X, = [Cﬂka Ly Lo— 15 Yo Yo Yk — 10 @)
T .
2 2 2l 19 P P O bk]

(7 Zol AojstA =4, W
Bl ge] Hol BRsidvs &
AR a1zke] mlejo] =g A SsiA

> 8
lo E
o
oft
o i
NN >
o

oo O oX ox
4/
v
gll‘

7] glala A1zl AFAY woloj 2t ¥
17 ARE JY2 BEH s, 17

o3
5
&

ZJ
=
B

ol o o o g N g o

& Zol AA 1z, wieloj~ @

o d¥xFo 2 FHsD HAA 174& F4

3, FAE 1407 nto]lo~E W B

g3 A7E d& F Utk

O = 0+ b+ ), by = b(6,). @®)

e FAES A A (7)o AT FHW
Fol Zlz3 WA 549 4 2)F oA A9
3 & ol4stE Y3t o] W J|EY F&HE=
52 TSR Edo] oid By gkl b
5 2d (IAGA A Aol AL Jted B
2)s H83td FEHET FHE AT 598 =
AS oo} Zo] AT & Utk (yoF zol o
g EHL2 ofyf xoll 3k AF FAEA Aol
o)

Tpyq =, + To,+ (T?/2)w);

. . T — Tj_

Tpyr =, + Tlap +wi); ap = %?

Pre1 = Pp T TP;& Ppr1= Ot T_¢k§

Opr1 =01+ 103 by = b+ Tby.

F71 AeA ap e xF BE VHEEY FHA

24 FAFS wivt dadng. wis 4 @)%
FABHAl FE7 A DA S TR WA o

p= TT LYY 2E
P P P
_ Ty Ty .
x2+y2 x2+y27
0 é\/m2+y2 TZT
p2 . pz /x2+y2
yzy .
)
P Ve +

—(V, x10™ )esc? 0)6
. (&, 10 < 6 <90 [deg]);
b=1— (N, %10 %)esc? (9).9>< B,(6)

+ (N <10 %)cot(0)0x 5,(0)

(&, 2 <6 < 10][deg]);

Cy 2c4 3¢y
By(0) = ? - ? F
E AYstA =, #ol
t 7y vtolo 2742 A
| oh3 2ol 3t

-
FRggoE HEWHNE T 5 Yk

> B
i
9

Z, = CX,+ Vy; )

C=10000000000100

000000000001 1)"

0000000001000]

WAA FAvoEe] X3 oA F4 A 3
[e)

2 FHZ = (process noise;

W,)# &4 3 (measurement noise; V)l A
o IR/ WAA FE7] dYolu e
Fol AFAN dFE FE BE AFA X3 F
2k A5 E YEdH, A G Z&3te o
4, AAZA g, vl o3 o7 FolA
7103, ol#§ 3L A A5 F |l
cEg 2 =@dAe 3AZSY TEMHOQ)E
deje] (el dd YR JHHst L FE g3
Z e (EKF)E AA AT

T4 2 FAASY BE, R
Axe] FARR o3 -z AAE + Aot
[7]. (3% A2 E AMES A8) BlE 54
Fes fAazkFolgt ZHARAAT, dukdor =
AZEe Furs 179 gded &3E=E Fig
29} o] AA HolHE AHFHITHEFNEFT

A & AYETBE] B2
F ENE ST A% S BAA 1Y
SME(EA, §5ET, doigrel, 12AHA,
19H2AE, 4FALAY, 292 AH, 28
EAQLFR/BEASAY, AR/ A=)
SRR FAT BHATEE 2 A £
e 2 e FARAT



