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Abstract

The purpose of this research is to study AUV (Autonomous Underwater Vehicle) depth control using a
nonlinear controller which is more adaptive and robust than existing linear controllers. For depth control of
AUV, nonlinear P controller is designed as pitch controller in the outer loop and nonlinear PD controller
is designed as pin controller in the inner loop. The parameter gains of each controllers are tuned through

RCGAs (Real-Coded Genetic Algorithms), one of the optimization techniques,

and ITAE (Integral of

Time-weighted Absolute Error) is used as an evaluation function. By using the proposed nonlinear
controller, depth control of AUV nonlinear model is performed through computer simulation. The designed
nonlinear controller shows satisfied performance for target depth tracking, continuous disturbance, and noise.
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<Table 1> The Notation for AUV

DOF Motion and rotation Forces & moments Linear & angular velocities Positions & angles
1 Motions in x-direction (Surge) X U T
2 Motions in y-direction (Sway) Y v y
3 Motions in z-direction (Heave) Z w z
4 Rotation about x-axis (Roll) K 10}
5 Rotation about y-axis (Pitch) M 0
6 Rotation about z-axis (Yaw) N W
Inertial or Earth-Fixed 75%”5‘}‘?4_ AUVE] 6X]—-,€|’—_‘,:_ T%%Oﬂ EH‘;‘J' H]/}jﬁé
Coordinate System %%Ho]—@}—\] (6) N (11)% oé__oe_ z,: %q AUV-O/]
Body-Fixed Coordinate 0 _ - —
System ’ Y SEURAe BTN AUVEHEA A
~ -
*_ e 93 SNAME 58 et}
(m = X,k mz q—my = Xgst Xyulu] e (6)
+ (Xurz_ m,)wq+ (er + mmg)(f
(X +m)7r+(X +mm(/)r2
Sway: v, ¥ myqpq*mqur+ prop
Pitch: g, M (m*Y{_)v*ngp+(ng*Y)rf g YL|L\L|1’| ........ (7)
Heave: w, Z Surge: u, X + Y, e |+myjr + (Y, —m)or
Yaw: r, N Roll: p, K +( Y“p+ m )wp+ ( qu mr(l)pq
+ Y“,uv+m1’,p tmzgr+ Y,su %,
[Fig. 1] Body-fixed and inertial coordinate (m = Z)irk muyp— (miayt Z,)q= Zyg e (8)
+ Z, ol W |lwl+ Z mq|q|+ (Z,,,ﬁrm)uq
o A]—‘%aﬂo]x\doﬂ;ﬂl‘f uﬂEg] _§‘_jl]_7}_ lil__l—)\(}jg‘}_x] ok +(Z m)szr(Z,p ma )rp+ Z,uw
N +,(+),,+Zuu5
5 AUVZE SdoldA HANTE AA F T el
= ‘__ - —mz,iv+ my,z'qu ([u.—A'-)i): K, ~+K“p|p| """"""" 9
e Eq’ﬁ]— Uﬂ HLAg ]-T: EJ/]'T: ITL}\] J‘-E]— —J(I;z_l]]w)qr+m(ug—bp)m " ©
« =ALREAC TS FHo Tl A mzg(wp=ur) + Ky,
t:,—l,q_ m .,]z (m;):g+]ll )1u+ ([ ]lf[)q Myg — ceeeeeeeeeee (10)
+]\[,‘u,‘u;lu:|+]l[q‘q‘q|q\ + (2 [w1_ ma,)uq
. S o zk71 y )
L, 1. 1.7V L, 1, Lc°| vla] vi-$ =z, + (M +mz,)op+ My — (I~ 1) ]rp
_ +mz,(vr —wq) + Myuw+ M,5u%,
y, ok Wi Avka spged 1, 1., 1. ! K
= S - o —m y(ﬁ+(mzl—M_)b+ (I:Z—N;)T: Nyt N, ,,v|v| e (11)
pyFel tie BYRAE, yFol e AR YNl Ny —maar
WE, zzF tist #AJEHEo|T) L., I, _(N (*”19” >1>L’P+[N (1,,— L.)]pq
_ myy(vr —wgq) + Nyuv+ N, u %5,
L2 x| digt AAEANE, yFo dist # .
. T= ] EH o Y= ] T’H }\] (6)8 }yqx](surge l‘“’“oﬂ Lq_e T’%%)Oﬂ Eula
AEHE ,= 3 YA HEo
ZRE, 2ol At Bd2=e) 5 A (O Ay, y39] HE 5
3zl RHES A= g AES o = _
C!J+ J.———E :?_ e} o]-L = [ Z‘] 7] O]- §_]__ , (8)“" O] H(heave Ztﬁ‘oﬂ u:]_% %% ]
52 B 1 X gk 2= 9)
g‘vx"l EgEH T; OX‘—I-—IZ—{OH Eq-B]- %ko] Eﬂia T _?l_fgl_ /_\‘, Al (9) (roll xjj_oﬂ ‘:H_‘:Sl' §] oﬂ _:le_
o]l sk A oArE 3 AL o] oo - =
:. ]1\_‘?0 aoﬂtﬁ; =0 ] :IL-J —?—_],é}’/g'(lo)_:)] ](pltch yE Oﬂ EHz?_ ]7‘(:]_ ]
ol = =] =]
H 2 E_ ‘310114—7]‘ W] Fof Akt Pre&itero(zoo}) 3t /L]’ (11)_C JJ_(yaW, 220 e ]7\(_ o
o wdE AL AUVE AAEesel tE g5 aen
LA Y | .
WAL AUVE 07 mREd dg 384



