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Abstract . In this study, a sliding mode (SM) controller for dynamic positioning (DP) was specifically designed or a turret connection
operation of a ship or an offishore structure in which an arbitrary point on the structure could be controlled as the motion center instead
of the center of mass. The SM controller allows control of the arbitrary point and provides capability to manage uncertainties in the
dynamics of ships and ofishore structures, external forces caused by unknovwn changing marine environments, and transient performance
of DP systems. The Jacobian matrix included in kinematic equations of the controlled object was modified to design the SM controller
to control based on an arbitrary point of ships or ofishore structures. To ensure robustness of the controller, the Lyapunov stability theory
was applied in the design of the SM controller. In general, for robustness in DP control, gain scheduling based on a
proportional-derivative (PD) control algorithm is employed. However, finding appropriate gains for gain scheduling complicates the
application of DP systems. Therefore, in this study, the SM control algorithm was considered to mitigate the complexity of the DP
controller or ships and ofishore structures. To validate the proposed SM control algorithm, time-domain simulations were conducted and
utilized to evaluate the pertormance of the control algorithm. The eflectiveness of the proposed SM controller was assessed by comparing
simulation results with results of a conventional PD control algorithm applied in DP control.

Key words - Sliding mode control, Dynamic positioning systems, Ships and offshore structures, Lyapunov stability, Time domain
simulation
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Fig. 1 Numerical simulation tool for dynamic positioning
system of marine vessels (MATLAB/Simulink)
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the body-fixed coordinate {b}
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Fig. 4 The structure of the sliding mode control with
extended Kalman filter
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Table 1 Vessel Specifications and parameters of FPSO

Item Unit Value
Length (Lpp) m 315
Breadth (B) m 53
Draft (T) m 12
Mass ton 1.950x10°
Mass moment of inertia (Is)  ton'm’>  1.214x10°
Wind frontal projected area (Aqy)  m° 2,478
Wind lateral projected area (Agy) — mP 10,863
Added mass in surge (an) ton 1.320x10*
Added mass in sway (ax) ton 1.058x10°
Added mass in yaw (ass) ton-m? 7.132x10°
Added mass in sway-yaw (ax) ton'm -3.226%10°

Table 2 Specifications of thruster systems for FPSO

Location (m)

No. Type Max. thrust (kN)
X {v} Y b}
1 Azimuth 150 0 500
2 Azimuth 130 -1755 500
3 Azimuth 130 17.55 500
4 Azimuth -130 -1755 500
5 Azimuth -130 17.55 500
6 Azimuth -150 0 500

Table 3 Environmental condition in the simulation

Environment Condition
Wave H, =4m, T, =12.5s, 3=180"
Wind U, =2lm/s, B, =170°
Current U =1.01lm/s, 8,=180"

c

9% Sliding Mode Aol A+

t>09 Z7A TWEImz A" Aojr|= LaSalle-
Yoshizawa “A#loll 23] uniformly globally asymptotically
(UGS) <H4slck(Khalil, 2002).
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“able 7 Positioning errors for comparative simulations under Case 1
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AA Ao 31107 o= FHACE PD Alofol gk Alejs] uhan o 23s § vhA] Feold HW AA FeR Eoke s Ae
AAl A4zt W Ao WHol o8] Alojdel FAE T & 5 Ak Fig. 11 (@& AEHA A FitlM e gdgu
st AlRle] Adpzte] Alo] B AR FRehiA Aol Sutel, Fig. 11 (b= A7k Alofel tia At | o] 59
Hol gadhs A4S welth e} ok EE E9lety] AF @2 7Rk 913 SEelth
Fig. 102 Case 2 Alye]2ollA 253 SM Alo}7]e] &2 ZIgellA X HEAI= o130 Alg oAl Atell Ao A5 &4}
ofg BW s HRlth A7IA s, 5, 5, 747 AFER,  AHolw, ‘O AlEH AN vhA Y 9 ejolth. Aute
#¢Te, AFEe W Shold wWFE vehin, Ade FE Aok 2 vligto] Al AdEHWA 00 sHs=

