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Design of Robust Finite-Time Nonlinear Controllers for a 6-
DOF Autonomous Underwater Vehicle for Path Tracking
Objective

Ali Abooee, Mehran Eslami NosratAbadi, and Mohammad Haeri

Abstract: In this paper, kinematic and dynamic equations of a 6-DOF (Degree Of Freedom) autonomous
underwater vehicle (6-DOF AUV) are introduced and described completely. By developing the nonsingular
terminal sliding mode control method, three separate groups of control inputs are proposed for the autonomous
underwater vehicle subjected to uncertainties including parametric uncertainties, unmodeled dynamics, and
unknown disturbances from ocean. All classes of suggested inputs are able to steer the mentioned underwater
vehicle to the desired path within finite times. For all of them, innovative nonlinear sliding surfaces are defined
possessing several optional parameters. The global finite-time stability is proven for the closed-loop system of the
aforementioned underwater vehicle injected by each class of proposed inputs. More, three applicable inequalities
are derived to determine the convergence finite times related to suggested inputs. Obtained inequalities reveal that
the mentioned finite times are dependent on initial conditions and optional parameters of control inputs. Finally,
three suggested inputs are separately simulated on the Naval Postgraduate School Autonomous Underwater
Vehicle Il (NPS AUV II). Simulation results illustrate that all proposed inputs can fulfill the trajectory tracking
objective for the NPS AUV Il properly.
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Keywords: 6-DOF autonomous underwater vehicle (6-DOF AUV), Robust finite-time tracking, Nonsingular
terminal sliding mode control, sliding mode dynamic (sliding motion), NPS AUV II.
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1 Autonomous underwater vehicle
2 Thruster

3 Backstepping method

4 Sliding mode control

5 Uncertainties
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0,and 22— 2> 1, withj = 1,2, 6.
9 U

,§;>0, and y; >0, withj=1,2,--,60<y <1

and¢; >0, and p; > 0, withj =1,2,-,6
L =1-(Q3)" Y and Q, =1+ (Q3)710; > 1

,§;>0, andp; >0, withj=1,2,--,60<y <1

Stmlme

sl

33T s 2

(Y0) akayl,

ey

.5:1)74‘>J>ui.i,$_\i)>x)‘&lig);}»&:>'bn)}T}:)}l&;u\f5;%&#5&5:})}‘5)'&:&:1)!@Pﬁgu}Jg.‘»

Gk 3 IS 63055 S S ABL o sl 5 55 5 &Sl ol
5S> SVolee 353 e Jlasl (2453 25 s 0 Shas S22 )
(¥9) 5 (10) slaakal, L lass (NPS AUV I b3 5 (Slei
3335 9n S 6l el )l g3de slie OF Jads L5 S o Lo s
1 NPS AUV I b 53,05 4 Glate Mpp o pm (oo 2] s jile
Sl My ok S50 oo oy ile (V0) ey b Gollae i o OLE
NelS™ 0T 31 aslys YY & ol 4,3 Y5 (s1,ls NPS AUV 1T o3 5
ilae Ko alys VFLilodts 63,57 (BF) alasly 53 oty pl so3 5 i

g oo Awlows (FF) alasfy L

GAT SB_Edy Silaws @B -1
NPS AUV I ob o g3 Jw 89 2 gs.:lg.’.&%
Gokd amlis HUys 5 Jbe Sl agsleas ¢l cdlas ol s
Naval Postgraduate School Autonomous Underwater Vehicle Il
pU L [50-9V] Calime e 53 obya 5 cal 4T 538 s eslinad

Slblas 5 SYGs LI s 348 e atlis NPS AUV I (g jlass|
&S Olge 4 (NPS AUV T ol3T am s 2i bys s o aash
e gty SRS by leass Gl Sbil S
NPS AUV 115U 3 5 ool 48,5 15 osliwl 5590 b obys 5

[65-67] NPS AUV Il U 55,55 4 slate Mg s 5l 53 55 30 (S5 sl ey (g palie X J gl

S el 3o palie S el 3o pslie
m 5454.54(kg) L, 13587(N.m.s?)
X 0.0(m) 1, 13587(N.m.s?)
Y 0.0(m) Iy -13.58 (N.m.s?)
Zg 0.061(m) Iy, -13.58 (N.m.s?)
I 2038(N.m.s?) Ly -13.58 (N.m.s?)
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e 135 55kt 4 35T w3 JEE 2L)3 05 g el 3 sdomem Do) (o b SlaeiSTI ST b (R4
A domma 5 LT i (ol Ol sgn Sl S
X, = 05pL°%, (Y5 = 05pL"%; gagu-gut ey deg-dep 4
Y, = 0.5013%, ,{ Y; = 0.5pL*Y, N an
_ 37 _ 47 ) Ky =K, =My =M, =N, =N;, =0
Zy =05pL°Z; \Zq=05pL*Z, Ny = 0.5pL5Ni, A6 Kg=My,=M;=N;=0
K, = 0.5pL*K, (Kp=0.5pL°K; |N; = 0.5pL5N; Lo .
. . KW T Jgd 55 (PF) kol b el b (gade pslia
N, = 0.5pL*N, ,] K, = 0.5pL5K, R STIRQUIEE 20 03 S e G LE e

