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Path following control of autonomous underwater vehicle

based upon fuzzy hybrid control
MA Ling', CUI Wei-cheng’
(1. School of Naval Architecture and Civil Engineering, Shanghai Jiaotong University, Shanghai 200030, China;
2. China Ship Scientific Research Center, Wuxi Jiangsu 214082, China)

Abstract: Based upon a fuzzy hybrid control strategy, a robust path-following control method is proposed for a
nonlinear and underactuated autonomous underwater vehicle. The fuzzy hybrid controller is constructed through smoothly
combining a PD sliding mode controller and a non-singularity terminal sliding mode controller by using Sugeno fuzzy
inference, which integrates the advantages of two controllers to obtain fast transient convergence at any distance from the
equilibrium. This hybrid controller can be used for path following control of autonomous underwater vehicle with a non-
time reference for improving the tracking capability of AUV in uncertain environment. The effectiveness of the proposed
control strategy is verified by simulation results.
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1 3|5 (Introduction)
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RISEBHRERI T, EHEEMEEVBAE
B A HSERRIAT RILAT B2, 6 V8 L B 72 B AR 3
H i3t BRI RERAS R S NXE R, B2 RE
NG A BT DASY MBS . — 2 a8 AR A
#R% TT( trajectory tracking ) [a]55i ; 5 — 3% 2%t B 6]
T =M E R (9, FR N PF( path following ) A1, 7E
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s . ek (1] E s N R 2R B i SR
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Lyapunov 3¢ 5 5Bt A B, Wit T XK A
7K T #1288 A (autonomous underwater vehicle, AUV)
B PF #5188 ZIEARN R RSN RAERIE
e, 30k {4 ] AR T —F & A& N PF #412%, A
TR BE S 7K TR AR B B AR BR B s il

2 i R ) ( terminal sliding mode control ) &
Hi Man 25 AP 38 B R A — R R E,
BA PR RGRETER FRET ) B X 4 S AR 2
FIERIER. XA TSM 5 F 754 5 r B
K, Feng % ALVl EH I TSM Y18, 24 T
—F 4 R AE 4 B 2 3% 3§ 2 ( non-singular terminal
sliding mode, NTSM) £ 2% , TH T HSEAHE
FSMRI A AR sh B R SE. RE TSM #5534
A TEA PR () P WO SsOR B 55 i 2 BR kG B S0
FOER B ASITE P S, e EaE A In
S cRiegkoox AN

B HE 22 48 =2 F Mamdani 1 Sugeno 254
FhRI . SCBR b, X PR T B TSR S R B AT N
AR (B A BB LB £ & & Rz
BYRAMNTL B, K FEXHIET X T Sugeno #Y
EMEAS HEANGHERPHREERN
REERPHEREXTHATEMNRESEER
. Hit,Sugeno FEEHERATIERNSMESRE
#2806 NIRR E TRAS.

% &3 PD R NTSM BR800 R
A, ACGHEESER -FHIHNES . 58—
FETRIR SRS 7. I, K A Sugeno BUFKHE
FRALSC IR A1 1 4500 ) s () B G B, fRIIE =
HRFRESE, NIMARLBER SRR TS
BERGREERERNE Y. G TIZEMES
FEHEE, LT AUV de6t ] 2% K& B 12 R ER
e, BUE T REFRFERIBOR.

2 |o)fE#H§A ( Problem statement)

AUV iEZg—f %3 [E 6 B BB, At 5P
A BT AR AR KSE T 5 & E R WP HIE 3. it
{TeKFHEE A HA. B 1 BR, s iR &R
{B} MR SBIE AUV E.L G Bt , B2 RBIR R
(W) PRI ESESATHARE 9=(¢ 0, 9] TR
7~ . ARIEBARIAZ S R, RIESE AUV &3]
2 Res e R o] R AR A AR R
BAG—HRIT .

ma = myr —du +171,,
my =-mur —dyv, (1)

mr =m u ~dr+7,

23 %

0

E=cosu—sinyg - v,

7 =sing ~u+cosy v, (2)

g=r.
Hrp

m,=m-X,,m, =m-Y,,

m, =1 -N,m, =m, —m,

d, ==X, - X, |ul, (3)

d, ==Y, -Y,,|v],

d, =-N, _Nlrlr[r['

