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Abstract: This paper newly presents what the optimal guidance strategy is for the vehicles, which fly along the so-called aero-
dynamic ascent path. As commonly utilized, the paper first shows the optimization results via the DCNLP method, while the paper
secondly shows the other results via the SQP, direct optimization method. The lafigcienty and easily carried out taking the
advantage of the steering angle expressed in a certain orthogonal functions. The primary result of the paper is the analytical description
of the steering law, that relates to the optimization discussion. Itis clearly concluded that a conventional linear tangent law is applicable
only to non-lift vehicles. The conclusion, at the same time, indicates that the optimal guidance should take trigpnometric functions in
addition to those in the conventional linear tangent law. The results presented in the paper further extend the optimization process to
the guidance scheme with numerical demonstrations. Since the linearized translation motion fits better for the analytical model, the
results of the paper successfully could show the practical validity of it. The examples include the cases with the vehicle parameters
varied from nominal and the sensitivity to those is also examined.
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/& PRT AL | KEEEE | RATRME | 9 KL
£ [my/s] [s] 15

N=1 4 1707.0 162.7 N1

N=2 6 1715.2 162.8 N2

N=3 8 1717.9 162.7 N3

N=4 10 1719.5 162.7 N4

DCNLP - 1722.8 162.8 DCNLP

0.7

0.6

05 Y
Yo

tan

04

0.3

Tangent of Attitude :

0.2

0.1

0

I I I I I I
0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1

01 I I I

Normalized Time vt

FO WERHILLBIEEE LT 7 U 71l

3.2.2 HB5MLEBIIEH Y DBE RICHMLBIEDO H 5
EDOAT TV U THNZOWTHRFTT 5.

t
tang = Co + So(a)
s t t
+kZ;[CkCOSkﬂ(E) +Sksmkzr(a)] (46)
% 8 RN O 10 KNI (46) D EL N (2 X B EfEDE:

WEREI -, BIEIFERIS, BN RERDHI1FTE, Kk
WEE L 277V v 7R DCNLP O fciEfRicm-3< 2 &n



B LWNZE ) A

D, EREHEATEELOSA L LT, N2VRE
WAL, REEICE2EFEOFENAOND.

8% FERIELBITESD YV D& & 6T TR
WA RT AL | KEGRERE | AT | % 10L
% [m/s] [s] ¢l
N=1 5 1710.0 160.9 N1
N=2 7 1714.7 162.6 N2
N=3 9 1718.0 162.7 N3
N=4 11 1719.5 162.7 N4
DCNLP - 1722.8 162.8 DCNLP

tan

Tangent of Attitude

I I I
0.6 0.7 0.8
vt

B0 FREEIED Y 0T T Y v 7]l

I I
0.4 05
Normalized Time

I I I
0 0.1 0.2 0.3

3.2.3 REE#HSEL S SI0EERE~DKFEEEEE L
72277V ZANC W TR LT,

tang = Co+ So(tl)
f

N
¥ ;[ck coskam(&) +S sinkam(%)] @)

99 E KO L1 KICIT (47) ORBE N IZ L DV &R
T FTFOROERIUEARE o b8BT 72, RERHLAIES
WORTT U ZRIE B LT, KEEIHEV M EL
TRV, ZHIFAT 7Y v 70 E B E - Tl i@
JEEEICE W2 LB X b . FEARERA TR AR X
M AT 2 E D 1/2 1280,

HOR BB K L A THERS

W PRI AL | R | AT | R 11X
i [m/s] [s] JLAI

N=1 6 1710.3 160.8 0.843 N1

N=2 8 1717.7 162.2 1.316 N2

N=3 10 1718.7 162.0 1.176 N3

N=4 12 1719.5 162.7 0.981 N4
DCNLP | — 1722.8 162.8 — DCNLP
3.3 FEMBEA~OLRAL FifilcBNT, XT RA Xl

iz & % AL U 7= Hi BRI C B i A RN S WO RS SR 285
NABZ LRI, ATICIE R T A & i i & 5 il
Rl SZEICRAT L TV A HIRIC B T 28R & L TRHT
LT LEEWTD.

