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ABSTRACT

Supercavitating underwater vehicles move inside a large gas bubble that surrounds
almost the entire hull, significantly reducing drag (hydrodynamic resistance). Due to
the significant drag reduction, these submarines are capable of achieving very high
speeds underwater, but they require careful design of the cavitator and control systems
to maintain stability and maneuverability. The cavitator in the water environment
faces variable currents and turbulence, which makes it difficult to accurately control
the angle of attack. Any small deviation can lead to large changes in the shape and
stability of the cavitation bubble. In this paper, a new stable adaptive control scheme
based on Lyapunov theory with a multiple model approach is presented for three
submarine operating conditions. Simulation results have shown that the proposed
controller, due to its ability to deal with constraints in a targeted manner and being
robust to environmental disturbances, was able to cope well with severe changes in the
resistive force and prevent the cavitation bubble from disappearing. For quantitative
analysis, the proposed method is compared with classical adaptive control. The
acceptable tracking performance of the multiple model method compared to
conventional adaptive control is clear both in the simulation figures and in the table of
mean square error.

Copyright: © 2025 by the authors. Submitted for possible open access publication under

the terms and conditions of the Creative Commons Attribution (CC BY) license

[https://creativecommons.org/licenses/by/4.0/]


https://marine-eng.ir/
mailto:n.ahmadian@mazust.ac.ir
https://orcid.org/0000-0002-4608-5914
https://marine-eng.ir/
https://marine-eng.ir/article-1-1208-en.html

[ Downloaded from marine-eng.ir on 2026-05-27 ]

(‘Tf—\‘“?) NF+F FY O)LQ.& J) u\l-? 5[.?’)\) GMM.\J-Q.O Ag)x}d

b 40 (wigo 4 g

marine-eng.ir :a ;i Lol axio

gy A x> Jao 3,509, 5l 03Ul b (gl gls o (2L 3,25 J 5

2Pl (Suolydgyuu

'obses! s

n.ahmadian@mazust.ac.ir. ) «pauias «lyjle 6ysk o whe oKl «)Tgmols 5 5y smoiito 0l Holiasl

RN

o 5 Loyl o wisS e 8,5 (53 5 Sl 09,9 Gamlingls gm0 s ol
Jo 4 ool ;05 ol Migd oo (Sealiadgysed Cuaglie) (1uiS jeSadizr Al cacl 5005 abl>]
b aneil Lol caslo 1) 0T 55 50 Vb sl (slace jw a (olitios Sl (2sS 4z LB tals
Lol lome ;0 ,55lugls s iy sile 5 )l L (gl S (slaptunn 5 5ikusls 3o
Slyzil 459550 S oo g 1) alex apgly 385 LS oS Cenl g 5, liliél 5 piie slapl >
S allie ol 5o 0l GaelinglS Gl ylml 5 UKD 0 S Sl 4 e Wl e SsS
Ll aw slp el Jos 0505, b Sl 6,95 sl » jlul (ol J5uS wue )b
U 4 golgiing oaisS S a5 sl ools L (g3l dands gl ol 0t @ o5 )
o Ol @ & Ay e SLBLEEN 4 S (09 pglie 9 058 b dredan 093 Sl
(oS Jelo pslaie a 058 genluglS Ol 38y G 5l le 5 Wil palie oy i Sl
e gy oglhe (o) o ySles il oud dglie SCNS e S L solerin )
@ bgye Joux 0 0 5 iluand GladSh )3 0o gy (Aol JS L oanlie 0wl

el gl s sy eSilie

DOI:

590 led g bl i o ] s b jLaasl gl 31 ol B o g g YoY0 © 1pid 3>
Ll sais Jlo,l (CC BY)

AJlio wleMb|

lis o,
VEF/OIYA callie Cl o Gl
VEEN T A sl 2ol s
VEEN 109 sl o pdy gl
VEEN A alie Lesl Gl

Slado dlis :lio g4

edds olals
OglaglS o by 2
Wl Joe

alo> a3l

slkagls

ISSN: 2645-8136


https://marine-eng.ir/
mailto:n.ahmadian@mazust.ac.ir
https://orcid.org/0000-0002-4608-5914
https://marine-eng.ir/
https://marine-eng.ir/article-1-1208-en.html

[ Downloaded from marine-eng.ir on 2026-05-27 ]

OYFAYE) VFF (FY) YV als s cwoige 4,85/ Shoen! Loz 3

g by ol b Jdo 4 pon (Sl L8, ool
JrS o Sealiadgyien 5 (Sesluogpl Ly, oo (b e
Qgl) S E5 500 (g Sl S (e oz ) dles agl
ailgy @by U oogd JouS Yb cdo b g Coyw 4 b oy
Seolins 4 ol 4y #5 pl bl S Las 1) 095 es g puss
S o &, sly ] Ay RV Slalazel o >
odls slpiny (soleie sla Lo Job jo ool IS slog,b
2 8lagls S hawgs el gl o b Sldlas ool
sladlo o [F] b il )k 5 2285 ) 99 42 VA0 amo
Se MSerr 085 pbgy lp O L enay cnl 2
a2 o)bed (GamluglSpsm Ol slaShy b gty
b ks J58 gy [ANV] sl 00,5 il 095 401, (g0l
wls Ay S Joo glp pBay S5 solanl
aslial cod b ocwl oad Jlel [A] o Sombogls gw
oyl el oS s 1) ales ayely 4 o Al (5550
Soxs wr dmlme lp 5 HPlogls 4 o Al 250
Fabl o olgie 4 g o0 oolinal SAIEHE Jlne Joe o all
ol sl bl Geed (8B G 355 (o0 S o BBl
ekl ply 0aiS 705 Sy 5 Ak Al as il el
3o Alie ool po WS (o0 (b SgmliagS g Joe
Gk Sl e il cod b Sl sl i g lwlS
Shles Glalazme aon 5 358 oo DL SgbL (5 Il 4,k
JrS sl Vo] 5o ostions Jolis |y olyopy oS >
odd olpiiey Hpilugls Comlad pac (195 dgacme (sl polis
Sy 2B oyp 4 o Gl S Gy 0 Sl o
ol ey pgmligh pgw (LPV) (a3 bl b e
aly LMD s el Sl Wiy oo oS ]S
May e alid G yo 1) dge Jorol, B asS J (3UT 50
[] 35S oo 0ol 1) gl g5 alas 4y gl5 Coalad pae Lol wiS
e Wl oo smalinglS e iy IS aige (B [VY] o
Slles (23l (Pl 5 g Sras axg JB 2l 4
3 g ees a5 Sl (6l Coslad pas Ll 058 L gl

