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Fig. 2.1: Winged rocket
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Table 2.1: Winged rocket parameters

Body length 2.5 [m]

Mass 241[kg]
Wing area 1.05 [m?]
Wing span 1.8 [m]

Moment of inertia (x axis) 9.70 [kgm?]
Moment of inertia (y axis) 378 [kgm?]
Moment of inertia (z axis) 378 [kgm?]

Mean aerodynamic chord 0.67 [m]
Position of center of gravity 65 [%]
dVi
F=m— 2.1
m— (2.1)
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Ov,ooooboouovowioooooooOoooOU0D wODOOODOO PORUR
0000000 (2)0000oooooooooo

X v ] m(U + QW — RV)
F=1|Y :md—tlzm{<a> V1+w><V1}: m(V+RU—PW) (2.2)
Z 7 m(W + PV — QU)

0000XO0YOZ0O FO0O0O00O000O(d/dt), 0000000000000 OOO

goooboobobobobobobbobobooboo “xrobooboo
000000000o0oooOo (X,v,07,)"' 00000000000 XO0YODZO

000000000 (X,v,z,)" 0000000 FOOOOOOOOOOO

X X, X, X, —mgsin#,
Y =Y, +|Y,| = |Ys+mgcoshsin ¢, (2.3)
Z 2, Z, Z4 + mg cos B, cos ¢,

O000g00000O00Ol00D0ODOe.0O0O0OOODOODO
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Fig. 2.2: Axis of airplane
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T dt dt
LoP — 1,,Q — IR — I,.PQ + (L. — I,,)QR + I,,RP — I,Q* + I,. R’
= |-Ly,P+1,Q—I,,R+1,.PQ— I,,QR+ (I,z — L.,)RP + I,,P? — I, R?
—I..P-1,.Q+L.R+ (I, — I,,)PQ+ I,.QR — I,,RP — I,,,P*> + I,,Q°
(2.6)

L
N :<E>L+wa
B

000000000000000000000000
Iy =1,,=0 (2.7)
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L
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N
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Fig. 2.3: Angle of attack and sideslip angle

1 (W
Qg an < : )

Wy + w
Uy +u

ap +a = tan~! <

S =sin~! !
V(U +u)2 + 02 + (W + w)?
D0000eO0000000000000000000000000
| Wo | Uy

gogbobobuooooboobooooobooboo

w v
“=u T
W . 0,
“=n T

20

(2.22a)

(2.22b)

(2.22¢)

(2.23)

(2.24a)

(2.24D)



222 0OOOOOOOO

00000000000 (218000000 (216)000000 (2.23)~(2.24)
0000000000000000000000000000000000000
00 (22500 (22600000000

d 10X 10X d
107 d 107 1072\ d : 107
— %%U,—F (UOE — %%Oé> — {(U() + Ea—q> % — gsmeo} 0 = Ea—&zée
(2.25b)
1 oM 1 OM d 1 oM d? 1 OM d 1 oM
-t ——a+ [ - — )= — =4,
I, ou I, 0a dt I, O« dt2 I, Oq dt I, 06,
(2.25¢)

d 10Y 10Y 10Y 190Y
(UOE — E%) 5 — (WO + Eﬁ—p> p—!— (U() — EW) r —gd)COSQO = Ea—ér(sr

(2.262)
LOL, (d_ 1oL ld  1OL\ _ 10L. 1 0L
I,. 08 dt T, 0p T.dt " T,or) " T.,00, %" T,05"
(2.26b)
_L1oNg (Led 1N 4 _1OoNY _1oN. 10N,
L. 0p L.di L,op )P \at  T.or ) T T1.95,°° " 1,05
(2.26¢)
¢ = p+rtanf (2.26d)
W = 7 sec (2.26e)

00000M/I,06008Z/mdq0dY/mdpd dY/mdr 00000000000 000
0ooooo

10X

X, = —— 2.2
m Ou (2.27)
1 oL

21



(2.29a)

[IZ
v () 1
N! = 12 (2.29b)
= (1 I] >

(i=0, p, q 1, 04, 0y)

000000 (225)~(229)0000000000000000O0O0OOOOOOOO

ilon (t) = Alonmlon (t) + blonulon (t) (230)
ilat (t) - Alatwlat(t) + blatulat(t) (231)
ooQono
M (X, Xo —Wy —gcosfy) [0 |
Zy Zg . g sin fy s,
o i _
Lion = y Ulon = 567 Alon = qo QO N UO y blon = UU
q M, M, M, 0 M,
0 0o 0 1 0 0
onS onSE
X, = p- (Cy, + 2cosCly,), X, = 1 Cea
pU()S pU()SE
Z, = o (C., +2cosayC,,), Z, = 2 Ca
Uy,Sé U,Sé>
M, = M(jmu, M, = ucm
21, 41, 4
pUZS . pUZSe
X, = ﬁ(C’xa + sin(2a9)Cyy ), Ms, = Q;yy ms,
Uzs _ U2Se
Z, = p2—:n(C’za + sin(2ay)C,,), Zs, = p2(;n Cas,
M. — pU@SECm ’ M — pUySc? »
21, @ 41, @

22



O000oO0ObOp0OO0OO00OOSOOOODOcODOODOODOODCODOOOOOO
gobbobooogbobobbooooobogo

(] Y W, cos 6y - -
50, / / ! LI L/
Liat = P y Wiat = [ ] A= Lﬂ N b 0 ; bl = 6,a (SIT
' ' Ny N, N 0 Ns. Ns,
9] 0 1 tanf, 0 0 0
_ pUS U SK? pU2Sh
Y8 = o Cu N == Cnr Lo =51, Clo
_ rU3S _ pU§SH _ pUZSH
Y‘Sa - 2%m, Cyéa’ Nﬂ - Tzzonﬂa Lﬁa - 21” ls,
_ PUoSH _ pUGSY U’
R Mo =g e b =",
pUsS pUoSH? pURSh
v, =020 N, = - 7. PUgSh
o om %’ P 41, » or o0, s,
_ plhSb _ pU3Sh U SB?
}/7' - 4m Cyr7 N(S,- - 2[22 ngp LT‘ — 4[II Clr

ooooys0oonoonogon

23 OO0O0OOOOO

gbbuogodbbodobbuoobbuoobbuoobbuoobbuoobboabn
googgbbbuoooobbbuoooobboboooobbbbooogoboo
gbogbuooboobgooboboobobboobooboooboobo X
gogbobobbdd«bbobobbogoobbboogoobbbooooonoon
000 (230)00000000000000C00w=0000000000 adqO
gogbbobuooogboboboooouoooobobuoooobbobooogooboo
ggobooobogg

ii?lon (t) = Alonwlon (t) + Blonulon (t) (2.32)

goon

23



- - -Z 7 - —
= 1 Z, 0
o U, be 0
Y Y Y 0
Lion = 1 ) Ulon = 6607 Alon - Ma Mq M(Se 0 ) Blon =
Oc 0 0 0 1 0
_‘56_ 0 0 —w? —2Cw, _W?z_

oopbboobodtw, 00000000 bOOO00DbOO00obO0o0oOoOobbO0DbbOODO
ggbboooobbbuoooobobobboooooboboooonoobooon
gogoobodgd

Z1at(t) = Awar®iar(t) + brartia: (1) (2.33)
oooog
[ 5] (0 0]
P 0 0
r 0 0
¢ Oac 0 0
Liat = ) Uigt = ) Blat —
da re 0 0
O w2y 0
Or 0 0
57" 0 wfw
Ys W, .
Yg Wo g cos b 0 0 0 0
Lg Ly L, 0 L;, 0 Ls, 0
Nﬁ Np Nr 0 Nﬁa 0 N(;r 0
Alat — 0 1 tan 90 0 0 0 0 0
0 0 0 0 0 1 0 0
0 0 0 0 —w?w —2(,Wna 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 —wfw =2, Wnyr
oooog

24



0000000000000 «00000 00000 pO000O0O0O0OO0OO (2.32)
0000000000000000000000000000 (2.33)000000
gogbbobuooodgobobbuoooobbbboooobobbbuooobboaog
goooooooooboogoooé O00obobObOebbOODOOOODbDObOOO
oooooooo s, 00boboobOebobOOoboobOobOobooooon b
g0b0o00O0opO0bO0O0Ob0OO0OOODODOODODOODOODOODOODO

a(k) 1%&0 (2.34)
b(k) = %5 (2.35)
B(k) = %5 (2.30)

oo
féllon(zi1 =1 + alonlzi1 +--+ alon4zi4

=bap + b1z "+ bagz?

