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S48 Aody u, = AHE P, I, D AUS Ea A 3.229

M SARZAAF] Zad w Ao)7]7}
o sk A7l = b A fot,

=
of Wl £EA HY B AHEEY] WEe] LEA wHY maql

Aol A7l AAY des W FHEdE BADT F v @Hol
AT,

78 i
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SZRAES 7k ShA RS 7S Sunell 23] At At (Sun et al.,
2017). EZEASE 718 AR IIHES FE3|y oA o]l AL

EAES AHgET SEAY At @ARGe 4o

SRR SR

+

ojgt g #ol Frheke] W WEFo RS fREMHRe AT

1o

AL ol FEMAe FEoH HW AaHow dAMFERG

2+ S fAE 4 QY. Fig 3-132  ¥eEAsE7|uE

Planing envelope
estimator

Nonlinear
supercavitating
vehicle

Planing Vehicle
envelope —_— attitude
protection controller

Tracking
controller

dynamics

Fig 3-13 Planing envelope protection system architecture based on potential

function
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Aol g = AA A 7]l A
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£ Alojstz
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d2] AHA

S
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SKe)
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©
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controller

Command
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Zq qr
PID controller

Fig 3-14 Tracking controller architecture

(3.23)

U (0(1)) +U , (6(1))

U (6(t))

1
L.

I 2)8 Feolm Uy, (6(1) oF U, (6(1)

A %

-
.

o714, U(6(1))

el
TH
zel
W
N

controller?]

11

~
o

dl

ol
o0

Njo
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T 5w Bobn Agehd $EAY HEx AsEe ge Pk

6(t) =q(t),0(0) = 6, (3.24)
act) = f,(x)+g,u(t),a(0) =q, (3.25)
u(t) =k,e, (1) + K, j e, (r)dz (3.26)

>
2
S
Do
oto
[
D)
Y
2
9
~N
rlr
-
—
o
olo
>
2
~N
s
o
=
b
T,
i
%
-+
~N
(T

71 tracking controller®] HH (0,) % FARTHH (e )Y FO 2
el 4 Sl
Uemg (t) =(q, (t) + Qeep (t) (3.27)
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SHA K.

| —
hu

ﬁ]ijﬂg Eg ( qFEp )

B

Oolobd @< 7Kt

(3.28)

o(t) > 0,

, (3.29)

if 6<6,
if >0,

0
©O1)-06,)

}

é/(glim - e(t))! U rep (e(t))

U (0(1)

o|J
i

controller?]

Tracking

!

=
=

3] gradient descent method

11 9

3|

?_
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)
ofo
off
o
38
v

.21 3.29 A9 gradientE T-8hH oS3 7o)

VU (6(1)) = VU, (6(1)) + VU, (6(1))

~ —¢ if 0<g, (3.30)
C|-c+0)-06) if 0>6,°

2] 3.299 £ gradient® Fal &EA S FEesd WdE2 v

2ol AT & 9k,

o(t) = B(t)VU (O(1)). (3.31)

TEoz Wskgo] Alo7lel AVbHE FEadEEe A x4

Zk7) o FARITIHES F& AAHE HHS q,, =LE)VU(O(1))

t)=q. (t t) = —Ale It 04 3.32
qcmd()_qr()+qFEP()_{—ﬂ(t)§+ﬂ(t)(9(t)—67t) if 0>9t- (3.32)

O O

o] W, IARTI AFsA X W WE -B)d = tracking

controllere] FFeztds q I ok wEkr 2 3325 oA W

tewt gol ¥dF 4 Ak
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A

71 9

. (3.33)

(3.34)

(3.35)
ko)

AR

]_
A} ApA A 7] ol

i

)
pal

Foch  whepA

if <6,
if >0

| —

R

3

3} 2.
SR

[e)

oh 31 A

skl o

q, (t)
q, () +BM)(O1)-6,)

Hohg oﬂ
oA AR
a@®
ed - Ht

ko=

B s

q, (t) + B)(O)-6) =0
B(t)

3} g},

227k 0!
3.33°]

=
=

o

=

Al
&

Gr () + Geep (1)

bl o

E0)

=

=

S

3.35

[e)
L

[e)

B & s

qcmd (t)

6,7 A%
X
2

o}

BF 00] € o5 4 3.33¢] WY

o

o

—_
file)

i
-
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U (6(1)) =V, (6(1)) +U , (6(1))

(ed - et)(ellm —0(t)) if < ‘9t (3.36)

10~ 0)@n -0+ S0 -0y it 050,
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S
=

