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The sliding mode controller has characteristics that ensure stability and robustness against system uncertainty and disturbance,

However, chattering occurs in the control inputs to compensate for system uncertainties and ensure that the system operates

efficiently on the sliding surface, When the disturbance is large, using a sliding mode controller requires a large control gain

value, which also increases chattering and reduces performance, Therefore, in this study, a nonlinear disturbance observer was

used to compensate for external disturbances such as currents and waves and uncertainty in the control system for autonomous

underwater vehicles, Accordingly, a robust controller can be implemented while reducing the control gain, The disturbance

observer serves to ensure that the behavior of the actual system is closer to the nominal model by compensating for

uncertainties between the actual system model and the nominal model during the control process, Therefore, the simulation

results show that the performance and robustness of the autonomous underwater vehicle controller are improved by introducing

a disturbance observer,

Keywords : Sliding mode control(&20|3 2= H|04), Disturbance observer(Q[2t 2&71), Autonomous underwater vehicle(£2291 ),
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(hyperbolic tangent, tanh) &5 ARE510{ ZHIS H 2lofA
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2|5l H|ME 22t EHEI|(Nonlinear disturbance observer,
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Bk 2ol ChEF M01E MATLAB A|'§E‘"OIA=I% Soll ZEsIUch
ololl 22 Z’WW ol Zd zdel Delphin2 Zost ol
of 25 UES CiF1 3EofA HWO* 2t =7 4xolM &

2fold 2= 7HIC>17|, 5ZoflA H|0f= IjH 6&lIM AlZ2fold
Z1ls Helsl 78olM 2 oM g2 222 Felsikoh

2. Delphin2 =&} 24

2 o7ollM ARBsE ol BN 2H2 6 AARL(six degree—
of-freedom) 2=S Sh= Delphin2 22 ARE3I%CL Delphin2
2U2 USH g FIV( 2 FEVIE 42 VHE TR

47K =F (i (rudder), A (stern)) 2t T2 Z2ER{S JIX|11
QICt Table 10f 22| M|elS LIERNRACE (Tanakitkorn, 2017).

Table 1 Delphin2 particulars and key performances

Length overall 1.96 m
Mid—body diameter 0.26 m
Weight in air 50 kg
Positive net bouncy 6 N
Depth rating 50 m
Operating speeds 0-1m/s
Battery capacity (24V) 30 Ah
Endurance (estimated) 12 hrs
Max range (estimated) 43 km
2.1 Delphin2 =3&} oY
2 Aol ARBSE FOI ZpY S REIR 6 ARE 25
2 St= Delphin2 22| E=52(rdl) ¢, 352(pitch) gofl chst
2= FAlSr £H 230 MESL(surge) u, EHFSL2
(sway) v, MESR(yaw) ¢ 20l &Esiq 3 A 222
N 1/\}83H:}(Fig 1 &x), 2ol &y ZHo| 239
A2 Fossen (2011)0ll 2lal| HMA|=l 2FAlS AlESIICE
Fol 2y ZH2 X7 X|Zo| D™= flon] ¢ =0|
2 20| X|7 ZA2 71|7|= NED(north—east—down) ZFEAH|
2 EsiE0f, O FZAo| Fol Fdo| F2of Aol MA 1Y
ZFE| (body—fixed frame)2 ESIE 4= Uck 7ol AEX md
off tist 3 X =4t A2 (1)} ¢2n] St A== Table
42} ZHC} (Tanakitkorn, 2017).
M+ Clv)v+ D(w)v+ Gn)=r (1)
V:[uvr]T,n:[myw]T 2
=[xyYNT (3)
M= M+ M, (4)
(m 0 0 -X, 0 0
=0 m mz|+| 0 —Y 0
0 mx, 1 0 0o —M
m=X, 0 0
= 0 m—Y mz,
0 mx, L, —N,
NED — frame

