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Backstepping-based controller for three-dimensional trajectory
tracking of underactuated unmanned underwater vehicles

XU Jian, WANG Man', QIAO Lei
(College of Automation, Harbin Engineering University, Harbin Heilongjiang 150001, China)

Abstract: To deal with the three-dimensional trajectory-tracking control problem for underactuated unmanned underwa-
ter vehicles (UUVs), an approach based on defining virtual velocity error dynamics is proposed in the paper. In comparison
with the attitude error dynamics based on the line-of-sight (LOS) guidance in the traditional backstepping, the proposed
method can effectively avoid the singularity problem and simplify the calculations. The controller for an underactuated
UUYV in the presence of constant environmental disturbances is designed and the system kinematic error dynamics are
given. Lyapunov stability theorem is used to prove the robustness and stability of the proposed controller. Numerical
simulation results illustrate the effectiveness and good performance of the proposed method.
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modeling)
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3 BHIZETH(Controller design)
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Fig. 1 Reference frames of UUV
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3.3 FREPESHT(Stability analysis)
H T ARIERIRBUUV 22 [R5 2 2 Tt
5 SR LL AN IR T AR E vk, Q) s
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cos 6
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o 2 2
‘/6—— e — k4ue—k‘5ale—

Q160401
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FOnevy02. (A1)
B RS SRAE T 5 35 TR L. HEE Lyapunov

s
Vo= Ve phil @ + Sk + ok, @)

ol ks, ko HIERCEC % FRFTLRS, 7779

(klxg + ]‘Czyg + k32e2)
e

Vi=—

2 2
— k‘4ue — k5ale —

Q101
k‘@?"Q — ]{37042 —k 2 +
2 84,
¢ ¢ ¢ cos

1 (e + kgiy) + Wy (e + k) +

+ Q2e V02 +

W3(qe + ks 3). 43)
SRRANAE N aa )
11?1 = ka1te + W1,
U?z = kqaTe + Wa, (44)
W3 = kazge + w3,
K (43) FTEAL R
VA (kaz? + koye +ks2?) gt —ksa?, —

e
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Q16001

cos 6
5 Xz = (Ze, Yo, Zos Ue, Ate; Ty A20, G, W1/ Kar, Wal
Vkaz, Ws/v/kas) ", G& (45135

~1~2
kaz w3 +

-+ Oége’l)p(sg. (45)

2Vy = ||| (46)
ZaR @)X 45153
Vi < =29V 46, (47)

He: v = min{ky, ko, ks, ky, ks, ke, k7, ks, 1,1,1}, 8
= |a100401/c08 0 + 2oV, 02| H T e, Qe V4, U, 01
Ko 20 5, i bLof 5. MAESH S0k [13]P EE
WIFH, 53

)

Vi (t) < V7(0)e‘2”+5, (48)

1)
|z(t)]] < Hz(O)He‘M\ﬂ (49)

FIT LA, & 24 8 K88 2 - mI A AR R R R 22 W S B A
BT ) — IS4 AR, BRI R G2 RiTinAe & .
4 X5 iFi8(Comparison and discussion)
KPR A SR T R B R = AR R R
AARRINE, SR ET LS EA RS,
EUAH I 42 1 B A 3R IS T SN E AT BB 0 M. AR SCEE X
KIRFNUUV () = 02 PR ER AR, B 51 N ABFRAR
e, B RGRETE, X EMHEERELR B, =
vy, €08 B4 sin Y Moy = v, sin O, K. MO Fe 46 h k&
PUH REA B ) (R AR ], ARG R R BT PR ER 5
HlEF (3 FTR, RRACHIBIHFTZ 4. 53CHR([17]
TGl gk st ORI A EL, ik T R
g RIE B, BT REA R, DO et A
SCBETH FR)IE T AU W o F16, R TE K.
G T E vt B H# B X b (52), [
I, 4% R op B0, IR ZE T R A =(53), Bk
LM%, K EIRFRIEX EA AR EIHRE T RGBT
HHEHI 85 (39) AT IR, BARA AL T RAEMIRE
77 R, Ty HoA% 88 v vk J7 vk R 4R B R0 = £/2,

