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Bio-inspired discrete trajectory-tracking control for
open-frame underwater vehicles

SUN Bing, ZHU Da-qif, DENG Zhi-gang
(Laboratory of Underwater Vehicles and Intelligent Systems, Shanghai Maritime University, Shanghai 201306, China)

Abstract: To deal with the speed-jump in the conventional backsteepping tracking control for underwater vehicles,
we propose a hybrid control combining the backstepping and the sliding-mode control based on the biological inspired
model. Because of the smoothness and boundedness of the output from the bio-inspired model, this control produces
a gradually varying reference tracking-speed for the underwater vehicles instead of a jumping reference tracking-speed
which cannot be followed by the propeller thrust of underwater vehicles. An adaptive sliding-mode control algorithm is
applied to generate the tracking control law which ensures the robust performance in the presence of underwater disturbance
and model uncertainties to achieve the stable and accurate trajectory-tracking. The stability of the proposed method can be
proved by Lyapunov theory. Finally, this control has been applied to simulate the horizontal discrete trajectory tracking-
control on FALCON open-frame underwater vehicle. Experiment results validate the effectiveness of the proposed control
method.
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Fig. 1 Body-fixed and inertial frame of underwater vehicles
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Fig. 2 Block diagram of hybrid control system



456 E R N 75

5 M 30 %

3.1 BEYEEEIE: R D 98 (Kinematic
controller:
troller)
S5 ) D 1 DR Ay JHG T S P T s o P e A

HANHLAS NI Bt b — s I 7 v, AR S0

LN FH 27K S ALES N K 1 a2 iR i 4 il 2 v,

X R PR A R T E R R T KT T ).

X T AKSE T ik U, 252 B0 i B RS
g = lza ya val'sqa=lua va ral", I
qa = [uq vq ra)TAEEARAER R R A,
Na = [Td Ya wd]TzEé7K?$ﬂ%§A’ﬁ‘f$§éﬁf%?B@
WERE, (wq, ya) s AR bR 5N 1 2 B A2,
TR N AL NI X g i 7 1) 3k 1) #f FE A
K HLEE NSEBRPIRES 2 S = [z y ], 5L
I8 PR 2 T 2% 100 B b A 8 ek A% e N A s
Ge = [uc ve re| T HLAS A BREE [ I 5E i 12,
AT BRSSP R A E iR e = [ex ey
ep] TR E. IXHe =1 —nq = [ex ey ey ) T2
PEARFR T () PR ER R 22

AN G2 (AR JE R A, RR A A U
IS e BB AT LLA s H KR LA N I e 28 458 ol 2%
P R

Uc

conventional backstepping con-

k(ex cos ey sin1p) + (uq cos ey, —vg sin ey
[k(ex sin 1 +ey cos 1)+ (ug sin ey, +vq cos ey) |,
rq + kTZ)e?/)
(&)
e, ey R E 78
32 AR KK H 8 5 iH(Bio-inspired
backstepping controller design)

FE b B vk (s gl o Rob R AR Bk,
(S R L P AL, A1 B8 B 905 0, BRER IR 22
S AR SRAR, AR A (0 A 2 2R R AR B
G XK M HLAS AR, A5 B AR s T B A
RN L, X 2 R A 0 B R S AROK, 3XAE
A2 A E A8 AR 5 B REIA 2 1 B KK, BIAE
FEIR R HLAS N2 HIHE T TE T2 AL UL ER i 22

N T AR R o 25 2 o R ) k2 B A A 4
3 R A i) A, AR AR IR R 22 Bl ) SR R
N B S Pl g et i, R O TR HLEs N R UL
L. TR R R 2 Bl ) R R AT B R
(shunting)FF 1, HIAAG 5 RIRAALIN, B a K

T 1) AR PR A £ A PR DX Th) EL PR~ 2
TRXFERIL R, AL B AR s TN A JE R
R, il e B v e T LA 20 S ) G, R DU
filf PR 7K WL gt N A SR B ) ) ek R AR ) R
XA AL S LA NP B A A5 i b O A B B
.

3.2.1 AW KR (Bio-inspired model)

AR R A 1 58 H Grossberg!?! 42 tH, Sk i
FHodgkinFHuxley?2VE} 5 A5 4y i I A Fi 26 s
PG B AY a] DL e — A B R 52
ISF A N AT K. B ) B R s R DL TR A1

RERLR A AR A
dVin
Cm? = _(Ep + Vm)gp + (ENa - Vm)gNa -
(Ex + Vin) gk, (6)

Horp: Coa IR AR, By, Ena 1 E, %R b R
R T B R IG s FEUA D RE JU  H E
s GNa Pl gy 3 AT B S - L B 5 - R G YR 3 11
HUS, B3RS TN 5 I AR R B 5l T 3.
¥ @) Fith: O = 1,V = B + Vi,
A=g,, B=Exa+E, D=EFE—E,S" =
gNa IS ™ = g, SRAFUTT 1A i R
V=—AV+(B-V)ST(t)—(D+V)S~(t), ()