)
)

Alat Z_l) =1+ Az + e+ Qe "
) =bgo 4+ bg1z "+ bgsz
)

Bg(27') = bgo + bgrz 4+ bpsz

gogbobobooogbobobooooobbobuooodoboobobboooonoon
gogbbobuoogobooboooon

24 0O0O0OO0OOOO

ggbbbooobbbodoooobbbooooobobooogoboboo
000 41]00000000000000000O0O00O0O0O0ODOO0O0OOO00O0
ggoboooboodd

gbodgobogobodbboouboouboobooboobbounbaogo
A(z"Yy(k) = 27 B(z7Yu(k) (2.37)

25



goon

A Y =1+az '+ +a,z "
Bz =by+ bz o by ™

goon

241 0OOO

O00000000000000000000000000000000 [4]0000

C’(z’l)y(k):z’lB(z’l)uF(k) (2.38)
godn
Cz=1l+ecz7' ++epz™ (ne<n+m)
g (2.38)DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD

wp(k)000000000000
0000

Clz )Y =AHREH +27'B(z"H)S(z™ (2.39)
gooooooo
RzYH=1+rz 4+ 4r,z™ (n,=m)
S(Z_l):SO+SIZ_1+"'+SnSZ_nS (ns:n_l)
gooooggno (2.38)D(2.39)DDDDDDDDDDDDDD

(k) = gy (e() = S(= (k) (2:40)
2.4.2 0000

000000000000 Fig.2400000000000000000000
0 F(z"1)0 G.(>") 00000000 u,(k)000 y(k)00000000000
000

26



Compensator

Pole placement

Fig. 2.4: Augmented system

y(k) | F

lya(k)
Oo—>

Fz =1+ fiz '+ -+ fnp 2™
H(z Y =ho+hz 4+ hyz ™

000000000 n;0n0G(:"HYOOOw(k)DOOOOOOOOODDODODOD
O000000000u, (k) 0000000000000

H(s) = (1~ 271)(710 +hiz b4+ f_lnﬁzfn’i)

O0000On;,=10n,=m (np=m—1)0000
0 (2.38)00 (244) 000000 Gu(z~1) 00O

gobooood

_ Ya(k) _ Z—lbOBa(z_l)
uq (k) C(z71)

Ba(+) = ;—O{F(Z—I)B(z—l) b H ()

(2.45)

(2.46)

000000000000 B,(» 1)00000 (246)00000 F(z )0 H(z 1)
00000000000000000000000000

gobobooooon

27



G (z1)

L HG Y (k)
> Cc(z1)
r(k) - 7] va(F) — ur(k) T | u(k) —B(Y) y(k) Y y.(k)
—>i >y FEOF0> s >

L S(z1)

Fig. 2.5: Control system (known parameter case)

Gu(z™") = (2.47)

gogbboboogbobobod

bm

ta(k) = 270 (k) (2.48)
bo

00000y (k) = yu(k) (k= 00)00000000y(k) »00000yk) —

yu(k)00000000

Buy(z ') = b, Ba(z )

0000b,, 0 By(>"1HYOOOODODODOODOODOODOOOOOOO Fig.250000

2.5 UO0OOOOOOOOO

O0O0OFig. 250000000000000000000000000000
Fig. 260 00000000000 Fig. 270000Fig. 26000000 00
000000000000Fig 2700000000 ¢000000000000
00000000000000000000000Fig. 2700000000 400
0000000000000000000000000000000000000
000

0000000000000000000A.(:")0B,(:-)0000000000
0000 (45 0000000000000000 au(k)0b,y(k)00000000

28



Y, (k)

Longitudinal

Dynamics

Fig. 2.6: Longitudinal control law

3|2 H¢(z—1)

Y5, ()

C¢(z'1)

Lateral
Directional

Dynamics
A

¢ (k)
B(k)

Fig. 2.7: Lateral control law

Yy, (k)

A (> 1)0B,(:)0000000000000000000O0O000000000

(239)0 0000000000000 O0O0OOOOOOOOOOOOO

~

Coalz™) = Apon(z DR (27" + 2 'Bo(z D Sa(z )

Colz™") = At (27 ) Ry (271) + 27" By(27") Sy 71)

Co(z7") = Ay (z ) Ra(z7") + 27 ' Bs(z7 ) Ss(2 )

(2.49)
(2.50)

(2.51)

ODO00O0R,(»"HOS,(z"H)0 A,(>")OB, (> H)ID0DOD0D0D0DO0O0OO0O00O0O0
D00D00D000000000 (240)000000000000000

29



A

) = s () = 8o ) (252
) = oy () = Sul= )} 2.53
00) = o L) = St s h) 254

0000 ueDugDus 00000 6e,06,,06,,000 0 y,OyOys 0 a0¢080 0000
0000000 au(k)0by(k) 0000000000000
000 (240)000000000

4

3
ya(k) = - Z aloniya(k - Z) + Zbaiua(k —1- Z)
i=0

i—1
= ¢7(k)0, (2.55)
5
Z alatzy¢ — Z) + wa?j@ k—1-— Z)
i—0
= £7(k)0, (2.56)
6
yp(k) == araiys(k Zb,@zuﬂ —1-1)
i—1
— £1(k)0y (2.57)
ooono
- T
€)= [yalk = 1), -, yalk —4), walk = 1), -, ua(k — )]
T
00& = __alonla cry — Qlond, baOa . ) ba3
- T
Eok) = [us(k = 1), ok —6), wg(k = 1), -+, ug(k —6)|
- T
0y = |G, s~ Gas, Dgo, b¢5]
- T
T
05 = __a’latla Tty T Qate, bﬁo; Ty 665
ooood

30



.00 000000000000 0DO0OO0O0A.OD0O0ODOODO (2.55)0 (2.57)
ggbbobooodgbobobobuoooon

J.(k) = €7(k)0. (k) (2.58)
0D006.(k)0e,0000000000000 (255)~(258) 00000000
o (k) = 5u (k) = (k) = €7 (k) {0.(k) — 0.} (2.59)

0000006 (k)0 {A.(k)—-6,)0000000000000000000000
0006000000000000000 [4500000000000000000

0,(k) =0,k —1) — I',(k — 1)&. (k). (k) (2.60a)
R0k — 1) — y. (k)

eI A 1)5*(@ (2000

rin=s {rien - BEGERGCET) oo

Mk =1 — I LE=DE P 1 (2.60d)

1+ &L (k)L (k — 1)€.(k)  trL.(0)

e.(k); ife.(k) >4
ei(k) = 4 0; if |e, (k)| <6 (2.60¢)
e.(k);  ife.(k) <=6

O000000000000000 (246)00000

Bu(z™Y) = —{F.(z"HYB,(z7") + 2 'H. (27"} (2.61)

b*O

O B,(:)0000000000000

0D0000000000F (240 H, (2~
HOoooOoooooooo

00000000 F(z )0 H.(z-

2.6 UUOOOOO0OoooOoon

goooboboobooBlOdboOobOobUooooooboboboooboboobo
gogbboboogobbobooooobbboooogoobbooogoobobo
gboogb B20000000000DLO0ODLOODOODOODOODOODO
guogogbbbboduogobbbobbuoooobbobboooobbbogo

31



gogbobobbooogobobuoobooobbobooooobbbooooobooon
000000000000000000000000000000 T=o0.01sj000O
ggbobobbouooogoooo

o —1BaM(Z_1)a
n Ty (2.62)
Bz

0000000000000C(z) =1 —052Y0Bau(z!) =10Cy(z 1) =
(1-0.52"180 By () =1000 Cs(z") = (1-0.9."1)20000000000
0000000000000000000000000000000000000
000006=40.00010000000000000000000

2.6.1 UJU0OOoooooooobogd

000000000000000000000000000000000000
00000000000000000000000000000000000000
0000000000000006200m0000000000000000000
00 0m]00093m/s] 000000000001 00000000000000
00 Dryden0 00000000000 [46000000000000000000
000000000000000 ¢ =0.7[Nms/degl0 00000 w,, = 4100[deg/s]
0ooo

Fig. 2.802.11000000000000000Fig.28029000000000
00000000000000Fig2100000000000000000000
O00Fig. 29000000 a,,0¢,,000000000000000Fig. 2.902.10
0000000000000000000000000000000000000
00000000000000000C0Fig211000000000000000
00000000000 00000000000000Fig. 21100000000
000000000000000000000
000000000000000000000000000000000000
00000000000

32



201
§ —_
S of 4 & 10F
S =
3
_20_
1 1 0_ ) -
0 100 0 100
Time [s] Time [s]
5 T

50r

5, [deg]
F

¢ [deg]
P

: i —=
i -50f — ¢
_5 1 Il 1 Il
0 100 0 100
Time [s] Time [s]
10 T T 5 T T
a — - -
g o 18 of WMWW«%MMMM .
< a [ ]
-10+ ' S s
0 100 0 100
Time [s] Time [s]

Fig. 2.8: Control input of implicit guid-  Fig. 2.9: Output of implicit guidance

ance simulation result simulation result

2,62 UJUOOOoOoooooobOoOodod

gbogobgbbobobobboboboboobooboobooboobod
gbggbuooboobgobooboooboobooboobooboobo
gobogboobobboobobobobbobboooboobooboobo
000 18600m|0 000000000 —26430im|0 0000000 OO 10000[m]O

33



Ay

0 100

Time [s]

Output error of o [deg]
(=]

|
(6}
T

50r

R WJ\M‘/\(\W o ]
- "va -

_50:

Output error of ¢ [deg]
o

0 100

Time [s]

Fig. 2.10: Output error of implicit guidance simulation result

00 880m/s|0000000000000000000000000000000
00m|00000008000m00000000000000 20000000
00000000000000000000000000 ¢ =0.7[Nms/deg]000
000 wp, =4100[deg/s] 000 O

Fig. 2.1202.150 0000000000000 0Fig 2120 2130000000
0000000000000000Fig21300000000000000000
D000000Fig 2140000000000000000000000Fig. 2.130
Fig. 2140 00000000000000000000000000000000
0 1[deg) 0000000000 00000Fig21500000000000000
0000000000000000000000000000000000000
0000000000000000000000000000000000000
0000000000000000000000000000000000000
00000000000000000000000
D000000000000000000000000000000000000
0D0000000000000000000000000000000000000