1080 AFn - A& - AEgYrE - 315 - H & b R A e
X,. P,
Elevation angle B s:‘?;]ﬂ P  Filtered elevation angle >
Raw data ow-pass fiter tered data == =
Low-p: filt Filtered dat: “:k =f(‘xk_1)
Fig. 2. Estimation of measurement noise Py =4 P AL T Q
1000 - v
:ZZ K= P; CNCP; CT+ R)™1
700 |
600 e
s00 | + Mormal PDF with hL: Vi/on a2 » = = B s P IS
wa'H=117205¢-05 = 1.63008¢-08 Zk Ak = ‘Yk + AK(ZJC = (‘.Yk ) -’X;c
400 F " * ERB(u)=1.758-08 CRB(c%) =57¢-15 "
ol e RHSeT=0513 Pk = (J— I{KCY)P}C
200 ‘
e R . Fig. 4. EKF algorithm
—gm -0.008 -0 006 -0.004 -0.002 6 0002 0004 0006 0008 n'm
. . . . . Al o] 3] 3] ﬁ 3 = =
Fig. 3. Distribution of measurement noise * (0l =i ‘;LOH (13>13 ) A,
Loz FEALS FAY W AMgdY. &A3ET
Figure 3 179 3345 £X5 Uehd 21 HH <318 FL Fig 49 Zo] 8948 + Utk
o7 o 76‘? SRS EAto] EAIGA 9 F gdmEE 1y X, 9 P = AEds 8 3R
=] - 3| = 7r bz al - S
Wopl 1077 B=S A71E 2 Wl 090 2y@@are odnistn, A= olust | 4w
TEEER ZAEE AS AT ©] e JolslE o L =go C slalel=.o
g Aol ARUUWRHE vojoizx Fy A & Lo09E 4T SEEE KE AUISE
Rt FEHRS AT W Agsan AE
2.3 E&zorE & (EKF) o P+ 2
gA7NLEE HNg 2dd AHE sbsd o (2% 4yt 420 ,
Zbg ol 712 M3 ZARtZE e {4} _ Tyy _ rZZ )
AT, A A 7)2 289 4 Q9 e (2 +12+22)%2 (a2 4yt 420
FH A mae AHH o FEHo|RE S ap 22+ 22
AFEA 7] W, GejHol e MUYw oy ()Y
g o] 23 H|Qk(Jacobian;, 4] (10)o.2 T3} Ty B Yz 2
&t AIAEL Gy A x23E vy (B +92+ 222 (PP +22)?
s BEE GHES dis) A@s@vE)st op 22 + 12
o 7 4 Aok #WEE Fe v &3 F3" 9z (P2
AW (X)) S Al deth . aa B 2y
(x2+y2+z2)3/2 (.r2+y2+22)3/2’
8fl 8f1 8f1 °
- = op T )
0 9%y ox, or ﬁ’
€T x z
ofy 0fs  0fs . Y
Ay = 8z, 9z, ax,, (10) 2L = = y2 -
. . . oy \/x +y+z
of, of, 9 _ z
; 2 2 2
x4 ox 9z \/l“ ty +z




$45 4 B 12 %% 2017. 12 goltt Atz o IAA FHoA F4 1081

06 _ 2wy .. y'—a’ Fooz FPFE et 2ok (y zol W

o @yl @y’ EYE ofd) ol tF A3} fAshA AelEh)

06 _ _y'—a’ P 2zy v; b 00

oy - ’ _ -6 2 )

6;'y (x.2+y2)2 (x2+y2)2 % = —(N0><10 )CSC (9)5,

20 _ 3¢ ab _ 06

— = =0 S = — (N, <10 9esc?(9) =

0z 9z o 0 0%

9 _ _—y 0 _ x|

ox x? +y2 ' 87) x? +y2 7 Q(NO X 10_6)C0t(9)csc2 9)

00 (20 a2t —yt 2 )a . (2h, 10 < 02< 90 [deg]);

ar ($2+y2)3/2(x2+y2+22)2 ab _ 2(Vy, <10 %)cot(8)esc? () =< 5,(0)
00 — 2(N0><10* Jesc?(8) < B, (6)

TYZ (31’2 + 3y2 + 22 )y
(x2+y2)3/2(x2+y2+z2)2 + (N, <10~ )Cot(0)><ﬂ3(6’)