2. AUVe| M8 2SUEA

AUVE HAdE Aoz iy o] 4
2§ A8 eUEAsE 2 4 St
AEA o] s wA= AJAE u, w, ¢, 05
%Y, g8 BE &5 HES 007 AT
3 P 9 dEE st WA ALttt

(Prestero, 2001; Fossen, 1994). AUVS] Zlo] whgk
2o daiARE 1 E s 2
ol o] Wl AUVZE AAdElA dAst S5
olFstal dvtd, FAE #e o

AL slEel wA = AL w4

Ado] 171 W
o Z7he] &7t oeka AHgete] 1BEE S
S 2 (13), 4 (149 2o] heke] xAHL
(m*X;’){Hrmzq(-]*X“u*qu*Xgé‘:O """"""" (12)
(m— Z{‘,)z‘uf (m z,+ Z{-l)‘qf Zw
*(mUJqu)q:Z(idQ
ng{/— (m.T,_qu ]lfl‘”)fqu (Iw/_ ]l[q)q
— M+ (m z,U— ]Wq)q— My = M; o,
L [ +eeeeeeeeeee e (13)
(= g weereeee e (14)

ok 4 (eI FAFY 27 e 24E
of vlmate] w¢ Frkn g, 4 (5% 2
o] WAZ F|Bg} AAE FeAA 5 ek

(m—=Z)w— (ma,+ Z,) ¢ Zw
—(mU+ Z,l)q: 756,
— (mq +]l[ )w+( ' ]lff;l)q* M aw

+ (ma,U— M,)q— My = M;$,

A 3), A (4), 4 (19T AH8e] A
Aoz el 2 (163 o] tehd 5 gtk

Ma— Gy = D rwerereereressesesesessisstn st (16)
m—Z, (ma,+Z)00
M= *(mngr AJA_) 1, — Ui] 00
0 0 10
0 0 01
Zy wtZ, 0 0 z;
c= M, —mzu+M, 0 M, D= M;
1 0 0 -U 0
0 1 0 0 0
AN,z [w g 2 017 AEUEAL, w
L e
= SEE L, v yF IALEE

