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Performance Analysis of an Explicit Guidance Scheme
for a Launch Vehicle

Jae Weon Choi*

ABSTRACT

In this paper, a fuel minimizing closed loop explicit inertial guidance algorithm for orbit injection of a
rocket is developed. In the formulation, the fuel burning rate and magnitude of thrust are assumed con-
stant. The motion of rocket is assumed to be subject to the average inverse-square gravity, but negligible
effects from atmosphere. The optimum thrust angle to obtain a given velocity vector in the shortest time
with minimizing fuel consumption is first determined, and then the additive thrust angle for targeting the
final position vector is determined by using Pontryagin' s maximum principle. To establish real time pro-
cessing, many algorithms of onboard guidance software are simplified.

The explicit guidance algorithm is simulated on the 2nd-stage flight of the N-1 rocket developed in
Japan. The results show that the explicit guidance algorithm works well in the presence of the maximum
+10 % initial velocity and altitude errors, and exhibits better performance than the open-loop program
guidance. The effects of the guidance cycle time are also examined.

Key Words : Explicit Guidance Scheme(234] &%), Launch Vehicle(#AA)), Pontryagin' s Maximum
Principle(Pontryagin®} Hdjgi=)
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2. WA 2SUHA 2 MY Ay

E AdAe, IF4 f59 (explicit guidance) &
L3l 71 FAA SFEHAE J1Esn, o2
BE H2da4R29 #HA Pontryagin® Hulgd
g A543 9A 2 89 A A2AYLE AN =
g, olZ Yote =T AFA AT kA 7]
3

21 }_‘I,Eﬁl(z),(ﬁ),(‘lg)

FE 4L J1edtn AP AL HeaA A
7} 98t EAFEA (body frame), ABZFEA
(earth-fixed frame), FAAEA 2 Fig. 1914 B
ups} ol JHAFA (navigation frame: N-frame) <
+=# % A (guidance frame: G-frame)E =Y §t}
PHFFA = ARATAT AR 4HE FHske
Aedze] wAd 44& dFsn, A=Y 2
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Fig. 1 Coordinate Systems
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Fig. 2 Guidance Frame
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o % By B AeY e} o] FolAT,

AV, +g,T

a, = tan”' (—f‘wff;) (2.3-4)
AV, +2,T)

b — —tan (AV,, +Z,T)

{AV, +8,T) +(AV, + 5, T)*}"

714, TE HAYAAN FHFDAIZH cutoff) 7HR1S A
Zolm, AVg, AVydl AV, & SEREANN TR 5
Qt Fo o3 dojA = 7 & W) S2FE YL S
vehdot,
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Zo] U AES] AuEE HAA e 4 (2.3-
4)dME & F ARl A= &£xH Ao EAlold,
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(2.3~35)
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UAA g} 2 HhPo 2 B MY & P ¢
AZANA n2 T SFEE4A (2.3-6)0 ddloq Frl=
AEARE L7 2ol AR}

1, = [ (aa® + 8Byt 23-7)
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W =W,-g,

W, =W, -,

W, ={(T, -§)-logE+ T}V,

E=1/(r-T,)

n="T/t

P =(25-2-logd)/t

P, = 2§—-;—~(2+log§)2
0, =3-m-log&-3n
Q, = (31-5)-log&+5m+2.(1-1)- (log&)"¥e

At =(AT+1)"?
B’ =(B*+1"?
_|av, +2,T,
AV, +8,.T,
- —(AV, +g,T.)
{(BV, + BT +(AV, +E,T)Y"?
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A7NN, T & T A 0% S2AH o9 sT& BB Foltt.
olAl 679 AAFE FASE, 4 (2.3-10) v
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AV, = C, +C,6T (23-13)

4714,
Cl = —Vex log(l - —TL)
T
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4714,
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R, cosf-sina
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Y, sin B
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3. AlE3jolMd 3 H2 =4

3.1 AlEdo|M &7

2 =FdAe AEYoA dd 2dE 989 444
A4 TAAQ N-12AIAE Adstn, 9] thi7}A]
ol2 WAl Qo2 sle] AlBHolHE Yot} E =
29 AF4 fuwde 9U|AdA 48 ¢ Jdeng,
9}718¢ v gstA He 29 58 3Tt ot &
FEHE A4 ojd, FEALE A% 27 ¥ EX
AQe 1%, £E 9 872AL, 6AFE ZALE
WAL S AL T2 W (SNUGD)™@E o] L3,
2P R Ao i} BAbA 9] v Table
19} Yehd o|HlE £ (event sequence)® Wt} 2
o AA e 1% 2 &% 273 242 150 kms} 4.4
km/secB =019, HALL < 86 degB=eld). A= 2
Axe 47 30.4 deg, 133.5 deg A xolth, EEAF
dA 8 E e 24e, 157 4 400 km, £ & 6.8
km/sec, 89 2H(e,)& o 92.2 deg°l™, A= R A=EE&
247} 30.4 deg® 144.5 degolt}. Al BT 1AL % &
E%7} Fig. 39 £AIH 9} gt}

= dueF9 45S Hrisl gk, 4 ARt
A A ANNAA B2 ZEAHGMY FxQ

Table 1 Event Sequence

M 2H(sec) Ol ¥l £ (Events)
0.00 Hich & AN SR, HO{LI 0] HE X B}
733 X Z2 I8 (No.l) MAl
3819 jSOB ¢x~3
40.00 HRZ2IW(No.1) B8
40.33 HAEZZIH(No.2) MA
6000 | WRAXIZ2IHMNo2) 38
60.33 YA Z23H N3 MM
80.00 SOB #2|
85.00 HAZZ2OHNo3) &8
85.33 X ZZ3H(Nob) HMA
20800 | WXZ23:(Nod) B &
218513 | M1t F A AA~ZEMECO)
219513 | 1Tt F AUX MREY H4BR
224513 | HOJL A& 2= R(VECO)
226013 | Mgt 23
228013 | M2g F WX HI@B-IIAME JbM O AER)
H2gt R Z 208 HA(HYA AYRS)
242513 | H of & | M (fairing cover) M H
461970 | M2gt F A% AALFR(SECO)
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271 NG-REH)

r rn U LA']

242(G-#32 )
vl vl b ¥

e stop
(¢, (4. ¢)
z=tate) sedais

AVe=log(r/(t— 1))
AVy=4V+4V,

[ [ 3o |
!