Fig. 1 AUV model in body—fixed frame and earth—fixed

frame
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0 0 —m(xgr+v)+ Yi.v
W)= 0 0 —X. u+mu (5)
(z r+wv) Yv X u—mu 0
X, X, lul 0 0
D(v) =— 0 Y, + ¥, ¥+, (6)
0 N+Mlh|b‘ N+ \7\7‘7“‘
=99st Al (1)ollM 2 2 O(v) 2 Z2I282|(coriolis)
2 D(v)e 2 3, G(n)2 53zt 724 dHS ofolsict
4 2=0M =1 Hae 2AE £ 2le82 G(y) =02
2 78} (Vu et al., 2020). Delphin?2 220l CHst 2t e
2| Aln} Zio} (Tanakitkorn et al., 2017). 7= Ho{glad= 2|o|
St HFof|o[HZ ¢lst Euf BHEZo|CH
n=J(n)v (7)
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0 0 1
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1, pe X7 FEAOM B MY 91Xl 298] 4x
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Y ztEAC| o2 Meksts dHo|ch M=ol tish dFo|=
2 Jn)=Jw)22 mssid Al (8)n Zo| Ho=ct

3!-7| -‘?—I3}01 27'<I%J =F ZES 02510 7|—r“DPE T(gauss—
markov) Z2MAS ME3IGCH (Fossen, 1994). ol AloflA
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(& (& C
FoE g we y wa szoln V= /() + F) e
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u? = V.cosp, 9)
vP = V.sing, (10)
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of 852, 35271 02! MeiE 7HYs1H MA| D™EEAH oA
xR &% v, = [uf o 0] £ ciST Zo| EslEict
u? _ [ costy siny ul (1)
vf — siney cosy ({9
= Veos(B.—v) (12)
vl = Vsin(8,— ) (13)

JteA-nl23n uiAﬂAE 0|83l =F 2HS F3skH
ChEat 2ot (Kim, 2016). (= Z=Foll cish g &
27t =F7t el gl Resls 59 0|0E Z(side slip
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Y25 dliFH(positive definite matrix)0|, W, = 2t =F HEE

ol CHEF T 02 HHAH J[RA|oF ZH2(gaussian white noise)S

LiEfh = HE{O|c.
Colt) == neC () + W, (14
V. Ky 0 } wv}

= - s = s W =
Cc ﬁ(J l’(‘c 0 /j/ﬁ c d
CL‘(O) = (Cmax +<m1n) Cmm - C(, < Cmax

TR Yeks glnt RHES| ez A RSWHA M
Sh= Al =Fet 221 Zpge| MEEE 112{sio] 7|&Ee| 2
SumiMe] A% B 12 AKAT 8 1, 2 CiRIAZICE it
M DMEtEA L R STt UMSALL AlZlol| w2} o

SalAl Haletoin 7FgEHe Zict W2t 3 AMRE

v, =v—u, (15)
n=J)v=J) v, +v.)=J)v+v (16)
Mv+ Cv, v, + D, v, + G(n) =7 (17)

=15+ Fy, (18)

S5t Alo| aid AlT} wMlojelad2 X7 DMEEAl Chsk &
s Crpy Dy, Gt MO 7,22 Bsiein] Al (19) &
0| E5=IC} (Fossen, 1994).
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2 fIxlollM Zsix|= grolck

Mp=JW) "MUJ)") (19)
Cp = JW) L= M) La(y) | Jp)
Dp=J&)” "DJy)" "
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e =Jp)" Ir
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olet ZAzte] Alzloll thst ol 2t £y, 2 K(Fy — Fy,)
O Hololct Tk floM Helgt £, Alg i1 ckSnt
Zo| Meskh

dis — K(MEW+ CE".7+ DEh"’ Gp—Tp— Fdis) (22)

a

F

oletn} ot FAo| KolS Fyy, = Fy, — By 22 O
St1l Q20| AfZitol| w2} o =2 (A Haketl 7 Y5104 Fdis
= 00|22 74SH} (Atsuo et al., 1994; Chen et al., 2000).
o] w2} 22t 22t "7‘*7*°| xfole| AlZlof CH$t o222