M, = 0.5pL*M,, (M, = 0.5pL°M,

oAl 3NPSAUVIE S ys 5l cf oY slad g 4o o5 Lo

g o e (P7) 5 (P0) Sladlaly ous p 5 4 My s Mg

[65-67INPS AUV 11 LU 53 5 4 3late My s 5o 53 552 50 (S5 50 b el 6348 5lae F Jgum

S L e ol S L @3 ol
L 5.3(m) % 1.2*10°
p 1000(kg.m"?) Ny 1.2*10%
Xy -7.6*10°% M, -6.8%10°
Y, -5.5%107 Ky -1*10°
Zg -2.4*10* K; -3.4*10°
v, 1.2%10* M, -1.7%10?
Y 1.2*10°% Ny -3.4*10°
Z4 -6.8*10° Ny -3.4*10°
. . . T 565733 0 0 0 0 0
- . - ‘
Mg S e 5l 53 3508 4 (S sl el & T o 40901 0 47343 0 —47343]
. . i ela el L - _lo 0 17865 0 26828 0
5 Crp(V) Sl il 55 o3limul 5550 (S5 sla izl Olan My M, o e 0 2091 0 709%2| (10)
. . . e 0 0 26828 0 35547 0
02 4 NPS AUV 2ho225 6l el 99 0a) e G4(0) Lo 47343 0 710932 0 710931
L gl g aS (PA) 5 (BV) ladayl ) g5ue B
la ol 3 lace oka p,q,r UV, S,
sl 5 o lace par s SR 54545 0 0 0 3327 0
@ Jgdor sl o b 4y Slaazbus oS 53 0dd O 2by5 5 0 54545 0 -3327 0 0
e =T My =| © 0 545454 0 0
Lol a dee D (¥ D slo 95 5 cla el y b uolie 0 —332.73 0 2038 13.6 13.6
2022 4 e Da@) 5 D o e 92 (S5 Lol 3327 0 0 136 13587 136
a1 NPS AUV 11 0 0 0 13.6 13.6 13587
)
0 0 0 332.7269r 5454.54w —5454.54v
0 0 0 —5454.54w 332.7269r 5454.54u
0 0 0 545454y —332.7269p  —5454.54u — 3327269 q 0 V)
—332.7269r 5454.54w —5454.54v + 332.7269 p 0 13.58p +13.58q + 13587r —13.58p — 13587q — 13.58r
—5454540 3327269 5454.54u+3327269q —13.58p — 13.58q — 13587~ 0 2038p + 13.58¢ + 13.58r
5454.54v —5454.54u 0 13.58p +13587q + 13.58r —2038p — 13.58q — 13.58r 0
[65-67]NPS AUV Il b5 55 Dp(1) 5Dy s 5l 93 33552 30 éj:s Sl bl gsde yolae b Jgd
sl 2l ©3de ol Sl al @dde pslia
X, 0.0 (Kgs) T ~30.9 (kg/m)
Y, -1404.5 (kg/s) Yol -206.5 (kg/m)
Zy -4213 5 (kgls) e -338.1 (kg/m)
M, -14045.05 (kg.m/s) Mqiq) -214.66 (kg.m)
N, -6312.38 (kg.m/s) Nyl -346.26 (kg.m)
K, -4339.76 (kg.m/s) Kolpl 0.0 (kg.m)

ﬁDO w;‘.ﬁ EE (NPS AUV II &L{ﬁ).}ﬁ) Ls‘jf 0 J‘g-\? ¢.>j5L'

[65-67] NPS AUV Il b 55 555 4 5laze G(17) s 5o )3 355 50 éﬁs T LY B PR AP U PRES

S el @3de polae S el $3de ki
w 53.4(kN) B 53.4(kN)
Xg 0.0(m) Vg 0.0(m)
Yo 0.0(m) zg 0.0(m)
7 0.061(m)
Xg 0.0(m)
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daly s 4 Tais ER® Golap el 5 dagSleand (e o
o 6LSINPS AUV I ob s 5 Jde & 5 ols 4 S Lasys (VF)
03,31 p 15N Lo (V) daly (gyls 54 el S5 0L
Sl e
Ny =1[xq Y4 za $a 04 WY4l" =
nt