FATHINZ IR 2 2o B 0 DEVERRZE A AT 5720, Kl
G E T KO WCHIEIZETET 20N ERH D . B

B OFHE & iz B3 5542

(41)

(AT - e A% - I AE—HR)

0.8

07

0.6 F Y
7

05

tan

g
0.4

03[

Tangent of Atitude

02

0.1

ok

-0.1 1 1
0.6 0.7
vt

H1LN EEEdREEO AT T ) o 7]l

I I
0.4 05
Normalized Time

0 01 02 03 08 0.9 1

-
-

FOFAEMH CZOFEEEITH I-DITiL, FHHRANID AL
HDHRETHD. —IIT, T A X EELOFHFREIT
DCNLP L9 & k&<, "I A Xk Bn L ETo
PHEGRIHE LTV D,

FITHLIRANCB T DREEZ YA S LT, ik
PR & 0 2Rl &2 2K (47) OF T E LElE % B«
Hx HRET DHEEEZE 2D, HRtREORER D b K ihE
4 E TORITHE Z Time-To-Go & 5.

FEIN T KEHLE (nominal) Z 25 9 BB 51k
BN=4ADHEL L, TATHBIZIIT HEEA y(to) ICFR
7k G 2 AERY T 5 2 & TRAERGE (error) Z1ERLT 5.

Z OFIETITREAETLE | C Time-To-GolZHE E S ALi= i
Zlti (Time-To-GoRZ#Z4 30, 60, 90%D i) (T3
L7WESC, ZOROIRERZILIZK 47) okEN=1
ML DRT AR ERETDH LT D, Beidfif oK B
U(ts) ZRm St & LOz, WICE B E M RSN D
FT & CREle— UV BRI, R IMER R A iR
< (guidance)t, ® & L7z FETORRNG, HARRD
FEARFRITRTRATREIN CHEM OB TH D Z L 100 5.

B I0ORICHE L SNDHREL~—T 0 L 2 FVREE
WX HEIE 2T, PR AR O HEA R & W
L, T Rt~ —Y 0 BRETHS. Ll I
JVIREHBIZ AT D EAIEm 2 2% ETH 0, K (47) TF
SN D HIER S ERE AR 2755 L, DCNLPIZH~CE
BAMEZRHDTX 52 N5, Time-To-Goid k& \»
1FE, HERSND NEREb~— T M E .

F 725 L3R U 14 KN YR fAFRZE y(to) = £5[deg]
DOFFD, #FHEH|%ZZ 21 Time-To-Ga=30, 45, 60, 75,
90% D HiL I TR R L7258 ORD b - it OfE R %
Y. WLOBFFRE, REEE & I3R R o el A2 1T o T
WO TR R BN,

3.4 FZEMBEADIGA2 WICHIRECr IEER S
LB EREIT 5. HEREIC 1% OBRERH D L RKE
L, 2K VETE ) I LEN b OEEE S LI, H
DRERICBWCHHAIFFIE LT Y. Z OB, FitERIC
MR OBEEZHE L 2N b D ET 5.

EILRIC-FEOFHEICL > THEL ENIBE~—

- -
——

-
[



F10FK BB~ —T

WIARR A Time-To-Go

R 30% 45% 60% 75% 90%

¥(to) [kg] [kg] [kg] [kg] [kg]

[deg] ([%]) ([%]) ([%]) (%)) (%))
+5 28.3 -29.7 -53.2 -45.5 -39.0
(0.13) | (-0.14) | (-0.25) | (-0.22) | (-0.19)

+4 14.4 -23.6 -46.2 -39.1 -33.5
0.07) | (0.11) | (0.22) | (0.19) | (-0.16)

+3 2.8 -18.4 -37.5 -32.0 -28.5
0.01) | (-0.09) | (-0.18) | (-0.15) | (-0.13)

+2 -4.6 -18.8 -27.2 -24.2 -21.0
(-0.02) | (-0.09) | (-0.13) | (-0.12) | (-0.10)

+1 -0.4 -10.6 -15.5 -11.9 -11.7
(-0.00) | (-0.05) | (-0.07) | (-0.06) | (-0.06)

