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ABSTRACT: The modeling uncertainties and external unknown disturbances, among other factors, impose higher demands on
the control methods for Autonomous Underwater Vehicle (AUV) in terms of trajectory tracking. The work aims to propose an
AUV robust control method based on high-order recurrent neural networks to address it. High-order recurrent neural networks
with simple structure but superior approximation performance were employed to estimate modeling uncertainties and exter-
nal unknown disturbances, which were then compensated for in the input control law to enhance control performance. Subse-
quently, the neural network weight adaptive update law and AUV adaptive control law were derived based on the HJI theory and
Lyapunov stability analysis. Finally, a backstepping sliding mode method was designed as a comparative approach, and simula-
tion experiments were conducted. The experimental results indicated that the proposed AUV robust control method based on
high-order recurrent neural networks outperformed the backstepping sliding mode method in terms of tracking error, settling
time, and other control metrics. Simulation experiments demonstrate that the proposed robust control method can effectively fa-
cilitate precise target trajectory tracking by AUVs, while simultaneously exhibiting excellent control performance and robust-
ness. This research provides an efficient and effective approach for AUV trajectory tracking control, with the potential for appli-

cation in complex and uncertain underwater environments.

R BEA: 2023-10-30; fEiTHHA: 2023-12-06

Received: 2023-10-30; Revised: 2023-12-06

Blxxtgs: FHOL, THaMAE AT EHN® N Z M % AUV Saiad k()] £&3R% 142, 2024, 21(2): 81-88.

LI Zhengyuan, WANG Junxiong. A Robust Control Method for AUV Based on High Order Recurrent Neural Networks[J]. Equipment Environ-
mental Engineering, 2024, 21(2): 81-88.

*®E{51E& ( Corresponding author )



- 82 - e S

T # 2024 4F 2 H

KEY WORDS: autonomous underwater vehicles; trajectory tracking; high order recurrent neural network; HJI theory; robust

control; Lyapunov stability analysis

TR AR T R SRR 2/3, BHRTAZRE R
R T 5%IEEE, KGR IR A AR e R
BRI ME 22—, HEKTHIT# ( Autonomous
Underwater Vehicle, AUV ) A7 % A T 3Lr ], H
AR A B RSN, S EARARKTHEEAIT
KW FEET H,

AUV [REILII0 IR 5 4 ] SR ek 2 H A A i o8 A8
HT AUV B S8 EANTEN, HizahfEpimit
3, AUV [FEGIRmRE B . AT AEtE . S tESa
TR RS I 2K o AL GE B AR LRI ) 7 i AR 3 T R
ok WIS T o N D TR R B B
Iy FRKE RIS, TSR A — B AP g Ok e U el A A g
OB R, SCER[2145 B S TE B AR
A, PR T 28 A 22 5 R R LU F ML A TR
SRWG AT AR AL B RS AR I R R, AR
DX AR B 2 A5 50, TR A N R . SCHR[3]
et FH i 2 8 1 DA BE S B a3 R K [T & SO 2 U
ML, e HAME BRI, R E AR
AN 2 M DL RN B o S e T AR Tk
A BRI G, TR i 0 ok £ i A £ i
R B R ARAT 5 bR I g I A s o V4 D
il BHIR o SCHR (6145 5 15 48 W HE 27 S 2 i e ABE 428 1l g
AR R AL, P2 T HA M AR IEL T R4
A A& S Lot A s, JFIER] T 7R A T,
P R GRS W] DAFE A PRI i 83 0, SR
PG T A8 A R B A BR 20 SCR 9148
TP I, FH E SRR R O AT bR
B LI sh B Be IS S B I AR R B T
T B A B O B E , DA AR B B Y
PHR . Ji5b, H- S SR w4 R 5 32 R TE
BHEAELMRG T, H-P80 256 8 5208 B S 41T
FERARLMEA GRS (NLMI), RAREEN IFXE, SC
HR[101ET X TC M 0 55 Wiz s il A, 8 H- 355045 &
HitasE Y NLMI fifi - 10 Z2 355608 (PLMI),
FEAd S 5 R0 k5K i A5 3 4 sl 4 o 107 3R T A R
AN PL I, ARG Fet:, SR T Akl R 22
TCESERRN ARG, 2T AR R R BRYE . SCHR[11]
i 358 T A R 2 20 5 ) B ) A LM RN A T e 1
FTR BT, R AR LR o FEAR G XLl ek gtk
FE PRSI LA ), (R AR R A G500 n
A, il o TR SF R ) E, SCRR[ 12104 X AUV
A P IR R ] H R, F SR TR R T
K HILASEX, HARBSRWPTILshae 1. seoh, Bl
FURBE 2 2 4L, R 6 22 1) P 255 ) 246 A5 80 o g i/
HE] AUV R, D msEhee, Taa

