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DEVELOPMENT OF SHIP MANEUVERING CONTROL SYSTEM
WITH ONLINE NONLINEAR OPTIMAL CONTROL

INTRODUCTION
- MOTIVATION
- REVIEW OF THE OPTIMAL CONTROL PROBLEM

OPTIMAL THRUST ALLOCATION
- FORMULATION
- EXPERIMENTAL RESULTS

ROUTE TRACKING
- FORMULATION
- EXPERIMENTAL RESULTS

CONCLUSION
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Motivation

Requirements for Ship Maneuvering Control System

* Online Optimization for Nonlinear Model
- Minimize Fuel Consumption

- Minimize Environmental Effects ( Wind, Current, Waves,

)

- Auto-rectification to Thruster Failure
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Motivation

L ,@ GPS, DGPS, CONVENTIONAL STUDY
S , RTK-GPS _ _ _
Offline calculation of tracking route

/M \N - by trial and error

Ship is controlled to track the pre-

Impractical !
Cannot deal with real disturbances,
: changing restricted conditions

\ OUR STUDY
Disturbance | Consideration of changing
disturbance and restricted conditions

Restrlcted Other ship by the Online Optimization
water area

I / calculated route

Realizable berthing assistant system

Automatic berthing system in harbor

4
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Basic Structure of Ship Maneuvering Controller

Online optimization

Manual
operation Ship maneuvering controller

Waypoint |
setting |

Mdltiple-thruster-
allocation problem

Thrust
commands

___________________________________________________

Positiorﬁ, Velocity,...

Sensor signals

5
B4 Kawasaki
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Kawasaki DPS “KICS-5000”

Kawasaki DPS
“KICS-5000"
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B4 Kawasaki
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Review of the Optimal Control Problem

Controlled object ( nonlinear model )

X = f (X(t),@)/' Unknown variables

Finite Time Cost function

JEH(E+T) + [ L) u(t)) dt

Hamiltonian

H(x,A,u)=L(x,u)+A" f(x,u)
Euler-Lagrange equation (TPBVP)

./ x = f, x(0) = x(t) | Online calculation
N .
ciﬁ?ﬁ?c)rx A==H], A(T)=¢; (x(T)); (C/IGMRES
0 o= 0 " method)

J

_ Dr. Otsuka (Osaka
Fast algorithm ypjy) 7
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DEVELOPMENT OF SHIP MANEUVERING CONTROL SYSTEM
WITH ONLINE NONLINEAR OPTIMAL CONTROL

INTRODUCTION
- MOTIVATION
- REVIEW OF THE OPTIMAL CONTROL PROBLEM

OPTIMAL THRUST ALLOCATION
- FORMULATION
- EXPERIMENTAL RESULTS

ROUTE TRACKING
- FORMULATION
- EXPERIMENTAL RESULTS

CONCLUSION
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Thrust Allocation System with the Online Optimization

Thrust commands (given by a feedback controller)

(x) x ; x20 »
X)=
r] O ; X<O A

N )

U,

>
Y u, U,
X> Lateral force 0
~_ ~—_*
u, U,
Actuators

kU, KUy =X
Thrust
balance { kU, _{ Kyyn(Uy)u, +Kym (U3)U5} =Y

equations
\ k31u1 +{ k321‘| (Uz)u4 t k33n (U3)U5} +( k34u2 - k35u3) =N

Nonlinear term 9
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Thrust Allocation System with the Online Optimization

Forward thrust loss

k11u2 + k12u3 = x

Propeller and rudder interaction

s v} + u -Gty ) =X
10
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Optimization Problem Formulation

Cost function X 8
1 5 A u
J = 5 Z hu; N 1
i=1 G0,
Hamiltonian Yy /T Ty
H=J+A'C \U/' \U/‘
u, U

_k11{ u, =k m(u,)v (u4)} +k1£ u, —K,n(u,)v (usb -X
C=lk,u, _{ Kyom(u,)u, +Kym (U3)U5} —Y
_k31u1 +{ Kyom(uy)u, +Kyym (U3)U5} +( K3,U, = k35u3) —-N |

Optimality condition . Solve online by the C/GMRES method
T
H, =0 C@Z[u1 ooug Ay A )\3] .
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Algorithm Verification

threster

- : : : !
u] 20 L] 0] a0 100

T m a0 & 20 100
Time[=2c] / Time[zec]
12

Sinusoidal inputs
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Algorithm Verification

rudder
o
i
L
[
[

’ Time[zec] 3 * " ’ Time[zzcl ” -
B N > 1A
! _EZﬁUi + U, +2 s T Ts — Large °
=1
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Online Thrust Allocation Algorithm

Operator setting

Actuator’s failure
information 1

Enlarge failed actuator’s weight

Thrust
commands Actuator
(X.Y.N) commands

Allocate with remaining actuators

14

B4 Kawasaki
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Effectiveness of Auto-rectification
to Thruster Failure

Model ship

Conventional allocator Optimal thrust allocator

12

12

o 10

Thrust allocation was
E ol : re-calculated.

X
o

Portside propeller
stopped

(]

Route tracking test with keeping 30 degree
between the ship’s head and the moving direction.