34



5000 — T

T OF 1
Ty
i —— reference T
- trajectory 8
i — actual T
L trajectory ]
_ L | L L L L L L L
5000 0 5000
nm]
T T T T T T T T T
5000r :
E - i
< | —— reference i
trajectory
ob act.ual |
trajectory
Il 1 Il Il Il Il Il Il Il
0 5000
n[m]
5000f 1
B L _
<

OF —— reference trajectory
- —— actual trajectory b

-5000 0 5000
¢[m]

Fig. 2.11: Trajectory of implicit guidance simulation result

35



T
20f
=) — 10f
S oF {4 g
o =,
S 3
-20f | o . )
0 100 200 0 100 200
Time [s] Time [s]
1 T
or —= m 7]
B S -20} ¢
S OF ﬁf’/\/\—J"—/\"ﬁg\/\""J\J‘/\f‘r\‘F n ﬁ
& <
_40 -
-1 1 L 1 L
0 100 200 0 100 200
Time [s] Time [s]
2 0.1
g 5
S O 1 38 Or MHM .
25y Q
-2l : ~0.1L- :
2 0 100 200 0 100 200
Time [s] Time [s]

Fig. 2.12: Input of real time guidance Fig. 2.13: Output of real time guidance

simulation result simulation result

2.7 QO

gbodgbogbudgboobobboboobodobuooooobooboboo
ggbbobooogobobuooogbobbbuoooobbobbbooogbon
ggbobobboooobobuooodobuoooooobobbooogoobooo
O000000000bO0b00oO0MRACSODODODODOODOODODODOODOODO

36



Output error of « [deg]
o
T T 7T
[ TR N T N O NN R |

0 100 200
Time [s]
B 10 T
(]
k=
<
©
S of -
5]
5
o
3
- 1 L
10 0 100 200
Time [s]

Fig. 2.14: Output error of real time guidance simulation result

gbodgbooboboboobodbooobboobooboobuoobobboba
gogbobobooogobobooobobboooobobooooobobooon
gbbouoooobbbuoooobobobbouoooobobuoooonobobooon
ggbbobooobboogobbbuooobbbuooooobobbuooon
gogbbobooogobobubdoooobbboooobbobboogobooo
gobobobbooooobbobooogobobuoooooobooo

37



10000

Crossrange [m]
o

——reference trajectory

actual trajectory

-10000f . .
-10000 0 10000
Downrange [m]
T T T
—— reference
15000 ) .
E trajectory |
S - actual 1
£ o trajectory
= L _
10000+ B
- \~ -
Il 1 Il
-10000 0 10000
Downrange [m]
T T T
| —— reference trajectory 1
| — actual trajectory |
15000¢ T
E L _
()
© r 4
2
i o i
100001 h
L \ _
|

Crossrange [m]

Fig. 2.15: Trajectory of real time guidance simulation result

38



30 Ubutdbubobottduood

g2000000000b0bbo0ooobobboooubobobboooooobooon
gogbbobooobbbuoooobobbooodoboobbobboogooboo
ggbbobooogobobooooobbobbbuoooobbboooobobon
ggbboboogbbbuooooobbbuooogbboboaobboodgobooo
gogbboooobobbouooobbbuooouoooobobobooogoboo
gogbbobooggoooboobbobooobbboooobbobooooonooon
gboboguoooooboooboooboooboooboooboooboon
ggbbbooogobobuoooobbbbuoooobbbooooaoobooo
ggbbobuooogbobobooooouoobbbuoooobbboooobon
ggbbbooogobobuoooobbbbdoooobobbbooodgooboo
00000000000 70000000000 0oooooooooooo
gogbobobooggobobobobuoooobbobooooobbbuoooon
O0000000000000000000000 [48]0

ggbbuoooobbobooooobbbooooobobooooobobogo
ggbbobbooogobobuoooobobbbuoooobbbuoouooaobon
gogbobbboogoobobooooooboobbobbooooboon

3.1 Uo00oboouooooboouod

ggbbbooodgobbbooooobbobooogboboboooobbooo
ggbobbooodgobobuoooobbobboooobbbboooobon
gobobboooooboobooobobbooodbooooobobbooooobo
gogbobobbooogobobuooodobobboooobobobboooogoobooo
ggboboboogbbbooooobbobuobobbbuoooobboooobon
gogbbobooogobobogbboboooobbbogbbbbooogoboo
gogbboboogbbbooooobbobuoooobobbbuooooboooboo
000000000000 000D00DO0D «00O0ODbO0O po0bOob0 e 0000

39



POQODROOOOO
000000000000000 (24)0(2.90(2.12)0(2.19)0 (22000000
oooooo

X,sina — Z, cos «

& = —tan f(Pcosa + Rsina) —

mV,cos [
+ ‘/Ccisﬁ (cos ¢, cos acos B, + sinasin §,) (3.1)
}=—(R — Psi a
5 (Rcos sinar) + s
+ % (sin B, cos asin  + cos 6, sin ¢, cos f — cos b, cos P, sin asin 3) (3.2)
b. = P + Qsin ¢, tan 6, + R cos ¢, tan 6, (3.3)
: 1
P:Ezt?ﬂ@AL—Q+QWQ—U;+@—@LWR+QL+QA@(3@
. 1
Q= 7{=(L = L)RP = L.(P* = Q°) + M} (3.5)
y
. 1
R:TTTF{JMQ—Q+QWR—U;+ﬁ—Q@WQ+Q@+QN}
(3.6)
oooo
L=LpP+ LrR+ LgB + Ls,0q + Ls, 0,
M = MQQ + MaOé + M,;eée
N = NpP + NpR + Nsf + Ny, 00 + Ny, 0,
goog

0000 (3.1)0@3.6) 000000000000 00O0000O0 PORUROOO
gobbobooodbb «c0u0oobbbboooobbbbuooobbbog
000 ebphe.0000000000DO0ODOy0O0O0ODOOO0ODODOOODODO
ERERN

z(t) = A(x)z(t) + B(x)u(t) + C(z)w(t) (3.7)
y(t) = D(y)z(t) + E(y)h(t) + g(t) (3.8)

40



goon

PQ sin «
R
g on | [T
CoS o
o) = Q| vt = | 5[, wt) = o] wio = | |k = |
R 6 5, 1
a il
L Ve
A
[ VcCgOSB(COS%COSCYCOSQe+SiHCYSiH96) ]
g(t) %(sinﬁecosasinﬁ+cos€esinq§ec056—cosﬁecosqﬁesinasinﬁ)
0
Lp 0 LR Léa 0 Lér
A)=I;'|0 Mg 0|, B@)=I"|0 M, 0
Np 0 Ng N, 0 N
I Iy,—L. 0 0 0 L L 0 I,
C(m):I(II 0 0 [ZZ_IQ?Q? _IQTZ Ma 0 JId: 0 Iyy 0
Io—1I, -L. 0 0 0 N L. 0 L.
- X, 7, 0_
—cosatan 3 1 —sinatan 3 m.m
D(y) sin o 0 —cos o , E(x) 0 0 Yo
m
1 sin ¢, tanf, cos ¢, tan @,
i 0 0 O_
oo

0000000000000000 (3.70 (3.8)0000oooooooooog
rogogooobooobooboobooboobog

Ar(x)x(k) + Br(x)u(k) + Cr(z)w(k)

(3.9)
y(k) + Dr(y)z (k) + Erh(k) + Tg(k)

(3.10)

O000Ar,=I+TAOBy=TBOC;=TCUDy=TDOE,=TEO0DOQOOO
gborogoooobogoobd

41




3.2 UJO0UOoouooouodd

gubuogubobobobboboobudgboobobobooboooboagd
gogbobobbooooobobuoooboooooboobobuoooobobobooboobo
gobogbobooboobobboobbuoobuobybboo by, oo
Ubbidld-.d00bobuogobogobuoobobuooobooobboooboo
ggbboooobobbbouoooobbbuooooooobbobboooooboo
oot 00000 DOOOO0O0O0O0O0O0OODODODDODDOOOOOODODO
ggbbobbooooobbbuoooubbbbddtU«bbogg

0000000000000000000000000 vy, = [a. B ¢)" OO
(3.10)00000000000000000000 2. =[P. Q. R)J"O00000O0

(k) =Dr'{ya(k + 1) — y(k) — Er(y)h(k) — Tg(k) — Plya(k) —y(k)]} (3.11)

O0O00P =diag{p;} (i =, 8, ¢) 0000000000y, 0y, 000000
0000000000000000000000000000 (3.10)0 (3.11)000
0000 ey(k) =yalk) —y(k)O

e,(k+1) = Pey(k) (3.12)

0000000000000000p, 0 0<p; <100000e,(k)0000OO
ERERE

0000 3.11)00oooooooo0o0o000 .00 39000000000
gobbbU0.0000o00

u(k) = Br'{za(k + 1) — Ar(z)z(k) — Cr(z)w(k) — Alzq(k) — (k)]}  (3.13)

O00D0A=diag{\} (i=p, ¢ r) 0000000000%,0 2, 0000000
000000000000000000000000000 (3.9 0 (3.13) 0000
000 ey(k) =xy4(k) — x(k) O

e.(k+1) = Ae,(k) (3.14)

