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Abstract

In this paper, a fuzzy logic controller for dynamic positioning of
floating structures in deep water is presented. The core of the fuzzy
controller is a set of fuzzy associative memory (FAM) rules that
correlate each group of fuzzy control input sets to a fuzzy control
output set. A FAM rule is a logical if-then type statement based on
one’s sense of realism and experience or can be provided by an expert
operator. The design of the fuzzy controller is very simple and does
not require mathematical modeling of the complicated nonlinear
system based on first principles. The fuzzy controller uses measured
structure heading, yaw rate, distance and velocity of the structure
relative to the desired position (location and heading) to generate the
control outputs to bring the structure to and maintain it in the desired
position. The control outputs include the rudder angle, propeller thrust
and lateral bow thrust. The effectiveness and robustness of the fuzzy
controller are demonstrated through numerical time-domain
simulations of the dynamic positioning of a drill ship of Mariner Class
hull with use of nonlinear ship equations of motions.

Key Words: FAM, Fuzzy Logic Controller, Dynamic Positioning,
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1. Introduction

Offshore floating structures are subject to
complicated environmental disturbances. Station-
keeping of a structure is required so that the
structure can maintain a position close to the
desired location of operation. As exploration and
production for natural resources in oceans get into
deeper water, dynamic positioning (DP) of
offshore  floating  structures is  becoming
increasingly important. DP uses available control
devices (such as rudder, propeller and vector
thrusters, etc.) to counteract the environmental
forces and keeps the structure as close as possible

to the desired position. DP has many advantages
over other conventional station-keeping methods,
such as mooring lines, for deepwater operations [1].

Dynamic positioning by an automatic
controller, as compared to that by a human
operator, can increase the efficiency for regular
routine operations within the design limits.
However, an experienced operator, under no
adverse influence, such as fatigue, drug or alcohol,
can perform better than a conventional automatic
control system, especially in a complicated
situation.

A conventional automatic controller, such a
PID controller, uses a so-called white-box
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approach to acquire the knowledge about the
system (or process) to be controlled. The
philosophy of the white-box approach lies in that if
the characteristics of all the elements in the box
(representing the process being considered) are
known, then the complete relation between the
process output and input can be obtained. The
white-box approach attempts to describe the
elements in terms of mathematical formulae
(models). Major drawbacks of the white-box
approach are: 1) a good mathematical model
depends on our knowledge about each of the
elements in the system and unfortunately our
knowledge about the elements is limited and
incomplete most of time; and 2) even if we can
develop an accurate mathematical model, our
ability to solve the mathematical problem is
limited. Assumptions and approximations about
the physics of the process must be made to
simplify the formulae so that a quick and
reasonably accurate solution is possible. Therefore,
in most situations, the knowledge acquired through
the white-box approach is incomplete. The human
operator, on the other hand, acquires the
knowledge about the process using the so-called
black-box approach. By observing enough input-
output samples, the human operator is able to
establish the relation between the input and output
of the process using the brain neural computing
and fuzzy reasoning and performs a very effective
control. A controller using Artificial Neural
Networks (ANN) attempts to mimic neural
computing of the human being, while a controller
based on Fuzzy Logic (FL) attempts to mimic a
human being’s fuzzy reasoning. One of the
advantages of ANN or FL controllers is that no
mathematical modeling of the process based on
first principles is necessary. A good overview of
neural computing and fuzzy reasoning is given by
Kosko [2].

Attempts have been made to develop ANN

and FL controllers for marine structures. Ishii, et al.

[3] developed an adaptive controller based on
ANN for autonomous underwater vehicles. Zhang,
et al. [4] used the ANN approach to design course-
keeping autopilots, track-keeping controllers and
automatic berthing systems for ships. Gu, et al. [5]
and Li and Gu [6] investigated a special neural
network, the so-called functional-link network, for
dynamic positioning of ships. Cao, et al. [7]
developed an on-line trained auto-regressive
moving average function-link ANN
predictor/controller for dynamic positioning of
marine structures. FL controllers have been applied

to depth control of unmanned undersea vehicles [8]
and to autopilot design [9]. Fang and Chiou [10]
reported the use of a self-tuning fuzzy control for
the motion simulation of a SWATH ship. Parsons,
et al. [11] conducted an assessment of fuzzy logic
structure path control for a class of relatively
simple cases whose objective was to bring a ship
from an initial offset and heading to a desired
straight-line course (heading control) using the
ship’s rudder. Cao and Lee [12] extended the work
by Parsons et al. [11] and developed a FL
controller for the course-keeping, path-tracking
and dynamic positioning of surface ships.

This paper applies the FL controller
developed by Cao and Lee [12] to the dynamic
positioning of drill ships. The main difference in
the dynamic positioning of a drill ship and a
conventional ship is that the drill ship has a drilling
riser attached to it. The drilling riser adds a
significant complexity to the mathematical
modeling of the coupled ship-riser system for the
design of a conventional automatic DP controller.
In this paper, however, we will show, through the
numerical simulations, that the FL controller
developed for conventional ships works for drill
ships as well with little modification.

2. Fuzzy Logic Control

The core of a FL controller is a set of the
fuzzy associative memory (FAM) rules that
correlate a fuzzy input set to a fuzzy output set of
the FL controller. These rules establish
linguistically how the control output should vary
with the control input. A FAM rule is a logical if-
then type statement: such as “if these antecedent
components (group of fuzzy inputs) occur then this
consequence (fuzzy output) should be used”. Given
a set of control inputs, the controller applies
appropriate rules to generate a set of control
outputs. The FAM rules can be derived based on
one’s sense of realism, experience, and expert
knowledge about the process. Fuzzy set and fuzzy
logic theories are applied to quantify the control
inputs, FAM rules and control outputs.