SBhaol 2alS 5 gsSws,See slools 3L oy p 4 [1Y]
Sy J e e S Bl (aasl) turbulent L > o

DS o oo 1y Groms angly £ 5 Jo Sl o o

\Y#

doddo — )

e ol SO JSid sbime ar (gamli glS g o0s0y
Al el asion 5 Loy a8 el sl 5 S5 s
T L Logits aiy a8 (lasisS ay wiS oo ablo 1) b0 5
i 00msy ol el s 0 5 L o b L5 5 0,0 eles
Sote 5 ((Seoladgyed Cuaglie) (1iS (59 ol a5 4
L oSy oSl ol azes ;0 48 05 o (Sslipo oS >
Oilwcs w8 1 Ol 55 0 YU Jlews lace
b &5 wad oo £y (B lingl g B30 55k«
JSas of Jlu a8 wl aalS o> @ e Skl 3 ndge
G b pled &S 098 5y slojlail 4l Ol a5 09
g el b Gl pl ilign 1) pes maw 5l losas
3 g ee Sl alewy SLLI 10 )5 0)i> b by So S8
cud 4 Ol b el 51 5b Caglie 5 Sl (il oyl
AV Sy g ploaily b Wlgioe ahowy 5 whios a5
b ogame Ggemiliysls blis o oy ol [1-Y] wis” o5 >
5 s ouiSTy 5§ xS ok ol o aS o)ls 8 a5
iligy oo |) e haw 5l (ot Ladd
SIS g slml &S el bjony S0 slaskd HeiluslS
P el g Sl (Sen 1) (GemmlglS pgw ol
o oSl Jdo 4 [F] ojls alyons o8 J5uS 5 )l
Srdpgle 5 JyuS )l J5 gz 3550 5l slr Ygera L2
Gl s S obid el 2SSl il gl pew hilus
Sl slayalily ) (Seelns s el b0 Copm
Sl b )glosls ogboe (5> Glopiie 5 (Soraligls g
b slaygbias Jolo a4 (o> (Senliudgyne slag
2bor; @lul Bax 0 sege (A 5 WS se SWS i
[a] 5,ls
5,9kl (Angle of Attack) ale> wgly e g0 JyuS

sbal, o (pitch) oy aly &y

by
909, ©odxle (Seeld 9 (8 o illr b el gls pow
b ol Ll 5l il Gose odSae opl ol
cel Wiy oo alox aygly jo Sio Olpss YU glace  jo
Ogolingls Ol (38, G 5l (G g palie (59,5 daod siul

JAS plaas 3289 9 @y G2y aiols googe (pl 00,5


https://marine-eng.ir/article-1-1208-en.html

[ Downloaded from marine-eng.ir on 2026-05-27 ]

s (§1,057 55 50 (G glroass JuS oS rels
Joe 9,09, cuS 5 e dlie ool (Lol gy5ly ab aales
20k odsl sl Bl e s S L alas
AR 0SB 50 cpmalinslS g sloiglyon; JAuS die
ez pleged S e )3 pltecs (Ul (rizren Sl 4235
o 5l oen gyl ekl pae g gllee Lyl

Golgiig gy alS Coie lgie a4 wasie sla SiulS

] 00 ‘;)M

WS bl SYolaa - ¥
a8 w3 e ol 1) ol glS pgm oapay Sl (Jle VS
5 oo & b ol uitee wled gile aiay BILbI slacls> o
2 auld ol Wb (RS el 4 e cnlpls
S5 098 oo oolittal Bgo 358le 5 @ Sl Slo2lyd )
by wad oo Gioled 1) gealiogl g (2bjon) Szl ¥
15 el gl snge s obyog; BLbl sleois ol
So 9 23taS 2k Skl ) e asd Sl Sl Sl
S9) 9 S5 ee Sy 2bdny oon Yo S o 1, e
4 g ol ol poedle WNSLSE ope g (Jsb Selns

IS eSS Lzl s gz p3¥ il (gl Ay

09l 91 5 g o0y oy =Y ST

9taS nlply il Sl g Sy S5 jsb 4]y 2byon;
S9re 7 2k o izen 9 LSIL Lwgi ol sl
6‘6&9)9 Lbs_i”.: Ja.».:}) o dqu.: 65).) :\.i,u‘ L) 4.>5J L» w‘
‘.)5.1.»‘5& L@&]l) ‘54‘)‘5 u@lf g0 &9,«09.4 U"‘ 9 Sl °‘)“°“b
Loy opSie )8 50 cov 58 obo,y oSee a5 (5 5ba
3lg Hlogls JSie (pl p ade (glp 05d e axlse (5)lad0
B3t Joae (lyon; S 0 K0 Gilly adsy oo deue
Ja,o)'ld&dl)o‘ﬁu@.lcé)g@?dwldowj

(g oo 48,5 0,00 sol3] ax 0 90 b atdly 4 e alS

A Jes slapinn lp a5 cunldle alfais Jow 0,50,

oolaiul 050 caiiwd 55LoS (6,15 Loyl g Conlad pue 5 a0

)10 418 G308 by Blie po gy ol [VF] 0x5 e 18
[V0] 5 se Jlab aisS J,iS S, Lais alased o o )] 4o a5

byl ekl S5 Fl el So (o iz Aok [
ddxie o oo 3l slacgammae 3l oolaiwl b ¢ purin sl Saliso b
waly Joo S 4SS gl @ abgye lhoanS S