0000000000000 000 MO O0< N <100000e,(k)00000
ggn

42



3.3 U0Uoouboodoogod

D0000000000000000000000 (3.9)0(3.10)000 Ar0d B0
C;0D;000 E,0000000000000000O0D0D0D00D00O ArO0BrO
C0D;000 E-00000000DDDODODOONONONDNDDNOONONONDNOOOn
0000000 (3.11)0 (3.13) 00000000000

@.(k) = Dy {ya(k + 1) — y(k) — Er(y)h(k) — Tg(k) — Plya(k) — y(k)]} (3.15)

A

u(k) = Br'{axq(k + 1) — Ap(x)z(k) — Cp(x)w(k) — Alzq(k) — z(k)]}  (3.16)

0 (3.15)0 (3.16) 000 A;0B;0C0D, 000 E, 00000000000
D0000000000000000 (3.90(3.100000000000

Yo (k—1) 6a
y(h) —y(k—1)—Tg(k —1) = |ys| = |:DT ET] [h(k - 1)] = | 0% | &(k)
Yo 03
(3.17)
(k) = |yo| = |Ar Br Cr| |u(k—1)| =|05| &k)  (3.18)
Yr w(k —1) 0%
0000
x(k—1)
_ x(k—1) _
&s(k) = Bk 1)] , &r(k) = |u(k - 1)
w(k—1)

oobooe, 00000DODODODOODODOODG,ODOUODODODODODO
gogbobogg

G (k) = 07 (k)€ (k) (3.19)
00006,060, 000000000000 0 (3.17)~(3.19)00000000
£.(k) = 9u(k) — yu(k) = {67 (k) — 67 }¢€!' (k) (3.20)

000000 e (k)0 6.(k)—9,0000000000000000000000
000é000000000000000 [4500000000000000000

43



~

0,(k) = 0,(k —1) — I',(k — 1)&. (k). (k) (3.21a)

- éf(k) 5*(k - 1) - y*(k)

=W = T WL - Ve (3.210)
R
A (k) | Ik = DS | ! (3.21d)

1+ €T (WL (k- 1D)€.(k) tL.(0)

eo(k); ifeu(k) >0
e.(k) = 4 0; if |e,. (k)| <6 (3.21¢)
e.(k); ife (k) < —0

34 U0O00O0OO0O0OOOUOOOO

ggbbboobuoooobbbooooobobuoooobbbbuoooon
gogbobobbooooobobuooodo2b0bboogobobobooogoobooon
ggbob200000dobobbooooobobobooooobbboooonoon
ggbobobooboooobbobooooobbboooobboboooooog
ggbbobooobbbuooogbobobbouoooobobuoooonobobooon
gbob2000000000b000b0boboouboobobboboboadgog
ggbbbooogobobuoooobbobboooobobbboooogooboo
ggbobobbooogobobuooooobobboooobbobboobogoboo
gogbboboooouoboobboooobobooooobobboooooboo

3.4.1 OUU0O0O0oooooooboogd

gogbobobbooooobobobooooobbbooooobobboooono 200
gobbobbooogobboboooobobobboooon

0000000000000D0006200m0000000 OmODOOODOOO
Om|J00000093m/s|00 0000000000000 Dryden0 000000
000000000000000000000000000 ¢=0.7Nms/deg)]000

44



000 w, =4100[deg/s] 000000000000 0.01s]0000000 A, = 0.940
Ay = 0.920 ), = 0.940 po = 0.950 ps = 0.960ps =0.97000000000000
00 100000000y, = [pa, qa 4" 0 24 = |og, fa, ¢ 0000000
000000000000000000000003,000000000 0.200.30
05005000 0.5s|]0000

0000000000000000 Fig. 3103.30000Fig. 31000000
0D000000000000000000000000000Fig. 320000y
D2z0000 (00)000 (00)0Fig 3300000000000000000
Fig. 320 3300000000 y0000002000000000000000
000000000000 0Fig 3400000000000000000000
00000000000000000000000000Fig 3400000000
0000000000000000000000000000000000000
000000000 200000000000000000000000000C
0D000000000000000

3.4.2 OJUOO0O0OOOOOOOOOOOO

000000000000000000000000000000000000
0000000000000000000000000000000000000
0000000000000000000000000000000000000
000000000000 2000000000000000000000000
000000000000000000000000000000000000
D000000000000000000000000000000000 4000[m]
000000000000 3000N]O000NO0000000000000000
D0000000000000000000000000000 3200m|00000
00000 3000m 0000000000 0[m]0000 80[m/s|]000000 70[deg]
000000000000000000000000000000000m]000
000 200m 00000000 001«00000000000000000 20[s]
000000000000
000020000000000000000000000000000000
0000000000 Fig.3503.60000000Fig. 360000000000
D0000000000Fig 3500000000000000000000000
D00000000000000000000000Fig.3.60000000000
0000000000000000000000000000000000000

45



5 T T
= L i
g of -
S i ]
- 1 L
> 0 100
Time [s]
T T
20f
g
s OF .
OQCD
-20r .
0 100
Time [s]
20—
=)
g o 1
e
-20— .
0 100
Time [s]

Fig. 3.1: Input of implicit guidance simulation result

00000000000000000000000000 475550000000
0000000000000 000000000000000000000

0000000000000000000000000000000000000
0000000000000000000000000000000 A, = 0.950
Ay = 0.900 A\, = 0.900 p, = 0.900 ps = 0.92000 p, = 095000000000
00 1s00000000ys = [pa, qa, 4" 0 @a = [ag, Ba, ¢a7 0000000
000000000000000 0[deg] 01000000 3,000000000 0.20
0.300.500.5000 0550000

Fig. 3.703.100 00000000000000Fig. 3703800000000
0D0000000000000Fg 390000000000000000000

46



20— T [T
50f

10r

o [deg]
p [deg/s]
<

-50f — p

0 100

Time [s]

201

B[deg]
?
q [deg/s]
—2—
I
5

0 100 0 100

Time [s] Time [s]

50r

¢ [deq]
?

r [deg/s]
?

- ¢m

-50 : o ¢ \ 20 1 L
0 100 0 100

Time [s] Time [s]

Fig. 3.2: Output of implicit guidance simulation result

Fig. 3800000000000 0O0D0OFkg. 3.7000000O0DO0OODOOOO
O00OFig. 380 3900000000000 DLODOODOODOOOODOobDOobDOn
gboobuoobuooboobuoobuobbobboobbOobrg 31000000
ggbogbbbbouooobbbuoooobobbbuoooobooogoobooo
goooboobddbFig s10000boobobooboobooobooobg
gogooboogd
gogboboboobuodgoooboboooooboboooobobbbuoooon
gogbbobuooodgbobbboooobbbuoooobobobooooooboo

47



Output error of o [deg]
o
T T
|

0 100
Time [s]
10— .

Output error of ¢ [deq]
o
T
|

_1 1
0 0 100

Time [s]
20— T

Output error of p [deg/s]
o
T
|

20, 100

Time [s]

_20_ 4

Output error of q [deg/s]
o
T
|

=
o

Output error of r [deg/s]
o
T
3
=
? 1
|

|
=
o

0 100
Time [s]

Fig. 3.3: Output error of implicit guidance simulation result

48



5000 T T T T T T T T T

E o -
up
i —— reference T
- trajectory E
i — actual 7
L trajectory i
_5000 Il 1 Il Il Il Il Il Il Il
0 5000
n[m]
5000F 8
E i ]
e
| —— reference i
trajectory
0O —— actual -
| trajectory i
Il 1 Il Il Il Il Il Il Il
0 5000
n[m]
50001 .
E I |
e
OF —— reference trajectory 7
- —— actual trajectory b
Il Il Il Il 1 Il Il Il Il
-5000 0 5000

¢ [m]

Fig. 3.4: Trajectory implicit guidance simulation result

49



20 T T
10t
'§ -
s 0Or T
OQ‘D L
_10.
— 1 ! |
20 0 50 100
Time [s]
T T
10t
=
g o -
(0(1'5
_10.
| 1 1 |
0 50 100
Time [s]
20_| T]
=
£ o :
o
_20-I 1 1 1]
0 50 100
Time [s]
Fig. 3.5: Input of real time guidance
simulation result using linear
adaptive control method

o [deg]

¢ [deg]

B [deg]

Time [s]
T T
100r
_1 1 Il Il Il Il Il Il 1
00 0 50 100
Time [s]
T T
5 -
0 -—-’JVW‘"MMWM ]
-5t
| 1 1 1 1 1 1 |
0 50 100
Time [s]

20

100

Fig. 3.6: Output of real time guidance

simulation result using linear

adaptive control method

gboodgboboboobogboboouboooooboboboobooog
gboobugboobuogbuoobuoobuooboobooboobbobbo
gboobuoobuoobuoobuoobuoobuoobooboobooooboon

50



5, [deg]
?
|

100

o+
ap
o

Time [s]
20 T T
10r
'§ -
s 0Or .
(,Qw L
_10 -
_20 -I |
50 100
Time [s]

20

6, [deg]
. o
ol % ' .

50 100

Time [s]

Fig. 3.7: Input of real time guidance simulation result

ggbbbooogobobuoobuooobbbuoooobobobbuoooon
ggbbobooobbbuooobobobboooobobooooobobbuoooon
gboodgbooboobooboboobo20bogbuooboobobboobonbo
gogbobobbooogobobuooooobobbooooboboboogoooo
gogbobobbooooobobooooobobooooobobobooooooobo
gogbogb20bbbuoooobbobbooobobbboooobobbbod
ggbbobooogbbbooogobbboooobobbuoooon

51



o [deq]

¢ [deg]

B [deg]

oo o

a1
o
[
o+
o

20T T T T T T T T T T 50T

& L

Tg’ L

s o

o L

-50H!

