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Nomoto’s 1st-Order Model

A 1st-order approximation is obtained by letting the effective time constant be equal
to: T =T+ T — T;3.

- Time-domain: N
Ty+9p=Ké
- Transfer function:
Gile T
67 T s(14Ts)

The 1st-order Nomoto model should only be used for low frequencies. This is
illustrated in the following example where the frequency response of Nomoto’s
1st- and 2nd-order models is compared in an amplitude-phase diagram.

Example 5.1 (Nomoto’s 1st- and 2nd-Order Models)
In this exzample we will consider a stable cargo ship and an unstable oil tanker.

Cargo ship (Mariner class) Oil tanker (full loaded)
350
8.1
389100
—-0.019
—-124.1

16.4
46.0




Nomoto s Model

disturbance w

Measured
! Variable

Manipurated
Variable

Time lag
P(t) = —&r(t) + 56t —t) + w(t)
where ¢ (t) = r(t)
T=4%T, K=%K' (U <U<Uy)

Parameter Uncertainty Velocity Variation






o 0(t) = the — (¥)

e motion equation
{ P(t) = r(t) ,
P(t) = —7r(t) + (e — p(t — 1)) + w(t)

e State equation

zb(t)]z s 1 [w(t)] ) [ 0 ]
[19] ] O]+ [ 9]+ [0,
A

i(t) 2(t) B

= O

~

t L=0 = -K/T



e 2nd-order system

g-c—[ 01 ]$+[O]u(q<l) f
\_wTQL :QCW’RJ 0-’7% __________________ ?nm
A B
y={1 O}:U
~ 5 d —on —Com » Re

(:damping coef., wp:natural angular freq.

: , _ - _ 2 s
e eigenvalues of A: ) = iwn +3 gufn,\/;l( S
R I

. . _w_%, ARt ci
e impluse resp.: G(t) = e i sin A1t

A
e stepresp.: S(8) = 1 — At sin(azt — tan—1 2L
)\I AR

o (Tp.14p0) = (—F— 1+ oxp(——))
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e impluse response:
G(t) = Cexp(At)B = CVexp(At)V 1B

. 1 0 At | COSArt  sinAgt 1 A O 0
- [ 100 ]:/5[ AR A7 lf sin A\jt  cos At lﬁ)‘f —Ap 1 R wg |
vV exp(JAT) (V) B

2 . 2
_ Y[ 1 Q] [ cos Azt sin Agt } [ 0 ] _ YAt gin 2

DY sin A\jt COsS st 1 I

e step response: Using /e‘” sinbzdr =

ax

> >(asinbz — bcosbr),
a

t th w2 .
S(t) = / G(r)dr = / AT sin \jrdr = =% [e’\’” sin /\[T]
0 0 A A 0

I I
wn 1 (M (ArSin Art — Ajcos Ast) + Ap)
— e -
N A A2 pEA T AR A A
n . A A
= 14 M (sin At x 28 _ cos Azt x L)
)\I Wn Wn

=1 —|— “eMit(sin A\jt cos @ — cos A\jtsin6)
1

— 1—|— Mtsin(Art —6) (8 =tan! —I)
AR

:1+)\—€ Sin()\jt+¢’—'ﬂ') (¢:7T—9:tan 1£)

“\g
(¢ = tan-l—"lg‘cz>

=1 — %e)‘ﬁtsin()qt + &)
I




ORIRENBZ DA INILR/ATYTIRE

o| (Tp14p0) = (—F— 1+ exp(—— )

S(t) = %(/\Re/\RtSin(Mt + ¢) + e R cos(Art + ¢) x Ap)
!
0 = Z(Ape Rl sin(A\jt 4+ ¢) + e R cos(Ajt + &) x Ap)

0 =sin(\jt+ @) x Agp +cos(A\jt+ ¢) x \; (¢ =tan™?! _ATI)

R
0 = sin(Ajt + ¢) Cos ¢ — Cos(Ajt + @) sin = sin(A\jt + ¢ — ¢) = sin Ayt
NIy =7 = Tp=—

A
Wn )\R?TI i3 wWn Aj’ﬂ Aj?’l’
S(Tp) =1— e Msin(\;—+¢d)=1——e M sin(r+¢) =14
Af Af Al
_ (logpg)? _ +/(log po)2+ﬂ2)
Ty = T 2 _ __w° 2 __ =w?
P Wn\/ 1—C2 — Tp (.dn(l—c ) = wn Tp (1_< )
po = exp(——~L=) log po = —— L= (log po)2 = &
1-¢ Vi-¢2 IPo) =17

2 2, 2 =
2 _ == (logpg)“+m 2 2
Wi 5 Wy, = \/(logz%g) +

2 _ _ (logpg)? _ |_(logpg)?
= { ‘ (log p)?+72 { ¢= (logpo)g+’fr2

- 72
Tp T
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33. Hiroyuki KAJIWARA A, Pierre APKARIAN, Pascal GAHINET: "LPV Techniques for
Control of an Inverted Pendulum", IEEE Control Systems Magazine, vol.19, no.1,
pp.44-54, 1999