T O HA—
clkezt Zo| Heol=ct,
i’dis =— ﬁ’du =—z— KM (23)
B e 29| AlZloll th5lo] o2AI2 Al (21), (22)0l 2lsf

chat gol FalEct

= K(Cyn+ Dyn+ Gp— 71— KMm) — Kz (24)

Alol| Al (24)2 CHIBHH F

dlsoﬂ |:|.|o|- Aloi

=N 3
dls |'7'E

ol Malglny £, = AlzZlo] w2} 022 42

olpt X8t /7, 2 22t Iy, OR SR,

S| =it asE=z

Fy, = K(Cyrt Dart Gu— 15— KMy) + Kz — KMy (25)

= K(z+ KM5) — K(Mar+ Cypt+ D+ Go— 1)
:K(}i’dlﬁs Fdze)
:7KFd7s
AL
4. g2lold 2= 07|
HIME Zol mofol| He| ALE=l= 71¥el &s2jold 2= |
= CHERQl ol Hof7|2 22t} ZHIo| Bigof ESAIMO|
HEIE Moo éﬁ%ﬂk M E BEiSHE 2ofdel J#olct @
C|

Melstil, o| &2fold HHof| CHet 2lof
T SH ET(Lyapunov Candidate Function, LCF)& AX
si, LCF7} 00| =8 T2 #&ls TkECt oo = Hio{g!

4=
22 OlSofFE WAloR Sxiict

_I

4.1 &2jold ©H

s2o|g g2 4 (26) 2ol 2 GHollM 1X14] ez

o5t e ()2 e(t)2l WHAloZ Folsict (Liu and Wang,

2011). n,= ™Mol SFEge= no| BHEZo2 Mol 2 g

el xfols 2t gt e(t) =n, —n= Mok A2 2o §

25 fjziidz Mxslo] s2jolgl WHo| 0oz fEE
( )l: 09z 25T E S}

5=é+/1€=77-d*7.7+/1€,/1>0 (26)

4.2 BloPELT oY

AAEL MEIE &2lo|E HHOZ o|3A7|7]| fst Mol
2 ZYsP| flst] el MRS IS Z= LCFE Meolsith
LCF= ofl1X| &2 A|AEIS| oFYEE SA5P| 26 &2
sh= &0t LCFE o] M5 ENS JHK|0, AlZiof 2}
o|2st 2ol 29| ML S(negative definite) EAS 7IXot &2}
O||:| JL#D:]OE )\|AE4I /kI-EHE O|E K)1 |.70| 00” AE# |.71|
Ech 2 ==olMe LCFE ol Almt 2ol Feolsict (Vu et
al., 2020).

V= %STMES >0 (27)

V= %STMES+STME<'S< 0 (28)
2lolM Holst LCFE olZsta A (26)9 &2lold HHAlS

Cielstod ofeet Zo| ZEsisict

Vs Dy + o5 (M= 2Cp) s+ s Myl + e (29)

sT[(Cypt D) g+ Ae)+ Gy~ F,|

ME—QCEE gt CHEISHE (skew symmetric matrix)0|22
T[M,—2Cy)s = 02 REEsCID Jpskct ol2{ah 7ol
ofsiAM LCFe| |2 AlZ ofehet Zo| Mz(sict

V=—s"Dys +s M5, + Ae] (30)
ST[(CE+ Dy) [nd +Ae]+ Gp— 75— Fdis]

Dy 2ol H55 $Ho|o2 9| Aol — s Dys 82 0
BIE5KD 0| 40| Oict Sojof 312

sT[Mn+ sl +sT(Cpt DRI+ s)+ Gy— 77— F,] <0 (31)

4.3 Hjojl=
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2AollM Folgh =2 UESHE HMojHS AlAEel FYEY

o
A=)
%0
[e]]
2
0
_0
ﬂ

T = Teq + Ty (32)
Tog = Mplit 5]+ (Cp+ D)t s]+ Gp— Fyy (39)
Tow = PBsign(s) (34)
| M|l = || My~ 21 || < 60y, < oo, (35)
” ?EH = ” OE_ gE” < 5OE< o,