Aol 719
A7,

A

EE
A1
) 2~ )5

L —

R

4

S

171 9]
ERED

ApA A o 715 o

+EAE Al
R

Z2EF T3 A AAA7IH

gojstolth, wepA

Aol A

ol
,ao
T

a

Tor
B

o
o]

s

ol

a

ol
ol

o] AA717F A

1

o

A
[e]

q

o] =
L

F lojol

=

Aol
feis

1

L.

ko

°

]O—]O]:

Aei7yel w =

T Ak

o

ol

L&A A

ol &= o] 2]

=

A

=

=

ApA| A 01 7]

59 A7|ek fATY

o)},

=] -
or—

Ar

Ho
o]
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el

i
M

m]

ol
Jlo

0

Base line #|*]7]-LQR A 7]™

4.1

A A o171 9

o
.

Regulator) A|o]7]¥

Quadratic

LQR (Linear

~T

;OL
B

X
Jo

EEEEHEE

7ol

ofi

™
ol

TH

i

<

)
bl

0

%

~X

ol
W

ojn

(4.1)

xeR", ueR"

Ax+ Bu,

X =

LQR #|o]7]19]

(4.2)

TQx+u'Ru)dt +%XT (T)PX(T)

fo

1
2

J=
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3714, Q=0 R >0+ thxo]HA semi—positive definite FZHo] i1

R>0 & thHo]lHA positive definite?!

principle (Pontryagin, 1987) 2 & &3hd o531 7t}

H=x"Qx+u"Ru+ A" (Ax+ Bu)

X = (ﬁ)T = Ax+Bu
oA

—/i:(ﬁ)T =Qx+A"1
OX
0-M _rusie
ou

o714, H + Hamiltonian®]al A

X(0) =X,
A(T) = Px(T)
u=-R'B"2

-
.

(4.3

g ojrt,  Maximum

FIAFA ot A 4.3

7133 HF ko] €23 two point boundary value problem©]th.

A1) =POx() ==

A ek REA eIt

Aol g mPeta A 438 vlshd e

~P=PA+A"P-PBR'B'P+Q

9 21S Riccati WA

gelstol oINS Fokd vheat 2

u(t) =-R™BTP(t)x(t)

88

1>
o
)
=
4
rlu
o
~
@)

@)

[oV]

=
ol
o,
1>

Al S
1=

HA=

Ao
=

(4.5)

2=
T



ARk ol st WA ARES] flEiAdE P(Y) o diF HAF@S

i
4,
(o
&
o
o
N
rE
~
(@]
(@]
=4
ol
oX
1>
flo
o
¥
o
=
)
rok
M
2
l
.
M
o

HArt. ©@<3le Riccati W28 algebraic Riccati equation®]2}al

Ren tgrt o] waH,

0=PA+A"P-PBR'B'P+Q (4.6)

2 469 Fol @ A48 P = A 459 Aoel wj3lehw

LQRAI01719] AofflgS 78 =+ ok Q of R AELS L =wH

N
N
1o
=
N
oX,
M
iy
S
o
=
E
>
X
o
Y
2
ro
M
C
1o
>,
M

QRS Aol
el 7t

AEA WY e glol 24E YT HEF % AelyYol
5

i
gg‘
N
s
o
fuj
)
i,
i)
=
L)
>
f
X
%
4
il
g
DX
Loty
>,
N
~N

WA e g LQRACIVIE 2EE FoesAe AAAold

Aga e 438004 AAs] PEo
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42 L1 gAY

—
kv

14 SA 7S ASAANINTY] sz 7]E AgAo 71

Hd] Y= s 0 AAdol e Aloj7]H o]tk (Hovakimyan and

rlo

Cao, 2010). A&HEE= Hovakimyan® Cao(Hovakimyan and Cao,
2010)9] d+E EUZ L1&-5A71He st dS A&32l
53 ol 7 71EZAQ YEje] SISO(Single Input Single

Output) Al 28-S 3183kt

%(t) = AX(t) +b(u(t) + " x(t))

4.7)
y(t) =c"x(t)

71, x()eR" & L&A AEHws #EHelw, ut)eR &
Aoldeoltt. b,ceR"= 22 ghol Xl Aol WMEolal As Fhol

de nxn z2dE TEAE AlAElL gdolnh. of7]A, (Ab) =

l

o

Ao} 7}5 (controllable) 3th. g @ e R" = B2 3o £3)9l= n)# 9

AgHE 0 $BA AUES F sl FEedus Fus 2
Aol vHe] wetlEE EAsHs J1EE AHgaAlch y()eR &
A waolth L1 A A7 MY BEE 0'x() = BdHE wdY
wHAYL wAgSRI AT WE y() b FolW WHAE () =

FEoH sk= Zlolth. L1 AeAe7 e Ao v 2

90 .