setold B Alo7]e] AEY @FE dstey] da dgst S wela sith
=ttold W A Mg e VIt AFT8 % 989 Case 2 AU L0141 2] SM Al]7]9} PD Alof7]e] A} vas
A4 Eeteld WSt o)l FH A iRl sjxstEA  SE b 2 Aok 28 AlefH & Table 99 Table 10°]
s=09] SPZQl Hetold W S-S nela glu, Agwael  Astth 3 13 71t 2014 dFea e e A= SM
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“able 9 Positioning errors for comparative simulations under Case 2

Time Duration | Duration |l Duration Il
Control 1000s ~ 2500s 3000s ~ 4000s 1000s ~ 4000s
ltem Mean Min Max Range Mean Min Max  Range Min Max Range
e, [m] 0.00 -0.22 0.16 0.38 -0.38 -0.58 -0.18 0.40 -0.58 0.16 0.74
SM e, [m] 0.00 -0.13 0.12 0.25 -0.40 059 -0.20 0.39 -0.71 0.12 0.83
e, [] 0.00 -0.01 0.01 0.02 0.02 -0.01 0.18 0.19 —0.01 8.88 8.89
e, [m] 2.65 2.31 2.95 0.64 2.83 2.43 3.13 0.70 2.31 4.62 2.31
PD €, [m] -1.01 -1.13  -0.91 0.22 243 261 -224 0.37 -9.48 -0.91 8.57
e, [°] -025 -026 024 0.02 -0.78 -0.81 -0.75 0.06 -1.07 4.25 5.32
Table 10 Sum of absolute control forces for comparative simulations under Case 2
Time Duration | Duration |l Duration Il
Control 1000s ~ 2500s 3000s ~ 4000s 1000s ~ 4000s
ltem Mlul > lul Y lul
Fx [kN] 1.46E+07 1.04E+07 3.01E+07
SM Fy [kN] 7.71E+06 1.22E+07 2.55E+07
Mz [kNm] 2.09E+08 4.44E+08 9.21E+08
Fx [kN] 1.45E+07 1.03E+07 3.05E+07
PD Fy [kN] 7.96E+06 1.29E+07 3.00E+07
Mz [kNm] 2.20E+08 4.63E+08 1.26E+09
Fx [%] 100.7 101.0 98.7
SM/PD Fy [%] 9.9 94.6 85.0
Mz [%] 95.0 95.9 73.1
Aoy719] 49 0.00me} -0.38m7F PD Aol 7]12] 3¢ 2.66me} SM Ao]7]& AFE-31e] Case 29] AU 8.2 Al EZ o) A815 S
2.83m7} J&ré}E]i’iE‘r. T3E 29] A= Case 13 A4 Wb o) %50 #9529 #1304 A5 BH +£058m(AF
Zhedtel oM Alue] e avfell A AR Rk uhek 2Ee] Case 27F  F2) +07Im(FH¢5L) oz SM Ao 7oA AT 38
o 2 34 oES Aol W 2HolBRE AFERY A oxe  F £2m(ATEQ) +2m(FSER)E kS Folsl
o=\ 2 A 6 e wE w2 ud Ao AL 4 gh gy MSERe] 49 9 Case 13 pRRIHAR
Ak 28 AleH o] Aol Case 13} AFol7F YA Itk Amel Ag 4280 — 10°)S wgkonz My 5493
Case 19143 3 29 2.2 Aolgol T2 19) 22 Aol 1108 p=aa Zakgth ols skl PD Aol
E‘:]' Z]'?)C—O—Ur, Case 29] 73‘?‘01]5 ;ﬂ—_?:%ﬁ X‘]OJ ‘ASH —J—JOJ—@‘ :rL7J 301];\19/] 9_5(]_% /‘\j_l.\— }1].?‘1 z‘j_—c;f_%g_ +4621’1’1, 54__?_%‘9_
Aojgo] F7b 12 3k 2004 2 Aol glaS E91E 4 +948m olule] A7} WAE T Q). o] AR thA] dhd
o] - o -
Ak HPEac) Bfolm 7k 1 T3 29 WE LAE o oM Ajos17h Hakg A0] BE Ag DP Ao}
SM #1719 7% 0.00met -0.40m7} PD Ajo}7]1¢] 3§ - Blm Z=AE 2 Qo
1.01me} *2.43rr1°] FEEAL 3 22 AojH o] o=
SM Alej7l&= F3F 13 3F 2004 Z+ZE 7.71E+06kN} 5 2 =
122E+07kNo]  #ZE 3,  PD  Aojrle] Aol | =
< 1l 174 B =i o2 2~7} ¥A 3
7.96»E+06kNJ/]' 1.29E+07kNo| #Z=Ah A7 ¥4 £ ¢ Boemo s A sjok Hhele] Erel A8 Hlwsh Zrhet|
2 87 slgol AgFol mek H5E0 AN AT 28 Ao
] wel st AE 8% 2o 28 Fsd 24AF DP Ao]
g3t ot Aol AUt A5t WY F=FHS
o 7IMo g2 13 %= SM(Sliding mode) Ao Larg]ES &0
EPshe T 30 H9EL Ao s AHgH Aol S
sha, 11 fEAS AlEE IS E3 Hrskath SM A7 E
SM Ao} 717} 255E+07kN, PD Alo] 717} 3.00E+07kN 2.5 SM )
U A% DP A9 ANWAE A ABdlHES
A7) 7F PD A7) thy] ¢k 15% A& Alo]ES AFLTS .
i i Matlab/SIMULINK 273l A -3ttt s A& olH =
& & ek AFEae] A9 1k 304 Hdl LA} SM Al
Aoz BE, Adt &5 2E AAN BE FH ZEZ 1A
ZlolA Ay, Mz Aol sl AHgE Aa AojEe ’
=HAom, AlEdolgd] g v 5 Y AN 2ES
SM Ao} 717} 9.21E+08kNm, PD Ao} 7]7} 1.26E+09kNm= o
afstgTh A5l A8 Hed g% A FPshs
SM #6177} PD Alo}7] oin] oF 269% tf A& Aef & ALg: n Lm0 972 .
o soraal FPSOE 7Hgste] A5 Bl H<& AAE AR {4
R S SM Alo17]E AASHAL SM Aol 7] ehgyS s
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a17] 918 AA @AelA 2o (Lyapunov) HE
o|F& A&ote] AAALH FAHE SREFT AYS
DP Al=8lE& 1% SM Aloj7]19] #24d B7HE 98] PD Al

