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Optimal equivalent compensation trajectory tracking control for
underactuated underwater robots

LI Ya~xin', LIU Li-xiao, WANG Yu
(School of Electrical Engineering and Information, Southwest Petroleum University, Chengdu 610500, China)

Abstract: Towards the underactuated underwater robot, an optimal equivalent compensation control method is proposed
with considerations of inherent characteristics of the Coanda-effect vectored thruster, such as actuator saturation and
vectored moment coupling. Specifically, a sliding mode controller is designed based on trajectory tracking errors, and
then radial basis function networks as well as extended state observers are built to estimate and compensate the actuator
saturation and external disturbance. Then, the proposed method formulates the cost function in terms of underwater
robot’s recursive state deviation by means of the discrete dynamic equation. The equivalent moment can be obtained
in the thruster reachable set such that the minimum of the cost function is achieved. The obtained equivalent moment
not only satisfies vectored moment coupling of the thruster, but also can eliminate the disturbance for the underactuated
robot effectively. It is proved that the proposed control method is asymptotically stable according to the Lyapunov theory.
Simulation results also indicate the effectiveness and robustness of the control method when the underwater robot conducts
trajectory tracking tasks.
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Sy (k) 2AF T, i RPIRAS 20 5 in T BARR A,
BISE(k + 1) — S¥e(k + 1), W B AT LUA XA
GRS B TS (k) 94w iR stz ). B ) & m] 4k
N, NBCERHE IR T h FH— W 7, M7, H
I ETS (k), 15 S5 (k+1) — Si¥e(k+1), BPgE LA
G EIRZE ASy (k+1) = So(k+1) — S(k +1)
9 E R I g e 47 i )

min Ck(|ASV(k+ 1));

LS RSP #4143 3 11 300 Rl 7720 A 1F N REIA
RN HE I 2 1R SEBRAHE ) IR 86 T, WA R Eh
CL(lASy(k+1))) = > cvASE(k+1). (39)

V=u,v,r

Hle, = 1,¢, = 10,¢, = 2. AITHESHEEN, /]
E%%ﬁ% 53 555 FHAER CL(JASy (k + 1)]) B/
LWV ETE (k). 5 UMz I A1 & T (k) /1

b, R AFAE R 22 AT LAd N AT (k), R 34

AT =T% — T = 75 — 7 =
%%—(Tv—l-A’TA'v—F’TA'VD). (36)
SERRIEHER T RN N

Tu = may[—ki|s1]|" sgn(sy) + taux — A1ue] —

Mo2UT + d11u — ATu — Afu — 7A'uD,
M2271133

=22 [ — ko so|**sgn(s2)—
Ma2Uaux — M11U

(= ) (or) - 1]

AT, — AT, — 7.p,

(37)
N E}:‘
o - (MasUau — m11u) [(m11 — maz)uv — dazr]—
M221M33
muur + Tuaux - @ - >\2’0aux_
Maz

d d

(Az B £> (@ i £U> (38)
Mag/ \ Moo Ma2

L5 EPTR, X PAT SRR REHE RS AR
BT AT AU R B 47 ) W] WA O HE ] 3.

Ty (k)
e oo | gy | et R T (k)
— T > e LD
S e
T.(k)
P— b RBFRIZHME | ik 3
AUVinfo I?(l/g CuAS,(k+DD)
‘ o »
T A7, AT, P jjﬂjai s.t. (0. T()ET
AUVinfo s ~
(xwyd) :‘;‘5‘. " 2 ?Ejj%’]’ \&:; lﬁ
I~ 7,(1),7(1)
B3 ShEssss)
3 ARSI 5y = (m”:j:“"n_l M) (4 Ay 4 ) + 2. (39)
BB 25, R 7 s Ror e s
" R DR B L S RAME A ) 7 VR I B A Fe e 1, 7%

. 1
51 = ——|[masvr — dyju+ (7 + A7y + Tup) |+
mii

AMlUe — Uaux s

LS4 Lyapunov ERECNV = Vi + Vo + Vao. XFH
BEAT SR T 5 RN B 4 (8) #HHil4H (37) & RBF
W % [ S (25), 19 3
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V = ko (28)° /P — ky (yE)? /e P + 51 /mas (€0 + £up) — ka]s1|* Fsgn(s1) +

Py

P

1 d ,
(Moo — M11u)S2(er + €,p)/ (Maamss) + Szmi ()\2 - m722>5vD — kols2|* +1sgn(32) -
22

S1 M22Uaux — M11U
[*ATM 4 M2olax — M1t
mi Mo2Mm33

SQATT:| .