2 o(@? 42— 2?) (¢,2 < 6 < 10[deg]);
- = ; 2¢y 6cy 12¢,

\/932—i-yz(:vz-ﬁ-y2-i-zz)27 B3(0) = —— + — —

+

o0 xyz(3x2+3y2+z2)g'c
0 _ - -
oy ( +y )3/2(1, +y +Z) 24 —|_7c|7£-|I —T,—E:iAI'ol'
(2y +a’y’ —a' =)y 2 (10)3 o] HARFFE ko] Az
(@ + P2 (2 + ¢ + 22)° A AE Aol HH, @A} 271dA A
N IO it B olthsh MALA| 7 Azt e A AR A
Vit + i @2+ + 222 wECl W AXNA He 4Fo] 2D o
20 z(a® +y' =2z AT FwddE(p) B AUIS(K)E WA
9z nAGHOE AH WA ZAGANA gL
ey (*yﬁ “’2)” R Qe wastes APAS 0 B oF W
X -z
e A3k7] 98 Rkl 5 okesh ol Yitstste
val +y @yt 42 Ag neel & 5 Ak
2zz\/x2+y2 ]
T2 2 232! ~ [k o K,
v K’f[om A an
0 _ —az . '
ox (ac2+y2+22)\/902+yz7 A (ADAA e nxn d9dEE, A= &
90 _ -z . Z7] ZHEU, - K,C9 18AE5)e =77}
or (@t 2V AAL 1€ 9A %}E% NEHolde B3 3T
90 _ — Y2 : S e golth ® mRoAE A=10 "7} 2
@)y A RAA A ol A4 z}mﬁru}aw S B
RS e FE goldith
P IEERENRN f':'if?l', FHRETESY @9 2 ZrE 19 A
gt 37| 3 Scaling) S 1H3 E 5 Jh. o]
: 9g =/ igo] 1eEA dow JiHoz )
srelelessl HIEQL b A0 A T o o ge e guwast BwE URel 5
()¢ PO A} o] G471 Ak B o) A YL A e FeEs He
g bel AZHAS T u), mzimyl ozt  LaEA TET AAR 2 (7)ol AW g
X9} £2o] TF AMEE LSopdth o]  FES AN, &%, 24 5 AR 02 w9} =2

FARL n2fe] HE WAAAqRZARL F Aol SAUolEld FuOR & wolol )
ojttel LALAZL Zke] A7t &3] gRE GA)A S Hpelojx 2L YA = Y] AFT
£ Qo] & IALNIHENOZE =3I},



1082 AP - AES -

7hg. 53] f1A 9 &= 5
HHAFZA(ECER)E 7IE£22 AxtEE Folm
0° A=el 2715 7HAA H1, webs ZE

(B oox Qormd £ f ko
i)
o
=
dr
O
td
r
re
&
o
rO
ox
)
o
fru
o
it

Xg [_7—3—7—’_7_5

SFT057 1057 108 710871087 106
) | T
———  —— P Dy 01, b, ]
100 10° " 10° 7 O O O

2.5 HiolojA F=FE A nt

A ke FAH71H S KSLV-I 3z} A =3 6 o)
Eo)| H&stx, 49 AFHE HS3H7] H3l
FYS LAA AZ tig GPS HolHE T3l
A, 497 2 3174 HRE do] FHAHS
HuE F3stgch GPS HlolEle A 94X

Radar data
-

Elevation [deg]

3
IO A1 472 473 474 4TS 476 41T 458 479 4E0
Time [sec]

8 + b(h)

42 W Radar data
1 \4\
 GPSdata |

3 . . . . . . . . .
w0 4 472 473 A4 478 47 477 478 479 @0
Time [sec]

Elevation [deg]

Fig. 5. Radar raw data, EKF estimates
and GPS data for elevation

2 - 5318 - A&H WA T et
25 st AT A ()2 5T HIE T oA
ozl W Ztely 17 ARE A4Es| Agsiota
A7ve 4 . Fig. 59 Ad a2 =ZE #Holt
=2 17}, GPS Ho|EHE F3 d& 17, ¥
I Foly &3 uZo2RE [3]oA A W
Moz HuZdzt volojAE BAS Fo T
ZE RHAFEY (ZYZs SADA F ot
=4 37t wpoloj 2yt AHetA FFE FE= T
Zroll tisf ARt Byth) aPelA R0l GPSE
B 42 u7 goly A 1o ZRE A

|

s2dzp vloloj2E HAF Fo uz2 HY
0.05 deg AE2] Aol & HIUTH

Figure 59| sttt 1 Z& SAZNIEHE &
3 FAW vholojxg TP 12N (0+1D), dol
o &4 17, GPS HolHE F3 4 174, 1
g3 SAAVBHE B 24T 1740)e B
ot oA HEo] GPSE F3 d& 17t
3 SAZNEEE 24 w7l o= Hu)
0.02 deg AEZ, Clark A¥=d7Z wd& o
=3 Hes) e JE AFBRYG B =EolA

wio*

Relative error in range

i i i i i i i i i
0 50 100 150 200 250 300 350 400 450 500
Time [sec]

Fig. 6. Relative error in range between
GPS and estimated data

08

07

Relative error in azimuth

02

i i L i i i i i i
0 &0 100 150 200 250 300 350 400 450 500
Time [sec]

Fig. 7. Relative error in azimuth between
GPS and estimated data



45 4 12 W% 2017 12.