W24 AUV ISR 2 T %2, TRz m s
) “JTBEMRIT” R, AR 45 R T PID 2 i SR
(SR e 131 R R T s T S O R G A Y
s Ak 2 o P SR M P0221 L SRR (1615 Bl AS AR o 22 )
28 T AMz R G R P A v 0T eR B E A B
2 WO R, T2 A LI 2 A ) s ) 4% B S AR
2%, TR IR HAE S, e 4%
B M B I T R A s R, AR A
WV AE ST, SCHER[ 18148 i RBF #i 4 M4t AUV (1)
KRINAELME R B, AN I LR Hl 8 b, PRIE AUV
A DLERR R B HARPE . SR, Tz A RBF #f
25 I 24 1Y e B SR S R R P RS B AR T v B R Y B
JERN O SR, 2 T8 B B s U A Y 1
TR TOTERUE o BEAN, i 28 W 4 T L 3
FRARLeME RGENT, R T G b 28 0 B A 45 TR
I, BB ZE R B A% B RN A 2 TR T B e ] # K
e BeJa, (3 T4 0 sRBIOR S ) A% 4% 1) 2 800 8
DL IEM RS0 7E Lyapunov = X TR ENE,

Jff e AUV RS HON I 2 MR ISP 55k
HIHZ A2, ARG T — R TR B A ph 2
W28 AUV B REHIAR NS . RIS B R 2™
25138 3T B ok SRR T R G TR, IR A
e, LIRS AUV RS, kel i
RBF 1 25 [N £6% B e 307 bR K0S 1) 2 500 ) AT A1
AR A, R T 45 R HE T P Re 6, HOR
RS 2 53 BRI v [ VA e 2 T 45 9 i 3 s 1 15
FLF HIT S A Lyapunov F @ ME#r, M H T
3T 7 o A RIS R 3 SR A o K S I B A
PR TR RS RS e MRS E AUV BB A AL
HWXHARAME TN E ., o, A T IEREX L,
23 g A PR P o il N (EW SR (o5 W R P (UK AW
Foo Bt ELILE, N H T 3T i B 3 U e 48 R 2% 1)
AUV Sl ik 5 OB R AUV 052 2551
T, BT 2 RO IR ARREA LR AUV AR F
FHem, AR E M, JoHIE I T kb
LML) AUV BRIk, 7ER R 25 TR 1 i
[i) & 42 1 M BB 6 An b 00 T8 G i SO0 T B4 o O
o X BB TSR 25 LG UE TR T 5 G sk U e s R 4%
1) AUV SR i) b el ge, b AUV 5L
0 R B A ) 4R ) 1 — A F o B AL T R A S R
SIS

1 AUV EFF-FH1F&RE
AR —H AW AUV FERBISRS, HET



B21E 2

ZHOL, & JETRIEIHEMNKR AUV GRS 5% -83-

R AUV iz g3, E LR R RHB AR 58 O-xyz
HBE RIHLEF NALFR TR Op-xoyoz,, AN 1 FT7R

'