U(t) = U, (1) +Uyy (1), U, (1) = K, "X(1) (4.8)

o}714, k TeR" &= 2 479 Ax®l #HHO Hurwitz <HFA
(A, =A-bk )& BAa7] & =gd AojA ol B Ao

LQRAIOI7]E &F&f AlojAIQES AAsS]

v

Ok Uy = AgA0 el o
Aot A 485 A 479 didst vev 22 dFE sosts

THE 5 vk

X(t) = A X(t) +b(0"x(t) +u,,), x(0)=x,

49
y(t) = ¢ x() “9

FEAY ARG BE 002 FHs Bk G807 4

et o5 Z2 AEj=7] (state predictor) & 118 gt}

X(t) = AR +b(0T (1) +uy (1), K(t) =%,

A " (4.10)
(1) =c'X(t)

01714, R(t)eR" & AHTAZ7E EZI FHs Agusoln

91 :



O(t)eR" & w9 wetuE] @ o FA tolrh. ulx FHEtn|E Q)
2 -8-A) o] ] & (adaptive law)> 32}0|E] projection 7|H& AR&3d}o]
o5 2ol YeRd 4 gl

0(t) = TProj(6" (t), % Pbx(t)), 6(0) =6, (4.11)

A71A, R =X(t)-x(t) = FEWsFe FHeAoli, rer*

iy

2 -S-A e, P=P'">0 = algebraic Lyapunov Hl7g Al
( A’P+PA =-Q, Q=Q">0 )& w=Fs= Fdojth.  stetrlE
projection< A-gAo]7]e] uttv]E X F (parameter drift) o] 2t
=S WA A8 =dEAL ool tiE Fe= Pomet and

Praly®] oA ZrolE 4= it} (Pomet and Praly, 1992).
o]

L1&-gA 7| st AZA AT Uy () & 2HEeks HEs 3l
Fatrgdedoln thet go] EdH
Upq (8) = =C(8)(1(5) — K, (s)) (4.12)

A7), r(s) ¢k n(s) E 47 AP wH3AT  r(t) <
At) =07 (Ox(t) o &k M@olth ky=-1/(c"A ) ejn C(s) =
BIBO ©<¢F43}3(Bounded Input Bounded Output stable) strictly

properdt™ DC Alle] 091 H&gr<rolt}, UAxtAl A -§A o7 3

92 1



L1#-gA101718 8 pel= Aegrs C(s) ol s AT Fig 4-12

L1

;
O
J
(2]

A 7E ALGE ATE A2Y TEE wolEth $5 vk

@ mol A EA Bstoln F owAlel AN B

()= A,x(0)+b(6 x(t) +u, () A x

y)="x(0)
N L\ J

i) =4, 2(O+b(0T 30+ uﬂd(f))\

| > 0=k

S

| 8(1) = TProi(67 (£), & Pbx(£)

2|6, L<1 (4.13)
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G(s) £ H(s)A-C(5)), H(s) 2 (s1-A,)'b, L = max]é],

714, G(s) , H(s) = BIBO <tgsta properdt HEg<olt},

Ay
L1ZSA 71 EE mA g stebrlelg 245aA Aoldgs g4,
gk A 483 4120 od ARE LIASANNETAN w2
stebule] 0 & sk Aol ol o ghg ehsh <m gckw
7Pgetd 2 41204 FAR FEE e A @ 07 wdT F
otk seElE e Al g 2 vk AMgetel AYE AledHe
L1AeA e 5ol g4 4 9t H4 Asolatn @ 4 9
o W HFE A4 reference AlLHoleti FHEES dA. o] F

Ao g e o)

Xref (t) = AXref (t) + b(eT Xref (t) + uref (t))! Xref (0) = XO
Ut (S) =-—C (S)(QT Xret (S) - kg r(S)) - ka Xiret (S)! (414)
yref (S) = CT Xref (S)

$EA ATZ ArYEe SGEeiABe Bi Fas Ge)y

Xref (S) =H (S)kgc(s) r(S) +G (S)OT Xref (S) + Xin (S) (415)

o714, H(s) & Adst gepas Arole] 7



=
AR dAdgsts golgtal B 4 gtk mEkx] G(S) 9 normol
AE5E FHAE AlAFe wdEE AETE ZolAA "t G(s),
H(s), C(s) 7} 5% BIBO <¢H43lal properdt A=dta=o]7] uwji-o

re[0,00) ¢ T3] thS 3 o] mast 4 9}k (Khalil, 1996).