Ll 00 ‘5'>‘).‘a
&l 69.....’4.; Lol sl Jow 5l GQLM Slacgoma g, u.:‘ 5o
RISV YW S E5 3] RS OWSURILIVY =1 PR UE S HES Y
Slazs > b1y ol 5 S o0 o) |y w295 oS
O 4 o plas WS bl B oS o anlie b Jos 4en
e o lel s e (LS ) e (b )13, IS0
s b yo 008 1S a0 b i, oS (Joe slas Sie) o ,Shee
L (Szmdgm 9505) WS @iom S (5S00p
S 55 1y Joe VLl bl s 00 20039 (clbodisS | S
wad oo plnil 1) polats 5 Sizdom b (<55 9,509)) 35 (o0
.bJS.Lo.C 6‘;: 03l uL’)p.)‘ OA*SJJ.MS ‘Ms.m )‘ o as
IS ol allie ool 53 3 et iels S50 4 20
sy sliie & Bl (5,55 5 o2lanal b Jas sz il
sl odd (2Ll 5l S o o aly E5 5 abe> 4l
S o ollee Luls ik cbdos 5l S e
2 S ee S50 el pas b azlee o 1) objon;
plod 5l s eSS o Jold eanS 1S (2o Cale
el a5 L8 Oldlas B il e Sieds sl o
Aide 1y el Jao b i8Sl b al ik S
i S 5 Sy ol et gly alie ol o izl
Lalis sl Pl jsb @y Sebld )l p e AlBas
SlBaiz gylere g9 opl ol 0ol &Iyl Ol ate o Sles
L oagzlye jo allele oollae o Sles 5 g)lmly (Rl crge
5 90,5 0 polie Slagys SLSL Slpnss 5 ot olalaxl
oS s s oyl |y olles Gilise Lyls 4wl colls
g oo g e Vb S g b e sla il
9,50 Jlod 4 cwlin Sy 50 Slae Jow wiz 5l colaiul
L] el oo S 5 e oS slos ;Sog, 45 |
Al B oUles o latie pd g 0 Sl )l b aglae o
036 ladarzme 5)ly pis oyl )ly SoOll 5sS j9 0 e
Sialon |y 095 JuS aelgd b 380 5 00,5 oo azliil
ol 59 o SLSL sla 595,55 g95 (nl wwo Gl 4
5 Slog sl 4 e Qlil &S 09h o bl S


https://marine-eng.ir/article-1-1208-en.html

[ Downloaded from marine-eng.ir on 2026-05-27 ]

OYFAYE) VFF (FY) YV als s cwoige 4,85/ Shoen! Loz 3

25 g & e Sl slad Vol 358 Laly; bl

al| |-0299 1 |l«a .

G| [2095 -16]q

1.45 0.0006 || &,

-530.7 0.182 || T,
oy ) dlos gl ol Gl e g0 0ad o Joe o
s Loy sllaly g abiws (Job jemme (o dsly (L),
sl e (Al GLol) ) iz 5 s T Olz

90 (pl el oals a8 S Jlas om0 Jo sy Gloms
) abewy (506 amias ;o0 05> Job Seolus il st

RV IPCURY

M)

Olria o ) Bl Wlosle Jow slasgg oS oo rog
390 Jloel (p3) Aoy Sl 53 65185 O30 4 Ypane oS
P Al (nl jo . adl atily gogee 5 B sl Wl e
by dewy Jolss lp b5 0,90 slesS JyuS a5 ead
woly ¥V g5 e el (thrust vectoring) ol i mocg>
dhowg jeome 4 Cond Hgilngls &5 Sl slagly a5 glgls
Olsie 4 699)9 (rl ogdior HoliS g el g 005 e
A 53 alews ol 5 e ji sl Lol (S5 Sles
alox aygl; o5l Wl jle Jow Lol slo 29,5 sl ool a8 S
S Cerdy et ln g Sl ol Il it Gles oS
P39S (79> O9dse 48,5 Sl Ol a o als
G Sl o Sl pgs Sl pite s b iy &
Bl gamloglS g 4l abowy Aoy S5 5 olub

23,5
boakwy o agly bl (Sp 0 &5 a5 o
SIS s Sk s wliee S @ Gomy €55 51 5SS
b0 Sl S gl (b (Lol Ban ol is 2
pae Jlie )3 phacm 5 o Slee Lai> fgnlinglS pgm
Ly s B0 gyl aslial Sl o lacealad
Iy Sgmo 5 g alax aygly Wl a5 glaisS a4 .ol gllas
Sleetd b Olriey oy 5 05lasls asly lasagyy omlite
18 s Sl (gl puite oS (g ok 4y S elats (6,15 Layl
s (silme 5l g a8 JLis Sy g s 4 ) Jlony
3 s le dlie cpl Glaal ( IS job 4 L0gd Laa> (6wl
b OgemluslS nom 2b)dp) p loll Cuyd esd
laceskd pas joa> 0 allaz Joo 3505, 62505 &
slp Sobld e Sl geanS S (Slb L Jue
sl oass b Lo bJae 51 sy 59 Sl

\YA

[ Cavitator ] I Jet & Plume I

N\

— - .