EXF.m 2 AUV &L BEHEE; o = (u, 0,
)T REERE X, Y, RN, SRIRKE AR
¥ 7= (1., 0,7)" BREEAFREAELARN RS
WA TELRINERGET, b TREEMEME R
ASBARRH M ER AR E S TREZH P
HHEESE, WRRREFRIRBI RS

¢

B 1 Path Following ja] 84
Fig. 1 Description of Path Following problem

ZEFETEHTHBRERN ST LW R
AUV B/NEE RN TSEBRENAR KM, IFE
EHAGSN LR AR RES F1, HEATTIA
mF R

[v] < k- |u| for 0 <k<<1. (4)
Bl ZEh REMB HE v ERERELSBRS LR
AR BT RUER, AUV 3R
v, = Jul +0° =~ |ul.

mE 1R, S5 BE O R—FA Rl RA
2 AUV EL G ST O FHEES WIS FE A
RS SIABBARYE «+ SR n FKREK
Serret-Frenet 445 5 | SF}. iZ AL ¥R R LAV) 18] B o,
WEERRQBE. VIR r5 0 fBIRMA ¢, ATH N
{SF| ZRMESAMA, I EEFATLIREN. HH 6
FBE HRNEBREREIISF] R, WA
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ARRH pse = [T, ne]T,E%%%Eﬁﬁiﬂﬁﬁﬁﬁé
Z N EEARERERNY. =y +B -y, ERIZ
(4) MIRGIRT , XF pse A g PSRRI (R 40, B 42
BRI EBIREM A TR K —F N
o =—v,(1 —k(s)n,) + ucosy,,
n, =—-vk(s) * 7, +usiny,, (5)
b, =g +B -y, = r+B-k(s) -,
HAP A B = atan(v/u).

RI AUV 2R ERN B WET , MEE M
WA ESESHE, ERFHEHBANEKS T, fiz
BRGNS ERRHBREMEIRE (7., n., ¢’
AR RLm | (ron, )7 | = 0.

3 #=%188i8 11 ( Controller design)

PLEIRE pse W HERBR(G) HBLAE2ANH
AT R HoH u B o, #AE LT REMTFER
A HRBESE S RKEE o fERERIERIRA,
M RZE AUV Y3 S B w (R FF—1EE IEE, 87
LU o, BIEHRETSE A R WAL R, AR
MEIRE p BTF.

J T HRBEER B AUV 5 A ¢ BBESIEE,
HUEF A

6(n,,u) = - arctan(n.u) , (6)
X FAERM n, M u g, EBA n, usin (8(n,,u)) <
0 oL, HMN G ne » u = OB, ERFSML .

MEN L REW T TEGS) , RMERE 7.
B, HEXRE ¢, RN REE] 8, W n, B AW
2R A v WEEIE, W iy HE AT, B3R AR 6
WHEIF B ENMEEREERRETNSHR 3
MFRGE — B NEB5HERE, 25 #TE
H#R R HEE RIS H RS AUV A #
u AENRESBRF T ERTENEME uw, B

W o] < < u, BB, ZEAUVA R EEEE

MERT , B ASH G RYUIEEE o BRI,
R EIRE Py B8 TF SRR, 7277 7 & 6l &
ERT , BRIRE ¢ WHEBIEA 6, RALIBE
BRER AR
3.1 FEMMEF F 5% |17t (Controllers
design for speed and position subsystems)
HETFRER ML RS, EHE AN
J 7. MFR) F AT ERABUE B8 E
u, >0 Fiu, = 0, MR AUV AR S 7, &
T I R

v, =-m,(Ku+K,;sgna) —mor +d,u. (6)

He K, MK, >0 Ak als EHhiRETEN
METREHA(S) M 1 M2 MR

B, RERER (7, ne) FEHBANEUSE LR

RIYIIE R v, %518 Lyapunov 1EE %X

V=g (R end). (7)

e b AP i R R, AR () M 12 4
TG, e
V =74, +nn, =
7.(—v, +k(s)vn, +ucosy,) +

n (- k(s)v,r, +using,) =

1.(— v, + ucosy,.) + n.usin .. (8)
B AMEBR R R AR E M R AR 2
v, = ucos i, + Ky7, + K sgnr,. (9)

Hep il 3 K, K, > 0. BRI 7e B il
(6) fERIT A u = u,, HESRE ¢. FTHIEA S,
HRERIEO) WAK() , B

V=-K,7.' - K,7.5gn7, + nu,ssind =
2 (n’eu’d)2
~ Kyt - K lr, |- —— < 0.(10)
V1 + (nuy)?