” PEH = ” DEflA)E” < 5DE< o,

| Gl = 1| G &gl < G < o0,

H Fhs H = H Fdis_F:lis H = F‘dis < 0,

Mool EofEl A|AREIHS0| kst e BY =&t
AME2 9| Al Zo| A|AR QX 37(of CHEH HSH =718 2t
S5l TS Mo{ss floiM Helst LCFe| ol Al
tielst 37(ofl cist Mist =712 Safl LCFe| AlZlof chst ol
wel 277t 8 sPIgEDt 2lcke e o 4 Ut
V=57 Dps +s [(ME ME)[n+s] (36)

+(Cp— CE+DE DE)[n-l-s]
+(Gp— GE)_ (Fys — Fdis)_ﬂsgn(‘g”

1 T

tanh(s/®)
o

051 i B

Fig. 2 Tanh(*) function with various values of @

V<—sTDys+ [6Myll it 5 | (37)
+(6Cy+6Dg) I nt s
+6Gy+ ,,s] sl —s’Bsgn(s)
0< M, (8) sl < s”Bsgn(s) (38)

= Hof

V<—sTDys+ [6My I it 5 | (39)
+(6C+6Dg) I n+ s
+6Ge+ Fuy— Anin ()] 15 1

Ain (8) = 60 |+ s |l (40)

+(6Cs+0Dp) I n+s | +6G,+ Fy,

LCFe| o|&

Aol 22| R 2 S48 2| siM= ARl o

H B 4 (40) TS UIESITE MEs|of St 2lopE=
OFH T (lyapunov stability) 0|20 2lsi t—co & Il s= 022
SEICL MR e o= 022 FHBICH AJARD]| l2is|s vl
MY BSskE= H=A H4o|— 2oiExo| ASE 27| 2o
el Al MEE sidlo| EHSIL 2t REIY sAS 2
2AF717] 9510 ChSat 2ol Slo|HER EFIE S22 BN
Hol MSE LR o=z WAL
Btanh (=) (41)
dAS o= &=lold HH Y dASS Qo IEHZF

tanh (s/®)= sgn(s)2t FABH HMES 2olo{ FAEL! A

Z @7t HE25E tanh(s/P)7t sgn(s)ol HS 2Hsict

(Fig. 2 &x). skX|2t ¢t 75.*%—?% | Hof7| 76 Al XHE+

23 H1 o7t 255 P EHofx |22

M2 Rel6iM o5 MEslof EH:F
2 70l HMoksh= HIMY 2zt 57| (8 S2lold 2=

Ho7|= Fig. 32| clolo{a@zt 2o FMEICE Mo7|= AlA

Ho| MEftig= po| 21} gint v|ME <zt BET(oM HLHE 2
| Qo=

S 2ot Mofs

- T

2lo] 273 AHpigict, 9| efpint xRe|
Hatg g ol el mlofelzte elefwr

ErE2 Moz ALk
12

of S fIX|et WelASZ o|Seich

5. Mo =i

ol Zrmo| HE2 floliA Fol Zrrol o
M= Ho{&2H) H= '(Tanak|tkom 2017)
of 2t Mo{Riedo] Z+ HFojjolE{2 Rei=l= TES iRt

22t Hof Mofz{ Hu

Delphin2 222 2{t{e} 2712f -4 xxl7|§ off delzts
Hofsich Moi7|E Salf Atk mMojd =
Hlof2ul B=l(Tanakitkorn, 2017)0l k2t E1E19.+ Mg =X17|of|
== Ao Bele T Z2HRie| 27t u,,,,, O et 28l
ao] ZHECt u,,,= [10,-22] Aol gkg 7Ixl= ZEfof

olytzl= Bxpelel Z==Ee{o| @7 Z propoller setpoint)O|Ct.

i}
-
3
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Sliding mode controller

-

Switching
controller

T+ ® | Sliding mode
surface

F, l l Ocean current

Tg = Teq +7T,

n

S | Equivalent
controller

A

AUV

v

Nonlinear
disturbance observer

Fig. 3 Control architecture of the proposed controller

>10)