1 266.2 228.4 152.5 110.6 56.9
@.27) | (1.09) | (0.73) | (0.53) | (0.27)

2 308.0 229.8 176.1 133.2 79.6
(1.47) | (1.09) | (0.84) | (0.63) | (0.38)

3 355.6 268.1 203.1 159.4 106.0
(1.69) | (1.28) | (0.97) | (0.76) | (0.50)
4 405.4 292.3 235.0 189.7 136.5
(1.93) | (1.39) | (1.12) | (0.90) | (0.65)
5 472.1 358.9 273.0 226.2 171.4
225 | (171) | (1.30) | (1.08) | (0.82)

Wty) [deg]
&
|

60

Time-To-Go [%]

#5121

7T ADEE,

72 B AR 2 R
O, HRtEZ RHIAT

5 DOENERRIC K SO THD.

REWIT E e oimik g &

BB~ — 2 oA
Dy R ORSRC BT D IREEERRE L R T, HEMREGRAEDN
Time-To-GoA¥ K & WM E K LBk E~ —
VNEL, AT AOEFE DL, Fifi TR LT
FRBUCREEN 2 NGEIS, IRIERRREAEET 256 L £
TAUTRERE B S HE R BUZ BB T 5 7
1EEFEITH W D HE IR O E
* 7= Time-To-Go»®
BENKEL R, —EOFHLEH|
FEHR T CIIHIRE AR TETWRNZ ERGND.

BALER HOMREGEED D D256 O ERR

) | TTG H SR e ]
5 B i AP
Egi = FES AR
(%] [kal([%]) [m]([%]) [my/s]([%])
+1 30 35.3(0.17) 16.7(0.06) 5.3(0.31)
45 | 119.0(0.57) [ 85.7(0.29) | 12.4(0.72)
60 | 235.5(1.12) | 250.6(0.84) | 22.3(1.30)
75 | 334.0(1.59) | 469.0(1.56) | 29.5(1.71)
90 | 303.5(1.45) | 713.8(2.38) | 25.8(1.50)
1 30 | -48.9(-0.23) | -28.0(-0.09) | -6.8(-0.40)
45 | -127.3(-0.61)| -109.8(-0.37)| -14.4(-0.83)
60 | -258.2(-1.23)| -279.6(-0.93)| -24.0(-1.40)
75 | -353.6(-1.68) | -526.1(-1.75)| -32.8(-1.91)
90 | -378.8(-1.80) | -865.9(-2.89)| -34.9(-2.03)

(42)

(20034F)

08 T
—— nominal
O TTG=30%

- = TTG=45% |- |
C= TTG=60%

© TTG=75%
— TTG=90% 4

tan

Tangent of Attitude

I I I I
100 120 140 160

3K W AR y(to)=5deg DI FEIH

—— nominal

O TTG=30%
- = TTG=45% |-
r=" TTG=60%
© TTG=75%
| = TTG=90% 4

Tangent of Attitude

0 20 60 80 100 120 140 160 180

Time : t[s]

B 1410 YIRS £ 752 y(to)=-5deg DI
4. iEimESRORE

itk Linear tangentl/ic =4 B34 a6 L 723 (44) O
BB 28 LWEE AR E L TIREL, AREFNR/IT X
ZRTEMEZ ML 2 & TRt O MEgE & TITRE DM
2T RR A5, X (44) 1% Time-To-Goz AN T 6
DNRGAZDOBTETZLENTE, HEAKEBL ST
ZEMMTED.

ZOREHOHEfFE LT, ERET TV VT
DR FROMIROSE, 227) FRRRIK A TRAT S DHIR D S
RN TARBIN) 72 R 2 BV & Fld D 2 & 2 AT oR L7z,

F i PER E 72 (47) ORI E WSRO %
YEEHEME I 2 b—a kRl EANICHD2
WIREl— U THENRFRETH D E WV I FERE S

— 5 TR ARREN A DG, AT CHuE D
HitHEZ(T) &, HWOA—F—TiEbHIB3077 ) KEWN
b~ — D U BREC R D E WO RER BTV D, 2
MR AHENRADES, FEREME 257D, F
FHRNBVIZ AT REEELEENRELRDHDT
H5.