Xref T rr Xref T Xin T

. <[H(s)k,C(s)

_+[e)e

. . Lm+| L (4.16)

1714, X (S)2(SI-A,)'%, otk AlAEl#Ho] ety wji

X, (1) = uniformly bounded HA ®t} dHHow Fa HALdFe
el REAS WG,
M), <[Mi6)], [M6)], (4.17)

01714, M(s)=M,(S)M,(s) 2 cascaded H&3t5olrt. waps] 2
4169 W F A 2 A 4130 o3 bS5 o] mddT 4 ok

o], =max|c, (), §|e,.| <je@) L<l (@19

AvA o 4 4168 thE T} o] AR

95 .



b

ref ¢

||G<S>9T||

Xin T

= (4.19)

T oo

Reference A|2A®l X &= #43H3 WS r(t) o oisll 7 e€[0,00) <k

7 (bounded) = & & Atk t=2 dH

e eatell el Meatalth 4 4.99 4109 eAEA S va

2t

=71 (state predictor) &

X(t) = A X(t) +bd" (t)x(t), %(0)=0 (4.20)

714, K(t)=XM)-x , Gt)=0(t)-6 ,

1208 s WEe o g,

X(s)=H(s)77(s)

ol# et FAHa= v Rzl

bounded) 3}t}.

Lemma 1.

At)=6" Ox(®) oItk A

(4.21)

o3l 354 (uniformly

Bl = o o 2amadel e

96



+gAd

A7IM, Am(P) & P 9 A afFFkelth ol Lyapunov

gk = Qlom A Y82 Hovakimyan and Cao 9

o\

o] Zef <fsl
Aol FEEo] Stk A 4120 ga AHE ASANZ= A

3} 7ro] Aok Al (asymptotic stability) =

[=

o

4.13¢] zAstelA o

==
Lemma 2.
lim%(t) =0 (4.23)
oo tJst =& FuEde]| FE5 o] gty A 4.19¢] <& reference

52 reference A|AElo]3h AlA] Al AE

Theorem 1. 2] 4.139] 7oA 2 479 A AL A 410-129] ¢ 25|

AR A 489 Aol el] o) the W)

Xt — || —%’ Ut _u”Lw S% (424)
lim X, (1) =x@®)] =0, limu,,, ©) ~u(t)| =0 (4.25)

o1 -':'x—|-l _'-.'.'2 _



L o0l [a
' 1_||G(S)|||_ L A’min(P),

< Fadel eEE0) 3l

7 2H6), lmzx e +k, .

o A=A W

(4.26)

L reference A AHEl

=" 3
o= 2o
1) Reference A]A~E1-2- A5kt
2) AHIHS7Y FH A= 0o H
3) Alte L1F-ZA 7> ARE-sE #HF32 Al AEE
I} FAZ 225 7FHIT
wh2bA, reference A]A~Elo] RElE] EFAANS JFXA] UE
A 2EI JASE eaE 7A=Y L1IFSA 71 e fAA ol

Zven. mad

system)o] 2}ar

A A A

Wshy thes 2ol mdNch
Xges (8) = C(8)KgH (S)r(s) + X, (5),
udes (S) = kg C (S) r (S) -C (S)GT Xdes (S) - ka Xdes(s)

ydes (S) = CT Xdes (S)

~ES reference Al AElT} Bl wEtd w] %)<

98

(4.27)

(4.28)

shebulEl 7} w3



FHE(G()O" )0l e e FAT F Slvh. AA A~ reference

AAEE Theol #AE W

Lemma3. 2] 4.139] %7 stolA thSS Hh

i
)

o,

[Vaes = Ve | < lﬂknﬂkH®C®HWH+Ww>

(4.29)
= |, =25 A HECE, I +Ixl.)
|udes Ul S5 ”C($9T+k . rl. +l%al ) @30
2 a209] Aepazel fAMAE 4, [kl [KHECE), o <)

Agack 2719l A% 9F ||, & A2 d=w Ao k&

AosEE Sk o] W HEW AojAl k! &

4 413004 B 5 9l%el G(s) el Asleh WA shetule o] Hujgkel
L3t o] ok A 18t 27) g A7k fow 2845 47