Uprop

Inverse (SR
rudder model

Rudder model

Nd:f = Nfaml

-N,

R

Inverse th

thruster model

<10)

U prop

u

total

df

Inverse th

thruster model

Fig. 4 A daisy—chaining heading control allocation diagram
according to propeller demand

Fig. 4= 992t Mloj2d 2 HElg Mudsyy| f/st cloloja
go|ct, =282{o| @7Z0| 102t AL &2 EF HMo7|E
Sl Alik=El Mojelade of 26 2 (inverse rudder model)od|
Alg &l 2H

77
242 of

olzdg|of cf2 A 2% §p(deg)E [—30,30] 7t
AlXkEICE

jvtotal
5R N M 51?|'LL|U (42)

u"lL

Ny us,= BlHS HE2R Qlet Mz 22| Hlolch A
bl 2 Z=E e 22(udder model) V), 5, 1w ud g0l
AH=|0] 2HZ QIS BHE N7t AAk=D B2 I8 M
32 ZHES Felsh LM ZHE N, 7t 4 (43)2 22 o
FXI7| 2(inverse thruster model)g HA FEI7|ol] FXI7|
T u,, 22 YUEct

v o \/L,JDJ;'J’ )
P tn A Tth

oM p= 22 L, D= FIR| 2, K4 = FEDIe| F

=-
H AR, L, F 58 FT| Mole| HZIE ofnlEitKTable 4

Ax). FX7| 2722w, (rpm)E  [—2500,—150]
U [150,2500] CkS &2 WollM g2 710 rpmez S =
= FR7| HEeb SYUSH 7k 7RI (—150,150) B0l
= H(deadband)% 2=}

5.2 9I#| Hof mojz =uj

Sxol| thet Hoj= =R, 22 S22 Sl =,
X7} HOEL). » fIRlE Y Z2H2{9} 2{HE Sdf H|of
Bt Z Qlet ZUE= &2t MofollAf ALk B

CIS Ao AXE X, » £ 2iCie| Hgoz olst MES

2 24| Al=olct (Table 4 E=).

2
N
—

X = X|yJus, Juludy (44)

ZREep| ofsh BHE X, & ROPIS S Al HeEe
2HE X, .0 BHE %E PHE X9 Xjo|2 ALki]
yol #lxl= #@ F2719 BiHE Saf ®Mofsich. 2itof 2|
CRSh 2ol AlM= vy, E BIE HEe

Al==0|ct (Table 4 &=x).
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Yin = Finpre T Finage (46)
Ndif = Fth,,frf,Lh,f + Eh,aftLhu = F, L, (47)

[Fth.ﬂt}: [thLha]l[Ndif} (48)
Einapt 1 1

[0

2RE HH 2|7t

= & FHPx|e] HelE ofolgt

S|

o7IM L, = 7ol EEel 74 34

xle| H2|E 2lolsiy L

Ct (Table 4 &=).
ZzdEpE olst RHE X & of2fe] A= XjHolgt 4

prop ‘=

Uk,
.X})Top = pnjz)rop‘D[jlrop KTO,prop (1 - t) (49)
7 ., (rev/s)E Z28R{e| £ D & Z2HD
o XS, t= 7 Z2deie] £ A0l Ky ), = H
ol ==2Ep{o| & H50|ct (Table 4 &EX).

9| N2 S8 n,,, S TEHSID ZRHe 4T Alg 5o =
2H2o| 27¢f u,,,, S AlLRICH (Tanakitkorn, 2017).
n =—10.0055u>,, +0.4136u —1.7895 (50)

prop

prop prop

6. Al=2l|olMd Zx}

Disturbance

Ocean Currents

e

Delphin2 AUV

Control Allocation

Fig. 5 Simulation program using matlab—simulink
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Table 2 Parameters of the simulation

