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Non—singular Fast Terminal Sliding Mode Control (NFTSMC) is a controller that complements the characteristic of sliding mode
controller, one of the representative nonlinear controllers, which does not guarantee convergence within a finite time, It has no
singularity problem and guarantees fast convergence, However, when the external disturbance is large, using a sliding mode
controller requires a large control gain value, which increases chattering and reduces performance, Therefore, in this study, a
Generalized Extended State Observer (GESO) was proposed to compensate for external disturbances and model uncertainty in
the control system of Autonomous Underwater Vehicle (AUV), The stability analysis of the proposed NTFSMC and GESO was
proven based on Lyapunov stability, Therefore, the simulation results show that the introduction of GESO improves the
performance and robustness of the AUV controller,
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Table 1 Delphin2 particulars and key performances
(Tanakikorn, 2017)

Max range (estimated) 43km
Length overall 1.96m
Mid-body diameter 0.26m
Depth rating 50m
Operating speeds 0-1m/s
Weight in air 50kg
Positive net bouncy 6N
Battery capacity (24V) 30Ah
Endurance (estimated) 12hrs

Earth - fixed frame
g
Vi w "

l Body — fixed firame

Sway :v,Y
Pitch:q,. M ),
“p
Heave :w,Z
Yaw:r,N Stirge:u, X
Roll: p,K

Fig. 1 Body—fixed and Earth—fixed Coordinate systems
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Table 2 Forces and moments regarding positive control
surface deflections

Forces Bottom Port Starboard

and [Top rudder

rudder | sternplane | sternplane

moments

X —_ —_ —_ —_

Y - - 0 0

Z 0 0 + +

K +(=0) | H(=0) | +(=0) | H=0)

M 0 0 + +

N + + 0 0

Table 3 Forces and moments regarding positive thrusters
and propeller set—points
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Fig. 3 Transient thruster model regarding three different
setpoints; K, ,=2.3992, K, ,=2.4124
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mop|E Sai AME A4S DUESL AP Se DHES
Cig At Zo| JKBA| B4t FhH Bl MeSe ouE
(Vp)2F F77| MeE BRHE(N,,), 27| &2 22 g
(V,,)2% HskEch 0|3 F717| Yol thet of 2AS g
S0 20 2=(0,)2 8 Ed FEU| RPM(u,,)E T3l =
7| 274k AYSIcHFig. 6 &X).

NR = WcsNtotal (47)
Ny =wuN g (48)
Yth = WthYtotal (49)

Inverse rudder
model

r

¥ — Thrusters force 7y Inverse thruster
rotal ' 4 L model model

Fig. 6 Regarding the positive actuator demands for yawing
moment
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u, =sign(F,)

Zlo| ®MolE $EH Holet SUs Wrloz J1Ex| B4t

ToH A T 2 ZUEM,), FW| F 52 ZHE

Mg=wM,, (53)
M, =w,M,,., (54)
Zw =Wl o (55)
5, =—Ms

C oM s Julu (56)

Fob =242 dojz ZTREH| @FFY u,,,, (rev/s)2
[of3lct Ol 2fol 4 Z2H Q| e 2 &g HA
S z2deio| M% 32 Bl(X,,,, )2 HMoZ|E Sall ALt

prop

il"""’ M | inverse rudder

SN
model 7

Thrusters force fy Inverse thruster
model model

Fig. 7 Regarding the positive actuator demands for pitching
moment

2 HA 87 32 8(X,,,,)0M =T B 2l(Xy, Xg)2l A

0|2 AlLkaict.

prop = A ot XR - XS (58)

X

It X, S 0I8310] Ci3el Azt 22 o Z2dy 2
S ABSl Z2EE S5, (rev/s)2 &3kt J2|
A o0l THEE 22 HElSl] 275 = v, &

=
1 Al =
EE (12)2 TLp prop

HASHH Tanakikorn, 2017).

N

X o,
n[’m[’ = 4 =
prmpKT,pmp (1 - t) (59)

6. AlE2lold Z1t

2 =20l HetEl Mof7]e] 52 YBsE| 2IslH Delphin2
ErMol| Table 49| AlZ2old H~E 0|&310] MATLAB/
Simulink AlZ2lI0IME S3IsIICE AlZ2o1de] MATLAB Simulink
=25 clojojTd =202 Fg. 8z} Zct

MA 2™ ZEAOA Delphin2 AUV MATLAB-Simulink
model2 T8I, X7 I EFAH M NFTSMC X|0o{7|=f
GESOE o8¢t 22t TEV|E 7Heslct Mo Sxgiat 2zt
HE7|2 FHE Qzkg idtol X07|E Sl AlbkE §lat =