0

[T T T T T T T T ] 20 T

501 ] L
E 1z
of 19
B { =
C ] @

| 1 1 1 1 1 1 1 | _ |

0 50 100 405

Time [s]
T T T T T T T T T 10
2- i

<
r [deg/s]
<

Time [s]

Time [s]

Fig. 3.8: Output of real time guidance simulation result

52



100

50

Time [s]

100

50

Time [s]

|
100

50

10O

[6ap] 0 jo 10118 INdINO

o
—

o

=
T

[6ap] ¢ o 10112 INdINO

o)
P

[s/6ap] d }o Jouid IndinO

Time [s]

100

50

[s/Bap] b }o Josie IndinO

Time [s]

100

50

[s/Bap] 1 jo Joud INndinO

Time [s]

Fig. 3.9: Output error of real time guidance simulation result

53



T T T T T
40001 T
E
2000 1
O_ -
1 1 | 1 1
—-2000 0 2000
n[m]
T T T T T
4000r J
E
<
2000r 7
0_ -
L L 1 L L
-2000 0 2000
nm]
T T T T T T
40001 T
E
=
2000f 1
O_ -
| 1 1 1 1 1
0 2000 4000
¢ [m]

Fig. 3.10: Trajectory of real time guidance simulation result

54



040 UKFOOOOOOOOOO
Jouooootd

g3dbodbdoobobuoobuooboboboboboboooboUobo
00o00obOooboooobooobooboobooboooooobooooboooo
0000000b000b0bO00bO0o0bOo0oDbOoDoDbOoDODbOoDODbOoDOOoDOn
00000000000 00b00o0oo0bo0obo0ooOoooDoooDoooDon
00000000000 0o0oob0o0obooboobOoobOOo0obDOoooDoDoDOo
O000000000000000000000000 (KF: Kalman Filter) D00 O
0000 B36j00000KFOOOODODODO0O0O0O0D0D000O00000ooooog
goooooboobooooooboobobooooooboobobooogooo
O0KFOOOOOOOOOOOOOOOOOoOoUOooooooOo (EKF: Extended
Kalman Filter) 0D OO0 UOOO0OEKFOOOOOOOOOOOOOOOOOOOO
g0ooobooobooboobooboobooboobooboooboobo
000000000000 oooboggbodJacobian0 000000 O0OOOOO
00odoboooboobooboobooboobooboobooboobooo
O000000EKFOOODOOODOODODODOODOUOUnscented Kalman Filter
(UKF)DoOOoOoOoooo [49,50]0

goboobboobbooobuooobooobtbooobboUoUbDbUUgUKE
gooobooobooboobooobooobooobooooooboobooobo
gooooooooobobooobooooobboboooobooboobooboog

4.1 0O0O0OO

4.1.1 TUnscented Kalman Filter (UKF)

gogbobobbooodgobobuooouoogoooboooobobbbuoooon
gbooooboobobbobbobooboboobUoERKFODO0ODOODO
gboboooboboEKFO0ogooboboobooouooooobobobon

%)



googobooboobouobodobuoobb oL oobuobooo
Unscented 0 00 UTO O O O OO Unscented Kalman Filter (UKF)OOOOOOO
0 90UT000000000D0D0D0D0D0O0N0NO00O0O0O00000oonoooo
0000000000 (D000000)00000000o00o0oooooooo
goooobbobboooooooooobobouoo
godooooobbboooooooooobbbbbuooooo

z,(k+1)
Yu (k)

f(xu(k), wy(k)) +w(k) (4.1)
My (k), wy(k)) + v(k) (4.2)

D000x,(k)0n,000000000000y,(k)0 70000000000
D0000w(k)0000 »(k)000000000000000Q,0000000
00000000000000 R, 00000000000000 f(,(k), w,(k)O
h(z,(k), u,(k)) 00 00000000000000000000UTO0002n+1
000000000000000

xo(k) = (k) (43)
xi(k) = @u(k) + { VIn + VPR | (4.4)
Xitn(k) = @u(k) = { VW F VPR | (45)

0000#,(k)000k000000000000000O0OP, 000000000
0D0000{y/(n+NP,} 000 (n+\NP,00000000400 (i=1,---,n)
D000000AMAD @000000000000000000O0000O00000
D00000000000000000000000000000000

Wy = (4.6)

1
Wi=s (i=1, 2 - 2n) (4.7)

(n+A)

0000000000000 000 (4.1)042)00000000 UKFODOOOO
gogooboogo

56



xi(k +1) = f(xi(k), wu(k)) (4.8)

z,(k+1)= Xn: Wixi(k +1) (4.9)

P (k+1)= iWi(Xi(k +1) =2, (k+ 1) (xi(k+1) =z, (k+ 1) +Q,

(4.10)
Yilk +1) = h(xi(k +1), uu(k)) (4.11)
Yu(k+1) = in(k+ 1) (4.12)

2n

Py(k+1) =Y Wi(vilk + 1) — gu(k + 1)) (vi(k + 1) — gu(k + 1)) + R, (4.13)

Pk +1) = SO Wik + 1) — (b + D) nlh+ 1) — gu(h+ 1) (114)
K(k+1)=Py(k+1)P, ' (k+1) (4.15)
e+ =2, (k+ 1)+ KEk+1)(yk+1) —gk+1)) (4.16)

Prk+1)=P (k+1) - K(k+1)P,(k+1)K"(k+1) (4.17)

00004, (k)0000000000&5(x)00000P, (k)0000000P; (k)
0D000000000¢,(k)0000000000P,(x)0000000000000
D0O0P,(kOOODODODOO0OD0DD000000000000

4.1.2 0O0O0OO

ggbbobuoogbbbbooooobbobooooobobooogobooo
000000000000 UKFOOODDODOOOOOOOoooooooooo [p1)o
gobodgobogbobuoobbogbbooboobooobuoobbuooboba
0000000000000000000000000000000 (3.9) 0 (3.10)
ggbboboobobbbuoooobobuoooouoooobobobooogoobooo
ooooog fOoeRO00OO0ODOO

57



0000 (3.9)0 (3.10)00000000000 Ap(x)0 By(x)0 Cr(x)0 Dy (x)
D00 Ex(y)00000000000000

O(k) = | Iy Iy I, I, L, L, M, N, N, Ls, Ls, M5, N;, N,

X, Y, Z,
Ly My Ny —+ -2 =¢ (4.18)

0000000000000 0yO0 00000D0O0ODOO (310000000 6.0
V. 0ooobooobooooooboobboobooboobooboobooooo
0000000000000 g(k)OoOooood

gk)=[PQRa S ¢ 0. V] (4.19)

O000Ogk)D00O0D000O0O0000O0O00O0ODOOODOO0OOODOOOOO
00000000000 ((k)0 gk)DODOD0ODOOOOOOODODOOOOOOOO
UzOOOOOO

(k) = [g(k)] (4.20)

000000000 f00000000000000g((k)ODOOOOO0OOO0OO
000g(k)000 POQUROOAOOND ¢, 00000000 (3.9)0 (3.10)00
oooooooe. 0V, 0ODODODODOOOOODODODOOeODOODOODODODO (212
gooooooo

0, = Qcos ¢, — Rsin é, (4.21)

DDDVCDDDDDDDDVC:\/U2+V2+W2DD (2400000000
V., = %{Xacosacosﬁ—l—YasinB—i—Zasinacosﬁ— V;]} (4.22)
goog
V, = g(cos a.cos fsin f, — sin [ sin ¢, cos 0, — cos 0, cos ¢, sin a cos 3)

00000000 (421)0 (422) 0000000000000 OTOOOOOOO
ggbobobbooooobbooooobobooooon

O.(k+ 1) =0.(k) + TQ cos ¢ — TR sin ¢, (4.23)

T
Ve(k+1) =V.(k) + —{X,cosacos B+ Y,sin 3+ Z,sinacos f — V,}  (4.24)
m

o8



000000 1)00000 2000000000 (3.90(3.10)0 (4.24)00
000000

z(k+1) = f(@(k), u(k)) +w(k) (4.25)
ooood
' Ar(z)x (k) + Br(z)u(k) + Cr(z)w(k) '
y(k) + Dr(y)a(k) + Erh(k) + Tg(k)
f@(k), u(k) = 0.(k) + TQcos ¢, — TRsing,

T
Ve(k) + —{Xacosacosﬁ+Yasinﬁ+ZasinacosB— Vg}
m

! O(k) ]

00000000 42)000000000000000000g(k)ODDODODOO
0000000 k) OODODODODODOOOODOOOOODOOOOO

g(k+1) = h(z(k)) + v(k) (4.26)
ooon
h(Z(k))=[1111111100000000000000000000]z(k)

0ooo

00000000000000000 (4250 (4.26)000000000000
000 UKFOOODOOOOOOOO f0AO000000000000000(k)
0000000000000 Ag(e)0Br(z)0Cr(z)0Dy(z) 000 Ep(y)000
oooooo