< —
i, .
-

Cavity Propulsion

Oglia gl e (b0 0 sl =Y S

I Control surface I

i by b oS Selus (S Sl o
A by e Sl 595 Sl eslitul b gl gl gm
G Jold oS alewg p 3)ly slopoliaS g by, 385
5 Olrier God Ol 5l U glayglisS 5 lagy Lo

18)5 S 00 nj Oy a Gliee ) Sl GRS 5958

U:%(FCX+FTX+FQX+FJX)—Wq M
Wz%(FCZ+FgZ+F(,Z)+uq M)

alos 4yl iy a5 b ailons 40d5 ) Jga 50 598 (sl il )b
S g8 agly o 5l ooliul g @ & (W)/(U) (JS—t oy

1adsl Gle s
d:miu(Fcz+ng+ng)+q )
Q=|i(Mcy M), ")

yy
Wigdgo iy pj Sz My 5 Byl o a8
F, =—pC, S (U°5, +uw—x,uq) ®)

M, = PCLShin Xiin (u25e+uw_xfinUQ) *)

25 Sygar bl o by 558 SYolee 5l eolatul b

1 (oF, OF; 1 (OF, s
— | —— — | —= 4+ —2 (41
G mu\ da O« mul{ oq aq
H- 1(6Mc amﬁJ L (oM, aM(;]
_ y + y _ y + y
I, | Jda oa I, dq aq
1(oF ) 1 (0oF )] )
a mu\ 09, mul oo, S,
+
|:q:| 1 [aMch 1 (aMayJ |:5e:|
Iyy 00, Iyy 00, |



https://marine-eng.ir/article-1-1208-en.html

[ Downloaded from marine-eng.ir on 2026-05-27 ]

OselaslSnsw 2bydn) oo plobid jolite 4y (gloas
Cot s § 22 0 Joo il pass dlolie 00 )5 0 Sl
S ke il g

X, (t) = A, x, (t)+B,r(t) @)

%, (1) = A X, () + B,u(t) 04

A, €R™ o Wlggme B, eR™ 4 A eR™ i 5 a5
cy au(t)rt) 5 x,,x,eR" (B eR™ il sy
O3S g @lolid ln cnl S a2 e (69959 JUSem
D9l oo Sy Aoz Joe (398 Jstme slom yile

% (1) = Ay () + (A (1) - Ay)x, (1) + Bu(t) v

GBS i 4 B) 5 A() X R g8 akal, o
Joe omel T @ bgye a5 siib 0B, §A Glagm il
Sipe 4 glls gl G L s
Ay L] b Selos g (0) =X (1) -, (1)

by lge A —A; = A1), B (1) -B, =B,(t)

& () = Ave () + A, (t)x, (1) +B, (Hu(t) Q)
25 Soge ], Bl @b (3ges wails L
V(e,A,,B)=¢"Pe+
trace(AJT''A, +B.T'B,)

WD yge sl (ylsd QL]

Ax (t) = _Fx I:)ei (t)X; (t)
Bx (t) = _Fr I:)ei (t)uT (t)

)

J> 5l g(P>0) el nxn bl b cpre ciie P ] o a8
T, =T >0 595 0 dewlra ALP+PA| = —Q GgiliLJ aloles
Ol a5 aites ks glaoy wulpe I, =T >0
Gablaly e )0 Beibl) AU Flie aiS oo atin ) Gl
g oAby pj Dyee 4 (VY)

V (e, A By )=6 Pe+e Pé+
2trace(Al T 1A, +BI T/ 1B,) =
(Anei (1) + Ac ()X, (1) + By (u(t) " Py (t) +
&' P (Angi (1) + A (D)X, (1) + By (Du(t)) + (\0)
2trace(Al T 1A, +BIT 1B, ) =
&' (AnP+PA e + 267 PA X, () + 26 PBu(t) +
2trace(Al T 1A, +BI T/ 1B,)

(g olsoe Bl alsles 5l oolital L

T 9 e agly il Las (gl cuslie JyS slasog,g
e b agzlge 50 gllae lo e 80 oo, Ul oy
2l p) Slles lld

BuaS J oS ylis b — Y

o ol Gham 5 5 Pl e aygly S8 OMISLe
olilazel a4 ceules Jold GealuslS nsw (2b)3 )
DT il jplugls (b slacosgame 5 (Sl
JESew Jlesl )0 Cosgazme 5 gy (Seolind gl o3 (o9
Casgaomn ale) (53535 S 5 5 0528 Jlael asile J 228
G b o aly 25 S 0sdee Sl (b Shee oy
il SRelS SIS Ol 4 g e STy OSGel g 050 axlge
pac g Slolasel jpa> )3 Gioms agly E5 J5S (nl 2 epdle
W 0gd phw (§HILE A e Wl oo aore slacalad
USts il s ohb es 4 J,uS slaails 1 o}
Ogelagls o 2byon) lp oS S (b e s
2o b Gz gy 5wl lapiie plo b opog oS
b il S 8% b sfe Wi oS
polie JyuS Sl [Ve] o ool asbiiy slaoosss us
sber) Selas 5 Ghew Ll s ol
oy G ek b Slas [0 Codgazme g (5Ll slacalad
B Gyl ol g el ot S JiSew o Sy
ooy [A] 52 %0 (pgm 3l e0ged wog Jlzs lee (slao IS
3 Selizd sla s (e slite & S s J 5
ety gemlaglS gm0ty (65elil Cunalad pae b ablis
s g gyall o el Wlie cpl o a5 sl oad
Seelnag e oyl )l 5 SIb glag,s i i 4 (Sewlis
bASMo)_D Ja.:‘).w5g,5)_>ms “.A.C).wdqw‘s
Gl loads lug jlo oy b daore gl o o
Sl J S sy 3y s sl Sl el Gl 330
ol Jo sl wd Joe slagnal Gl GLE sl
2 e Sl S ey e gy G e o Sl
eSS A OdedSy Cepe polie 4 allan Jue oS,
J—ILM ) uue) UJ‘ w‘ o QLQM J..Lo u,uml.s ‘_gLQ:).uo‘)Lv

oo SG e plej 5l alaad ja 50 o o oS cl (G50ddS s,

P 059 B8 JSle golpiig (g, 0 0ed e o]


https://marine-eng.ir/article-1-1208-en.html

[ Downloaded from marine-eng.ir on 2026-05-27 ]