= k<1
MEES 4 (22 S8 AEA WE UYES HH MH DY BE

Table 4 Parameters of the simulation

Description |Parameter Value(unit)
NFTSS gain « diag(0.1,0.1,0.2,0.4,0.2,0.2)
NFTSS gain Iéj diag(0.1,0.1,0.2,0.3,0.2,0.2)
NFTSS gain ~ diag(10/3,3,10/3,3,4,3)
NFTSS gain p 17
NFTSS gain q 15
Control Input K diag(0.0256,0.0306,0.0203,0.0
gain 013,0.0203,0.1001)
Boundary layer BI diag(0.01 00(1)0015)0?)1 ,0.01,0.00

NFTSMC

Control allocation Delphin2 AUV model

ol

NED to Body

=
[ - e
E>

LN

=

Body to NED

Fig. 8 Simulation program using MATLAB-Simulink
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Hofz|ol Zelde ABP| ol 2ol Hymt 2, 4
Hot 22 S UE2 £30%2 2R Helz MYEon
100s77HA| Ng = [$d7 Ya> Zd> ¢d7 9(17 ’Lpd] £ F35I=8 A=

X, —6sm(120—ff)tj [m]

v, 6sin(2 gjw [m]
=1z,=10

n, (100) [m]
¢, =0 [deg]
6, =0 [deg]
(60)
360
=—— [de

Ya=100 [deg]

o2t Ciefeh Y Cfe| 2o Bz

o
el 222 TRiFA2H AlEold Soll= 2

2 JRHEICk 7FYSIC.

d,=d,=d,=d, =d,
=0.25in(2.57 —3)+0.4sin(2t +7)+12sin(172+0.6)
+0.65in(0.571—9.5)+0.4sin(037)+ 2.4sin(0. 172 +4.5)
+025in(0.057 +2) +0.068in(0.017 +3)5 (61)

Fig. 9= 39 GESOZ E5}0{ 22t F&st Z} Jz=olc
w7 T ot TR Q2tolod, m2t T =r} 3¢ GESO

= = o
£ Soff FYgk 2etolct ket thy the| 22ks Fig. 102}
o1 i=)
20| WEA FH50 FH 2Ak= 022 $HEES LIEICE
Disturbance estimation result(3" GESO)
9 : ‘ ‘ .
&
5 ® v
= 10 L il I L | L L 1 L
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— = = Estimation Result of 3"/ GESO

Fig. 9 True disturbance(red line) and estimated of 3™
GESO(blue line)
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Fig. 10 Result of disturbance estimation error(3 GESO)

Mokl Mof7 |2 Msg AEsk| 2/510d NFTSMCEH ARZst
2T} 39 GESOS MEsHNFTSMCe| fIx|et AiM|2| H|of Zz}
£ H|W3Ick Fig. 110IME 2,y HH, Fig. 120IME 2, 2
=M, Fig. 130lM= 3x SZI0[M2| Delphin? Z=A 29|
.‘HI)H—I|. l:xl-x-lo| |:||-o|7|-0 s 3|.91 |, I:Eol- Flg 14 gH A|
200l T2 2,y,2,0,92] MO ZIgS H|WSICE

1 23} NFTSMCERS ALSsIQIS %’—? X %Eﬁt% =

X Rt Rt A LMSEK|EH x
NFTSMC= ™Mo Sxgts & —’F—oﬁl—
Mol 2xigtel ®g "o E——E(root mean square error,
RMSE)2 l0{ 2xlgte| Xl0|& H|wsi¥Ct 11 Z1| Table 5
oF ZH0| NFTSMCR2} 3%t GESOE Akgst M0f7 |7 NFTSMCRHS
ARESH MO7|ECt XL =[] 2k 1638 oA 24t WS =
olsiict.

~— Reference

6r = = =NFTSMC Trajectory
.g NFTSMC +3"¢ GESO Trajectory

x [m]

Fig. 11 Trajectory tracking curves in x-y plane by NFTSMC
vs NFTSMC+3“ GESO
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TAZE- X kel - £ S0 2 A2
o
——— Desired value
1F T A T T T T = = =NFTSMC b
0 L T R e 37 ESO+NFTSMC
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Reference
= = = NFTSMC Trajectory
----- NFTSMC +3" GESO Trajectory
10 1 | | | | | )
-6 -4 -2 0 2 4 6 8
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Fig. 12 Trajectory tracking curves in x-z plane by NFTSMC
vs NFTSMC+3 GESO

—~ = = Reference
= = = NFTSMC Trajectory
----- NFTSMC +3"¢ GESO Trajectory

East [m] North [m]

Fig. 13 Trajectory tracking curves in 3D space by NFTSMC
vs NFTSMC+3rd GESO

AUV control result -
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sF — = —NFTSMC
) / ----- 3 ESO+NFTSMC
g Z

=0

8

Time [s]

Fig. 14 Comparison plot of x,y,z control by NFTSMC vs
NFTSMC+3¢ GESO
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Fig. 15 Comparison plot of 6, control by NFTSMC vs
NFTSMC+3rd GESO