PREARZEZ BIAIR, 152 2 flas oIk sEal & JRiesl
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ZRBUUVSERs TN AR, UUVARD IR R,
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10, W 2RIV > 0, F|0(t)| < m/2, Hk A Scge e 7
G P E @, = 0 fKwy = 05 IR RHF
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S ELIE) 8

5 {iEEK 547 (Simulation results and

analysis)

i ELSEB N S R e RV TARE R 2B B Bk
IR IKZ) “BSA” UUV, ARYE S 7K 3 ) RECE LA
FRR T EIRTS R IR B UUV = 4R R ER [ 2P
A TRAE, BT

Bt AR (1) 1E 5% 25 (A1 2R

Tq =1,
yq = 100sin(0.01¢),
zq = 200 4 100sin(0.01¢).

W R W BTUUVHI VI 46 467 & H (2, y, 2) = (0, 5,205)
m, ML (0,1) = (—0.1,0.1) rad, FILEHTE
(u,v,w) = (0,0,0) kn. HEUUVHIFi#Eug = v, =

E3+y3+23, W AN R BE B Bhw, =—0.5 Nikg,
wy = w3 = —0.5 Nm/kg. TEEHRHIEZE K
ki =1,ky = 1,ky =1, kg = 20, ks = 20, ks = 10,
kr =20,ks =10, kqy = 1, kao = 1, kas = 1.

N T EUHERATE SRR U UV =425 18] (K47 B BR

(50)

E = /22 4y + 22 (51)

WE2FT7R, UUVSEDL T 5 ik = 4k 25 18] 1E 5% 5120 BR
B, HRG BN E R Z IS sk B %, B34
T = Y5 8] IESZ A R AR 3 5h 7 1) _E A B
W2, BT LG 2 i 2k ma B 7, R 25 i
sk, UUV =47 8] 1E 525028 (1) BRER A R

— s RS
300 - '
E 200
"o
0 50y/o 30 7590 300 400 %00 800 1000
M x/m

E/m
S N A~ O

\ |
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t/s

Bl 2 UUV =428 A IESZ PO ER A P ROR

Fig. 2 Three-dimensional sinus trajectory-tracking of UUV
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Fig. 3 Trajectory tracking errors of UUV

T EH— S BB UUV B R AR, 4%y
H T UUV =425 0] 1E 52 328 BRI RS A FO )
A AEDL, B4R LA %770 LSEEUUV =
Y I AR BHITE ) Z A R B .

1.0 T T T T
e Y N B
200 -
S 05k j
710 1 1 1 1 1 1 1 1 1
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2o |
S 70'5 — SEBRLIA A
710 1 1 1 1 Iﬁ\ﬂ%?#ﬁ[‘ﬁ{% 1 1
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Fig. 4 Attitude response of UUV
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] A ) DU 2 ) ()3 R AR A AR 10, AP A e LA,
G i) T FBE PR PR R B AR SR A e, B ) R 2 ) R P A7
E—ENRZE, HIREWT: b T8RN RS
PR T ALV IE TH B T b R0, I A7 78 (1 77 7 i) L,
AIE Xy = vy, cos O sin Y Mag = v, sin 0, FEE
R it i P B AR B W THU UV IR I S 25 5 ) 2%,
P A N T R T TR SEIG R R K e 3 ) 4E I, BT
RIRENFE ISR IR A, MRS SR T8
FAAE— IR Z, (H2 N E T a] DUE H, 15 ) A HE )
B IR Z AR B Elo% it TUUV=4EIE
5% 2900 R B T PR A ) A 3 5 v T A0 A T g R A 4k
TH 0L, B745 i T UUVIETIRIAT,, 74, 7 IR I,
ME2—70] LAE H, AR H IR IRSUUV 25 [A) 5
PR SO RS B, e SLBIUUVEE E
WH RIS T ) =4 RE ER R
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T T RIS UUV RIHUEERER RS, 45 T RS
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Fig. 5 Linear velocity response of UUV
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Fig. 6 Angular velocity response of UUV
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Fig. 7 Control inputs of UUV
6 45 (Conclusions)
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B % *h78/A 3 (Supplementary formula of ap-
pendix)
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