Al 2~El 3} reference A|AELS] FAIRM S = ol 9. &, dEvEHE

>1

Fgste Wl Tl Aol FYHA ®rh Lo A/t waw
3y

dowdEol SVl wEel EdE™o] FaEHI U AARH=
=
=

grolth, wetbA G(S) 2] L —norme ZFolA =



Aol L1AgA7H e A didolzta & 5 gtk 4 41394
w23k o] G(s)=H(s)A-C(s)) o dAE 7o glek C(s) =

Aol Fele) 54

o

AR 3 371 Wil G(s) &= H(s) & 1oIH

(1-C(s)) o] cascade A|AE 548 747t}

A 1-¢() I &0 1-C(5)

G(s) GGs)

v

Fig 4-2 Cascaded system

Fig 42014 2 % 9l%o] C(s)o] i %ol H(s) it WA HAZ
o cascade AlA® G(s) 9 ZA7|7F ZojEo] Aol T3k Aol wabul
S oquh SAE Yo delEg s1n Aol WEL AT AAw

R om 2 YEme Qbste] Ante] 1Fs Ao vEw @ 5

A, = AA AA"Y AR fARsHA AAsk FA-ss e o
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2 A

2 Yys

2 4,77 o}

-
R

4.37 oA

|

il

sk, A 4.72] A AES =7} (matched)

M=

A A

ol

ol

b

S

9.

=g g o]

(unmatched)

H7g gt

= o] oHal F4S U Aol vkE =

el

sk,

3l oF

Al

5

QoM el AoH e

Input Multi

MIMO (Multi

7HA =

A7l o

Xargay (Xargay et

FATe

3

<
9

Output) AJ2~ES L1 A

ol
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X(t) = A, x(t) + B, ou(t) + f (t,x(t), z(t)), x(0)=x,,
X, (1) = g(t, x, (), x(®), x,(0) =X,

z(t) = 9o (t, X, (1)),

y(t) =Cx(t),

(4.31)

714, x(t)eR" & &4 AU, ut)eR"(m<n) 2 Aojalz,
yt)eR™ & ZE¥wWg, A, 2 HESdMHurwitz) nxn  YPolH
5280 H&d R gy B, eR™ - A+ (full rank) o™
(A, B,) Al°17Fs (controllable) 3tth. C e R™" Al HojAlFa HolH
(A,,C) = #=7}5(observable)dtth. weR™" & ©|A]9] AlAH
g Aol z(t)eRP , X (t)eR' & w2 D (unmodelled)¥ jH
Folste] 283 Aot f:RxR"xR?P - R", g,:RxR'x—>RP,
go :RxR'xR" > R' & w59 nAg dALeso|h e 27

B Xe A 2 EF p>00) el 12 FACITh(|x|, < pp <o0).

4 4319 A2ge g gol ¥R 4 AUk

X(t) = Ax(t) + B, (wu(t) + o (t, x(1), 2(1))) + B, T, (8 x(1), 2(1)),  x(0) = x,,
X, (1) = g(t, x, (1), x(1), X, (0) =X,

2(t) = g, (t, X, (1)),

y(t) = Cx(t),

(4.32)
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1714, B, eR™™™ 3 B & 717} wrdw ® Ay wd g

Aol e Aoj@d e vehith rhbE NS5 f3) fe f

i

2zt s 8 gy vey ® Adel EE® Rd

M= A"l L1ASA0171 5 A 8et7] Slal et 22 571 A%

A A zgloz Wge] s e /hgatet

X(t) = A (1) + By (@u(t) + 6,0 x|, +0,(1)
+B, (6,0 [+, (1), (4:33)
y(t) = Cx(t)

X(t) = AR()+ B, (&1)u(®) + 6, (0)|x ]

+6,(0)+ B (6,0 |x]_ +6.@®),  KO)=x,
y(t) = CX(t), (4.34)

where &(t) e R™™, (1) e R™,6,(t) e R"™,and &, (t) e R"™
&(t) = TProj(@(t), (X" ())PB,) u" (1), (0) =,
6,(t) =TProj(6,(t),-(x" ))PB,)" [x]. ). 4.(0)=4,,
&, (t) =TProj(o, (t),-(X" (t)PB,)"), 6,(0)=3, , (4.35)
6,(t) =TProj(6, (1), (X" ))PB,)"[x], ). 6,0 =8,
&,(t) =TProj(5,(t),-(X" ®PB,)"), 6,(0)=,,
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o714, X(t)=X(@t)-x(t) = AEHWEFe FAH Ao, TeR =
2 -S-A e, P=P">0 = algebraic Lyapunov A
( AJP+PA =-Q, Q=Q">0)% w3t ot} Aoty

che v} o] EAHT

u(s) =—KD(s)7(s),

A(t) 2 HEOUE) +7, () + Ay (8) — 1, (1), (4.36)

1, (9) £ Ky () (5). 71n(8) 2 H () H i (917:(9), 7, 26,0 +6:(t)
olel Wi# AMF TH W Hge Fawded kg 5

9l o} (Hovakimyan and Cao, 2010).