A (162 GikAel A whA 4 (17)
2 Yepd = Aot
2 = Az+ Bu e, 17)
A=M1C;, B=M"'D

A , M, VI,
N V7= T -9, |7
Sl= | Aw M w Mo+ | L [5,] oo (18)
0 0 0 - U 9
10 0 0

M. A=Ho{Z H|ME PDH|7]
A7 & mefo|e &3
1. Al
[Fig. 219} #o] AUVY A EA1E $8] NPID
Aoj7)e] st AAS stk UlF-A o)A AElQl
A7 ZE A (19)¢] H4E PDAO7]E AHE
SR, QFA A AEIQL FX AN TR 2
0)°] B]AF PAlo]7]E ALEEFTHLee et al.,

EXH[0{&E H|ME PDHM|017] &

2015).
5,(s)
65(5) ,K ((9)+B (6,9 fg)S ............... (19)
= Kpgp(ey)JrK[qu(eﬂ,e(,)s
o, 1
!},,(eg) =1 P (Cpey)ﬁ
1 .
1*m »egey>0

gd(ﬁ’rgv eg) =
, elsewhere

7|4, 6= HIAE PDAC]7]S] oM
A9 {7 Eola, e, WY 37 9,9 FA
2b 9o eAatgkoltt. K= AA0]7]8 Bl Ao



o5l K= WA}/ S nlio| 5ot
de:; g AL @ X () IR (20)
g’((’,z):1— a +((=,(’ )6

A7NA, e v HAELA Z—2z011, 6,5 HlA
@ PAlo7]e EH o= vA 9 JHzton, K

= A A0} 7]§ Bl Aofo] 5ot
](p(ey), K{(eeaég), fg(ez) —?—X}‘ 5’9’1' —27(]'
WShE el dist v A TFEN Ao 5ol

B WAL dols i AAl o}
of WA AAH, vleERe] UR AXA o
W e AClZ st owWfEs} WA,

&g Sla

M
olo
zf

27k 2 W delSE 443 AL Aest 9
ohosw g e F oA 4L
WeE 2 wdels ke fASE oxte 9
of AAA el WFel Yol /b Ym, Et
$ol mebd BergHa S ek old A
oAl ueb

al, v 2 @ x7f ()o]xﬂ a}shgt (1-

RCGA with ITAE 4+——

A& PDAIEAO]

A Segtow +9% we) A7) o ikl
wheh e,

NAE BREELS 9o WEET vRoS
of BlalaA AR T, Ml AW FHw
ol AXA B AL vlel A AFE AA
Atk A4 Aol717E Bk Bl AEol A
A7 Hd ewErst w8d 5 ok 1ey

EX Alo]EHE A

&
ﬂr” 0}74] &8d

oﬂ %1—% B & AlEol AEnF wEel5e] A
NE WAT F Atk K FU0lS, g,lepe)
= WS a (=) 0 2 MY
Folth MARRF g (epe,) T 07} 14}]
9 e ZeTh

2. H|M& PDX|0{7|e| m2folg| F=X

[Fig. 2] RCGAsE ©]-&3to] AAo7]1 v
PDA0]7], T2 Ao]7]Q1 v]AE PA|o]7]€] o]
K (ey), Kyleg.e,), K (e,) 5 HHA0R Fx3
drh Ao7] gy w2l BAEE i
aﬂﬂﬁ} TAE 7] 918 AFR-E= RCGAs
FAYE ALToZH RCGAs? FAMAE= Al
716l AHEE= 9789 sebvlElE AR T}
A Aok g, Ad o A ol £

e, >

__%m*—hé_lm ot

environmental
disturbance

-P‘\'

/ i )
Z, e, ) 9 )
Sw K/(ez) — O

d
- - . 63 ++ H
> Hseg) =Ky (en 65) [0 Go

G

nonligkar P controller
v

nonlinear PD controllet s |
——

plant plant

gengornoise [t
+ Ty

Sensor noige

[Fig. 2] Depth Plane Control System Block Diagram with RCGAs

- 953 -



|-2<§_7|- i

=

I RS ARE JrkE Bl AREE, Ads
= ASAFEHEH)EYE AR B
=

oA 2 2D)E] AR A 2 A4 5 (ITAE
: Integral of the Time-weighted Absolute Error) 73
SATE 1ygth