T
=[40cos(0.02rrt) —40sin(0.02t) -3 0 0 E]

n(0) =[x(0) y(0) z(0) ¢(0) 6(0) H(O)]" = vY)

T T mT
=[4 -25 0 Z - -T

7(0) = [x(0) y(0) 2(0) ¢(0) 6(0) P(O)I
=0 0 0 00 0

0.1sin(4mnt)
0.3sin(57t)
lo.15sin(6mt)]

3
[ 0.2sin(mt)
|0.1551n(2nt)
Ty = 0.17(6) + 0.157(t) + |0'2551n(3”t)

| vv)

swebop s YL OIS o 4 slaal 3 (W) daly 4 a5 L

axs x(IL 17D = 0.1lnll + 0.150Inll + 1.15 ¢ 3 4 )by
Gl o JS5 8N ide 5 aw 1 cllie I tde opl 33 8 e
Joe s 3l I ST Glass 555 s au 3 (SSeid 25 a3 oS
.b}.&&a ab)jT U\S)L"‘L,w:' cl:.vj ol d\.«&\ NPS AUV “ &L_JJ}!‘)
sy 3l s o oS dias e O Bl (Sluacd
CadE 5 an 1HNPS AUV I Lo 5 a8 8,36 cgalgidy J 287
BE U‘N‘g .\.’JLwﬁ vY) c\.]aa.b J.]aa 398 gaes 4 (639w OLA} Ode
@ e luans j3 oS Cl S3a SRR CS oy o) Slal
opl g odd eslanal (2 arctan(100s)) cl: Sl (sign(s)) s cl: sl
A Gl (ool o b oS o ey o 0 8 ol o Sl
Cn e Sl elade an b g (o5 ml sl 4 o laand s ol
Lo S eslizul %arctan(lOOs) &b o Cdle b gy U
85 6 sl o 555 0y clagsilaans s3 0 S5 0 Kl
Lol ol oy i dy oy 1 675 S Losl 015 o Uhe 5 il 2alS™
Cadle s Olea Sl s glranss bl js 8 Cuwl S5 oLl

RS PR v |

G B 2359 3 9l G4 Silwams S 1)
S9u-Olo) (U Sy e S 5

s () 5 () Lty b illas J 287 slasas)s 5 Iyl s
s palie oV o L yd o JLeINPS AUV L b s 5 40 50l
s S Ga6355s 53 3 se G| Sl g1y oks 3 S
b s e (sla it Sloj lagealy o S5 das e 0L ) U

0 0 0 -A, A,
0 0 0o 4, 0 —A
0 0 0o -4, A 0
CGa=lo - 2, 0 - A
A, 0 A A, 0 —A
-5, A, 0 A, A, O
A, = —565.7326u W
(AZ = —4094.1v + 47.3429p + 473.4289r
A, = —17865w — 2682.8q
A, = 47.3429v — 2091p — 71.0932r
A, = —2682.8w — 35547q
A, = 473.4289v — 71.0932p — 7109.3r
2
[0 0 0 0 0 0 1
0 —1404.5 0 0 0 0
D — 0 0 —4213.5 0 0 0 |
°~lo 0 0 —4339.8 0 o I
lO 0 0 0 —14045.05 0 J
0 0 0 0 0 —6312.4
\q)
5
[~309ul 0 0 0 0 0
| o —206.5|v| 0 0 0 0|
D. = 0 0 —3381|w| O 0 0
n- 0 0 0 0 0 0
0 0 0 0 —214.7|q] 0
0 0 0 0 0 —3463|r|
V)

G Gl GO sy 55 dsrse 3de bl F Jgus
S Jsde 8 8 Liys b das e 0L I NPS AUV T oL 5
Bsb Jole (V) daly o3 o NPS AUV I oU s 5 sl G()
Dy €4(V) Cpp(V) My Mpp sls s 5l zbls 5Ll js L cpl ol
b oo ((Soals 5 (SSlein) (o 5 el Jie (G() 5 Dy (v)
b5 (YD) alaly 3l o3lizwl LNPS AUV I (63137 4 p3 Jid obys 05