4.2 OJOO0OO0OOOO0OOOOO

000000000000 000000000000000000000000
0000000000000 000000000000000000000000
0000000000000 000000000000000000000000
0000000000000 000000000000000000000000
0000000000000 000000000000000000000000
0010000000 A, = 0.940 ), = 0.920 A, = 0.940 p, = 0.950 pg = 0.960
Py =0970000000000yg = [pa, Gar 7a)" O @g = [, B, ¢a)7 0000
0000000000000000000[deg]0000000 3,00000000
0 0.200.300.500.5000 0.5[s] 0000

59



4.2.1 0OO0O0O0OO0OOOOOOOOOOO

goooobbbooooooouobobboodouououbobobbbooooo
goggbbodggbodonooobooooboooboooonbobooounb oo
O00000000000000 6200m|0000000O00ODOOOOO 1[sj00O0O0O
00000000000 Dryden00000000O0O0O0OODO 3200m)O0000
~10[m/s] 00 10[m/s] 00000000000 00000000

00000000000000006200m0000000 OmODOOODOOO
Om|J000000YBm/s]0000000000000O00O00O0OOOOOOO
0 ¢=0.7[Nms/deg] 000000 w, =4100[deg/s] 00 00O

000000000 bO00b0b0O0 Fig.410450000Fig. 410000000
0000000000 00Fig. 4200000000000000O0000DOO0OODO
000000000000 Fig. 4304400000 y0 c0000O0DOO0OODOO
00000000 (00)000(00)00000000000 (e,=+—4% 000
U0b0b0Db0O0Fg 450000000000000OOFig. 43045000 UKFUO
goduooobibobiboiooobob b0 y00Ob00O00 0D 0O0OOO0O0O
000000oooooooDoobbb0b0b0b0Feg 460000000000000
0000000000000 b0o0o0ob00UbOdFig. 460
goouobobbbbuooooooououoobbbooooa

guoouoobobboooooobbbbuoooooooobobbboooooo
godoobbbbobooooooouoboobbboooo

4.2.2 JOUO0OOOOOOOOOOOOO

ggbobboooobbobooooobboooobobboooooboboboo
ggbbobooogobobooooobobobbbuoooobbboooabobon
goon

000000000000 0O0O0ODO0O0ODO0O00000000093[m/s|000O
000000 6200m0000000 9000m]00 00000 0fm]I000000
00000000 1000000000000 000 Dryden0 00000 O0O
000000 2500m| 0000000000000 —10[m/s] 00 10[m/s] 00O
ggbbobooogobobooooooooobboooobbobooooonoon
¢ =0.7Nms/deg|0 00000 w, =4100[deg/s]| D 000

60



10r

u,, [m/s]
<
0, [deg]

_10_

0 50 100 150
Time [s]
L B B B S B B 1 1 1 T T 1
10}
o —
E o 18 1
5 E)
_10_
(I) — 50 - Il(I)OI - Iléol
Time [s]

10r

w,, [m/s]
o
& [deq]
o T

_10_

Time [s] Time [s]

Fig. 4.1: Wind velocity of implicit Fig. 4.2: Input of implicit guidance

guidance simulation result simulation result

gboobodboobOonobOobD e 4704110000Fg. 47000000
goboobobooobbbFrg 4800000000 DO0ODODDOOODOOO
gboooboobuoobdbibFig 4904100000y 0 000000000
0 (e, =x—%0Fig. 411000000000000000000O0O0OO00OO0O
gboobuoobuoobddbdirig 49041100 UKFOODOODOOODO
gogbboboubibibyUcbb0000obbboooobobobooobobn
U0Fig 41200 000000000DOO0ODODOODODODODOODODODbDODbO
gooobooboobdgdbdrig 412000000 b0ooboobobooon
gobobuooogn

ggbbobooodgobbbouoobooobbbbooooobbboooonbon

61



o [deg]

e,[deq]
b__o

B [deg]
R M. L
egldeg]
_O al

50r ] 5k

¢ [deg]
e, [deg]
i

—— &g
—50: — ¢ E -5r
(I)I - I5I0I - '1(')0' - I1&)0I (I)I - I5I0I - I:|.(50I - '1é0'
Time [s] Time [s]

Fig. 4.3: Slow state and estimated error of implicit guidance simulation result

ggbobobbooooobobobuoooobobobodod

4.3 OO0

goouobbbbooooogouooobobbbibdooooooobobobobo
gboboboobooob EKFOO0bOOoooooobobobouobooo UKFOOO
gogbbobooggooboooouobobobogobobooobbooooboon
ggbbbooodgobooobbobbuooobbboooobbbboooon

62



50

i —— Py ] 20r
7z B P
(o)) ¥ .
g o 12 o -
o T GJQ |
_SOI 1 T B T B T | T N N1 1 : _2O-| |
0 50 100 150 0 50 100 150
Time [s] Time [s]
— T T T T T T T T T [ T T T T T T 20| T— T T T T T T T T [ T T T T T T
0 1 -
5 { B O wmsmpnrstomemsbmsmmimmminiren -
S, —_
o 1] g |
| -20r .
1 T B T B T | T N N1 L T B T B T B 1 T R 1
0 50 100 150 0 50 100 150
Time [s] Time [s]
20| T— T T T T T T T T [ T T T T T T
- _ -
= (o)
(o)) 1 @ - } _
g S o
- o i
-20F
_20I 1 T B T B T | T N N1 L 1 T B T B T B 1 1 T R 1
50 100 150 0 50 100 150
Time [s] Time [s]

Fig. 4.4: Fast state and estimated error of implicit guidance simulation result

gogbobooooobobooooobbobooobobbboooobbbbuooon
gogbbobbooggoooooobobboooobobboooobbobboooon
ggbbobuooogboboboooooooobbbuoooobbboooobon
gogbbobuooogbooobbbuoooobboboooobbbooogoboo
goboodgd

63



10— T

_10 1 T B T B 1

Output error of o [deg]
o
O T
1 1

20— 7 T

Output error of ¢ [deg]
o
O
|

_2 1 Il Il Il Il Il Il Il Il Il 1 Il Il Il Il Il Il
0 50 100 150
Time [s]
) T T T T T T T T T T T T T T
> 50 .
(B} - .
S, N .
o - .
J %M«memmmm .
9 - .
s ]
5 _
5 _50 -I | ]
o) T S RN SN NN SR TR N T TR T R T
0 50 100 150
Time [s]

20r 1

Output error of q [deg/s]
i o
1 1

-20r i
1 T B T B T | T N N1 1
0 50 100 150
Time [s]
o 20— 77—
g
S, - .
? O gt B etV
o
6 - .
5
g
>
_20 1 T B T B T | T N N1 1
© ™o 50 100 150

Time [s]

Fig. 4.5: Output error of implicit guidance simulation result

64



5000 — T

E of .
A
I —— reference trajectory |
— actual trajectory
— Il 1 Il Il Il Il Il Il Il
5000 0 5000
n[m]
5000r 1
E | ]
e
I —— reference trajectory |
0 — actual trajectory
Il 1 Il Il Il Il Il Il Il
0 5000
n[m]
5000F 1
£ L —— reference trajectory 4
< .
L — actual trajectory 4
o u
Il Il Il Il 1 Il Il Il Il
-5000 0 5000

¢[ml

Fig. 4.6: Trajectory of implicit guidance simulation result

65



T T— T T T T T T [ T T T T T T T
10f 1
w =)
E o 13
3; o
_10 4
|- T SN S RS R Y N N Y UM N S N N |
0 50 100 150
Time [s]
T T— T T T T T T [ T T T T T T T
10F 1
10
< =
E 0 12 0
e e L
_10_
-10f ] I
| -1 (N S TN NN TN SN NN AN SO TR NN N SO N | _20 - TR SR W R SRR SR TR N TN S SR SN SN S
0 50 100 150 50 100 150
Time [s] Time [s]
T T— T T T T T T [ T T T T T T T 20 — — T T T T T T T T T T T T
10f 1
7 —
E n (@]
3 ° s 0
= 2o
-10¢ 1 i
| -1 (N S TN NN TN SN NN AN SO TR NN N SO N | _20 L N T S T T S N S T T SR T S
0 50 100 150 0 50 100 150
Time [s] Time [s]
ig. 4.7: Wi i f real tim . . .
Fig. 4.7: Wind velocity of real time Fig. 4.8: Input of real time guidance

guidance simulation result

66

simulation result




20 ———— T
5F o
=) =)
ﬁ ﬁ OWMMWWWMW-
3 &
-5 .
| S Y S S TN TN N TN T I TR TR TR TR TR T |
0 50 100 150
Time [s]
] T T T T T T T T T [ T T T T T T T
] 5f ]
e 13
ﬁ . i ok 'r_#‘ My st
] -5F :
] | S Y S S TN TN N TN T I TR TR TR TR TR T |
0 50 100 150
Time [s]
T T T T T T T T T [ T T T T T T T
1 st ]
e 19
g of J T Ot -
< - B GJ&
L ] -5 ]
-| T R T T SR T S T N SR T SR S R |- | S Y S S TN TN N TN T I TR TR TR TR TR T |
0 50 100 150 0 50 100 150
Time [s] Time [s]

Fig. 4.9: Slow state and estimated error of real time guidance simulation result

67



100

p [deg/s]

— 1 Il Il Il Il Il Il Il Il Il 1 Il Il Il Il Il Il Il
1000 50 100 150
Time [s]
| T T T T T T T T T | T T T T T T T T T T T T T T T T T T T T T T T
201 —— Qq . 20r
'a‘ - - q - E -
> 5 N ——
E O n E O T e - " wv s
(o - . q,)c- L
-20t R -20r
1 1 1 1 1 1 1 1 1 1 1 1 1 1 Il Il Il Il 1 Il Il Il Il Il Il Il 1 1 1 1 1 1 1 1
0 50 100 150 0 50 100 150
Time [s] Time [s]
2O-I 1 T T T T T T T 1T T 7T '_'_ 'r LI ] T T T T T T T T T T T T T T T
d 20+
L —r 4 =
) 3 0
(@)
ﬁ 0 - ﬁ [o] Mo T ——- i “
S L n q)h L
_20_I | i -20f
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 50 100 150 0 50 100 150
Time [s] Time [s]
Fig. 4.10: Fast state and estimated error of real time guidance simulation result

e, [deg/s]

68




=)

O - .