FE EXP, HAME 7. = 0, = 0 BF, AL B

e, RERMEEE o REBRXTEHEME, By BT

ZFHiAMA 6, MIER BRI (9) fEAT , IREE LB

RE Py = (7., n) BHEETFE.

3.2 AEFFESHIEH RFIE T (Controller design
for orientation subsystem)

HETREHRA(L) 1 AFEMA(G) 3
MTBRIERMBR, 2R TESANE RN _HriEX
YRS, HER M AR I ..

T 2 BN, A SCHE L Sugeno RUSR #ETHE R
GisLl 78 PD A NTSM IR 695
i, AR BRI R SR AR S L A B AD , AT {2
AMEH RERTEREE LIRS .

PD & HZHI8%

TPD

NTSM §i1% v

K2 7, (ERER SRS
Fig. 2 Fuzzy hybrid controller of 7,

3.2.1 PD B#53=4188 (PD sliding mode controller)
— TS , BRI 4 AR, RIS
BEEES URE RSN, TEE SRR
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B2 %

T PD RIRg#E
s = Kys +e. (11)
Hie = ¢, - 5;K, > 0. X FHABEZS, B
s; = O, FERFIAXTATEIR 7, Al 1%
$, =Ky e +5=0. (12)
RIEEREERIITE:, 5%

Treq =—m,(KLs' +B -, - 8) —myuv +d,r.

dl

E TR, R BEETER N

515, <- K5, - Kg|s, | - (13)
Hh Ks, Ko > 0. AT, AXER R PD IR R
P em ()
- mr[KLd1 - (s +Ks, + Kgsgns,) +
B-¥, -8 —-muv+dr. (14)

3.2.2 NTSM 3 #5240 8% ( Non-singular terminal
sliding mode controller)

PEEL NTSM f7)3eis
s, = e + Kps?. (15)
Hrhie =y, -8;K, >05p > ¢ >0 BEHE XTE
EEEES) Bl s, = 0, 7E KXt [BR &, 7] 75

$, =s+K, %S(p/q_”é =0. (16)
I, RSSO R SR BGIER , AT S22
EETE &M

528, - Kjs, - K| lsz l

B PR Tl A
B B o
a2
Kgsgns,) +B -, - 8] —m uv +d,r.

(17)
M TEBAEVHBREIRE «(0) # 0, HEHAE
NTSM #HIEERT , AR R G EE1E A R 8]
. = p
T (W/Kp)(p - q)
BLETA A e = 0. ML LA SN, B, PRk
PR S Bl SOHE R BOM R, BUH T P-4 RIS
P — RS, A EMRS RERE RBE K.
3.2.3 iEEE &2 %0288 (Fuzzy hybrid controller)
5%, B3 —4 Sugeno RIBOMIMEIE R4, Kb
ABEBH(C |e|,m, 1), Wi BRI ENE
r i, (o] e [0, 180°) REBEEBBRE e = g,
- & W HME. TRIFEE R BCE PSR, BP wena (+)

le(0) [P (18)

101 e ( +) , 7P AFR " Small” F1“Large” , 4 T & 3
B, 536, B TIEBM AL AT R P IE AR S
o R TR b Hk R SRR R

1.3 e e S E S
] 1 1
o P
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1 e
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Fig. 3 Membership function of |e |
WaJ5 , 837 Sugeno BYF GER ORI AL , AT 3 iR
W

1) If lel is Small, then 7, = TrNTsM,
2) If |e| is Large, then 7, = 7,”°.

BT, B SPR_ERLR BT SR INAY
&, Bp

_ wLarge( lel) c T
P =

+ W ( le|) * TTTSM

wL,,ge(lel) + W ( | e]) ,
(19)
FRUETCISANTE, &H Z w; #0 Hw., =0.