AERAAY
ag, By

AR feloie}
F,m, m1I,

LEE L]
da, a8

ay=ay+da
Br=Fo+ 48

2AE98 (G~B)

WARA chojupe)~
o .6.4m

]

Fig. 3 Flowchart for Simulation
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Ea3: 1.0
(B~0)

A5 BAet] fx FUEE A G WY FA
g AN g FHd F, olgts AHEEle mlxlg
& 5o dFoz FAs 19 94 FUF NFEAER
FE goj, HE2o 234 frye] AEHe 20 &
& 79 27] FE A2 R He Al disiA
FEoAE 1AL, 0|8 e AL ALT AT 2
=233 29 5o daiMz fEeatE Ao

Fzo ARY FEY A=At vladd £,
F= dnFY 45 Frletr] 9431, 2394 dF
g e} Zo] EXAH U S2AW BHde AL
g AN ZAAAE FA F3ste Z 9o detoq 47
TEoAE BN Bo2M B =89 ik ¢
45€ 971,

3.2 7k LW2|F M5 Hit Z}

E =RdA AN fE gudZ A% e A
X, ZEAAANAY 941 L o FF FRAE 2
A BozH frA2ge 7B H5g Hrisln
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4, FTAHZE AR 1 (41)0] FEQA
viXe 9% AuEn, nxHo g v o 59
dgoz g7t 19 dx 715 JIEAEZHE Ho
U, A2E fryo] A4 21 A4 39 2] &
232 248 He A5 dstd, A £10%9]
271248 343 {750l & FAteAE 22
a9 5 2 AF4 Feyd dsld 45 AsE 2E
8 £

WA, HAaAe AL Fe JETFEE 10
msec2HE 50 msec7tA] WASHA A0 A B oldS
FE 2 A3, AN 9 Ade FUEE 1eslo
25 msec7t 7H} AAaS . Fig. 49 a), bl f&A
g AN 34E AEEF9] 10819 0.25 secE ARt
2, FEAY AN 239 233 3 (velocity
only)st EEHolMe £xzdn AXNZAE FA9
B33 AL (velocity & altitude)ol] dlald, 1 2 &
T3 015 AR vlug Ao}, Fig. 49 a), b)liA

Altitude Error (closed-loop)
60
50 1
Velocity onty
_. 2
£
£%9
E é 3 Velocity & altitude
]
0 v —
415 425 435 445 455 485
Time in seconds(SEC)
Fig. 4 a) Altitude Error Comparison
Latitude Comparison
3(;)83 Velocity & altitude
‘ AN
] 1l 8
07 Velocity only _
S 36 rd
L ’
Z 4
= 305
3045
24
0 100 200 300 400 500

Time in seconds(SEC)
Fig.4c) Latitude Comparison
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longitude(DEG)

& & R £xxA%S B A, EXAXY =
A9 2% % 400 km, £% % 6.8 km/secol tldto]
2E2A4E % 10.6 km, £33+ % 23 m/seci e
o}, 423744 3 449 3224 % 9.8 km,
£524E % 24.7 m/sectt. £E2AWE 18
A%l HE $xote F Frleta i Ae Fa
Fed, oA FEET HAZ o AHEHE 98 455
AEZAE HEAF)7]) Y8 A8 fFolt}. Fig. 49
o, e 47 A= 2 A% Fo]& ¥ F 244 U3
vlzg Aojtt, ZFEAHANA Y A=ee 4 0.0067
deg, AELAE 2 0.0047 deg A =9 A o7t &
st o3 g AR € Sx o oF 102 o9 &
& A B e HE vAtgey Bede gl 3
A Y] ASE ot AAZFEF oF 2002 B¢ HsAlE
AP F NG ZHE ] ARREFOE FE3| 2A
g 4 Qe Hse eAolth

S frEAE e AN 2HA (41,)0] WE BEA

Velocity Error{(closed-loop)

Velocity & altitude

Velocity only

o pmp e —— 77—}
220 260 300 340 380 420 460
Time in seconds(SEC)

Fig. 4 b) Velocity Error Comparison

Longitude Comparison
7 - -
:
144 ,‘7
143 5
m Velocity only 7
1 —-
i% ] Velocity & altitude
2 =
134 -
13
12
131 1
130
100 200 300 400 500
Time in seconds(SEC)

Fig.4d) Longitude Comparison
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Table 2 Guidance Error w.r.t. 41,

4 | o125 | 025 | 125 | 375 | 625 | 75
(sec)
av
¥ | 31873 | 24715 | 6917 | 82741 | 88817 | 114086
(‘r’n}{ 9786.0 | 9815.2 | 11010.5 | 11409.7 | 13409.8 | 14737.1

Table 3 Guidance Error w.r.t. Initial Guidance Error

EIIRT QA t= 228.013 sec)
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