Scheduled NOMOTO Model

e Nomoto Model
r= —%r + %5

Nomoto’s Model

where k | 0=~ ({0
_ L __ Uzt == \
T_UT’K_IK f\ P -
. e . . ’
e Nominal Speed U; < U* < Us Ship Trajectory
T+ = LT/, K*=U'K )
_ us= > L _ Nomoto’s Model - Us !/
e Time Constant and Gain Constant 0O (BT / .
% r(0==Gimro+(5) 5 : g
T:%T*,K:%K* v I
_ /
* Scheduled Nomoto Model \ =Ue,
2 K*
--&)z+ &) T pru
U* T*
~~ o \ Nomoto's Model
L K(U) \ K
(U T(U) S 7 r(r)——@ir(tﬂ(g)?ﬁ(r)




LTI Control and LPV Control

controlled object
of LTI type

LTI: Linear
Time-Invariant

LTI controller

controlled object of LPV type

LTI controller

v

controlled object of LPV type

scheduled by a parameter <2

Jd I EEEENR EEEEEEER EEEEEERE EEEEEN

LPVcontroller

LPV: Linear Parameter Varying



Arm—Driven Inverted Pendulum

LTI Controller LPV Controller



State Equation

e Motion equation

b=r

) o+ ()7 52
° Rudder Dynamics

r=— (&

— —%5 + %u
e State Equation

1

0—()*()2”

O

A(UU?)

e Output Equation

=[10 ol

Boon 3 <
3T o o



LPV Control System

stabilize stabilize

u= K(Us, U3)y

u= K(Us, U3)y



LPV Model with 3 Vertexes

r = (p1A1 + p2As + p3Az) x + Bu
A(UU2)
where A1 = A(U1,U?), Ay = A(Uo, U3)
Az = A(Us, U1 Uz) with Us = BT and
U — Us Us — U3 '
U? — U Uy U2 —UyUs
- Uy —Us U—Us |
U2 — U Uy U? — U U5
1 Uy —Ux Ux—-U
P3=o 9t 2 2 v -2
Uy —Uz; Uz—Us
U2 —Us Us — U Us
satisfying p; +po>+p3 =1

— 1
p1 = o det

1
P> 20 det

po = det




Interconnection with Integrator

1
WITT __ wr s _ Wi 1
r 1+ GKO% Sl VGK
Wg S
WY GKo+ GK
= wps 1 — Wps
1




CLPS by LPV Output FB

e 2-port representation
4

B A(U,U?) 0 @ 0 B
) = (U, U%) + r —+ U
Ty —C 0 T 1 0]
- - ~ 7 | —— N o’
] A(UU?) B B,
Wix 0 w xT 0 0
! I — 2 ! —|‘ r + U
{ wpy wDCA(U, U ) 0 Ty 0 wDCB
- A . ~~ > N - . ~ >
Cl Dll Dl?
C 0 T 0
Yy — + r
L1 0 1 L1 O A(U,U?) = p1(U, U2) A1 + p2(U, U?) Az + p3(U, U?) A
~ v - ~— AK(}Ja Uz)_jlpl(,Us U2)114K1p-|2- Pz,(U, U22)A1s23+ 1’03(U, U32)AK3
L C> D>, By (U,U?) = p1(U,U?) B + p2(U, U?) B2 + p3(U, U?) Bxs

Ck(U,U?) = p1(U,U?)Ck1 + p2(U,U?)Cx2 + p3(U,U?)Ck3
Dy (U,U?) = p1(U,U?)Dg1 + p2(U,U?)Dg2 + p3(U, U?) D3

e output feedback

4 .
rg | _ | Ax Bko> TK | 4 Bgi1 O Y
rr | 0 0 T -1 1 r

. 7 . -

{ Ac(U,U?) B (U.U?)

w=[Cx Dra]| % |+ [P 0]] Y]
Ci(U.U?)

-DK(UEUz)



LMI Based Design of LPV Output FB

e Minimize v
on R=R! 5 =5 Ay Byi CxiDici (i =1,2,3)

. R I
subject to l 7 S] > 0 and

LMI-OF1,2,3,4 for vertexl1l
LMI-OF1,2,3,4 for vertex2
LMI-OF1,2,3,4 for vertex3

e Determine the output feedback controller
for each vertex Ay, By;, Cry (Z — 1,2,3)

Agi = N7'Ag; — S(A; — BoDgC2)R — By ;CoR
—SBoCri)M ™1

N~Y(Bg; — SBaDg;)

(Cxi — DiCoR)M ™1

where I — SR = NM?