Item Sympol Value
[unit]
Ocean current
: . 8.(0) [deg] 225
side-slip angle
Ocean cgrrent V.(0) [m/s] 0.1
velocity
Ocean current gain e [é(l)]
100
Sliding surface gain A 010
003.5
204 0 0
Control Input gain I3 0210
0 020
) 1.00 O
Hyperbolic tangent P 0010
boundary layer 0 0 10
600 0
NDOB gain K 0600
0 0 60
. 2
T, = 3sm(%t)[m]
. 27 T
Yg = 3sm(mt— 5)4— 3[m] (51)
360
=—t

Qg £y, 2 X, Y, Noil th5lo] 4 (52)2f 20| Cieret Fat

0| Faut ATt gheliEl Fel= JfelFERAct,

Fdis,X = Elis, y = Elis,N
=0.2sin(2.57t — 3) + 0.4sin (27t +7)
+1.2sin (17t +0.6) + 0.6sin (0.57t — 9.5)
+0.4sin (0.37t) + 2.4sin (0. 17t +4.5)
+0.2sin (0.057t + 2) + 0.06sin (0.017t+3) — 5

Fig. 72| w2t Jei == JishX|= 2|2to|n] Wz T2z =

HIMY o2t 257|E &2t s2l0|d 2= Mo7(2| ds2 4

N
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Fig. 6 Ocean currents parameters of 5, and V.
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Fig. 7 True disturbance(blue line) and estimated value of
disturbance(red line)
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Fig. 8 Comparison plot of actual generalized forces and
moment(7y, Ty, T5) of SMC+NDOB(blue line) and

SMC(red line) controller
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Table 3 Performance measures using RMS of errors for
SMCHNDOB and SMC controllers

Control schemes e, [m] e,lm] e, [deg]
SMC+NDOB 0.0072 0.0068 0.5935
SMC 0.4581 0.1806 152.4241
Heading + position control Reference
= = =SMC + NDOB
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Fig. 11 Comparison plot of z, y, 1 control between SMC+
NDOB(blue line) and SMC(red line)
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Table 4 3-DOF Delphin2 AUV model parameter

Symbol

[tem [unit]

Value

Quadratic damping

coefficient 6.5

(W] [k—g}

Quadratic damping
coefficient

Yool [ 9 -183

Quadratic damping

[M]
coefficient Irlr

rad?

Quadratic damping

coefficient Ny, [kg] 59

Quadratic damping

kg - m? ]
coefficient

N,
Irl rad?

Added mass along

X. |k
X—axis u ko]

-2.4

Added mass along

y—axis Y, [ko]

-65.5

[kg'_mz}

rad

Added moment of

inertia about z—axis -14.17

N,

Length overall of the

AUV Lypy [m]

1.96

k
p—gs]

Water density 1000

Linear damping X 0
coefficient ¢

Linear damping

coefficient —28.5e—3

Linear damping

Y. Ge —
coefficient r 12.6e —3

Linear damping

s N, o
coefficient v 4.5e—3

Linear damping

N, — 53¢ —
coefficient T 5.3e—3

Coordinate of center of

gravity w.r.t. b=frame g [0.0,0.06]

Vehicle's mass (fully

flooded) 79.40

Moment of inertia of )
the AUV about z—axis L. kg - m’] 35

Arm of the
horizontal-front thruster
w.r.t. b—frame

0.60

Arm of the
horizontal-aft thruster
w.r.t. b—frame

-0.65

Space between the two

horizontal thrusters 1.25

Thrust coefficient for

the thrusters 1.2870e-4

Thruster's diameter 0.07

==% HM61# M4s 2024 FH 8

R
3
i

MG
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oo

.22

—1
[LLI L -

x5l 24

M

Symbol

[unit] Value

[tem

Surge damping kg
coefficient due to a | Xj,jus,4, [
rudder deflection

———]| -0.0036
m - deg?

Sway damping
coefficient due to a
rudder deflection

kg

|uludp [

Yaw damping
coefficient due to a
rudder deflection

kg
NMutusy [geg] -0.3254

Thruster coefficient for

. 0.0946
the main propeller

KTU.,prop

Main propeller’s D

diameter prop M] 0.305

Thruster deduction
factor for the main t 0.11
propeller
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