P4

B A0 A g G R N 45 25 ) R 8 R A AE i 2
ATy fE#330(33) H YR — I ZDIR S B0 ™ A 22
ASy(k+ 1), HILAE AT, W (40)H Py N

S1 dn
Py =AS,———
M1l g myq te—1
Mo2Uaux — M11U ds3
AS,. s T . 41)
M221M33 e mag o1

T @) dredt a3 R IT, et ~
Ats + o(At,) ~ At LR @D FAEAFE XK R

AS’U, ux
o

miu\ AS,
|P4|<’ t - )

82‘ =
ts

s mag

Ma2Uaux — m11U)

|Adus| + ‘( Moo

IR E E R EH AAy = AAL — AAy HESY
{[SS(k +1) = Sy (k)] — [Sv(k + 1) — Sv(k)]}/ts 15
B, Fo A RAET H] ¢ B0/, [ DI I & Ay L3l
JIFE Y, T YL A REBkAR, hns B A A H G
B3, RIAFAE — A B eav i3 |AAy| < eav. BIL,
7\ (40) it Lyapunov /7 £ 1] 5 A

AA, s ‘ (42)

V <P, — |s1|[k1]s1|™" = (gu + €up)/ma1] —

Py

|s2|[k2s2|** — K\ (er +erp) — Kueun] —

P3

|s1l[(eaumar)/mar| — |s2|[Kr(masear)| . (43)
Py

HRRHK, = (Mmastanx — m11u)/(maamaz), Ky
= (Aamagg — dao)/m3,, o P E/INT5T0,24
WEE R > (64 + cup — €aumar)/(max|s1|™) BLI
ky > [Kr(er + erp — masear) + Koeopl/|s2|* B,
BIAIFAIE V. < 0. IR, TR T 0 R a8 5 Ak
77 2, TRAIE T B O LA B SR L I S A
AR LE FFF I A W] DUARAIE AR SCHE H 1 o A0 56 2k s il L

AL R E .

4 THEHR
3 T B R AR RIS 1 32 Zh WL
R, W R TR RENLED 112524

Ps

22
(40)
®1 BHREY N R EHHFRHNKNNFESY
ZH IfE 28 i
m 2.540 Yiulw 3.643
I.. 0.004 Yy —1.108
X 1.014 N, 0.062
Xulu 1.877 Niir 2.094
Xa —0.409 N; 1.421
Y, 1740
BT H b s A2 A 30 S A, B 4 PS4
BHYI. WAL Ry = [—1,—1,0]; WIRH R E

HNwve = [0,0,0]"; L5 A% € TG, 72340 E
LR EMRE N = 0.05sgn[cos(0.1¢)],7op =
0.02sin(0.12¢) LA & 7,.p = 0.005 cos(0.1¢).

N
25t °y\ 7 \\\
20 | MEBBSS C y

B R o

ERR] i

~ ot N ot
s b ommsmis ~e D
0 L 4_”_:_\7\ —‘e-—f—-:i://
-5

-5 0 5 IIO 1I5 2IO 2I5 30

--------- WHEE BT S L

- VST — RRMEUE
4 KFEEIITRERRIMERERTEE

FEF5 ) AH 5¢ S 000 € 7 T, W AR | S 508 E N
AN =k = 005X = 02,0, = 0.6,k, = k, =
0.2,ky = 0.12,a0 = 0.5. PN 25 S H&E N
By = 100, Bya = 3000,6,1 = duz = 0p1 = dy2 =
0.05,6,1 = 6,0 = 0.0l,a0v7 = avs = 0.5. fE4f
S PUAT 25 1 AN B 5 5 73 RBF WA 4% I6F, 4l il A7, FH )
RBF 28 1 22 Je 0N 5, i 8 s Sob oo oh -1,
—0.5,0,0.5,1], /7 Z 9 1, M 2% M BUE B & M3 R 5L
Ny = 10;f5 0 A7, FH ) RBF [ 2% 4 22 55 A 2
N9, e 7 3 pR B 0 D [—0.05, —0.037 5, —0.025,
—0.0125,0,0.0125,0.025, 0.037 5], /7 2 A 1, M £& f
BUH B &R R 3y, = 40.
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B SRR T P ER AT 55
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