Table 5 Performance measures using RMSE for NFTSMC
and NFTSMC+3rd GESO

Control schemes | NFTSMC NFTSMC+3™® GESO
e [m] 0.5885 0.0036
e,[m] 0.6316 0.0047
e.[m] 1.1227 0.0129
e,[deg] 23.2516 0.7100
e,ldeg] 48.3550 0.5587
7.2 E
S0l H4E0| TEM FE HAS Moz piliskH
oo SEIMo(Lt A =Rel 22 2Ets S5t FE 9
X2} XM FXIE = e ADst Hol M52 2E Hof7|
7t gHolct. 2 AFoMe 22l Zelst ds2 I
NFTSMC2} NFTSMC2| $HHIE E2t siE 3¢ GESOS MA5|
0f ol &Ho| 22tg HAlelo] Mo E F3lsI==E SIRACt
Ol AlZelolMg &35l0 Yne|Fel Frads ABsIUCt

gts 20| EXM KOS Hardware In the Loop Simulation
(HLS)Z #3sP| flsll UHIcIE HEZ HMo7|§ F4stn
Yt DHE 2 2[d ElRl o= 0{2l Speedgoatol| HE3S}04
Hof7|e] Msg ABe Aolct,
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Table 6 6-DOF AUV parameter

Description Paramete Value(unit) Description Paramete Value(unit)
Spacg between the twg I, 1.25[m] Surge damping —0.0036
hO”ZAOrma(')fthtrhUeSterS coefficient due to a | X|u|uss, [kg/ﬂ.”b/degq
horizontal~front thruster| 0.60[m] rudder deflegtlon
w.r.t. b—frame Sway damping -0.3241
Arm of the coefficient due to a | ¥jujus, i /7;1/de ]
horizontal-aft thruster | L, 0.65[m] rudder deflection v i
w.r.t. b—frame Yaw damping
Space Petwee” the two L, 1.06[m] coefficient due to a s -0.3254(kg/deg]
veernil Ct)?r?hséers rudder deflection
vertical-front thruster | L, 0.52[m] Surge damping 0.0036
wrt. beframe coefficient due to a | Xj,jusg, ko) ./d 2
Arm of the vertical-aft 0.54[m] stern deflection gimraeg
thruster w.r.t. b—frame v ) Sway damping
Added mass along . -2 .4[kg] coefficient due to a | ¥}, us, i 3'32/(1;1 ]
Addedx%aa)gg along stern deflection g/m/aeg
Yeaxis g -65.5kg] Pitch damping
Added mass along P ~65.51ka] coefficient due. toa | My, 0.3254[kg/deg]
7—axis w ' stern deflection
Added moment of -14.17 Thrust coefficient for
inertia about y—axis M, [kq - m*/rad] main propeller W prop 0.0946
Added moment of N -14.17 Main propeller's
inertia about z—axis " [kq - m?/rad] diameter Dirop 0.305[m]
Linear damping v 0.50L% ;u(—28.5¢ —3) Parameter for the
coefficient ' lkq/s] propeller model Corop1 0.6999[n/a]
Linear damping v 0.5pL% yu(12.6e —3) Parameter for the
coefficient i lkq - m/rad/s] propeller model Corop2 1.5205[n/a]
Linear damping 0-5pL% yyu(—28.5¢ —3) Wake fraction w, 0.36
coefficient N __ [ka/s] Thrust deduction factor,
Linear damping 7 [05pLipyu(=12.60—3) for the main propeller| ' 0.1
coefficient ! kg - m/rad/s] Thrust coefficient for [
Linear damping M 0.50L% pyu(—4.5¢—3) the thrusters Tth 1.2870e-4
coefficient N 4[1617 - m/s] Thruster's diameter D, 0.07[m]
Linear damping M 0-5p L4y u (=53¢ =3) Parameter for a thrust
coefficient ! [kq - m*/rad/s] deduction factor due to| ¢y, 0.35[n/al
Linear damping N 0.5pL" yu(4.5e —3) motions
coefficient ) [kq - m/s] Parameter for a thrust
Linear damping N 0.5pL’yu(—5.3¢ —3) deduction factor due to|  ¢;,0 1.5[n/a]
coefficient ! [kq - m?/rad/s] motions
Quadratic damping | - ~6.5[kg/m] Coordinate of center of
coefficient b ' buoyancy w.r.t. T [0,0,0][m]
Quadratic damping v, _183[kg/m] —frame
coefficient Il grm 9
Quadratic damping v 0 Coordinate of center of] , 10.0,0.06][m]
coefficient "l [kq - m*/rad’] gravity w.r.t. b-frame ’ T
Quadratic dampin iole!
coefficientp ’ ol 183lkg/m] Vehld?lzorc];:ds)s o " 79.40lky]
. . 0 .
e | | e s | | ol
. . Length overall of the
Quadrahc' Qampmg M, ~59[kg] AUV L,y 1.96[m]
coefficient - Moment of inertia of
i i 82 cm?
Sl I v A R N s
Quadratic dampin Moment of inertia of
coefficientp ° Niolo 59lkg] the AUV about z—axis = 35kg - m”]
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