FV FR ML S (B ). B50A, B
DS B RHL S SRR IR bR A8
HLS RIS 4 BRI S EIR. A
C8 L1 A A ED A T LU A U 263, M2 T
WL B BRI [— D, B2 WJF 4 — A B 3
RSB T DA SO B LR B 2
i

Vi=—AVi+ (B = Vi) f(e:) — (D + Vi)g(es), (8)

Hrr: f(e;) = max(e;,0), g(e;) = max(—e;,0). ¥
TN R A AN AT SR U, T AIRAT A Rl
AN TR S R ke Ve, s 4L s S B IR BE
MK R P ERAT. A R R P L (1
Wy I RE. AR G VR AT S A S S
RENS ORAULAE[— D, BV TR A, % A 5 JE ST 1.
AE J T E T 7K LA AR ER A s 12k
W AL P e s P ARl 5 B e i 22 A A
322 AYE KK 12 #8 (Bio-inspired back-
stepping controller)

WA R, SR R = R A B B A
AR e g R R A TR (1 A AR (1 B
ANURZE, OB T P A G5 20 1 D 1%



5 4 ) PGS TFHIK LA N R U s B s ) 457
il k[f(ey) — gley) — ey]Vy,
Ue I'oo = eyéy + lVQpr =
qC = /Uc = kB
e ey(Ya — ) + %VwVw =
k(Vy C(?S Y4V, sin)+(uq C(?S ey —Uq sin ey) co(ra—re) + @VwVw _
k(—Vi sin )+ V5 cos 1))+ (ug sin ey, +vq cos ey)
Ky,
rd + kaT/} —kwed,vd, + 7[ A— f(ew) (e¢)]V£ +

9

ok kyZ 8N E S5 KNG, Vi(i = 2, v,
w)mI“H}fiH:*T%TEI’JEEE?l%EVFHﬂ?ﬁZ%F‘75\1‘5‘2
5 A . JE TR R AR R Eﬂﬁéfﬁd\
F T SRR I BRAR, i AR BRI — AR e
(P N, S T B SR B Bk AR T 5. DR e T
HH T 42 A 1 K s AT 3 I G, i T ) A B
SR IGIE T PR A IE R .

AATHIZ B AR, R BK T HLAE B~ A P
i KN lg = g, WRGEARE, T RURES |
BRI, UER AN .

UE XS )25 R G M i& Lyapunov B £

1 k k
To =5[(e + ¢ + )+ 5 (Vi + V) +Z Vil

B B
(10)
é\
R T N 2
FOl - 2[(6)( + ey) + B(VX + Vy )]’
Lo Ky
Iy = 5(% + §V¢),
Xf IRy 300 SR 1
FOl = exéx + eyéy + E(VX‘/X + VyVy),
KX @O AN LAy, #3153 2
exex + eyéy = ex(id - .’L‘) + ey(yd - y) =
—kex Vi — ke, Vy.

4B = D, WnJ LLEERIAG 2]

k . .

E(VXVX + VyVy) =

k

FlmA=Flex) =g(ex)]ViE+[f (ey) —gley) Vi +

k

A= fley) = g(en)]Vy + klf (ey) = glen)]Vs,

I'o) = E(VXVX + Vi Vy) — kex Vi — ke, Vy =

k

E[_A - f(ex) - g(ex)]vx2 +

k[f (ex) — g(ex) —

LA Fley) — gle))IV2 +

ex| Vi +

ky[f(ey) — ( W)V

MR f(e:) Sg(e) e X (i = x,y,v): Wike; >
0, M f(e;) =eigle;) =0, A+ fe;) +g(e;) = A+
e; >0, fle;)) —gle;)—ei =e;—e; = 0. Wke; <0,
Wf(e:) = 0, gles) = —ei, A+ flei) + gles) =
A—e; >0, f(e;) —gle;) —e; =e; —e; = 0.
KA+ f(e;)+g(e) M NIEH f(e;)—g(ei)—ei = 0,
REG MW HTo1 <0, Tog <0, BT <0,
REkE. R
3.3 By EEHIER: EEEh ) iR 8 (Dynamic

controller: sliding mode controller)

XA SR R R I R, W I8 B
Dy S S A — ge, BT
A E 5 AT 05 D R AR AE, AE BLORIE
TERTHE W B BV 3058 0E ()38 2 BRI, IX HL 2% T8 i
T AN B W 1R W BB g 25 4 T 9 R AT 3 4 o
T R 7 A AR I T R T KR ALES A
A SRR ER L M | H RIS

g=1[uv 7t

(17 30 S 56 vp A AR TR A R 3 ) 22 1 (4) ), T8
PIRE ML IR ER g = qo, IETEPIBUEERER 1) H
).
XL g e T AR AR, 58 SO UL T80 18
ERR 2
€c =qc—¢- (11)
FrfERs B I e TE 3 A AN R 1) v
R, 2) Yot i, ax LI PR v e 107
5 :éc+2AeC+A2jec. (12)
kFa(12), W
§ =6+ 2Mé. + A%ee =
e + 2A(Ge — ) + A%ee. (13)
MRGSAT T, XA3)5E T, 1)
§= 6.+ 2Aé. + N%e. =
e+ 2A(ge — 4) + A%e. = 0. (14)