goltt At del o HAA FH A F4 1083

Figure 6, 7> TAFGA 2 3ol tis) 7
(p)st BAZ(P)l T GPsHlolE 9t F8A 7}
o] grieats vebdith GPSHlolE AA 2H(E
8] azpo]l Z WAL MR E sl et ghol
Oa =7 vehys F30o] AR EAgA A
TRl dis 2 =EolAM AlQket gaREE L

o)

A=z & FE38s 18-S 53l T AUtk
nm. 2 &

= dolth AlglolA
23% Holgo] A OAHFE Aol o
dlelol B A= JlHel B e ohEth
12 98 Clark W32 wag oxE g o
o 24 37l whe A EIAWE], GPS Hold
£ ARHoR Agd wololxg Fgse A
Aok AESE FH7ES ALtk B =
BolAE WA s =2 THH 712 )
o]

T
&
K3
do
N
R=}
i)
B3
=
oflt
o
b
®
o
rr
R
&
o

WaHs vlolo]2hx] EIAIZ wAE TAA
W ogA mds Adstnh ol g W
AL dolt ZAdoleol E3E uiolojx
e EAL e REdTE O Aol
o olFA AltE wAPEdS vigoz Az
S ARt nlolo]xE AR EE AEH
WMeE FAsATh ovr ARbe FALREHE
azko] w9 Aol E) WARA A & oF 260
15 AES e o EAVE (AT,
Ab AAGA ] tall g A dete BEFEES
Bt o2 2AE sidsty] Sl F A+
A4 aas adl ZEE HEso AA, T
AL Z27IGAINA ZRAIRIY gre] HIAAGA R
AAE Ae WAS] sl Aqtsks H skt
=4, FHHsFE 99 g A7) Aolr XA
Qxap Ao sl AA, HHEF} A7 RAES F
3 =E ATl A g AtolddlA Wst=
stlth. A om WARGA A FREel ths)
sl AR AR EE & FHse
< AT F deH, 53] Mu2de o
Zke] mpolojz 7]Ee] W (GPS HolE tiH]
o 0.05 degel &b wiBl uwi-¢- FFsHA F
(GPS tlolE] thr] Ht 0.02 deg LA EH= AL
T F AT =RedA AS SdntdE st
gAE 2 F838S 2188 53 & & Uk

X0 W b oot il

d

—

o

1

Nl

ol B Rl rr

7

o

B dre F7AE 294 A 9 2017 43t
NERGREAR Aoz dxATATtY 2
(NRF-2017R1A5A1015311)& Wo} 3= 54T

References

1) Roh, W. R, and Kim, Y. D., “Trajectory
Optimization of Multi-stage Launch Vehicle
using Time Domain Finite Element Method,”
Proceeding of The Korean Society for Aeronautical
and Space Sciences Spring Conference April 1998,
pp. 446~451.

2) Kim, C. P, Ha, J. S, Noh, S. U., Park, S.
R., Choi, W. K,, and Kang, D. K., “Processing
Real-Time Flight Test Data for the Estimation
of the Coordinate Position of Projectiles by
Multiple Radars,” The Journal of Korean Institute
of Next Generation Computing. Vol. 12, No. 2,
2016, pp. 43~53.

3) Yun, S. Y, and Lyou, J., “Flight trajectory
generation through post-processing of launch
vehicle tracking data,” Journal of the Korea
Industrial Information Systems Research Vol. 19,
No. 6, 2014, pp. 53~61.

4) Song, H. R., “Performance Enhancement
of Launch Vehicle Tracking Using GPS-based
Multiple Radar Bias Estimation and Sensor
Fusion,”  Journal of the Korea Industrial
Information Systems Research Vol. 20, No. 6,
2015, pp. 47~56.

5) Xu, T., and Nai-yuan, X, “Atmospheric
Refraction and Path Bending Delay,” Chinese
Astronomy and Astrophysics. Vol. 33, 2009, pp.
217~222.

6) Suchomski, P., “Explicit Expressions for
Debiased Statistics of 3-D Converted Measurements,”
IEEE Trans. on Aerospace and Electronics System
Vol. 35, No. 1, pp. 368~370.

7) Han, Y. S, Song, H. R, and Kim, K. T,
"Noise Estimation of Launch Vehicle Tracking
Algorithm Using Auto-Regression Model and
Auto-Correlation Method," Proceeding of Institute
of Control, Robotics and Systems. May 2015, pp.
83~84.