QW
Sl
[



L MIs for Output FB Design

e LMI-OF1: \

Im/
AR+ B>Cx A+ BoDg(Ch T R I
Ak SA + By (s ]+(*) +a[1 S]<O
e LMI-OF2: 5
oy R 1 AR+ B>Cyx A+ BoDgCs - o Re
I S Ax SA+ BrgC>
<0
- R I
() - [ I s ]
e LMI-OF3:
sin @ cos 6 AR+ BoCyx A+ BoDgr(Co T
[—cos@ sin@ ®[ Ax SA 4+ BrChs ]_I_(*) <0
e LMI-OF4: )
AR+ B>Cx A+ B>DgrC>s 4 (*)T B1 + B2Dg Doy (*)T
Ak SA+ BrCo> SB1 + Bx D21

<0

()" —42] ()T
[ C1R+ D12Ck C1 + D12DgC> ] D11 —1



Scheduled PID Controller

Consider a PID control presented by
¢
5 = Kp(te — ) — Kpr+ Kffo (e — (7)) dr

Assuming K; = 0 and defining w, = Kj{{p, ¢ =
1+ KK, . .
—QW' the following relation should hold.
1 1
= <wn\/1—2<2+\/4<4—4¢2+2< -
ship?’u’c:tion controlled motion steerir\larr/notion
Thus the PID gains are calculated as
Tw? 2T wn — 1 wn,
P 12 ) D K ) I 10 p
Schedulled PID controller is implemented as
2
U* T
K = (1) 1
2
U* T* U*\ 1
KpU)y=(—| —2 — | =) =
p(t) (U) For oo (U)K*
2
Ki(U) = ( ) “n
U/ K*10




LPV Control of NOMOTO Model

10 L 15
E Ila
3 3 10
a
c o 5t
o 2
4 2
D -

| Of
O | | 1
0 200 400
time(s)

15 15
[5) 5
ﬁ 10F ﬁ 10+
Q Q
? ?
% 5+ @ 5F
2 2
M M
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[4] DPSEH:ED Fi& (CAFIER)

® CA(Control Allocation)fizE &3
@ EVVAREXKRMBREIE(HARERDHMEIYRMEBDIHHAZY)
® EEENMHEDFA !

73. KEFRIA, BIEZEZ: "T Vv AAT AXFIRAICHFIDR S 558 0HAHER SEICON
T, B AMAAERE TS5 CE, no.6, pp.177-182, 2007

T4. TEARBET, RELEZ: "KoN@FaMIC L2 8RAHIBMGE TV~ AA T AX DR
EHE AL 7", B ARGAREE L= 3CE, no.6, pp.183-190, 2007




CHIKYU: Azimuth Thrusters
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CA (Control Allocation) Problem

Command Position
C TC Tc T

d DPS wontro THR —> Vessel —1>
_ Allocation 56 5

Ty, = T COSdq

T1y =Ty Sinoq

Tho = Ty, COS Oy,







HENBL T AR

n
Tio+ T+ 4+ The=> Tjn=X T = T;COS;

1=1

n
Tiy+Toy+ 4+ Ty =3 Ty =Y
1=1

Tiy = T’ sin o,

n
N1+ No+ -+ Np= 3> (~Tip yi +Tiy ;) = N
1=1

4

1 O 1 O

O 1 O 1

L v = ~Yn Tn
A(3x2n)

Z P
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HNEES AEADEIE

1 T’L'IZC > Ov |Tz'ly| S Ti,:c tan gz
Ti,a: = I, COS 97:7 Tz'ly =T Sin 91'
0; = 0; — ;0 (|0;] < 6;)

(’[, pu— ]_7 .« .. , n)
i COS d;0 —sind;g - s e
[ /
Sin 00 COS 9;0 e T’i,.:z: B
—1; COS0;0  Y; SIN ;0 Tiy
i N
.-+ +x;SINd;,0 +x;CO0S%;p - : i _

Al(3x2n) T'(2nx1)
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min ||T7]|%/2

such that

AT =+

T}, >0, |Tj,| < T}, tand,

T! = T;cos0;, Y%lzzj}shwei

o

0; =0; —dio (|0:]<0;) (i =1,---,n)

¢y

.

min ||c||?/2

such that

(T = V{S' U™ + Vie)
Beze < Dyt

T T T T T =\
('”2,23' — VU3 2;_1 tan di)c < (—‘Ul,zz' + V1,21 tan 0i)T

T T T T
(—v2.2; +v30;1tand,)c < (vi2; — Vi2i1
T T /
—V322;—1C < UV1,2i—1T
(‘i f— ]_} - ’n)

-1 T
—1_T

—-1_T

tand, )7’

}T

"

T

,.l_.f



min ||c||?/2 s.t. Beze < Dep
() =pim1+ -+ ps7s
min ||C7;||2/2 s.t. B..c; S D.,.T1;
(1 =1,---,8)
U
c(t) = pic1 + -+ + pscs