S, L .

3 L i

5 L 1

5 0 .

B - .

5 - .

o - .

5 s i

O _5I Il Il Il Il Il Il Il Il Il 1 1 1 1 1 1 1 1

0 50 100 150

Time [s]

= — T T T T T T T T T [ T T T T T T T

3 20t |

S - .

S

5 0 -

) L _

5

2 20} .

>

O | S Y S Y Y Y MY Y Y Y Y NN O N N N 1

0 50 100 150

Time [s]

E 100 T T T T T T T T T [ T T T T T T T

[o))

[}

S L 4

o

o 0 T

e

B L i

5

g

3 _ [ S B S S

O ~100, 50 100 150
Time [s]

20r 1

Output error of q [deg/s]
o
|

-20+ .
| S Y S Y Y Y MY Y Y Y Y NN O N N N 1
0 50 100 150
Time [s]
0 T T T T T T T T T | T T T T T T T
> 20r i
Q
K=k
o 0 7
=
5 - ]
2
g _20-I T T NN TR S S TR NN TN N T TR SO SR R S | j
0 50 100 150
Time [s]

Fig. 4.11: Output error of real time guidance simulation result

69



T T T T T T T T T T T T T
100001 -
T | ]
*'5000f : 1
— actual trajectory |
L —— reference trajectory 4
O_ -
Il Il Il Il Il Il 1 Il Il Il Il Il Il
-5000 0 5000
n[m]
5000¢ R
E | ]
o | i
O_ —
- — actual trajectory g
r  —— reference trajectory 1
—- Il Il Il Il Il Il 1 Il Il Il Il Il Il
5000 -5000 0 5000
nim]
—— 1
5000¢ R
E | ]
‘C - -
O_ —
: — actual trajectory :
r  —— reference trajectory 1
—- 1 Il Il Il Il Il Il Il Il Il 1 Il Il
5000 0 5000 10000
¢m]

Fig. 4.12: Trajectory of real time guidance simulation result

70



s Ui

gbododooboboboboobooobboobobbooboobooobon
gbogboobobobobogbuogboobuooboobobobobooobbn
gboooobboooboobbooobboobbovukrooobooooog
ggbbobuooodgbobobooooobbbuoooooobbobooogoobooo
ggbbobuooogbobobooobuoooobbbuoooobbboooobon
goon

g20b0gguogoboogoboodbooobboobbobboooboon
ggbbobooogobobuoooobbbboooobobbbuooogbon
ggbbbooogobobuoooobbbooobbobboobooogoobooo
OO00DOoO0obOOo00obDo0oOobOMRACSOOODOOODOOODOOODO
ggouoobbboboobbbboobbobobbbbooooooobobbon
ggbobobobooooobobooooobobooooobobbooooooobo
ggbbuoooobboooobbbbuoooobbboooobbboboooan
ggbbbooogobobuoooobobobuooooobobboooobobooo
gogbbbbooodgobobuooouooobboboooobbobbuoodgoobooo
gogbbobbooooobobuooooobobboooobobobooo

g2000000000bboboooobobbbooooobbboooooobooo
ggbobobboogobobooobbbooooobobobuoobobbooooonooon
gbodgbooboboobboobbsbugbbobbobogbaobobn
ggbbobuooogobobogbbbooobbbuoooobbboooobon
ggbboboogooooboobbobtoooobobbooooobobboooooon
gogbobobooogobobuooodobobboooobobobuoooooboobobooo
gogbbobooggobobooooobbboooobobobobbooogooboobo
ggbbobooogobbobuooobbboooobobbbuoooobo 200
ggbbbooodgobooobbobbuoooobbboooobbbboooon
gobodgboboobobobobdobboobboobboobbobbooboon
gogboboboogobobuogoooobbooooboboooooobobooon

71



gboodbo20bodbogbooboboboboboboboboboouodgog
ggbbobooodgobobuooobbbboooobobbbuoooogoooo
ggbbobooogobobuoooobobbbuoooobbbooooaoobooo
gbbuogbbugbbuoobbuogbboobboobobooobooobogon
4000000000booboooobbobbooobbobboooooooo
gbobooboboboobono EKFOOOO0Oooooobobuoboooog UKFO
gogbbobuooogbobobooooobbbuooobbooooboboooboo
ggbbobooodgoboooobbobbuooobbboooobbboooon
ggbbooooobbouoooobbbooobbboooobbbboooon
ggbbobboogooboobobobobuoooobbobuooooobbbuoooon
gogbobobbooooobobooooobbobboooobobobboooooobooon
gogbbobooggooobobbuoooobboboooobobobbooogoobooo
ggobooobogg
gbogugboobooboboobuodgbuogbobooboboobooboagn
gogbboboooooobbooooobobuooooboobobogo

72



BN

gogbbobbooodgoboobbooooobboooobbbooooooon
ggbobobooooboboboooobbbuooooobobboooooboo

ggbbobbooodgooobbbbouoooobbobuoooobbbbuooaon
ggbobobouoooobobobodn

ggbbobooooobbboooobbboooobbboooooooooo
ggobobbooooboboboooobobobooood

0024010

ggoooo

73



[]

1]

[10]
[11]

[12]

HEEEN

O0000“0000000000000000007000000000Vol. 880
pp. 1205-12100 19850

ooooo“coboobo’0oobOdp. 701993.

Purser. P. E.O “Manned Spacecraft Engineering Design and Operation”,
Fairchild Publ, 1964.

oooooo“cogb2obdbbo0o’oboboobobooonnvol. 930pp. 1020
10260 20100

goooboobooboboobo“sbooboobuooboooborobon
0 O Vol. 370 pp. 39-420 19770

OO0OD0“NASADOOOOO”0000DODOOVol. 490 pp. 22-250 20100

gobobo“0boobbooboobobooOorooboooo2e0bb00boog
000004 Vol. 80 pp. 248-2490 20050

gbooobooboooboobobobouoobuoboobo*boobooroo
Uoodbddpp. 17-200 1994.

goooo<“21gbdbobob0 oooboobobobobooobooooroo
goobDodpda3od2001.

gbobooooobbobooobobooooobbobooo“onon
00 (OREX)D 070000000000 00O0OOOVol. 240pp. 61-76019940

gooo,b0b00,0b0b0ob“c0000ob00obogonD HYFLEX"DODO
0000000 Vol. 450 pp. 622-6270 19970

o0b0o0o0o0oo0ooobooobOoboobDobOOob“HOPEODODOOODOODO
OO00O0O0ODOOCOUALFLEXOOUOOO’OOOODOOOOOOD Vol. 460 pp.
2-110 199801

74



[13]

[14]

[15]

[16]

[17]

18]

[19]

[20]

[21]

[22]

23]

gobooooboooboooboooboboobobooobbooon o
O0bOoooooooboboon’0oboobooonoonvel. 520 pp. 320-3260
20040

O0000“Cc0000b0bD-HIMES”ODOOOOODOVol. 260pp. 499-502019870

Larry B. McWhorter, Milt Reed, Gordon C. Kafer, Mark Hammerschmidt, Wes
Dafler, Dr. Daigoro Ito, Dan Nelson, Brian Bihari] “Space Shuttle Entry Digital
Autopilot”, NASA Johnson Space Center, SP-2010-3408, 20100

NAL/NASDA HOPEOOOOOOO ALFLEXOOOODOOO“00000O0
OOOALFLEXO"OO0O0OO0OO0OODOOD0ODO, TR-1369, p. 510 19980

Y. Miyazawald “Design with Multiple-Delay-Model and Multiple-Design-Point
Approach”, ATAA Journal of Guidance, Control, and Dynamics, Vol. 18, No. 3,
pp. 508-515, 199501

Y. Miyazawa, K. Ishikawa, K. Fujii] “Guidance and Control Law for Automatic
Landing Flight Experiment of Reentry Space Vehicle”, Proceedings of the ATAA
Guidance, Navigation, and Control Conference, pp. 1057-1066, 19930

000000000 DO0O0O0OD0OO0D0OUOUOD“ALFLEX DOOOGQOQOoOoro
ALFLEX/HOPEOOOOOOOOOOOO pp. 37-520 19960

S. Ishimoto, M. Takizawa, H. Suzuki, T. Moritod “Flight Control System of
Hypersonic Flight Experiment Vehicle”, ATAA-96-3403, 19960

goooooobooo“coboobobooobo22o0booooooroo g
gobbobooodgobo, pp. 137-1420 20000

S. Eterno, J. Weiss, D. Looze, A. Willsky “Design Issues for Fault Torelant
Restructurable Aircraft Control”, NASA TP-225, 1985.