458 AT/ L

5 M 30 %

RN 147
ée+2A(Ge— MY (1—Cq—Dq—g))+A%e. = 0.
(15)
e FK T HLE ARG SN S F AN e 4 T AN,
WK R LB N IBh )2 7 RS20k k30 g 24 30
T 5 AR HNB) I i, B
=747, (16)
Hrp: 72 = Mg+ Cq+ Dg+ g, M, C, D, §=M,
C, D, gtttk mi, 7 = Mg+ Cq+ Dqg+ § + w,
M,C,D,§M,C, D, gifI ARENIR, wi A% 1HEE)
L KM R T LA S
req = Mde + 55+ 5e0) + G+ Dy +4. (17)
Z P HERAT) T e L E AR, X B A — iR
7= I 1 I s iy v

€ = —kcéc. (18)
48 B B v AR vk
T = Teq + ksgn s. (19)

AT TH R H AN S D 4 1 Ay ke (1 B i ) @, B IS
NS IPNEE et eGP AWPIE ST
Tad = Test + (K + %)37 (20)
o Foge A2 FRAG VH AR FN I 5 3E N AR I, R
IR AN IE B Tose I A2 LT BE BT 22
Test = I's. 1)
SEHEIR I T DL IR N
T = Teq + Tad = Teq + Test + (K + %)s (22)
3.4 a5 ™41 (Stability analysis)
2 18 B A ST HE IR A 1 1 7 VR R WA
gy B ilas S a1 e s, 32T A
HIE B s A AR MR UE B, X 28 Bl g2
P28 AR P AT B HE R A R AR e 1.
B XF B 07 2 45 1) 3R 4844 i Wl R Y Lyapunov R
e

1 1
It=—sTMs+ -0Tr10. 23
1= s—|—2 (23)
5 X
é—l—/lee ) . ¢+ A%e
Qr—QC+ 2A 7Qr—QC+ 2/1 )

0:7:r_7:esta
%r:MQr+C’Qr+DQ+g7

. 1 )
FI:H(STMHS'TMHSTMs)wTF—le =

1 .
H[sT(M—20)8+sT(2M8'+2C’8)]+9TI’_10:

Loroare: AT =g _
515 (Ms4+Cs)+60"I'"""0 =

sT(M¢, + Cq + Dg+g—7)+6Tr10.

ELAIM — 2C 2 AR, sT(M —2C)s = 0.
RN EL, W
Iy1=sY Mg +Cq +Dqg+§—
Fest — Ks] + 077710 =
sTO—Ks)+0Tr—19 =
ST — Ks)+ (Fo — Test) T 710 =
—sTKs+ 7L'rTF—19.
XL AR
1) ANHf 52 B 2 A 9
2) WAL FIASER: sTKs > [7T119).
W, KPS NS AT R, BT K R AL
A NIIARIN B Sy 230 o A/ BT 5. A
T IV IR ION BB A R R R SR ZE IO I S A
FE B 25 WS UL R, G I8 OK KA, RENE AL,
< 0, VHBLIH sAEWS PRAUE 285/, K e R BRI SR 2
FTARAH PRI 24t — oofife, — 0.
X AT I BRI R SL I &, 384N TR
P R G mT UG A b 813, I3 0] LA 3, §i it e
M TERIE LR ER = q LB I, B3
P il o 55 8l ) 2 % T A7 A0 3G P R 22 Tile.
T8 85 158 22 e AT BJ) ) 27 48 ) 0 3 PR B e 84
3q — gefllec — 0. HVi(i = x,y,¥) 1 g AT
Ft, X T qfa It We AT Tt e nT LAE AE 212 8)) 2%
REMTPIE), B @2) T LA IR N
n= J(QC - 60). (24)
X T 4EA P ) R G, R 22 T R IR A& R
2, HIHT I A, e REBE USSR R I IR UF A2 85 /)
Blec — 0, SLIF ) g TPy L 20w, 1 1 44k %
FHEENE R G, T T2 8) 2 RGOk, &
gkt O AR R TR, &, v LUHES a4
EH ARG E.

n . q | zn
:J @
1= Fthl
Ty X e |i@shy| ¢ f+ %
Bl

Kl 3 PR R GHE

Fig. 3 Block diagram of closed loop control system
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Fig. 4 Structure chart of FALCON
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Fig. 5 Horizontal thruster arrangement of FALCON
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Table 1 Controller parameter settings
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Fig. 6 System trajectories
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Table 2 Maximum thruster forces

#E) S Tik PEWIA KTk
T1 1.7153/ —1.9270/0.8885 0.5556/ — 0.6453/0.2448

1.3030/1.2074/ — 2.2248  0.4026/0.7022/0.9757
1.3030/1.1847/ — 2.2254  0.4096,/0.6859,/0.9761
1.7153/ — 1.9043/0.8891 0.5486/ — 0.6291/0.2451

5

Z5 18 (Conclusions)
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