T4
X-X, Y-Y; Np—N

Xo—X Yo—-Y No>—N X-X;y Yo—Y No—N Xo—X Y—-Yy N>—N

?{Q_Xl‘Y2_Y1-N2_N1,+;X2_X1-Y2_Y1‘NQ_N1,+\X2_X1‘YQ_Yl-N2_N1,+;X2_X1 Yo —Yy No— N
p1(XY,N) P2(XY,N) p3(XY,N) pa(X.Y,N)

Xo=X Yo=Y N-Ni  X-Xi Yo-Y N-N  Xo—X Y-Yi N-Ni _ X-X; Y-¥i N-N _,

Xo—Xy Yo—Yy Np— Ny Xo—X; Yo—Y3 Np— Ny Xo—X; Yo—-Y; No—Ny Xo—X;3 Yo—Y; Np— Ny

+

pS(X':Y'JN) p6(X,Y,N) p‘((X,Y,N) pS(X':Y'aN)
X1 Xo X1 Xo X1 X2 X1 X
=Y |, =Y |, 3=|Y2 |\, y=|Y2 |+, 5=| Y |,6=| Y1 |, 77=]| Y2 |, 8= ]| Y2
Ny N1 N1 N1 N> No | N> N>
X, = Xmin (X <0) Y. Ymin (Y <0) N, = Nmin (N <0) \
1 0 (X >0) @ 1 0 (v >0) ' 1 0 (N >0)
_[o (X < 0) _fo (Y <0) _fo (N < 0)
X2Z 1 Xmax (X20) " 27 { Yinax (v 20) * M2T | Niax (N>0)
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e min ||ci||?/2 s.t. Bewci < Deeri (i =1,---,8)
Q)R o s
Hr B min ||c||?/2 s.t. i | e< :
@ Eﬂ Be:c Dea:TS
T 18 AR min [|c]|2/2 s.t. Bewe < Dot

B 5T

" time /TO
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st HH 1 = 2 RETEIRIE

min [lcf|?/2
such that
Bc— Dt +s=0 (s>0)

o

min [|][?/2
such that
Be < DT

2 REtEIEIREIZH TS KKT(Karush-Kuhn-Tucker)%ﬁ:

1
L = EcTc—I— y!'(Be—d+s)—21s

Vel =c+ Bly=0
VsL=y—2=0
VyL=Bc—d(t)+s=0
V.L=-5<0

z>0

zTg:O

4
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SWATH(Small Waterplane-Area Twin Hull) s

1) S EESR, 5 TER, KIE —, KT #: Resonance-Free
SWATHD#EZ 5% 5T & T4 8E, BAMMEF IF SR
X &, 105, pp. 73-81, 20009.

2) KIg —, S EHER, 5 TER, KT ##: Resonance-Free
SWATHD:EE I & T, BAMRMEEIFRmXE,
%105, pp. 83-96, 20009.

3) G HESR, & B0, KR — 2 TEm, KT #:
Resonance-Free SWATH®D BEEffin(Z & 4 18 i i,
BAMMBFEFIFMNXE, 5125, pp. 79-88, 2010.

4) SHEH, ETER, KE —, KT #: Resonance-Free
SWATHD KR ES 4 EE, BAMMEFIFEEH/mXE
%125, pp. 89-99, 2010.

5)& BEH, BIR A2, MEH)E . BEFResonance-Free
SWATHD K E(Z & 5 IERERHIE, B AREEIER
HRE, 155, pp. 119-128, 2015.




PD Contr. of RFS(Revsonance Free SWATH)st

al’ Restoring Coefficients

Heave Control #

O C33 N/m 464.01
C35 N/rad 0

Z A C53 Nm/m 0

T C55 Nm/rad -4.25

How to control RFS

Pitch Control #

ARSI

-|- Kpsgs

by using the fins?

Control Gains

KP3 kg/s”"2 O
KD3 kg/s 214
KP5 kg/s"2 99
KD5 kg/s 112
T2 S 0.07




00  stability
>0 diverge

<0 restored

Pitch Reduction by Switching fiEgEgss

@ 6<0,6>0

:"/ Es
1)y

+KP59 > 0, _KD59 > 0 _KP59 > 07 _KD59 >0 P5 ‘D
Stabilization 5

More reduction?
> 0

@ 0<0,0<0 ® 650,6<0
VEBs -,

¥)) s ‘

ps s

2

—Kpsf > 0,-Kpsf >0 | +Kpsf >0, -Kpst >0 Ps 55
Stabilization More reduction?