2 433 e A derE e Ad2dE FH (linearly

XT

parameterized) ¢l 6.(t)

Lo AW e o) o #ew

104 1



ALA o7 Agst7] 98] Sanner?] A+ (Sanner and Slotine,

1992) 5 =33t
RBF A3 2%-& S8 A3y g f(X) & tha3 Zo] kst &
T At
f () =WTg(x)+&(x) [e(x)|<&”, xe D, (4.37)
1714, #(X) & Gaussian RBFO. 2 o]Fojzl WEZH 245 79
Ma(k)e 5L A4 MFE e 2 dox = RBF A A2
Astr] Y8l 95 =etsion 5A w9t HAF o= Il
Atk 2 g4+ Gaussian FFEE 7HAH 4ol A ¢ oo WA E
0= ol&ste] tha¥ o] A
x—c) (x-c)) .
@ (X) =exp _{x=q) (x=¢) , 1=1...,K (4.38)
26,
WT = Gaussian 39 Zb A9 ThsXAe ddEte whes izl
HEoly ¢ 9 T HAXNFE Zeth e(X) v 2 g5
AR =S T3l ZARstE el zlojolm AFSE @ X}(approximation

gadt. A 23k oo fAME e

NANRTS B RS DA G103 ol FolNW A} A 4
S
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Input Layer Hidden Layer Output Layer

Fig 4-3 Schematic representation of RBF neural network

Fig 43¢ 2 Aol Alge RBF A74swde $2E wojzt)

AR RS Tel A 4329 mEl

o,
i
fo

>,

X,
ftlo
fz

gatd A 4329

AR e} el BEE 4 Ytk

X(8) = AX(0) + By, (@, () + W, (1), (X(1) + &, (X))

+ B, W, (D), (X (1) + &) (4.39)
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X(t) = AR(E) + B, (@, +Wo (1) (1)) + By, W, ()44 (1)), R(0) = X,, (4.40)
y(t) = CX(v),

9 ssHE hEA ol

é(t) =TProj(a(t), -(>~<T (t)PBm)TuT(t)), @(0) = c?>0,
W, (t) = TProj(W, (1), -(¢, (X(D)) X" (1)PB,)T), W, (0) =W,  (4.41)
W, (t) = TProj(W, (t), (¢ (X(1)) X" ()PB,)"), W, (0) =W,

l—
-
2
o
Joh
K
o
2
oo
>
s
2
foi
rlr
£
mlo
B
i
S
=]
e
i
ui

u(s) =—-KD(s)r(s),
F(t) 2 Hu() + T () + Hg (S)H, ()T (1) -, (1), (4.42)

r,(s) 2K, (S)r(s), T (t) 2W,(t)g (x(1))
1714, k, =-1/(CA,7B,)°liL H 9} H, & th&3

H, (s) - C(sl, - A,) "By, (4.43)
H, () 2C(sl, - A,) "By,

107 1.0



Ho o H &= 212he) Aldejnne 2euses Ad3se 2 5 g

AN FH KeR™™ ¢ mxm strict proper d&s4= D(s) & C(s) ¢
o528 #AE A
C(s) = wKD(s)(I,, + wKD(s))™ (4.44)

D(s) & C(s)H,"(s) 7} properstada <Hgst Adsrt HE=
Aetgjojol gt et YW K o dEds D(s) & v=9 L1 23S

gEalEs geEofo} st

pe~[HoGICEK, Sl 2
Llprpl‘ +B,

(4.45)

[, +[Cuts, o <

01714, H, 9 Gy(s),G,(s) &= th&a} o] Holw},

HXO (S) = (SIn - 'A\n)7l Bm

Hxl(S)Aé (SIn - An)71 Bum (446)
Gy (s) = H,, (s)(I, —C(s)),

Gl(s) = (In - HxO (S)C(S)Hal(S)C)Hxl(S),
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_IC1 Xcg - ?2 Xfin
B =| ¥ B, = (4.49)
B N R
M M
1 2 1 2
C, =3 pAV?C, C, =3 pL. V*C, (4.50)

A714, AT A & 77 AvEeld 2@ meldidd 9% P&
A salel e Aoln f, & HEge] oo meuy 0%, 5.6, &
7247k sjulelole e} meldslel Weizh, B,B, & 7zt Ajulelo]E ot
maldlel e w oe
126 93 B, & 00] Ha A4 442 4850 £EVHAL oA

e ohea gol AT 4 glr.