OYFAYE) VFF (FY) YV als s cwoige 4,85/ Shoen! Loz 3

B S e bl sysb 1, KT (1) € RPP KT (1) € R
WS oo ) alal,

A,()-B,(OK] () =A, B,K ®)=B, ()

Sol ¥ USKS 0 Vb 0 ool ools meoyi Jolpe g S0 sl
(ololis slonly caled SUSE 4 golpiin bg, oS0
wlobis ol 3y sl oals asein JuS 5 b el )l yess
S 2 & G Mg e 03 eSS Az sla e
sl Jow ol 51 <SGy 00d o 00ls plaisl JSig b Jae oy
9 Wgdoo 48,5 15 4 ol pins aedd o 0als 0ol (59

e oo JoSid 1) eaisS JuS (69959 Cales o

(S5

s J2e
(bl ALy 5]
Jaa Sy

+ e
e —» > —»

e
0 — 2,

€
N o>\
A3 sl s8I el
! .

s s il (pedd

B

v
an Gl 2

Saad A8 G355

G 5k 50 Uy 9 bue (2bj)l (el Jolpe ¥ S

£95 4 yo

Silwad gl -F

Olpre 4 ,8lugls S sln (Selusg i slaygliss o g
g o ai8)S I el sae g ales 4yl I b
S g cad culpe e (Slnog e culps coshd poe
g en Ogelingls Sus ;0 s g Cualad pae obml 4 e
ol jo Coabad pas wo )0 00 (b Sl L dllie ol o
I3 0oy B+ 555 ey sl 5 9 abo gl sla sl
on skl pas sboldl Gl ) e 5o nl o
g se aoMS 5 O)90 4 (iluednd i oS o0

V (e, Ac.By) =& Qe +[26, PAX, (1) +
2tr(Al T 1A )] ()
+[2¢;T PB,u(t) + 2trace(By I'1 1B, )]

AraCe g5l ) iy yo5 oS 4
eiT P AcXp (t) =trace(Ayx, (t)eiT P)

a b
av)
e PB,u(t) =trace(B,u(t)e;” P)
—
a' b
1 old gl (VF) aoles ;o (V) doles (5,1351> L
V(e,A,,B,)=-€"Qg <0 )

slalas 5 () ololis las a5 WS o pads (VA) ala,
el odle aiien 165 LS jsb 4 By(t) sAc(t)
l5:Ss IS 58 LBI(1) AWM mlols sl Joe slo,mell
JULS &) o 4 argil 98 € L2 S5 g 5l b wnlys
LT JLER) Jdime; (t) =0 YLL o 6ye SeS @ Dgd oo

t—w
gl s |Ned yao 4 ;5 (1) sl 5,5 Sl e e
lime; t)] = fim ;£ = x, ()] = 0 av)
[Sded t—w©

S oale opde il (95 ) ownnldl o ]| o o a5
8,5 i lgiose il PEY LY Sy 1) o e 5959
limA, (t) = Ay, limB, (t) =B, OA)

t—oo t—o0

Sla gl 5 oad 1 Kan o & ot slallss e o
iy bogd (23 (5 Wb Jae e alfair Jae 055, 0
) Sy s

2 =L Xoreer 2ol

_ (%)
=[(2s Zoroor X Zodd' =127 Zod]'

g dwlgS 5 JSKb 4 (2359 GeedS Sl

720 =-E" OE® (1) + ET )a(t)
--ET [0 - )] -
at)

ol oals 230559 b fgeze a5 Lol piiew (plolo
W9l g0 Ly ya ) Dy &

(0 =AM0O%LO+BUt) ()
n+1 n+1

AD=) Z0OA0.B,0=> zOBO N

Db oo 48,5 A5 55 O jga J S (96
u(t) =—K; (t)x, () + K] (t)r(t) (Y)

VY-


https://marine-eng.ir/article-1-1208-en.html

[ Downloaded from marine-eng.ir on 2026-05-27 ]

Sesladgydes Olds S50 &5 Gealogl pew 2byor)
S 4 abox iS5 cid olpo g Semmligls sue
&S sk a Calm QB alBain Jae 9,80, S (o8 e
IS ol ool s a4l O 5l e o obo, wgllas o Shes
ajn Byo b S s ion ol Iy gemlingl§ S 535 1Y

b e i a0 Blasl 4y alily gglhae J S
0,505, 45 Cewl ouls ools lid gilwand pelar eled o
) coskad poe 5l Gloo s gojl b & allz Jow
2 lelRes Cepw g s oSl wiS oo Jo 5 s5ledoe

D9 oo oS o9 A (2L, 0 Shee 4 by o gLl

Angle of attack

SetPoint
= = = Reference
.......... Actual 1
£ s
S 4
| i
-5 1 i
i i
10 i f
i i
i
15 Y
\,
‘\'-—
-20 L L L L : *
0 5 10 15 20 25 30 35 40
time(s)
Vehicle pitch rate
1 s T T I
!. SetPoint
08| 4 = = = Reference | -
i L Actual
Lli i
0.6 i i
)i !
0.4 i
i
__o2f iy
= ™
é oL ~ -
= 4
02F )
!
04l i i
i i
aal i f
0.6 i 1]
\
08 \
N,
1 . . ! ! = ;
0 5 10 15 20 25 30 35 40

time(s)