Oscillated 2"9-order system

e 2nd-order system Im

. 0 1 n 0 |

= g o 7T | [P EED A i

N ~ s N——
A B
=|1 O |=x
y \[ - ]J ~on —Cwn » Re
C

(:damping coef., wpn:natural angular freq.

e cigenvalues of A1 A= —Cwnptjwny/1 — (2 —

. (JJQ A t .
e impluse resp.: G(t) = )\—”;'e Rtsin A\t

A
o stepresp.:  y(t) =1-— %eARt sin(Ajt —tan~t 2L

I AR

¢ Ty i) = (i L+ o0 7))




Simulation Under No Control
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phase plane

1
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PD Control




Simulation Under PD Control
PEE Coa 0 R - ==

= 2o @« i 0%% O& &5 .

phase plane

output
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-1 -0 I 05 I :
| # Bis AT b 0




SMC (Sliding Mode Control)

A
0<0.0>0 6>0,0>0
....... 0<0s<0 0>0,s>0
.......... Switching Function .S>O

) s=mb+0__ 0
............................ >
............... s=20

(DReaching Phase /"""
ss<QO < T

9<0.6<0 §>0,0 <0




SMC by PD Gain Switching

1° State Equation:

d|x1| | 0O 1 xq 0 0
£[x2]_[al a2][x2]+[1]u+[’w2] Sliding Mode
< ; L y — T —— Control
2° SWlCh|ng Function: s = [ m 1 ] [ zl ] AND \ll-t;!)lljl,(l();,\‘\yll()\\'
- 2 2
S N— e’

3° Sliding-Mode Control:

u=—- 1 ([al m—l—ag]a:—[kl kz]x‘l"\"{sgn(s))}
(SB)~ gl s )

SA K
: 0 _
where k; ‘@ (Sil?z > ) (’L = ]_,2)7 n > |w2|
PD gain switching / (Smi <10)

4° Lyapnov Function: V = 532

V = ss = sS(Ax + Bu + w)

= s{SAz — (SB)(SB) 1 (SAxz — Kz 4 nsgn(s))} + Sw
= s(k1r1 + kowo —nsgn(s) + wr)

<kyp-sx1+ko-szo—(n—|wa])|s| <O
<0 <0 <0

——————

—————— O — — =




SMC by Proportional Gain SW|tch|ng
Woey | 02020909090 el ) ok

R ERIFEEIEEE
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SMC by Switching Action

1° State Equation:

dlzg|_| 0 1 L1 0 0 Sliding Mode
:I.: A £ B w T} ”“.()!\’Y

2° Switching Function: s = [m 1 } [il ]
J Ll o

|

3° Sliding-Mode Control:
u=—(SB) '((SA - ¢S)x +

Switching action

1
where = —>0, n>|w
P2 =5 n > |wo|
4° LLyapnov Function: V =p28
2 2
V = 2poss = 2pos(ps — + 2poswo
\ p2s | |P23|

= —s2 — 2n|pos| + 2ppswa < —s2 — 2|pas| (n — [wa|) < O
<0




SMC by Switching Action

Boe clo
Bl XY Graph o B scop e

N O =

phase plane
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PDC/SMC1,2

PDC for the heave control loop :

K p3 L, ppKp3 :
FrinCra FrinCra
PDC for the pitch control loop :

Kps o_ pDK D5
FtinCralo FtinCralo

Tzdc?; _I_ Xe3 — —

Tzdcf) _|_ Ner — —

SMC1 for the pitch control loop :

_ KP5 - KD5
Tocv. = + _ FeinCrafo 0 FfmCLafgg (98 > 0)
2Hes T AS =Y L Kpa g __Kpa o (gg < ()
F¢inCrafo FfmCLafo

SMC2 for the pitch control loop :

Kps ¢ P Kps 9 (9
- ~ F,, s > 0)
TQCECE) + Ner = { Ffz?{CLGEO FfanLafo ]

_ _pPpKps
+FfanLa-€£}9 Ff@ncLafog (98 < 0)







Switching Function

1° Switching Function: s = [M I] [wl ]

2° Cost Function:

T
Jz/m r1 Qi1 Q12 || 21| 4,
0 [z2| [ Q21 Qoo | |22
2T T,QTT T
- T o - o -
:/"O x1 I Q12Q% || Q11— Q12Q53Q21 O 1I O 21|y
o [ 22 I 0 Q22 | | Qo Q21 I || 22
- T - . -
- [ 21 ] Q11— Q12Q2Q21 0 ] 21 ] 5
0 | Qi12@rox1 + 22 0 Q22 | | Q12@r571 + 22

3° Sliding Motion:

1 = A1171 + Aoz = (A11 — A12Q55Q21) 1 +@§Q§21Q21$1 + z2),
A B I

1o =—-Mz; = Q55Qz121 + 22 =— (M —Q5,Q21) x1

4° Determination of §V\;‘i1l:hinq Function: g

NA+4+ ATN - NBQ;IBTN 4+ (Q11 — Q12Q55Q21) =0

F=QBTn = M=Q5(Qx + AloN)




SMC Design

1° Sliding-Mode Control:

u=— SoBp (‘[ SoAnq 5253232_1 ] z’ - s+
(SB)~1 (SA—®S)z
where Py > 0: Pyd + o1 Py = —1, 5> ||Sowsy|]

|| P2s||

2° Closed-loop System:

1] _ [ A Ans;t][a] 0
S 0 b S 77||p23|| + 52w2

3° Lyapnov Function: V = s P28

. Ps
V =251 Pys = 25! Po(ds — ” S” + Shwo)
28
T p,p
= sT(Pod + dTPy)s — 212 ”P2 |2|S + 25T PySowo
25