H. Komatsu, T. Suzuki, S. Okumal “Design of Controller Switching Scenario
for Reusable Launch Vehicle with Elevon Jamming Failure”, Proceedings of the
8th IEEE International Workshop on Advanced Motion Control, pp. 595-60000
2004.

A. B. Arehart, W. A. Wolovich( “Bumpless Switching in Hybrid Systems”,
Hybrid Systems, pp. 1-17, 1996.

75



[25]

[26]

[27]

[30]

[31]

32]

33]

[35]

S. F. Graebe, A. Ahlend “Bumpless Transfer”, The Control Handbook,
W. S. Levine, pp. 381-388, 1995.

M. C. Turner, D. J. Walker] “Linear Quadric Bumpless Transfer”, Automatica,
Vol. 36, pp. 1089-1101, 2000.

gooobooobuooboobuobobob “co0oboobooboobon
0 H,OUOOoooboobbuoobooobbuooboboooboorooo
00000 COd Vol. 1210 No. 120 pp. 1897-19040 20010

R. R. HuberO “Self Repairing Flight Control System”, SAE-841552, 1984.

J. D. Schierman, D. G. Ward, J. R. Hull, N. Gandhi(l “Integrated Adaptive
Guidance and Control for Re-Entry Vehicles with Flight-Test Results”, ATAA
Journal of Guidance, Control, and Dynamics, Vol. 27, No. 6, pp. 975-988, 20040

J. Brinker, K. Wisd]“Flight Testing of Reconfigurable Control Law on the X-36
Tailless Aircraft”, AIAA Journal of Guidance, Control, and Dynamics, Vol. 24,
No. 5, pp. 903-909, 2001.

J. Brinker. and K. Wise: “Reconfigurable Flight Control for a Tailless Advanced
Fighter Aircraft”, Proceedings of ATAA Guidance, Navigation and Control Con-
ference, pp. 75-87, 1998.

Eric N. Johnson, Anthony J. Calisd] “Pseudo-Control Hedging: A New Method
for Adaptive Control”, Advances in Navigation Guidance and Control Technol-

ogy Workshop, November, 1-2, 2000.

Eric N. Johnson, Anthony J. Calise] “Limited Authority Adaptive Flight Con-
trol for Reusable Launch Vehicles”, Journal of Guidance, Control, and Dynam-

ics, Vol. 26, No. 6, pp. 906-913, 2003.

M. Morimoto, K. Uchiyama, Y. Shimada, A. AbeO “Adaptive Attitude Con-
trol with Reduced Number of Estimated Parameters for Automatic Landing
System”, Proceedings ot the International Conference on Control, Automation

and Systems 2007, pp. 2865—2870, 2007.

K. J. Astrom, P. Hangander, J. SternbybO “Zeros of Sampled System”, Auto-
matica, Vol. 20, No. 1, pp. 31-38, 1984.

76



[36]

37]

[38]

[39]

[40]

gooo“dbbobbooboborgoboobdpp. 6-90 20000

T. Shimozawa, S. Sagaral] “Digital Adaptive Control of a Winged Rocket in
Wide Range Flight Conditions”, Proceedings of the 2010 International Confer-
ence on Modelling, Identification and Control, pp. 197-202, 2010.

T. Shimozawa, S. Sagaral] “Digital Adaptive Control of a Winged Rocket Ap-
plicable to Abort Flight”, Journal of Artificial Life and Robotics, Vol. 16, pp.
348-351, 2011.

T. Shimozawa, T. Narumi, S. Sagara, K. Yonemoto “Digital Adaptive Control
of Winged Rocket Using Unscented Kalman Filter”, Innovative Computing,
Information and Control Express Letters, Vol. 6, No. 5 (0 000 ), 2012.

T. Shimozawa, S. Sagara, T. Narumi, K. Yonemoto “Flight Guidance and
Control of a Winged Rocket” | Proceedings of the 17th International Symposium
on Artificial Life and Robotics, pp. 6568, 2012.

O00bO0oDb0ob00o0O0o“b0obOOob0b0obOob0O0oOobD MRACSODUODO
000000000’0000000000 (CO)0Vol. 600 pp. 90-95, 1994.

goboobboooboboobo“cooboobo obbooboOon, pp. 122,
1982.

HIMESOOODOODOO“HIMESOOOOOOOOODOODOODOOOOTDOO
gooboboooddniogT.

gboooooobooobobooo“coobooboobnorbboboboobo
00O 00 Vol. 190 No. 10 pp. 28-35. 1983.

oooooooooo“oboobooooboooboboboroooonody. 19.
1983.

00 [42]0 pp. 222-228.

E. N. Johnson, A. J. Calised “A Six Degree of Freedom Adaptive Flight Con-
trol Architecture for Trajectory Following”, Proceedings of AIAA Guidance,
Navigation, and Control Conference, AIAA-2002-4776, 2002.

77



48]

[49]

[50]

[51]

[54]
[55]

[56]

P. K. Menon, V. R. Iragavarapu, E. J. Ohlmeyer] “Nonlinear Missile Autopilot
Design Using Time-Scale Separation”, AIAA paper, 97-3765-CP, pp. 1791—
1803, 1997.

E. A. Wan, R. Van Der Merwe “The Unscented Kalman Filter for Nonlin-
ear Estimation”, Proceedings of the IEEE 2000 Adaptive Systems for Signal
Processing, Communications, and Control Symposium, pp. 153—-158, 2000.

E. A. Wan, R. Van Der Merwell “Comparison of EKF and UKF for Spacecraft
Localization via Angle Measurements”, IEEE Transactions on Aerospace and

Electronic Systems, Vol. 47, No. 1, pp. 75-84, 2011.

B. Kaewkham-ai, R. F. Harrison] “Dst Index Prediction Using Joint and Dual
Unscented Kalman Filter” | Proceedings of the 18th IASTED International Con-
ference on Applied Simulation and Modelling (ASM 2009), pp. 30-36, 20009.

oobooobobo“cobbobobooboooboOor’oboboboobOoUDUpp.
677-687. 1982.

K. Yonemoto, T. Shidooka, K. Okudd]“Development and Flight Test of Winged
Rocket”, The 27th International Symposium on Space Technology and Science,
ISTS 2009-g-16, 2009.

gooo“bdb0obooboboobo’oooooogngvVol. 18, No. b, 20030
goooboooboo“g0boobuoorobobobondpp. 172-1740 19830

gooobo“Cco0bo"0coobOdpp. 17200 19840

78



0 OA 0O000O0o0ooOood

000000000000000000000000000000000000
000000 [43)/0000

79



goog TV °9eL

80



goog v °9eL

81



0 OB 0000

gogbbobooodoboboboooobobooooobobbbooooonoon
gogbobobooobbbuoooooobbooooboboooooobooon
gogbbbouoooobboboooobobbbouoooobbbbooouooooboon
goddogggoooooobobbbobotooooooobobobobo20000
ggbobuoboooobobboboooobon

B.1 00000000

ggbbbbooooobuoooobbobooooobobobooooobobooo
ggbbobooggobobobuoooobbbooooobboooobbooon
OO0 200000000000 0000000000000OO0oOoODODOOOO
gogbbobbooodgobbooooobbboooboooobbbooooobooon
gogboboboooobbobooooobbobooooobobon

gobbobuooogbbbooogobbooooobobuoooon

a. = KyAh + K; Ah (B.1)

OO0bD0ApODOOODOODOOOODOOOODOOOODOOODODOODDOO
gogbbobuooogbobobooooobbboubbuoooobboboooabon
gobobobbooooobobobuoooon

d, = K,Ar, + K;Ar, (00000) (B.2)

®, = K,Ay, + K;Ay, (00000) (B.3)
D000Ar,000000000000000Ay,00000000000000O
000

gboboboooobobobuoboobooooobooooonO Ky =0.0220
K; = 0.0060 K, = 0.0090 K; = 0.050 K, = —0.00140 K; = 0.02450 0 0 O

82



B.2 0O0000O0OO0OOOO

gobboouobbdoobboobobboobboouobbooobbooo
0 3000000000000 000D000000D0D000oOoOoOoOooDODOOOO
gogbbbooooobobooooobbbooooboobbobobboogooboo
ggbbobooobboooobobobboooobbobbooooobobobbooon
gogbbobooobbbuoogboobooooobobuooooboobobooon
0 GA: Genetic AlgorithmO0 00000000000 OOOCOODOO

gobobobooogn

gogbboboooboboboooooobboooooboobbbooooooon
ERERN

dv. 1 .
m cx = _§pVCZSwCD — mgsin-y (B.4)
d 1
chd_Z = iprSwC’Lcosng — mgcosy (B.5)
dav 1
chcos*y% = iprSWC’Lsinq) (B.6)
dh
pri Vesinvy (B.7)
d
d—f = V.cosycosW¥ (B.8)
d
- VcosysinW (B.9)

dt

ooogv,ooooooos,00bobobocc,obobobcp,0boboody
gogboobogg

gogbobobbooogobobboooon

gO0bO0o00O0bOo0oGAOOODOOOOODOOOODODOOOOODbDObOOOD
g00b0o0O00obO0obOOobO0obDOooOOobOOobOUOoOoobDGAODODOODObOOOD
ggbobobboogooooobobooooobobobogoobbooogoooo
O (0000000000000 000O0000000000ODO00O0O000OGA

83



Fig. B.1: Flowchart of GA
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Table B.1: Parameters of GA
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