W IR AR IEOGE, RATRPE CRUE R H 21T
HE, BB~ —C U R AR D TP AN
EDQGE, BESGENEL DD, TOTFILF—%H
EHENCRAT 2 LR TEDLOTHD. ThITwE R
FEDMIHIRIEIZE LTRGBS N TRV DT, IR



=5d

B LWNZE ) A
TOHRETHY, KmmyOE£RE T LH0TIIRN

SEAT S FETEPEFH R TE-7<H LVHLE
(N=1)ZAEM L TLED 2DIT, HEIEEBITIRMICTEL

-
—>

CX
ThoTl g (N=4) NE»EINT, Sk TLE
LT D ZofRRIFEE LR, Rk & HE
INT XA EDT NS TR nWEE L LND.
FIHEAMEREICIRZEN S DG, MERHEZIT-oTH
FHOWLERZEEZ A T A 720, RATREED O EEIAPERE 2 HEE
L, WLEHEFERHCAPEREIR 2 R ST D BN H D.

P tri=]
HE R

TS K RECHLUEFRHEZ1T O 2 L THRERE—Y
YELR L, BGEERBETIHEEIT) LN TE

HEHTD.

ST L0 ERM RSO b & C e il RE & #7
&, BELOBIEMERROHEEIREZZBE LI LY AR b7
FHEH R 2MERH D.
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Appendix

K (6) DIV h=T v m R EE IR - TR
%&,

d oH

d—tH(x¢,/1,t) = E'f‘

_oH OH(aH)

ﬁi(+ﬁ'+%/ll
ox~ 3"
T O6H. 6H( aH)T

=t Tox\aa) T as?t aa\ax

2L ATIME L, 5 3 HITHIEE O RS &
DERTHS. K6) LV NI =T 3BICt 248 %
RVWOTHELELYrTHD. o7,

H=0 (A2)
X0, HRETEICHR>TAINV =T HIZ—ELRD.
RENE te ITHTDEMFITRB VT, Kimik ik BT B 50
u(t) Td 0 IR R B SRS AR E A mpye =0 K 0

e

(A1)

(43)

BSOR & RBILI I 5 B5 (AT - s

# I AE—HR)

Bt 28 £ DT,

H(t;) =0 (A3)
roTX(A2) &b,
H(t) =0 (A4)
F - EO RIS, KOLIITRD.
oH
—_ -0
o¢
=Cosp(—AyN + Aya+ Ayay + Ay Ny)
—sing(Aya+ AyN + AyNy — Ayay) (A5)
N-ay
- _ AV_-(a4-N¢)ﬂu A6
. an¢ - A N — a¢ A ( )
U4_(a+-N¢) v
ZZT7T a¢, |V¢ I,
ag=L cose + Dsina + L, sine — D, cosa
~N+L (A7)
Ng=-Lsine + Dcosa + L, cosa + D, sine
~T—-a+L, (A8)
v,
L
vl
tang ~ T T_L“ (A9)
Ao (o

- -

FhHES a, FENE S NIZSB A OB THH N, 22
T AIREENME N & L, BEA ¢ 1T DK
THEAEHT 2 X (T)BRELNRD.

BEFEAE S OBy TRRAUTENETNRDO L D 1T/ D.

=0 (A10)
}lyz—/lu(g—j coSp— % sin¢)
—Av(g—j sing + % cos¢) (A1)
Adu=—Ay — /lu%(acow —Nsing)
—Av%(asinqﬁ + N cosp) (A12)
A==y — Auaﬁv(acosb —Nsing)
—A\,a% (asing + N cosp) (A13)

BELEZE S O RIMEL RS X 0 x (B3 B R s &1 30E
‘INWED, Kti))=0ThHE1oHX(8) 2155, /-
FERHES R OEE 11K B) IR BN D & 9 ITHES =
D& FRRRICENEIC BT 2 Z LB amDd. KRB E DA
IZ Ap % scaling height 2%k o & 5 ¥ BEKET V%
FET .

p=poexe{~~-) (A14)
Ah
oa a
ON N



FHEIN H 2%

INEVHX(ALL) KD L H 1272 5.