=
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A
=

ol

] (normal

gt

form; controller canonical form) .2 %3 3} (similarity transformation)

Az(t) +b.u(t)

2(t)

y, () =c'z(t)

—a,,

_az

_a‘O

v 2}

3 ©)

AESE
A}

= FHeIth

Q1715

SERER

el vk

o] F-o1 A9l 0.1}
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Z(t) = AZ(t) + Bu(t)

v.(1)=C.'Z(t) 59
of W, WEWY T &9 BAS 7Tk
z(t) =TZ(t), Z(t)=T"z(t) (4.54)
ol& 2 4.53¢] thidlstd e 2
Z(t) =T "ATZ(t)+T 'Bu(t) (4.55)

weba], A=TAT,B=T'B ¢ #AE zti=t}. Controllability Fd<

et gol At

CM =[B AB --- A"'B] (4.56)

A<

i

A A ] A as olEst ted 22 S AT

n-1 an—z al 1
PR - T 1 0
W,=| : O (4.57)
a 1 0 O
|1 0 0 0
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|sl—Al=s"+as" " +a,s" 2 +--+a, ,5+a, (4.58)

HegE T+ 349 CM 3 W, 98 oz ¥

T =CM xW, (4.59)

2 4.51€ olgist WHe F3) FirdAoR WA g 2ol

5

X(t) = AX +by(5, +A,) +bA, (4.60)

2
N
X
>
I

4|4 A=T"71 = 0 = 1 ol
T {W}’ A =T AT, bo—[l}, bl—{o:| 132 A, 9F A

S mdy BFAAS 27 S7F(matched) 9+ 8] A 8 (unmatched)

- 971ell 41489 LQR Al7IMe F3l Add

X = 'K&X +bo(u(t) +A0)+b1A1
= AX +by Uy (1) + Uy, +Ag) + DA,
= AX 4By (Uy (1) = Ky X +Ag) + A,
= Ao X +by (U () +4A,) +bA;

(4.61)
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A714, A, =(A-bK,) & Hurwitzgd HHolm Kg & LQR

rr

S A Qa3 Zr\_ %l

AojolEo|th. A 461 4.38A A3t Ao]7HES AT
o]= 2] 4.39¢9 o] AA3|2Y

o

Al2Ela FAS GErE Euh

A gate] vehid ot 2ok

X (t) = A o X (£) +Db, (ou,, (t) +W, (t)g, (X(1)) + £, (X)) (4.62)

+b, (W, (1) (x(1)) + &)
olul ApElBE BhEa gol T HT

a(t) = TProj(@(t), (X " (t)Phy) "uy" (1), &(0) = &,
W, (t) = TProj(W, (1), -(¢, (X () X " ())Pby)™), W, (0) =Wy, (4.64)
W, (t) = TProj(W, (t), (¢, (X ) X" ()Pby)"), W,(0) =W, ,

L1 A3 2 Aol Ees sdaA v do] 2

Uy (8) = —KD(s)T (s),
o A _ _1 _ (4.65)
P (1) = o(t)uy, (1) +F (1) + Ho () H, (S (1) — 1y (D),

[, () 2k, (S)r(s), T () 2W, () (x(1))
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5 XTF TFTEA FIAEHNA 7|t

5.1 XRIF FFILEA FLAF EF

2.94A  M&d 7ol AekxA  slold  Fo  AAMsral
AMuleole] AR ¢=A A i mEds] Zole Wt 2%
FEeEA o 3 A ojwr FALE=AS BAE] 9ste] AAS

52 Table 5-19
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Table 5-1 Nominal value of vehicle parameter

Description notation value unit
Vehicle mass M 434 kg
Cavitator diameter d. 0.04 m
Vehicle length Lyen 1.65 m
Cone length Lecone 0.70 m
Vehicle radius Ryen 0.07 m
Fin span length Lfin 0.2 m
Fin root location Xfin 0.59 m
Vehicle mass center location Xeg 1.01 m

