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Three-dimensional path-following control of underactuated unmanned
underwater vehicle using feedback gain backstepping
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Abstract: To deal with the problem of path-following control for underactuated unmanned underwater vehicle (UUV)
in three-dimensional space, we employ the virtual guidance and express path-following errors in the body-fixed frame.
Firstly, the linear feedback control terms are designed to stabilize the position-tracking subsystem to avoid the complexity
of computing the higher-order derivative of virtual control; then the dynamic controller is designed through backstepping
method. Part of the nonlinear coupled terms can be eliminated by properly selecting the controller’s parameters, which
leads to the simplification of the virtual control and avoids the singularity problem encountered in traditional backstepping
design. Robust feedback terms are designed based on Lyapunov stability theorem, and the uniform ultimate boundedness
can be guaranteed for all states in the closed-loop path-following system. Simulation results demonstrate the high accuracy
of tracking and good robustness against external disturbances achieved by the proposed controller.
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= 12171 4 5)1&2[1 +( 22172 + 5) 2 (44) Ms, =900 kg/rad, N5, = 850 kg/rad;

X 42)43, IG5 —BUR LA I, T AL
R IE AT En St DO vy i1 it W i B N 7
B BRI T, M UUVER A A
JEIZN, UUV 32 BT R B, S feiiad 87
a2 Hcr, o, c3, ca, p1, p IR HERE Py, PofiE
1S RGNS T IR AA /N AR K27, Hesisk
(IR NE R i B v SRR LS S 5 A
TS HALEE .

R B AR SO RO g ) AR T =
Y AR ENER A A 0 R, S AR GE Sob P T vk
AT 0 b, HCRH N (1 4 o) 3 1 5% 22 T 5K 20(45)-
(54) (ARHE T IS FERE ):

Ue = U — U, 45)
z1 = sine — ag, 46)
29 = sinfe — g, 47
Te =T — (3, 48)

Ge = q — Oy, (49)

AN E A
Iy = 1700 kg - m?, I, = 2000 kg - m?;

g 24

Xa=—142kg, Yy =—1700kg, Zy, =—4600kg,

Mg =—1700 kg-m?*/rad, N;=—1350kg-m?/rad;
[SENEYI TR (]

Xpuju = —35kg/m, Y, = —346 kes,

Yjyjy = —667kg/m, Z, = —1000kg/s,

Zjwpw = —2000kg/m, Mq = —900kg - m*/s,

Ny =-300kg - m*/s, Ny, =—350kg - m*/rad?,

Myqjq = —1100kg - m*/rad®.

AR SRR S (17K Bl ) R B0 S ) B, SR
FIMATLABH B4 UUV = 4 1 42 PR 3201407 2L
R, Borh P2 i 2 BRI 7 S0 30 1E AR S
THRTUUV = G 2% 150 BRI ) 3 06 AN [) it 25 1% 12 BR
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a SRR KB TE NI AT s — e AR R 1 73

BRI, T S PIDSE I FLA R BEA TR L 24T
KHIPIDEE G - 2l 3

Fy = Kpuii + Kmf adt + Kdu(j1

ZHK py = 1500, Ky = 0, Kq, = 10; JE5 145 161

5r—Kpr'¢+K1rJ‘ ¢dt+Kdr Mﬁ we (’QZJ—l,/JF),

Hrpr e 58 L n=(14), Y mmn XQ), ZH K,
1800, Kiy = 0, Kqr = 10; M HI2%

b = Kpaf+Kig || édt+qu%, f = 0.~ (0—0p),
oo X an 0(15), gpiE X (2), Z K
= 2000, Kiq = 0, Kqq = 10.

FHE 0 (38) 2 M B FUUVI B E . G 1] R
i il s S FE 38 S 8k, = 0.5, ki = 0.1;
] 42 1] 2% 2 Hle) = 0.2, pr = 1ed = 25, ¢5 = 0.5,
kr =10, ki =5, p3=1000; M=l 55 cr = 0.5,
p2 = /e = 4, cy =2, kq = 20, kiq = 10, pa1 = 10,
p22 = 10, pa3 = 10; WA B4R EELIN S
I AU, = up(1 — tanh(ze/0)), HHxe Y]
PREFRZE, up = 2m/s W, 0 = 0.5.

1§ BLSE B0 125 FEREHLAFE, T = Kg(dq — 0),
HH§q o I8 M, SN LPrEf, K AN
W25, T A HEHUIT [R) 5 B2 03 s~d s, SE B MR
{H|6] < Omax = 30°. BEAY P ARG LA AE AR 5
w BB ARG + Tw = Ke, Hhedy i S, K
= diag{20, 10,10, 25, 25} Ay 34 25 R ALK, T =
diag{5, 5, 5, 5, 5} Ay I [H) 5 £k B4, T8 e e HAN [T (1)
855 ARBCFIIN )R 55, SRS Hales 1 Sk,
51 = 4k 12 Jig 2 B} B£(Three-dimensional helix

curve path-following)