ZEM, —EEMAR(6)(9) X (19) FritF4A
BB AUV fi1T RS0 PF BBz IREEHBERT S
B k.

BT S EBMAESEYE, REARET#RE
B33z shi M S 2 & A S A B A , X 2 I AR 4R IR
RS —. NFEREIR, £ 430, 8 LR
2(6)(9)(14) M(17) PHIARIELE sgn s BREPCE#
MR A - s <O/ S BIERmE

1 _ e—bx

—_—, 20
1+e™ (20)

sgnx =

Hh b Jih RZEE.
4 {5E(Simulation)

HTRIELL T FHE RS, RO — 4 AUV
RGHAT T PF R ERTETR. RS Y
¥ Em =185 kg, I, =50 kg - m’ X, = -30kg,
X, =-170kg/s,X,,, =- 100 kg/m,Y; = - 80 kg,
Y, = - 100 kg/s,Y,,, = -200 kg/m,N, = -30 kg -
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m’,N, = -50 kg - m/s,N,,, =—-100 kg - m. =44
(6)(9)(14) #(17) HWSEHIHIB A K, = 1.0,
K, =1.0,K, =1.0,K, =2.0,K, =1.0,K, =10.0,
K, =10,K;, =10.0, K;, =0.34,K,, =1.2,p =
11,9 =9,u, = 0.5144 m/s. JiHRFR TR ) 45 =9
B4R (R, R LR 42 ) 28 R R LA S R B
BRSNS B R %, H A REEYIA
0.1. HTHERNKE AUV HEEERERR, RA—%
S JEH) B B RN e BRER 578 2.

BHE, EWMBRER (4, v, 10, &, Mos
¥o)" =(0.4630, 0,0, — 60, — 10, 45°) Fy&E AL
T,#47T AUV ) PF B2 BRERDT H TR, ElH KB
AREH, R LRSS R NFITRE 2R IR A7
so =0 AR (FELERIN EE4 iR :B4(a) iz
FPRASHER ) A AL 5 B 4(b) 4351 87R T 1 [a) Bl B
PLBEIRZE 7. JEE s R AW AR RERT B 2R Ak 1F
B E 4() R T REREERIES AUV HiE
L. WSS R AT R, 7E4SCR R i 5 i e
T,AUV SERARE K IR B AL 1R 22 , PR3 iz 3l
AWMESH 2 (NE 4 (c) PPELFTR), BTE
WEWEII R P RAREEL L BB MRES
B AKE ) 0 5 BE R 8] AR AL 3R, TE R B
R ERFVZRRERNRERS REFNRERE
BRERMER/RBEFE, T HRREARENE
Btk
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Fig. 4(a) u, v, r,fp ~ time
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E4(b) 7.,s, T, T BEEEELE
Fig. 4(b) r.,s,T., T, ~ time
60

— SEEEE
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B 4(c) HREREERHPZER
Fig. 4(c) Motion trajectory by path following control
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THEL s RIER ARSI NS RIERELT
RIZBIPLE , KT B NS EH LG M BRERIZ )
ok, MPLEL N R BUE RIS % B2 WEHA]
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B T |
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Fig. 5 Motion trajectories of path following control

with parameter uncertainties
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5 4 (Conclusion)

BRI A TR SLR St T A il 2 i
5 EUA A PRI e S3R B B RS IR I (LR
LRGBS V- S B, BUA B TSM R R A N2k
PR H]. T LB [ i R s 8 2 1Bl A
HAMN, AR Sugeno BIEMIER RS, 28 T &
F PD Wi 8% 5 JEAr 5 200 T AR 4 I 28 RO SR
REEH L BEEMESERSHET IR
GiiEhl, ASCRHIELR R IR S B iBK THLEEA Bt
TEBEMRE R IFHIEN R 2% PF B{12 M B 12
2. SH PR BT Backstepping 4 H1 ¥ i i 7 ¥4
B, Z R EHE S AP E S A&, FREE S, AT
FRAKEE R RE M 2248 . 7 Bl 10 45 Rk A OB
Wit MR R B A W3l AUV #4172 IR,
HAXMFUHRREREMBRESHEIMEEHEE
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