AtA o7 Ay A4 ISE(Integral of the
Square Error)= 3llAo] §olsto] A A|o7] A
A wol A o] &HY exrt & W & HA
= A ve AL HiEs T 29E 26
HAel| FZolA Aol wste] Eitetty
A Qx4 1AE(Integral of the Absolute Error)

T A9 Auarie AFoEA oy 59
Label #5% WHE Fojdhs adE FEE

ISERTH b ZHE 2 UEhITh ITAES 44174
gl hal WHE Fe e v%fi dk=
O % JAEY ISERU A4 © wHEeo] glo
o] A Haghe AlxE] F%E‘rﬂllﬂ—‘é%ol E‘ié}
= Al 248 9 & Adojd = lthAhn et al,
2018; Kim et al., 2007).

‘/t\e
0

A71N v K] RE WA RAA0N7]
PuiEz FHEE Relw, u=[K,. k)e R
B8 WAle)7] vl 2 wza% #Ejo] .
e./= AAA ) %9

el o
AR gkol FAE 5 UL
q

\+\€9(U t)\)d ..................... (21)

= T =
T12]3 RCGAs? BAA S-S O] ] BERRE:
2 A D& (linear scaling)S A3+ a1, o] Al th

o HAMNAE AEANTNZ] AT A2 E FE(elitism)
S AHE3FATHARN et al., 2007).

V. Zojale I AE

mj2fo|g

=Rl Ao *oJ AUVY AmAo]7] A
g & (6) ~

1. 2| E H|O[E{=t H0{7]
B

1.

(i o=
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Aoj7] depue F4& $gk RCGAse] Alojw
F2 A A7 30, A AFE 1.82 A
$3h= ool AR A AL, e EHEo] 95%:9]
TR, =AWl FEo] 20%2 FA=A
Hol g AEsgitt

<Table 2> Parameters of Non-linear AUV model

Parameter ~ Value Unit Description
I, 0.1769 kg.m? Inertia Moment
1, 3.4500 kg.m? Inertia Moment
I, 3.4500 kg.m? Inertia Moment
K, -0.0707  kg.m*/rad Added Mass
K| -0.1304  kg.m?*/rad® Rolling Resistance
K, -0.5428 N.m Propeller Torque
m 30.4695 kg Vehicle Weight
M, -4.8786  kg.m*/rad Added Mass
My, -1.8792  kg.m*/rad’ Cross-flow Drag
M, 4.86455  kg.m*/rad®> Added Mass Cross Term
Added Mass Cross Term
M, -2.0018  kg.m/rad and Fin Lift
M,,; -6.1538 kg/rad Fin Lift Moment
Body and Fin Lift and
M, — 23.9666 kg Mok Momant
M, -1.9261  kg.m/rad Added Mass Cross Term
M, -1.9261 kg.m Added Mass
Myl 3.1803 kg Cross-flow Drag
N, -4.8645  kg.m*/rad®> Added Mass Cross-term
N, -4.8786  kg.m*/rad Added Mass
Nyw -93.9599  kg.m?/rad® Cross-flow Drag