—[[s|[*> — 2n||P2s|| 4 25T P2Spw,
—[|sl|? — 2[|Ps]| (n — [|Saw2]|) < O
<0

IA




RFS-SMC3/4 Simulators

E3 l
] y
& Mrfs™-1  Welocity Pogitian ] ‘ i
Wrfs™ Velocity Position »
Actuator! Brfs
Actuatort
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e
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Actuatar2 swl Crfs - <<
Actuptor? 5 Crfs
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swl
Su
K At Exvalert Gortral Evalent Cortol
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Heave Motion

§3 max—min /2¢
o
o

O ExpPD
A  Exp SM1
O Exp SM2
-== Sim PD
=== Sim SM1
......... Slm SM2
— Sim SM3
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Pitch Motion

0.3: r
O ExpPD
A  Exp SM1
025- O Exp SM2
--= Sim PD
o 0ol =" Sim SM1 ;
x 02- .. Sim SM?2 P
P 4
> —— Sim SM3 = i
£ 0.15- — SimSM4 _QEFT A o7 T
L XA
4y}
€ 01
w2
0.05




Internal Model Principle

2.4 INCORPORATION OF INTERNAL MODEL PRINCIPLE FOR
ASYMPTOTIC DISTURBANCE REJECTION

Dynamical systems are sometimes subject to persistent external disturbances. A
state—space approach of the internal model principal [Chen, 1984; Wie and Liu,
1992 and 1993] is presented here for asymptotic disturbance rejection.

Consider a persistent disturbance with one or more frequency components
represented as

Prentice Hall Series in Advanced Navigation.
Guidance, and Control.and Their Applications

ADVANCED CONTROL |
d(t) = X Asin(pit + ) (2:53) SYSTEMS DESIGN |

with unknown magnitudes A; and phases ¢; but known frequencies p;. Active Ching-Fang Lin
disturbance rejection for the measured output is achieved by introducing a model

of the disturbance inside the control loop. A disturbance rejection filter for d,(t)
at a particular frequency p, is modeled as

Xyq = Ayx, + Buy (2.54)

0 1 0
ol e

The internal model then includes as many frequencies as the given disturbance,
and is driven by the measured output y of the plant. This procedure is equivalent
to the one used in the classical approach with the disturbance model now
consisting of a state-space model. The disturbance rejection filter is then
described by

where

J?d = Adxd + de (2.55)

where x, is the state vector introduced by the internal disturbance model, A, is
block—-diagonal and contains A, for each disturbance d,(t), and B, also contains
B,’s for each disturbance.




SV ELHETE - I D15

SLEL R ’i’“ A=[0 1;0 0]; B=[0;1]; C=[1 0];
i=te - Ad=[0 1;-2 0]; Bd=[0;1];
= Cx x= Ax+ Bu ’ ’ 11
/ y=Cx+Du jTD AE=[A zeros(2,2);Bd*C Ad];
A N Control Object NELD L5 — BE= [O’ 1’0’0]’
[01;-20] 010 0]| i= AxI Bu FE=Opt(AE,BE,eye(4,4),eye(4,4),1)
B: B: y=Cx+ Du
i [00;11] /{ : 04 |
C C B1: 02 Il:l:ll j] y
[10] eye(2) [FE(3) FE@)] .
N x =AY+ Bu+ Byg, x(0) = z °T
[01;-20] . . . . . .
3-7 Tg/= Aqza, zq(0) = zao PhEL y d }l‘ -
. 0 _
:’1] Tq = AgZq+ Bay,24(0) =0 iﬁihat{y}d ﬂW/\/\/\
eye(2,2) 0 I5 1 I[] 1 I5 2ID 2I5 30
- B A2tvk=0
.’fj'd + 0 (U’ =+ yd)
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[2] 2 ZZ 20l fEl~ D % hes (LQIFHI )

KHBE—2YJLDELTAZFECIR{ELTH 5
BEN I ISLTIRIEZ D EAL . BT FRFICIERE
THD2RARBREEBNT. TAUEKDB !

16. Hiroyuki KAJTWARA Wataru KOTERAYAMA, Masahiko NAKAMURA, HTERADA,
T.MORITA: "Control System Design of a ROV Operated Both as Towed and
Self-Propulsive Vehicle", Proc. of 3rd International Offshore and Polar Engineering
Conference, paper no. ISOPE-1-93-163, pp.451-454, 1993
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DELTAMDEEN FFEX

manipulated state variables measued
variables x,Y, 2, ¢, 0,9, u,v,w,p,q,r variables

Z
Flé
¢
actuato Sensors 9
F2 a d w
T

35 =J(E)EB @=[svusov] = [uvuwpar])
Mép+ (C(Ep) + D(ER))sp+G(EE) = F




E—JEFE) & 3—ERE)

manipulated state variables measued
variables x,Y, 2, ¢, 0,0, u,v,w,p,q,r variables