Ll (s 5

0

0

_ 0
GO = 3257.4sin¢ cos @ v

3257.4sin6
0

N Ple 5 S sanms Lo 55 cllie 1 b a5 e slagSluand ples

33 3 pn il s S¥slas o (51 5 ol 0 plnil MATLAB

ol ) lapl LGS 0, 8 s de

I <P P S W SU PRGN PR E D" 4
ok S5 (VY) 3 s NPS AUV I 53 55 s a5l Jal 5

(IS S0 3 sl aes 53 3 o e 5L (la ol (6l (S5l 53 ks Sl 3de y0lie Y s

A s 53 5 ge SOl Sla el

SAS S 03 3 s ol gla bl

Jsl azws 111 = l12 = 113 = 114 = l15 = 115 =3

Ly =y =l =1y =L =1, =12

1 =6=8G=8=5=¢5=1y=01
Mo =y =3 =iy = s = g = 1

! Runge-Kutta
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(NM) 2005 55 a5 5228 oled domly a8 ol S73 0L LS s o Ol
el

G SBS3959 Il Paw SUwd Silwdnd gl 1T
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A5 (OF) 5 (OY) Lty b Gllas J S sy ) p o 4
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y (t) and y, (t) (m) X (t) and x, (t) (m)

z(t) and z, (t) (m)

e 235 55kt 4 35T 53 BB L35 6l pslae 3 domemOlej ot 8 glaeiST ST 1 b

L;;BMJL;:QTQ,A@}L»\Q\#%;){I&

D3 et sl SadOle) e Sags (b (O o3
S Sy s Sltas EalST hte 4 glasl) 5 s glls
—0l) e sl Slnian s Gl 818 (b (D) (b s

sdzes DUl 5 slys s dbe sla samsl YL OLST ol 3 5doee

wb02 25 Sl @t 3 g0l (ML

T T T = 05 T T T
40 (a) x (t) generated by first method i (d) —— ¢ (t) generated by first method
20 M = X, (t)=40 c0s(0.02t) (m) £ e @ () = 0 (rad)
0F {1 <« 0
2
-20f 4 =
-40 r r r I r r I ; -05 r r r L r r r
T T T T T T T T T T T T T T
o ® T g o
ol = (e) — 0(t) generated by first method
’ —— y (t) generated by first method ;:u e ) (t) =0 (rad)
""""" =, 1 ° - H -
ol y, (t)=40'5in(0.02xt) (m) 2 05
g
20 b L r r L L L L 1 - I I L I I I L
0 — ‘ — : \ ib : : : ‘ ‘ ‘ ‘
(c) z (t) generated by first method § sl ) — y (t) generated by first method
-1r s 2, (£)=-3(m) i £ ey (1) = (r1/15 ) (rad)
2F H e 6
S g i
o
Y/ s 2 |
4+ g i 0 ke, i
_5 r L L I L L I _2 L L L L L L L
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Time (sec) Time (sec)

(b)) g (t) sx(t) Sl slgal (@) ods b IS s, sl aws Gdsl Jasl UINPS AUV T LU 55 555 o#3ls 55l s sla e o) Slagat ¥ J§.~
Pa(t) s(t) Sl slagenls 1) B (1) 50() o slagenls 1€) P (t) 5 P(E) 5o slagemls () 2a (1) 52(8) S5 Slagly 1©) Yo () 5¥(8) Sbj slagly

x10*

@

o

c

30

c

35

r r

r r r r r

25 30 35 40 0 5 10

r

15

L
20
Time (sec)

r

25

I

20
Time (sec)
() F, () Sl gl (C) Fy (b)) Sl &l «b) Fx () Sl el (@ NPS AUV I b5 55 4 0 Jsl T(E) gl arws J 287 o gy Sl slagal ¥ e

Tn(t) S sl (B ay ) s Gl 1(8) T (£) Sl ey

o
o b

10 15
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X (t) and x, (t) ()

y (t) and y, (t) (m)

z(t) andz (t) (m)

3 T 3 05 T T T
40 @ x (t) generated by second method = (d) | — ¢(t) generated by second method
2 X, (1) = 40 c05(0.027 1) (m) g \ ----------- ¢, (©) =0 (rad)
0 e 0
s
-20 e
S
40 . ¢ . . ¢ . ¢ 05 ¢ c ¢ c ¢ c ¢
20F v v 20) T v T T I T T o) T T T T
g 0
200 —y (t) generated by second method [] gn
ok Yq (t) =40 sin(0.02x t) (m) E 05k 4 (t) generated by second method
; ............ 0,(t)=0 (rad)
-20 i Y
; ; : : ; : ; -1 : : : : : : t
0 . . . 10 . . o . . . .
(c) z (t) generated by second method 5 gl ®
akN 2,(0)=-3 (m) oL
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2r TS 4L
h=}
-3 s 2l — y (t) generated by second method
4 1 T op sy (1) = (mt/15) (rad) Y
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