K1 AUV AR R
Fig.1 AUV coordinate system

AUV ZERHAFRR RS N =[x, 0,20, 0]
TELE AR, S SR v = [, v, w, pgor]
WITTH AUV 33 23 123 SR R 412,

n=J(n)v
M\3+C(v)v+D(v)v+g(7])=z'+d

e Jp) KA AR R BIALEE A AR AR 2R ) A AR
SRR M OB, M=MrAM; C(v) A EHT
WAL SRR, C(v)=Co(v)+AC; D(v)HFHJEHFE,
D()=Dy(v)+AD; g(p) WIRE T M S5, g(n)=go(n)+

Ags T=[ 000007y Tput, | R FLH 2 0

BRiAs d=[d,.d,.d,.d,.d,.d, ] BIRHHT
AM ., AC. AD. Ag JBERI A 2 5
W BRI 5 RSN RAR B W 5 — W RGE T
PIH d,y = AMY +(AC+AD)v+Ag+d , 1K (1) U5
Fan IR
M,n+Cn+D,n+g,+7, =17 2)
/ﬁ\:q:‘:
M, =J"MJ"'
C, =" Co(v)-Mo " |

)]

D, =J"[Dy(v)]J"

3)
g, =7 "8 (n)
r,=J "d,
T = J 'z
SEH 1 JFE M, -2C, S — R FRIE R .
WEHIINT
M, -2C, =20 M, (J™)-2¢C, =
-2 "M JI " -2C, = 4)

—2J7C, (v)J !
FIEFK T HLE N BRI FRERE , Co(v) I RHFR
I, M, —2C, AR RRAERE

2 EETHEeRIET
21 ETEMEEMENENEHBITTHE
211 SRR PHMERLE
F AR BRI AT E I T, , IR M B 45
il A, SR FH R 3 U5 T 2 ) 2% ek AN i a4
VLo Bk 09 T 2% M 25 24 ( Higher-Order Recurrent
Neural Network, HORNN ) 7£ Pi-Sigma #2245
FERf L, BT 2 AN IR, LAEE R 2% A (]
FE AN RE T o AHEE T 5 M AT B PP 28 ) 45 dn k)
713 U9 11 22 ) 4% ( Diagonal Recurrent Neural Network,
DRNN ), # H i 3 # 2 B 4% ( Jordan Recurrent Neural
Network, JRNN) 55, TERFARBIRY )RRG5 52 A0
(RUEZ M 2Tt R 3 4) BIEAY, HA A 3 38 6
EUTRE JI o Ry Bz IH A 2 25 ) a5 R N 2 B
[l 2 Hh AR 53 5
N N N
W' — i , i : i , i ; i , i
i [le Wi2sWa1> Waps W31 W32] (4)

I O N A SR R SR
Wi—[lesW129W21»W22,W31sW32}

WO = WD
DA b A R B T E LT, P w(a =
f4i,0,q) FARNE W, 15 m MBI j N0
RUHL 5 f) e s A TG pR
ARSCEET ML 25 R N 2-3-1, & SUHERBLIE 5, A
AUV EFiRZE e=n-n, , MENKHAN X =[e;e],
PN B SRR AT
I BERE 2 A ER 7 AP 2T RS O
3 2
sj(k):Zw,’,;sm (k=1)+ > W%, (k)-wi (k) (5)
=1

m= m=1
25 0 45 114 i A

3

y(k)=f{Hsj(k)+woy(k—1)J (6)
J=1

] HORNN (1%t T KRR -

Ty =h(W; W, W, W,)+& (7)

K W W W W, FORIE AL ;
NIBITRZE o A 45 S Pl A -

Ta=h(W WL W W) (8)