Jol <o 50 hamm 40915 €55 9 o gl b, -F USo

3 sl conhad pae g el ol Sl o Sb oy iy edl>
wiloass aid ¥ s Seluogue colps o o ol

e 9,50, b soledday (JAS gy 4 e Gl ¥ SO

5 il ol s SISl ) o aes eplis |y alfas

F USs j0 a5 jshiles ailoais Blod piwaws 5 0o,ly juiS
Eoro adgl Sllazd Hlen jo Hlas 590 (g, el ool ools ol
O U aes callhae wus Coxmsg by 0e3 auily asl
ol sl as jshiles aiS o paal @ 1) >l Sbo; glas
azgi BB olanl il 0 o obo,y slhs il jatie pgal
Olrier Go 5 (Oboly ) Lglugls Sll al;
s Gl 1) (g ) Gaemlagl nom (2b)on;
Goleiday ey J5S Sl 298 0 alaxde a5 jshailes
.))9.<7 aQ M &J"“ » as)l.c | ul.ws.: 23808 9 S| )‘54.@ )Lw
by oSkee 5eS JpS W G b [VF] o aliae
IS b Jdss  Baes [VF] allie .ol ool cansy gllas
i a5 Jl> j0 s 55 a5 Seliyo L) 5 el gls olal g
ablie 5 (5l han b Jowsiz ok JS 5,590 S5l

&S oo By |y e clilazel b

S e Glaceald pae (2yme )3 gl jog0 Il
sPtagl alox gl g (Sermligls Sue ohg 4 (Salindg)ae
29l £ 9 e agly DIl Gl byl cn oy jo g )l 18
> pl jo s o alS wo s 00 Gl a4 1) oy
odd odls plas VO USS o alfais Jow (g, 2bs, o Sles
Cowdy Al pl o il Y clldS 5l ey slhe Sbo; ol
A SIS o ol J55S by, by s el ool
g axdllas 5y50 (Jhgy & g 3280 (b, el ouls ools lis
oo s Sl nl o 8 USS 4 axg b Jlses S JUKw
b adlys (obyo ) 5 Sl ol 5o 0l oe BT by, ol
(Fg Ve Ol S ddn) 655 Glrdn 5958 S

S oy Cass J s Glaal 4 [V¢] ales D590 Ay s
29l Yo alex agly po (Ssluog a5l jogw <>
oialdlac,0 Bl a ) Ghomg agly 25 5 55ilals Syl
ol ) Al Jaw 9505, (2boy o,8ee Ve JSS im0 o0
sead @y sle (nl olsy lalhs 55V JSS 5 ses e
ol 53 s oanlie 3 L5 cll 5o s 45 jshilen 25 s
S Je bls sl o S35 am Glpe 5 o


https://marine-eng.ir/article-1-1208-en.html

[ Downloaded from marine-eng.ir on 2026-05-27 ]

control error control error

0.04 T T T T T 0.2 T T T T T T
0.03 B 0 W
0.02 - q -0.2 q
0.01 q -04 1
(] —
L %
8 8
0 T -0.6 B
-0.01 1 -0.8 q
-0.02 ] At ]
0.03 . L . . . . 12 . . . . . . |
10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
time(s) time(s)
. B e . : .
Jol <l po Giarm agl3 E55 9 dhos w915 (2L, slallas -0 S
Thrust vector z component Cavitator deflection angle
150 T T T T T 0.03 T T T T T T T
100 0.02 - q
50 0.01 q
= )
< E o
& 5
-50 -0.01 [ b
-100 -0.02 1
150 . . . . | . 0.03 | . . . . | .
0 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
time(s) time(s)
. Coe & . N S a o . R &
Jol <l 50 (Gl Gl 955 9 9L g8 Sl il axgl3) J S slag959 -7 U
Angle of attack Vehicle pitch rate
20 . : . . : 1 — . ; . . .
SetPoint 5‘(‘ SetPoint
= = = Reference 0.8 5' il = = = Reference| -
15 v Actual || g i v Actual
06| & i j
10 . E i
04|k i 1
£ i
5 7 E 3
0.2 kS B
<) E g \’\
3 .
£ o — ERC = —
3 7 = 4
R = s
7 02f £
-5 i i i H
i i L i i
! i o4
-10 i i \ i
i i 0.6 L i i
. \ i 1 3 i
18 \, 08 X g
.. *\,
20 | | | T = I 1 L | | | o~
10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
time(s) time(s)

£9d Sl 5o S argl) £ 55 g alos aygly (b, -V S5


https://marine-eng.ir/article-1-1208-en.html

[ Downloaded from marine-eng.ir on 2026-05-27 ]

e.2

q (rad/s)

control error

control error

0 T T T T T T 0 T T T T T T
-0.02 E o5l i
-0.04 q
Ak i
-0.06 - B
008 - | -1.51F q
011 g < 2f .
8
012 g 25l |
0.14 §
3+ 4
-0.16 | q
-0.18 | i -3.5 1 4
0.2 L L L L L L L 4 L L ! ! L L L
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
time(s) time(s)
. B e . : .
pes > 50 iorn agly £ 55 9 ahos aigl) (2L, slallas -A i
Thrust vector z component Cavitator deflection angle
150 T T T T T T 0.12 T T T T T T T
0.1
100
0.08
50 0.06
= 004
0 £
<5 0.02
-50 0
-0.02
-100
-0.04
150 | . . . . | . 0.06 . . . . | .
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
time(s) time(s)
. Co & . N S a o . R B
p9d <l )0 (Ll G 59545 9 )9l g8 Bl il xgl3) J S slog3959 -1 S5
Vehicle pitch rate Angle of attack
1 Vo T T T T T T T T T T
Vd SetPoint SetPoint
0.8 i = = = Reference | - = = = Reference
i v Actual o Actual | ]
06| f 1 1 E
i t i ,
i i i i
S4l \ !
\ ! ]
02f \ 1 !
= \,
0 > K o,
K = o
4 s !
02t [ ]
i T . i
.04+ 1 i 4 i i
i i -10 - 1 i 1
i i i i
06 1 : :
i i i
1 15 \ b
-0.8 Y q \
N, .
1 L | | | '~ 20 L I | | T T
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
time(s) time(s)

pow Sl 0 iz wgly & g ahos argly (Sboy -V S


https://marine-eng.ir/article-1-1208-en.html

[ Downloaded from marine-eng.ir on 2026-05-27 ]