15

Return to Session Directory


Liz Stansfeld
Return to Session Directory


DEVELOPMENT OF SHIP MANEUVERING CONTROL SYSTEM

WITH ONLINE NONLINEAR OPTIMAL CONTROL
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INTRODUCTION
- MOTIVATION
- REVIEW OF THE OPTIMAL CONTROL PROBLEM

OPTIMAL THRUST ALLOCATION
* FORMULATION i
- EXPERIMENTAL RESULTS

ROUTE TRACKING
- FORMULATION )
- EXPERIMENTAL RESULTS

COCLUSION ) L
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Comparison with Conventional Controller and
Route Optimizing Controller

Conventional tracking control

Current position

Target position L :
(Moves to the "® Curve Straight
next WP) / (Guide line) /

Minimize the deviations
from the target position

Return to Session Directory

~ Waypoint(WP)

Online nonlinear optimal control

Current position

\

——

/

\

Move on the optimal
route to the next WP
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State Variables

Hamiltonian
H=L+Af f =

/

Constrained condition

X = Q < <« o x

(if any, user definition) L7
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State Equations

ucosy — vsinyg
Mvr/(M+mx) + M xg r*/(M+mx) + (X +X,)/(M +mx)
using + v cosy
{my(-Mur +Yr+Y,) - m, (-Mxgur + Nr + N,)}/detm
r

{-m,(-Mur +Yr+Y,) + m, (-Mxsur + Nr + N,)}/detm

—ix +QXr

TX TX
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Cost Function

Cost function

% LHT{ ich (Xrefi — X )2 + ZSZ I Uiz}dt’

i=1 / =1
L Sta’i/ variables Thrusters
x uy vy r X

Hamiltonian

[Xr Yr Nr] !

H=L+A"f (Equivalent to
power minimum)

20
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Route Tracking Results

7

Pl o307 Sk

i=1 i=1

1 7
J :E{ Zsfi(xrefi -

x uy v g r X]|"

X;  Weight g, (multiplied to the lateral deviation)

&S]

Weight g
(multiplied to the heading deviation)

Specified position
and heading

21
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Configuration of Experimental Equipment

Return to Session Directory

Computer
g (PC2)

Computer
Ship

Prism

Joystick

Positioning Equipment
(Automatic Tracking Light Rangefinder)
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Example of model test result

' \Thruster powers
are small.
E 1 1 1 1 1
0 2 4 5} b2 v} 12 4
x [m]

Y (weight g,) : Loose
Y (weight ;) : Loose ”

B L - . . —
=l = LT ¥ LaT-T 1"y
B4 Kawasaki
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Example of model test result

y (weight q5) |

y

| | i
EE 0 ? 4 G g
x [m]

[
ul=d

Return to Session Directory
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Example of model test result

y (weight g,) : Strict _

i i i i i
gE 0 i 4 i 3 10 12 14 16
x [m]

13
ul=l

Return to Session Directory


Liz Stansfeld
Return to Session Directory


Example of model test result

’ y (weight g) : Loose -> Strict.

i - : i .
ﬁE 0 Z 4 i) 3 10 12 14 16
x [m]

13
ul=l

26
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Example of simulation result

-10

Pass on the WP1 at -8

a Constant Speed ™

u (weight g,) : Strict
e, @y (weight gg) : Strict
¥ (weightqy): Loose
-2 0 2 4 6X[m]8 10 12 14 16

Return to Session Directory

Right-angled Tracking
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Example of simulation result

EE u (weight g,) : Loose
w8y (weight gg) : Strict
L (weight gg) : Strict

x [m]

Right-angled Tracking

(Exact Tracking) 28
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Example of simulation result

I ———— P m e mmmm gy

Optimal heading angle

10 | | | | |
0 5 10 15 20 25
x [m]

Straight Line Tracking
(Gust Case)

29


Liz Stansfeld
Return to Session Directory


Return to Session Directory

Example of model test result

v [m]

Backward berthing test with three waypoints

30
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Example of model test result

=1 I ; ; :

WPO

i i i i |
-2 0 2 4 i 8 10 12 14 16

Complicated berthing test with six Waypog?ts
4% Kawasaki
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Nonlinear Observer (Dead Reckoning Function)

Ship’s Motion Modeling

\ ________________________________________ Ship maneuvering. controller

Thrust ,
commands \ |

Waypoint
setting

Position,i Velocity, Curfent, Unknown force,... Thruster Dynamics

Ship & Actuators
Nonlinear Models

\ Actuator signals

Ship’s Motion Modeling Sensor signals

Thruster Dynamics

32
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Nonlinear Observer (Dead Reckoning Function)

JB0

Desired K —
Route 258 S

f\\x
260

¢
g ir | Dead Reckoning
- Control

Position sensing

signals lost B0 T
50 0 s ¥ 10 150 200 250

Return to Session Directory
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Conclusion

Requirements for Ship Maneuvering Control System

* Online Optimization for Nonlinear Model
 Minimize Fuel Consumption

- Minimize Environmental Effects ( Wind, Current, Waves, ...)
- Auto-rectification to Thruster Failure
- Easy and Quick Route Planning

!

Realizable berthing assistant system

Automatic optimal maneuvering and positioning

Ferries, LNG-FPSO, Work boat, ... Kawasaki DPS

“KICS-5000"
34
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