Kb Woo Wil Woo Wo HEARBUE A
HE

FHETFFERIBR BT 15 h=h(W W, W, W, ) 1515
(W 101, W) BT IR MR T+

h=h+ Y QWai+s, )

a=f,i,0,q



- 84 - oW B TR 2024 4E 2 A
Wi (k)
[
CQS ;C}\ Wi ()
0 (k) Ve
C}/ N =k »®
sk | L
CD”””ﬁﬂr s (D)
)]
1
Wi (k)
¥/ 2 HORNN %5#4
Fig.2 Structure of HORNN
i e W W W VoW W .1 1 ~
Rt h=h(W W W W) Wa=W,~Wo =Ty My~ 4
(a=fio.q) . QSRR SR & HF . 4 (13)
T B e B 3 W, =-K,0Q x, (a=f.,i,0,q)
LA A AU 5 0 Y D S Rt P e T A S K, SRR AR » N HE S
(k) ., y>0.
—=f"()x -1
ow, (k) () (k=1) A (13) T Lyaponuv FE S HIT E BT,
ov (k) 3 I e L SR RS E P BT o AR B A s ) 2B
== O I (%) R I 4R 1Y SRR A R GRS 3 AT
v () - SRR, 2 R T T 2 4 1 BT
v (10) B ORI T H B G RORCE, T 20 2% i i
v (k) = 7 (<] Jon () x5, (k1) IEA A BRI D, R RGO R, T
o, (k) E 33 U7 28 I 2 19 AU 48 P43 4 7 2 10 24 g
n#j 3 F)f/j—:\‘o
6y(k) 3 _
o =S0)%] |5 (k)X (k) S
oWy (k) H LT
n#j
212 EHESNEQELEHE i
S ST 9 x, FIYA R x, - |
_ ; AT
{xl e " | R T
X, =e+ce
o, K F, R (2), R (7) FIxk (9), BRI
R (12),
. 3 A
X =X~ ‘ S AUV I3RS BREFR S AHARTI
M, x, =7 —h— z OWo =G -Tx,+1) -M,j, (12) 3 ZE5HER
a=f,i.0.q Fig.3 Structural block diagram
{h: L =C,+D,, Iy =Tex, -, - g, +M,cé , .
C-ciey. 22 ETRTEHBEREHE

W) 28 48 ) S el -5 AU 9 3 O R A

FL Mk G R, FEmIvEREIL S, &)



B21E 2

ZHOL, & JETRIEIHEMNKR AUV GRS 5% -85

T AUV IG5 8. AR SCE G bk 5 i
BT T —Fh AR BRI 5 00 S D T AR
T o 35t U A 5 O 4% P B RS I 4% K E T I

X R ER R 2% X =n—n, A B RE x, =¢+
ce , & X Lyapunov PR%L:

V:%xlTx1+%x2Tx2 (14)

V=x'%+xx, (15)

Bl (1), 30 (12) fRARS:

V =—x]ex, +x; {x, +cx, +Jv + M (16)
[z+dy —(Co+Dy)v—gol-7y}

2 AUV il A (17) PR,

7=MyJ (- K x, - K, tanh x, — x, — (a7

Cxl —Jv+ﬁd)+(C0 +D0)V+g0
Hop, Ky K NIEEN B4R H S HOE R, )
V=-x'cx,—x, Kx, - x, (K, tanh x, —d, ) . BRI R G
W F I day F77E LA, WY K, RAEEREF, V<0,
RGRE . FERIA (17) R &£ tanh AU 4T
SRR DLk RHR, EHA TR

3 ETBHREMERENEEE
HBR ST

3.1 HJIEE
Brxf= (18) PndE4tE R4t
{x=f<X)+g(X)é“
Z=h(x)
Hrb, CNAHETIT; 2 & RGERIFHIE
Bro X TS C(), B L WECH £ (1), =
1

{[rer e al’ vt o wieso.