F1 + FZE
actuato Sensors
F1 _FQE g

controller




LQ (Linear Quadratic) | {

o T[HIEIM DEIEAIZE n KR
r = Azx + Bu, y=Cz

o TEILIRET A —F/I\vyY uwu=—-Fx
e HIL—T %

i = Apz, Ap = A — BF 32 E174
o 2 M ET{MRYEK

J = fooo(yTQy +uw!'Ru)dt (Q >0,R>0)

o EHIEMERE JE&KAMETDHFZRD L,
o LQihlfH (& il fEN 5] RE O %)
)y hAFAEAX
NA+ A'm—nBR'BIn+cloc =0
DEMN > 02 HWT, R TEZBILD,
F=R 11BN
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[3) EELTENA DX (LPVHIE)

® HOHIZEFEYMMNITENLEST S
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28. Hiroyuki KAJIWARA, Wataru KOTERAYAMA, Masahiko NAKAMURA,
S.YUGAWA: "LMI-Based Design of Robust Controllers for an Underwater Vehicle ",

Proc. of 7th International Offshore and Polar Engineering Conference, paper no.
[SOPE-I-97-161, pp.51-56, 1997
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Diving by Linear Control

(MDecreasing thrust

———————— — —‘—“-— -— -

Pitching
proportional to
the target depth

@]Increasing thrust



Diving by Scheduling Control

(MDecreasing thrust

Pitching
independent of |
the target depth \

@]Increasing thrust




Physical Parameters of DELTA

L=113, d=0185, p=102, g=98

V=5324/1000, x, =L x (-0.088495), z,=L x (-0.04956)

X,=-010555+0.0015, z,=-0.04254

m=(5182+w+w,)/ 98, dm=05,L2d x0.02434

X =(-51359+0.4787w,-0.4368w,) / (489469+w+w,)

Xg=(m-dm)/m Xz +dm/mx,.,, z;=(-15536+0.075w+0.075w,) / (5182+w,+w,)
| =032323+0.075% (w+w,)/98 -
|, =054778+((0.4787°+0.075%)w, +(04368+0075°)w,)/98, I, =1 . +dmx,,* Hydrodynamic

|,=086779+(04787°w, +0.4368°w,)/98, | =1 .+dmx, >, 1 ,=0 Coefficients

A,=05pL'd x0.0843, A, =05pL'd x0.4499, A,=05pL"d=0.0

X ,,~=05pLd x(-04062), X ,=05pLd x(-0173x10)), X ,=05pULd x0.4944, X, =050Ld x0.2017
Y,=05pULd x(-9.901), Y, =05pLd x7.88, Y ,=05pUL*d x0.24618 Y,=05pUL’d x4.7369, Y,=05pL°d x17.695
Z,~05pULd x (-7.726)x09, Z_=05pUL*d xZ,

K,=05pUL%d x (-0.3254), K =05pUL°d x(-0.3336), K ,=05pUL’d x0.0029953

M =05pUL’d x (-08822), M q=0.5,0UL3d xM ..

N ,=05pUL?d x09939, N, =05pL%d x(-69564), N,=05pUL%d x(-0.7028), N =0

¢y =0306, ¢,=Lx(-01211), /,=Lx(-01593), z,,=Lx0.08496, ¢ ., =L x(-01209), y,,=0306

b=-0.4352, ¢,=09383 e=08662, f=-01054;




Parameter Uncertainties
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LPV Model of DELTA

d| e —&5 | _ E J({p) e —Ep
@ ép—Cp | | MG MTHC +
0 "
+[M_1F](C—C)
where - (e
A(Zg, My) = [M—lc‘; M—l(C*b-jl— ]

(Zq < Zq < Zqy Mg < Mg < My)



LPV Model of DELTA

manipulated state variables measued
variables x,Y,2,0,0,¢Y, u,v,w,p,q,r variables

Fy + F>
é

/ actuato
Fi — F,
é

Q-LPV controller



ZE| PV Control, Tm to 3m/4m 3




L TI/ZEL PV Control, 5m to Tm 39




| PV Control, Tm to 5m %




[4) DPSESEMD Fi& (HILSTF %)

® CA(Control Allocation)fizE &3
@ EVVAREXKRMBREIE(HARERDHMEIYRMEBDIHHAZY)
® EEENMHEDFA !