30

20

0.03

control error

0.025 -

0.02 -

0.015

100

L I
10 15

20
time

I | I
25 30 35 40

(s)

control error
0.005 T

-0.005 -

€2

-0.01

-0.015 |-

-0.02

0.025 . . . . . . .
0 5 10 15 20 25 30 35 40
time(s)

pow Cdlo )0 iz a9l cro alos a5 G?l?.") slalas -1 i

Thrust vector z component

-100

I I
10 15

I I I I
20 25 30 35 40

time

(s)

Cavitator deflection angle
T T T

0.02

0.015 -

0.01

0.005

&, (rad)
o

-0.005

-0.01 |-

-0.015 |

-0.02

. . . .
0 5 10 15 20 25 30 35 40
time(s)

pow Sl 53 () iy (5955 9 )95 L gls Byl 4 gl3) J 565 sla (99,9 - 1Y S5

Angle of attack

T
SetPoint
Reference
Conventional

= = = Proposed 1

10
9
£ 0
3
10t
-20
30 . . . . . .
0 5 10 15 20 25 30 35 40
time(s)
Vehicle pitch rate
15 T T T T
SetPoint
Reference
ik Conventional | |
= = = Proposed
0.5
w
Z
T oo
a2
o=
051
RS N
15 . \ . . . . .
0 5 10 15 20 25 30 35 40
time(s)

O 4905 T g abos argly (b 0 ySlos duay Lo - VY IS

IS gy b (tday aslBais o, Slee auglie jglaio 4y
JLM: REIE PR W (:L?u‘ 6|MLO.A %)L».w e_i: nu_i.a.w){s GE.U.LD
IS po—w e Ghgy 9 soli—ian by, (2L, 0, Sles VY
odls HLas VY b j0 a5 jshiles aes o lis 1) kel
0,559, ool L Giamy gl 255 5 o aygly Conl 00l
aS Jo 0 aiS oo Jlin |y 095 a e polin 5l oe5n alBaus
B by slaz 5 Hlug Lol yad pou po (Audal S s,
el oo ooly HLad VF USS o Sl ol jo 5 il s
g Sl Glagi 9 S iz Lol o pgas e gy J S JUSs
el pie Sl el Sl eyl 9 alys
laal glsen S Gl JLSKw b golpains by, a0
u_s‘ )_"ef‘ oo lie )9_,4.».‘0 4 u_....:‘ aslo 00)5]).3 ‘) k5])'“5
b Y ey Jo s iaslS ol sl JS ) Sl
el 00 LS’L°"§))"

Sl yo (5o Sle ¥V Jgaz )0 (g5 55 =l (o5 amnlie gy
el 00 00)51 ij) 90 6”4}


https://marine-eng.ir/article-1-1208-en.html

[ Downloaded from marine-eng.ir on 2026-05-27 ]

2ol asle -4
OB g a4 Blee a5 s ool j0 e ly @ledlbl 5 olFuus 4565
S o o Sae | 56 saolFass Logy g candl

b0y Jue 5o 4,5 4 gl yol )by - ) Jou

[V9] gl g5 3 g
ooledo oyl
N.m Y jgome slily jo ,gilugls jgbeas MCY
N.m ool sbess M,
N Z g slisly 50 ,8loglS (59, FC
N adlr (59 Fg
N oSl (55,0 F,
kg e m
kg.m* il o |
yy
m/s 3 A% Lzl 0 per Job ey il u
X clae g gz
m/s 20 AN ozl 50 e (Job ey gl W
Y clase jyme coz
rad /s J97e e i, Bda) P dh3'9|). O q
alss alwg ( Y claise
rad alox a4l; a
m SISl ez 58 e alols X,
kg / m? Jws JE D
m2 &b ol Sfin
— aoly 4 Caad Ol s 4 atlly ol g o »

alo>

w5 52 9,5 (RMSE) s ila po (uSilso jix - ¥ Jguzr

o 49ly & alos a9l Jres Shey
o] 9508 FIYAVE SIS ks S
ofe YN LY .J-F¥IaY alfuis o Slos
& - F

1- Xu, H., Wang, C., Wei, Y. and Cao, W., (2023),
On the nonlinear hydrodynamic characteristic of a
ventilated supercavitating vehicle with high Froude
number, Ocean Engineering, Vol. 268, p.113457.
https://doi.org/10.1016/j.0ceaneng.2022.113457.

2- Daijin, L., Fengjie, L., Yazhen, S., Jianjun, D. and
Kai, L., (2020), A novel hydrodynamic layout of front
vertical rudders for maneuvering underwater
supercavitating vehicles, Ocean Engineering, Vol.
215, p.107894.
https://doi.org/10.1016/j.0ceaneng.2020.107894.

3- Li, Y., Wang, C., Wei, Y., Cao, W., Lu, J., Xia, S.
and Xu, H., (2023), On water-entry cavity evolution
models and maneuvering motion of supercavitating

Cavitator deflection angle
. T T

0.1
)
]
n
LI ]
0.05
| I ]
1 1 n
] [] [A)
! 1 1y
. or Vv, [ T
2 1y 1 1
= u 1 1
S ] [
-0.05 . s
ot
1|
Yo
i
01F -10
on J
0.15 | . . . 126694 | 26.695
0 5 10 15 20 25 30 35 40
time(s)
Thrust vector z component
150 T T T T T
Conventional
= = = Proposed
100 - A
1
n
[} I
50 N ll‘
1y ] v
— I 1
Z Y\l I\ 7 L\ o~ S
= 0F Samolol am—— W -
= | I,
1! 1,
1} |
L
-50 F v i
! i
! \
-100 ! ]
150 . . . . . . .
0 5 10 15 20 25 30 35 40

time(s)