EFXTUUVIBIE TR, 45 H R 28 = 4 il
HeEA N (AL m)

x(s) = 50cos(0.02s),
y(s) = 50sin(0.02s),

y U= U— U,

ddp

z(s) = s.
UUVHIIEAL E e = 10m, y = —5m, z = 1 m;
VIR MO = 0°, ¢ = 45°; WIGHHE N
u=0m/s, v=0m/s, w=0m/s,
q=0()/s,r=0()/s;
K3 HUUV = 4ERRE N kAT ERER P, [El4 70
K573 9 AUUV = 4 % 4% PR I3 0328 AE XY P [ A
XZ -1 8% i 2, AT BUE T UUVH =

Y1z & B EEAREER, R &S IPIDE
il 2 I 2 i 2 2 B 2 Y, AR R 2, e
SEPURT = HE B AR RS I ERER, A SCe vk iR gk
P A BE S AR G S IR ERFR 1, PRUEUUV Mg 5 2
2 WA AT W T S IR R R O A A S T B R
12, $Eim 1A L, 4% T UUVIRTUARATRE.

0 —-
2+
4+
E 6L
N st
10 L
ﬁ L — B ROP P2
N N WL f PTDH% il 3

- A

3 UUV =i R RESE s
Fig. 3 Three-dimensional path-following trajectory of UUV
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Fig. 4 XY plane projection for three-dimensional
path-following of UUV
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Fig. 5 X Z plane projection for three-dimensional

path-following of UUV

K6 UUV =4 AR ER A P BRI R 22 1h 2k,
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S ARG IPIDYE R AR A L, W LA A SCB i =
YEprAe i IAR R T BRI BE, 4 T UUV
FIOCARMRE, BAT EINAE I HIRE I PREUUVEL
PRIIERERIT WS B B A%, AR ER R IR B 250
SIRNZ, W] T 4 Tl AR BRERORS A SH L

g 5 T T T T
~ Or
S
75 1 1 1 1
0 50 100 150 200 250
t/s
8 50 T T T T
~ \
SO
. | 1 | |
500 50 100 150 200 250
t/s
T T n T
. a—;_ T
1 1 1
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t/s

— B fOobEEdlaE e WL I PIDFE il 3%
Kl 6 UUV =4 ieiiipiinss i
Fig. 6 Three-dimensional path-following errors of UUV

K 7R85 Il UUV = 4 i 42 R s il il F
FARAAS B AL 2 T RIS A ARk 2, wT DA
B HUUVAE AT IR TE 2 T v ik 7 rpo (v 3ol 5 R 2 [
AL T BN, Hoh AT S ; PIDSEHIAE
R IR RO ) f AR A B AT — o M TR 3k,
T I TR, PRI S, o) ARG KA,
ARICHE PR R 232 A1 FLAT S NS e R il e
J1. B9 UUV =Y A7 7 il A i 2k

u/(m-s™)
S = N W

1 1 1
0 50 100 150 200 250

v/(m.sm)

w/(m-s™)

0 50 100 150 200 250
t/s
— B ORI PLEE FH PIDYE 4%
Bl 7 UUV =R BRI B Y
Fig. 7 Velocity response of UUV in three-dimensional

path-following
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Fig. 8 Angular response of UUV in three-dimensional

path-following
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Fig. 9 Control inputs of UUV in three-dimensional

path-following

5.2 =44 5% #h 2 BR B¢ (Three-dimensional cosine
curve path-following)

EFRTUUVAE [A] M2 B ER, 45 LRI 28 = 4 i
Lk AE N (AL m)

z(s) = s, y(s) = 50cos(0.02s),
{ z(s) = 0.02s + 2.

UUVHIIEA B e = 2m, y= 40m, z=0m; ¥/J
RSSO = 0°, ¢ = 0°; WILAHE Ju = 0m/s,
v=0m/s, w=0m/s,qg=0(°)/s,r=0(°)/s.
PREFE RIS HOAR, 1045 H T UUV 23 a] i 2k
FRIER BB, 1R TR 1273 50 O BRER P AE XY -
HANX Z- IR 0%, WAL A SCRevt 1)
PR AN [ 2 8] 1 e 5 420 350 e SR (R BRI
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), FAT R R RS T, PIDE 2% th T TAE A
AP B R 2, B3 T PR I T R
PREZRZEXT L 2k, T DUE A SCR T il 48
A5 I ER B R 1 K14-157) 5 A UU VIR A8 4
Wi )97 {128, ] DA H PTD %8 il 25 5 28 25 F 2 41 R R
e, HA—w2 RS, 55 B RGKR, A
SCUTE R I TR A 3R G B R s 16k 4%
kNSRS

0
2
4
6
oy
N 10
12
1;1 )
? - W
" — SRR R A P
T ST W2k fAPIDY: 1 2%
200 250

0
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0 X/m
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Fig. 10 Three-dimensional path-following trajectory of UUV
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Fig. 11 XY plane projection for three-dimensional

path-following of UUV
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Fig. 12 X Z plane projection for three-dimensional

path-following of UUV
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Fig. 13 Three-dimensional path-following errors of UUV
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Fig. 14 Velocity response of UUV in three-dimensional

path-following
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