— 1=

Fgste] musiant. 87 2)ge] Jhgow A 44

AR AR 2Ake] A7V AFF s AT 77t
— +058m, +948m — +0.71mE AZES st
uEba] AeRE P By ENe] 9E wgsta 2y
gof = HA HE AelA SM Alo7]E AH&-3k= DP
Azdo] B AHgslelet YA o 71e] Hale] FAd 317
Z7(Case 2)91A A57F W7 Alo] Ao BE AFEl(73E 3)ollA
AHEE A" Adlghe] S RluE B9, 27 3.05E+07kN
— 30IE+07kN(H 3% 2), 3.00E+07kN — 2.55E+07kN(Z}H-$-
59), 1.26E+09kNm — 9.21E+08kNm(A =5 2) 2 A7HE ok
o= SM A71E A& W PD Alo)7] AR wf ®rt
1.3%(A 5 2), 15%(F9-52), 269%(HT52) A4E Ao
& AE3S Hol: Aotk o]& T3 SM Ale7]:= PD
Aol 7ol ko] 2 xf A Aoy AREe] Ao
7% Aol S Holn USS goleAdrh o= SM
Ao]7]17F A e 2x BAo] 7hsskal, Ao i ARk

gk Alo] depuE Aol sk, AF
59, A58, A,sae 7 5 1 S nEEt AoE
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