S99 )9 L gls Byl s gl3) J 4 (sla 599,59 dums o -V Sl
(Ol y sy

G dii - O

by b s pe 09 4 pamie (JuS glagilly 51 (S dllie ool 5o
e il adom s (o) p g (plwlid Gornliglh pgm addis
Seelid an Spd g sl O 5l Gly &5 09 (s e Ll oo
A byoye slaciahd pac 55 colatul (giluand (o oo cdaliv
Ll 5 plgmm g5 agly 55 5 5 8longls Sladl anly o s
oo B0 e polss cikizee cJl dns il oads Lo Cilises (6 3ludpnds
pae o5 g Lol ials 8l oo 0 00 5 b sla pie alS
w9 an Sl a0 ileaned pglal il ool Ly Coalad
Ol edle il ools las 1) wilfus Jow 0,509, sl o Slos
Sl doe oo S5 6lp i 5)lse 4 s JpBST O alS
L a8 Cunl 00,5 bl allie ol 098 o0 Dgmne () crl Slogs 5 2
Ol D G 9 ,93tasls Slizsl aygly po (S slean e 850
Ol jladie S8l S 385 5 me (2bo 3,Shes 4 (g oo
S |y @oleininn () oilme @2 50n <85 5 Ce s s Ol e
g atox agly (23, 53 plp a5l i B S (ks S 4
a3 oo (LS e 4l &5

Lodld & w yiwd aily —F
9 o O o s UJ‘ slasl o.\.‘.‘fuw ‘_ngalo
il suilous QT slcagn


https://doi.org/10.1016/j.oceaneng.2022.113457
https://doi.org/10.1016/j.oceaneng.2020.107894
https://marine-eng.ir/article-1-1208-en.html

[ Downloaded from marine-eng.ir on 2026-05-27 ]

OYFAYE) VFF (FY) YV als s cwoige 4,85/ Shoen! Loz 3

engines. Journal of the Franklin Institute, Vol.
359(10), pp.4727-4750.

https://doi.org/10.1016/j.jfranklin.2022.05.001.

15-Panda, S.K. and Subudhi, B., (2022). A review on
robust and adaptive control schemes for
microgrid. Journal of Modern Power Systems and
Clean Energy, Vol. 11(4), pp.1027-1040.
https://doi.org/10.35833/MPCE.2021.000817.

16- Mokhtarzadeh H., Balas, G. and Arndt, R.,
(2012). Effect of cavitator on supercavitating vehicle
dynamics. IEEE Journal of Oceanic
Engineering, 37(2), pp.156-165.
https://doi.org/10.1109/JOE.2011.2177689.

\YF#

vehicle. Physics of Fluids, Vol.
https://doi.org/10.1063/5.0158099.

4- Zou, W., Liu, T., Shi, Y. and Wang, J., (2021).
Analysis of motion characteristics of a controllable
ventilated supercavitating vehicle under
accelerations. Journal of Fluids Engineering, Vol.
143(11), p.111204.
https://doi.org/10.1115/1.4051216.

5- Kamali, H.A., Erfanian, M.R. and Pasandidehfard,
M., (2024). Experimental and numerical analysis of
cavitator angle effects on artificial cavitation
characteristics under low ventilation coefficients,
with prediction using optimized random forest and
extreme gradient boosting models. Ocean
Engineering, Vol. 309, p.118446.
https://doi.org/10.1016/j.0ceaneng.2024.118446.

6- O’neill, J.P., (1954). Flow around bodies with
attached open cavities (No. E247).

7- Pham, D., Hong, J.W., Hilo, A.K. and Ahn, B.K,,
(2022). Numerical study of hot-gas ventilated
supercavitating flow. International Journal of Naval
Architecture and Ocean Engineering, Vol. 14,
p.100470.
https://doi.org/10.1016/j.ijnace.2022.10047.

8- Kamali, H.A., Pasandidehfard, M., and Kadivar,
E., (2024). Analyzing the influence of dimensions of
the body behind the cavitator on ventilated
cavitation.  Physics of  Fluids, Vol. 36,
https://doi.org/10.1063/5.0207797.

9- Mao, X. and Wang, Q., (2015). Adaptive control
design for a supercavitating vehicle model based on
fin force parameter estimation. Journal of Vibration
and Control, 21(6), pp.1220-1233.
https://doi.org/10.1177/1077546313496263.

10- Goel, A., (2005). Robust control of
supercavitating vehicles in the presence of dynamic
and uncertain cavity. University of Florida ProQuest
Dissertations & Theses, 3192387.

11- Yun-tao, H., Zhen, X., & Tao, B. (2020).
Predictive Control of Supercavitating Vehicle Based
on Time Delay Characteristics. Journal Huazhong
University of Science&Technology, Vol. 48(7), pp.
52-57.
https://doi.org/10.1109/ACCESS.2020.3046517.

12- Zou, W., Liu, T., & Shi, Y. (2021). Optimization
of the maximum range of supercavitating vehicles
based on a genetic algorithm. Ocean
Engineering, Vol. 239, 109892.
https://doi.org/10.1016/j.0ceaneng.2021.109892.

13- Li, Y., Wang, C., Wei, Y., Cao, W., Lu, J.,, Xia,
S., & Xu, H. (2023). On water-entry cavity evolution
models and maneuvering motion of supercavitating
vehicle. Physics of Fluids, Vol. 35(7).
https://doi.org/10.1063/5.0158099.

14- Du, X., Shi, Y., Yang, L.H. and Sun, X.M.,
(2022). A method of multiple model adaptive control
of affine systems and its application to aero-

35(7).



https://doi.org/10.1063/5.0158099
https://doi.org/10.1115/1.4051216
https://doi.org/10.1016/j.oceaneng.2024.118446
https://doi.org/10.1016/j.ijnaoe.2022.100470
https://doi.org/10.1063/5.0207797
https://doi.org/10.1177/1077546313496263
https://doi.org/10.1016/j.jfranklin.2022.05.001
https://marine-eng.ir/article-1-1208-en.html
http://www.tcpdf.org