AAMFS B s Ae Alekxzdel e AAE HA ks
73

AS #E™s7IE oglz #RE ol on 3= AdUt
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Fig 5-1 Feasible design variable region based on supercavity constraint in the

case of ventilated cavity
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FEFE ZAT Avldele g Ago] Hol EA WAFHG Hu
N FEs Gt FEFsol aidstA Aok
Velocity contour, ventilated cavity
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Fig 5-2 Trim velocity contours based on velocity constraint in the case of

ventilated cavity

Velocity contour, natural cavity
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Fig 5-3 Trim velocity contours based on velocity constraint in the case of natural

cavity
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Stability, natural cavity
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Fig 5-4 Feasible design variable region based on the stability

constraint in the case of natural cavity
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Table 5-2 Optimization condition

Unit

Value

Description

10,000

S¥A3

854

knots

50

W
Mo

o

0.5 (maximum)

AAu] 274

A z+z+ 10,000m <}

= O

A}&EE = Shkval® 9

A9t x7] &

X 3T
— 2L

50knot =
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rhe

YEF= L7 w27l AAE siFolof drh AR 23S

—

Aol AAZ o]g3d=  HS shkval 7IE +10% & A&
AgolAnt HAst ARE wwalr] A Hol £50% 744 3] g8l

AE AR

Table 5-3 Configuration parameter optimization results

Shkval 1. 1SLpva 1.3SLpar 1. 55 pa
d.[mm] 178 88.8 97.9 88.8
L [mm] 423.6 494.2 494.2
L., [mm] 8,200 4,920 6,970 7,380
R, [mm] 267 173 187 159
Sl 15.4 14 18.6 23.1
t, [sec] 98.51 82.48 81.03 73.48

- TZA AL U AR w e A7}

2 4 9ok mEk B Aol Shkval AFHIC 10% 343+

ToAFE Agsteltr. 71Fe] & Shkval®] AFAIZES 98.51%F
¥}

FA7| AkxAA d=sEE 100x8 AL FAMSE AFAIRE
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Table 5-4 Test condition

12 A1 221 A8
FESEA Ao
41.25 64.29
(Lveh/Dc)
FEEEA AA
(Door /D) 3.625 4.14
A=A ZF (sec) 0.9 2.0
. 213 FHu] e o] E WAL FHu]E o] E
- melds] Qe melds) e
Aldde]] AFE-E EAle 1A 22AE BT medlE A
otk kA FAle] FEshs fAHS 7] BEEE AdH A

ne
rr

w A A AuEelE o] otk AldH o= e 2

o g gywiz Man,
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o

[A% ol ]—>[ £ 4% ]e[ﬂi_%ﬂ;;ﬁ'i']—:»[ ELE ]—>[ Y ]

Fig 5-6 Experiment data processing

et} 2 Ao AlFdolE 9 110 7FAow MZYS F9u).
U WA= #HAxwg 9 FEHAA dAolt 2e¥E FoEA
TeTd AP TFEFTY Aol wekbA FH o g3 TSRS AlA

dloglof A AAS Folof gtk IMU AA 2 7hEE RS AF1H
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AEE ARe Arse] AN £EA AAZ AN 5 otk 39
RS AAR Folt BEY YL AAL AP dolgE nFus

ol xFEO Slof Hlw/EA S s AsiM e dEES HAEe
s

711:]._

. 1 .
ys[l] :WZXS[I + J] (61)
j=0

o] N & 7 Fplulrh

fot

AZIAM, Y, © #H=ol AA"d F A
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Azolrh 13}, 23A1ge deolHE sbwste] Fig 5-7, 58] 7t

LFER ST

125



1000

g 500
=
=
0 1 ! ! ! |
0 0.5 1 15 2 25 3
1000
~
0 o experiment
é w/ mvg .
=
< -1000 1 1 1 1 1 1 1 [T 1 I
0 0.2 0.4 0.6 0.8 1 1.2 1.4 16 1.8 2
500
NA I “l
0 o experiment
é w/ mvg
> T
< -500 1 1 1 1 1 1 1 Al 1 |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 16 1.8 2
500 ~
e LL
0 0 N ) experiment
é ) L Lt Ak et o wi mvg =
~N
< 500 1 1 1 1 1 1 1 1 1 |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 16 18 2

time(sec)

Fig 5-7 Experiment data thrust and acceleration w/, w/o filtering (test 1)
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Fig 5-8 Experiment data thrust and acceleration w/, w/o filtering (test 2)
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Fig 5-9 Comparison results of experiment and numerical simulation (test 1)
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Fig 5-10 Comparison results of experiment and numerical simulation (test 2)
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