(18)

X, —cX;

a=f,i,0,q
=X
7E XL

-] 1
H=i-L Pl L -

1 1
_szanz_;szxz_szC;_EVZ I¢F = 6)

2

2

lxz—i-y{ <0
4

1
T
X D17x2 _5‘

B

x=| - ~
M o —h— Y QWoa-Tx,+I,-M,

N TVFH RGBS, E T rEfE

T
I,
=) 9
Hor TR RGN L ¥ 35, #m KRG EBEMER
INe JHN, TR ARG R E B ER
EFR 2 (HITEHPY), b F— N ES y, WRAF
fE—AIE i AT R L(x) =0, H.:

C 1
L<;OJMW—PWNVC) (20)
mJIi<y,
3.2 FREMIERA
HEIAN T A Lyapunov BRI R H 541
1 1 ~T -~
L:EszMﬂxz—i-E 72 tr(WaKalWa) 21)
a=f,i,0,q

L:gMﬂﬁ%gMﬂﬁ

(22)

~T _1,:,
D | WaK, W
a=f,i,0,q

B (12), (13) AL (22), 53,

. 1 .
L= _szanz +Ex2T (MU—ZCn]xZ +

Y z{ﬁ/z [K;l Woe ' xzﬂ— (23)

a=f.i,0.9
I I 7 T
5 X2 X XX, =X, &
e

FIRFEI N URW o =—Wo, TTHSALR R

T

: 1 1
L:—szD,Ix2 ——zxzxz——szxz—szé' (24)
2y 2

A I ERE, 5 (12) K5 TR

(25)

- _ 1 1
L= LA K Ll @

h HILEBET A, AR, E 5.
4 HEZRE
Sy oA SCRET T 7 i 0 2 R 4 1

W 5 ) 7 i 10 QE B MR RO B, ) MATLAB/
Simulink 31T AUV 8 R EET BLSL 5, AUV B



- 86 - E - N T # 2024 4F 2 A
BHMBGLHBHONE 1. o2 HORNN - BSSM
of
£1 AUV BH —0at
Tab.1 Parameters of AUV g —04r
BH Bl = 06F
-0.81
m/ kg 117 10V
(%6-Y6:%6) (0,0,0) 12 10 20 30 40 50 60 70
(x5:Y5:25) (-0.017,0,-0.115) 0.5
S
117,117,117, ;
M di /
“ lag{10.7,11,8,13.4} g 05 | O\A ...............
SN ! —0.005F """t
58.4,23.8,23.8, i ) o B 200
M dia ;010 —0.020
A g 3.38.1.18.2.67 —1.5H+ 4 5 6 71 8 28.5 29.0 29.5 30.0 30.5
_2.0 ,’/ 1 1 1 1 1 1
120+ 90]u|, 0 10 20 30 40 50 60 70
90+ 90|, 0.2
~]150+120[w], OF
D, diag 0.2}
15+10|p|, . —04L
15+12|q], w 061
18+15]r]| —08}
-1.0y
Kl’KZ 41’21 _12 1 1 1 1 1 1
0 10 20 30 40 50 60 70
V4 0.05 t/s
K, K.K_ K, S1,81,71,41 Bl5 frEiRzzihsg

BB RGBT d = [-10sin(0.67),—10sin(0.57),
—10sin(0.4¢),—4 cos(0.2¢),—2 sin(0.3¢) — 3 cos(0.3¢), -6 sin
0.101" , PEHHARBLIE 7, = [sin(0.2¢),c0s(0.2¢),0.2t,
0,0,0.2¢]" . AUV WIUG R 4R E Jy = [-1,-1,
~1,0,0,0]" Al v =[0,0,0,0,0,0]" . &L Hif KL Jy 70 s,
43 0 il R 3 T B U5 el 4% ) A e s o AR
( HORNN ) FI3&F S5 ik B i pi s il 8 ( BSSM) 5
il AUV PEATO ELI20 . = 2 2 1) I3k R i 435 0 [
4 FiR, PrEIRZEWE 5 iR, x. y. z =HiimaR
M= AL B R 2ZE R TR 2% (MSE) Wik 2, i
EURZEM AT R (222 UGE B R FFAE 5%y [l
T BT ) L2 3, BAMIRZEWE 6 FiR.

.0 _
-15-15

&4 =Bl RS
Fig.4 3D trajectory tracking result

Fig.5 Position error curve
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