Ayz%{/lu(acowﬁ —Nsing) + Ay(asing + N cosp)}
h

1

/lh{H (Axu+ AV —Avg)}
X (A4), X (8) RONERIMICE S OB R & B ik D
N ) fﬁﬁzfﬁ%%hé.

ZoXED, KOQ)»ELND.
Wiz (8) 2= (A12) IZfRAL T,
Au=—Ay(aycosp — Ny sing — ag, sing — Nep, cosp)
—Av(aysing + Ny cosp + ag, cosp — Ngy, Sing)
=—C0Sp(Auay + AyNy) +Sing(AuNy — Aay)
+¢u[—cosp(—AuN + A,a) + sing(A,a+ AyN)]
(A19)
WizEr, F7= N/a=y=const: K

(A17)

(A18)

R (7) &0 -]

ET DL,

d/N\ Na-Na

dla)— 2 O (A20)

NN N

“a‘a(‘au) (A21)
Ko TEEA(7) LY

/lu Nu - /lvau = —tan¢(/luau +/lvNu) (AZZ)
"EHNS. ZhER (AL9) ITRAT S &,

: 1

1=~ o Ao+ AuNo) (A23)
ZITV= VRV LT 5L, ‘fﬂﬁa?"&d\i&u&ﬁﬁu\f,

0 _V2o —Ei—cos)/ cos¢— (A24)

ou_ ouov VoV
E7IEB A (1)~(4) £,

XX+ Yy = x(a——N ) y(a—+N ) yg  (A25)

VV =Va-yy (A26)

~V=a-gsing~a (A27)
IRV TEROLIITERT S.

0 dvy-1d 1d 1d

w @) &= vaam (A28)

, o0a a d

=v-a- —(In a) (A29)

,_ON_NN_Nd

N = oV aN adt(I N) (A30)
Yo TR (A23) 12K D L D 1T AT TE 5,

Adu~—ay—N2ay (A31)

FEEDFNEIZ L0, 3 (AL3) 1B A KD D = & NT

x5,
/].V ~ —/1y— a,/lv+ N//lu

K (A31),(A3) Z £ LB LRD L H D,

(A32)

(20034F)

1=Bil+b (A33)
=1
Ay
-a -N’
B= ] (A34)
N -a
b= ()
_/ly

ZZTN/a=y=constz{RE L TWH 7, #3475 B
NEEZHZ SN TR L) sy HRicr 5.
dA

A1=—2A+b
dt

_(=Ina —xInN

- [XInN ~Ina ]

W08, U EECEROUb b 728, N/a=const
CIFMK T AR EL Cy, CN DR —ETH D Z &2 BT
%, A OB TH D7D EBRITIE Z OIUEILAL Y 5T
72720, 2 2 TR AR DIRAFEDMERV E LTV D,
X (A35), 2 (A36) ORIRIIATR L THID TREND H D

ThD.
oy JifE (A35) DfRZ RO 5 &,

t
A(t) = AO-A0) 3(t0) + f AO-AD

fo

(A35)

(A36)

(A37)

Ly, BT Ot tg) ZRAD L HIck< k, & (10)%
B LRTED.

®(t, to) = gA)-Alto)) (A38)
T,
In a(t) y N(t)
_ a(to) N(to)
T Nito) a(to)
X0, 175 Alt) — Alto) DIEAEIT
_ g, at N(t)
5= 2o " Nto) (A40)
L72D. ATH A 2Xx2 DATHNIZ: DT, ag,ay BRIE &

L, &EAEC L TR EH T ag,a1 Z3RD D,
es= ao+ 1S (A41)

3 (A0) & A LTHES &,

In ﬂ
a(to) N(t) a(to) _. N(t)
ag = (t) (cos In——~ N(to) + msmxln —(to ))
N(to)
(A42)
alto)
a1 = Ina(lzl)(t) sinyIn ﬁ (A43)
N
Lo T,
gAD-Al)) = 4 +ag A (A44)

LR (11) #7185,

(44)