81. Wataru KOTERAYAMA, Masahiko NAKAMURA, Hiroyuki KAJIWARA, Hitoshi
MATSUI, Kenzo NORIDOMI: "Development of a Training Simulator for Dynamic
Reentry Operations of a Riser Pipe Hanged off", Proc. of 18th International Offshore
and Polar Engineering Conference, paper no. [ISOPE-I-08-410, pp.67-70, 2008




CHIKYU: Deep-sea Drilling Vessel 02

Length : 210m
Breadth : 38m
Gross tonnage : 57,087tons

Open the new frontier of earth and life science
for future of mankind

by revealing the system of major earthquakes,
global changes, origin of life ©I0DP/JAMSTEC




CHIKYU: DPS & Azimuth Thrusters

24

UTHAL THRUSTER




CHIKYU: Riser Pipe 94

« Thruster

Riser pipe

'l "’ ; J . P % Alength :27m
mi BT 4 ' Diameter :1.2m
|
|

>

Blow-out pre u}h"m"“'

Casing pipe

Dnill pipe

Dl bie




CHIKYU: Drill House 95
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CHIKYU: Reentry Control System

Command

T)c Tc
DPS 3 Contro!
_ Allocation

Current

l Position

Te T
—> THR —> \/essel
De )

YN

Automatic Controller

Upper—-End :
Inclined Angle g

Lower—End ¢ I

Position CAMERA



HILS for Control System Design

DESIGN-PC (MATLAB/SIMULINK)

Step1) Development of Nonlinear Simulator

External Input Evaluated Outputi

> > !

i - Controlled ;

i Manipulated Input Object Measured Output:
Controller

Step?) Design of Controller




Virtual Control Experiment

SIMULATOR-PC (Windows Target)

Step3) Real-Time Calculation of Nonlinear Simulator

External Input Evaluated Outputi
| > > :
| - Controlled ;
- Manipulated Inpyt  ~ 500" Measured Output

AD DA

_________________________________________________________________________

Step4) Implementation of Controller




Developing Training Simulator

- Controlled Object

Virtual
Reality
Toalbox _
Upper-End Overview Lower-End ROV
Inclined Angels Position Vlewpomt
T]_C,W
. : A Vessel with D
Wifdows Terget D Thrusters & Riser A 5 Y ¥ 0z, 0y, Loy by
Tees 96(3 T
D DPS _ A Controller
A Control Allocation D
xPC Target / Ley Ye
] : .
Operator w 2 Reentry Guidance g

Magellan Space Mouse e




Trainiﬂg Somulator 102

Overview Deviatio

Popseca | _cuoe |

DPS&CA Guide



Why the reentry op is difficult?

moving moving
vessel vessel

Center of
Impact

entry point entry point



Reentry Control Problem

Vessel

LMRP

e e e T I =]

BOP

How to realize
the stability and
the performance
of reentry control

under no wind,
no current and
surface current

DPS not to be
modified



Control System for a Riser

Variable r, qlaQQv'”vl’;aq-laq-27°" Variab|eS

TL" - X,CC

command positio

to DPS w(z,t) r

ctuato Sensors _
Fe end poi
w(L)

f---{}L-*

controller



State Variables g1,g2,...
w(0,8) =0 w(zt) = d1 (N1 D Ho2 N2 (D +[ps Nz @ + - -

______




Motion Equation

My = Mi-l_ My + (m 4+ mg,)L
Mo = / (1 + ma)d’ (2)dz + Myo" (L)
0
L

My = [ m)e()ds + Mi(L)

Mo = /0 L(m + ma)¢(2)¢" (2)dz + Myp(L)¢" (L)

D11 = /OL CalVild

Do = [ G e (Viet(2) = # + ir(2) — Ve(2))
Do = [ el

Dn= [ TN (d

L
Kon = Mygo(L)é T (L) + [O 6(2)(u(z — D¢ (=) dz

L+ |+
[M21 M2 | | g D21 D22 | | ¢ O Koo || g




Velocity Input Model

M7 + Mopq + Do17 + Dooq + Kooqg = Fy

U
17 4+ Moy Moo + M5{ Dop Msy Moy (InT 4+ M1 Moog)

. T
Moy = diag{Mp1(1), -+, Ma1(N)}, 1y = | 1,---,1 |

3 — A2 £
+ M5T Koo M55 Mot|(Inr + M5i Maoq) - Moy Koo M5 Moily 7
— A2 £ Aoz
-1 —1 —1 - —1
= (M3 Doo M55 MgllN — M5 Do1) 7+ M5y Fy velocity
wo Input

§ = Ap1& + Anpé + Apar + Bor + wo varying

b g= My Mai(§—1y7) parameter
al&] | O In o |[¢ 0 0
| &= | A2t A2(Vial) A2z || & |+ | Ba(|Veerl) @-l— wo

T 0 0 0 r 1 u 0
~ :r - = ~— 4,k d, -~

x A x B W




Experimental Set Up (5m) 109

Stereo
Camera




Riser Pipe Unit Model (5m)

CHIKYU: 210 m length Riser: 2500 m length
Vessel Model: 3.8 m Riser Model: 4.8 m length
length Scaling factor : 1/500
ﬁcaling factor ; 1/55 | [\
<=
150
mm| -
<6urrent
\ \ «
1o 2 39 40 -

17+/55 period o 1/55 deviation
Dynamic Similarity Geometric Similarity




Experimental Parts

\ /m riser pipe model
and
vessel model




Exp#6 (Overview) 112
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