Added Mass Cross Term

N, -2.0018  kg.m/rad and Fin Lift

N, -6.1538 kg/rad Fin Lift Moment
Body and Fin Lift and

N, = 239666 kg Lunk Mot

N, 1.9261 kg.m Added Mass

Nyl -3.1803 kg Cross-flow Drag

Ny -1.9261  kg.m/rad Added Mass Cross Term

T, 0 m Gravity Center

X0 3.8604 N Propeller Thrust

X, -1.9261  kg.m/rad  Added Mass Cross-term

X, -1.9261  kg.m/rad  Added Mass Cross-term

X, -0.9301 kg Added Mass

Xl -1.6214 kg/m Cross-flow Drag
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X, 355177  kg/rad  Added Mass Cross-term 2. H|ME PDAM|O{Z7|E o|&st H|ME AUV
X -35.5177 kg/rad Added Mass Cross-term Ellél 9_[ ADI_I‘:_X-HO-I
Y, 0 m Gravity Center )
Y, 19261 kgm/rad Added Mass Cross-term Prestero(2001)7} =AM S Fall Albet A
Y, 1.9261 kg.m/rad Added Mass 0‘17]9]- T l'l—‘%oﬂ/\i X‘“ —(_:T]' ]}ﬂséﬂ 0%7]%
Y, 0.6319  kg.m/rad® Cross-flow Drag AUV BAERde Agste] 7 AP n| st
Added Mass Cross Term
Yo 5.2237 kg/rad and Fin Lift D}‘
Y 9.6413  kg/(m.rad) Fin Lift Force 1) BT 3t HHH =%
Ve o 286041 g/m o0 Lt Foree and Fin 2) FHeiel ] A&Hel vlojojx Fejo| o
i
1
Y, 355177 kg Added Mass A7k ol
Yool -1.3109 kg/m Cross-flow Drag 3) e A A &2AQ1 nloloj A FE|Y 1
Yo 35.5177 kg/rad Added Mass Cross-term j(] 7} g] 2
P — R AP
2 -1. g.m/ra ed Mass o7 ALl wlolo]s Heo Sola}
Zy -0.6319  kg.m/rad’ Cross-flow Drag 1714 15298l mpolelz eje] - gfstolsd
Z,, 1.9261 kg/rad Added Mass Cross-term AUVZ} Zpdhs Fo ol E%-o oF
Z, 5237 kg/rad Addedaxa;?nci?fsts-tm @7 Wslel ofsl Ax7te] Wet Sl B4 S
o oFst H|AY o) /\-].‘:;_Q_ oko
Zys. 96413 kg/(m.rad) Fin Lift Force It Xﬂg | 141017 19 FF45S doh]
z 286041 Ko/ Body Lift Force and Fin sl HRAEE 0 ]/\1 -10[m] = A A ZA T
ww 40, g/m Lift T 7}+2] Z%BSH.L‘_:_ i:))s[o g x)zte] HEHoL-
Z,, -35.5177  kg/rad Added Mass Cross-term bel 23 -
£15[°1= Algtel= E3sb)7F Ax gy =7
Z. 355177 kg Added Mass . [ Aetsl ° 7PE A s 2]
Zlul -1.3109 kg/m Cross-flow Drag JH u 154[m/s](—, 3[knots]), ¢L —00873[rad]°]
v YA Z] v, w, p, ¢ 7, 0, h= 0°]Tk
u] 9] SetulE BPS BAEy] os BT 7h B el dish AR FEA] o
7H& -80<K <80, 0.01<7,<10, -10<K <10, 0.1<a, [Fig. 3]°1M  Algt®l  wlds  pDAo|7] 9}
' o] M3 A Fols
<50, 0.1<c,<50, 0.1<a;<50, 0.1<¢,<50, 0.1<a,<50, Prestero(2001)2] A3 PDAo]7)= A9 =A%
= = _1_——_0 e L=
0.1<c <50 % AAsEC} FF deS ol ok F Aoy BF A
A} Qx i AT g 2~ gl
o) W 2719 AUV S ol A9 4 %lf* e o-96m]el 7R
X AS = >
= AE ZFo)7] Yo wE SHEAES Hola,
]S BTG, <Table 8] A7) SheeITIE b Zol] H | WhE SEASE moln
5 Ao TdetA HH ex7p o] 7] wjEe
& Prestero(2001)7F A|AISE SHjx el o] A7 e i} ‘
_ _ A7) olS3ks skl AAA FZolA Ao
3 Za B Aol RCGAsoll o8 TxE Ay
gae 34 490 QES B3 Tk [Fie
= vehd R0l ool
4= BHE PpAI}Y] shebulElzl ejel whet
3ty = AS HoFE,
<Table 3> Parameters of Non-linear Controllers 3H ah ()
gain K, T, K, a, C ay ¢y a, c,
Proposed -42.579 0.114 -1.085 24.34 48.282 13.152 36.296 33.257 33.382
Prestero T. -10.345 0.210 -0.772
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