Usually, a human operator uses the
differences (errors) between the system outputs
and the desired values and the rates of changes in
the errors as the antecedents to derive the
consequence based on the knowledge (not
necessarily very precise) about the process from
the experience. This type of control strategy is very
simple and generic. Effective control actions can
be generated very quickly. Human beings have
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been using it effectively for a very wide range of
processes or systems for a long time.

The process considered in this paper is the
dynamic positioning of a drill ship in an
environment with a mean current under the
controlled actions of rudder angle 6y, increase in
thrust of main propeller T, , and lateral bow thrust
Ty . Two coordinate systems (frames) are used to

describe the motion of a drilling ship in the
horizontal plane (see Figure 1). Frame O —x,y, Is

fixed at the center of gravity of the ship and
Frame O—xy is the ground-fixed coordinate

system.  With use of the concept of state space
representation of a system, the position and
orientation of the ship is uniquely determined by
(xg,yg.w.u,v,r) referred as the state space variables.

(Xq.Yq.w,u,v,r) are defined as, g, yq

XYy - are the x and y coordinates of the ship’s

center of gravity in the ground-fixed
coordinate system O — xy ;

w ---- is the yaw angle (or heading angle) of the y
ship, the angle between Ox, axis and
w Ox axis;

u,v --- are the velocity components of the center
of gravity in Ox, and Oy, directions
respectively;

r ---- is the yaw rate, r:O:j—lf[/.

The rudder angle 5y is measured from the ship’s

center plane to the plane of the rudder, positive
deflection corresponding to making the ship turn
right with the rudder located at the stern. The
propeller thrust always points to the Ox, direction,
and the bow thrust points to the opposite direction
of Oy, axis. In other words, a positive bow thrust

will make the ship turn right.

y

A
Yo

Figure 1. Coordinate systems

The objective of the fuzzy logic control is to
use available control devices to counteract the
environmental forces and maintain the ship as
close as possible to the desired position (X,,Yq)

and heading y, . The FL controller receives the

measurement of the state space variables
(Xg:Yg ¥ u,v,1), compares them to the desired

values, and generates the control commands.

The present FL controller is designed to
mimic a human operator. A human operator
usually would observe the differences between the
state space variables of the ship and their desired
values relative to the structure-fixed coordinate
system. We therefore use the following quantities
as the inputs to the FL controller:

(1) Ay=(Xq —Xq)siny—(y, —Yq)cosy : the offset
of the ship relative to the desired position in
the ship-fixed system; Ay is positive when the
desired position is on the starboard of the ship
and is negative when the desired position is on
the port side.

(2) Ay =y —y,:the angle between the actual

heading w and the desired heading v, .

(3) r: the yaw rate.

(4) R, =R-y74: the projection of the vector of the
distance from the center of gravity to the
desired position onto the direction of the
desired heading. ﬁ:(xd —Xg, Y —Yg)isthe
distance vector from the center of gravity to
the desired position; w is the unit vector in
the direction of the desired heading, and
R, is R, =(X4 —X5)cosyy + (Y4 — Yg)sinyy .

R

(5) 5V =(\7d _\79)|§|

the projection of the relative velocity of the
desired position to the ship’s center of gravity
onto the straight line from the center of gravity
to the desired position. The quantity reflects
how fast the ship approaches the desired point.
When the coordinate system is the ship-fixed
coordinate system and then,

- =\ R - R

Yo =l )R =V

_ (ucosy —vsiny)(x, — X,) + (usiny +veosy)(y, — Yq)
Vg = %)+ (v = ¥a)*

The above five quantities are normalized as,

-V, =(0,0)
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— A _ - r — R
Ay: y1 Al//zAW! r=—, RW:l
Y 4" i R
and v, -V (1)
\a

using corresponding scaling factors v_, v ,r ,R,
and V, whose values are to be chosen based on

particular process. Similarly, the three control
outputs, dg, Tp, and Ty are normalized as,

_ 5
=R £ _To, £_Ts (2

where g, , Ty, and T, are scaling factors. The
normalization makes the design of the FAM rules
easier because it allows use of the same ranges of
fuzzy sets and membership functions for different
normalized inputs or outputs, and the outputs of
similar effects may be derived using the same
FAM rules. Another advantage of the
normalization is that the same FL controller
developed in the normalized space can be easily
implemented in different structures by applying
the simple scaling factors. Therefore, the fuzzy
control of the structure will thereafter be dealt
with in the normalized space for the rest of the
paper.

To generate control commands, the FL
controller proceeds through the following steps
(Kosko [2] and Parsons et al [11]):

(1) Fuzzification

The FL controller first receives “crisp”
numerical values of the measured states of the
structure, (xg,yg,y/,u,v, r), and computes
Ay, Ay, T, RW and V,. Each of the five
numerical inputs is assigned to linquistically
described fuzzy sets defined over certain ranges.
The number of fuzzy sets for each input (or output)
is a matter of design. Kosko (1992) suggests the
number of fuzzy sets be greater than three to avoid
poor representation but less than nine to avoid
unwarranted computational cost in practical
applications.

We use seven fuzzy sets for Ay . The seven
fuzzy sets are: large negative (LN), medium
negative (MN), small negative (SN), zero (ZE),

small positive (SP), medium positive (MP), and
large positive (LP). Similarly, we use five fuzzy
sets for Ay, five fuzzy sets for T, seven fuzzy sets
for ﬁw, and seven fuzzy sets for V, . These fuzzy
sets are defined in the ranges listed in Tables la —
1b.

Table 1a. Fuzzy setfor Ay, ﬁy/ and Vg

Fuzzy sets
(Ay.R,Vy)| LN | MN | SN | ZE [ SP | MP | LP

<05 |-06 |-03 |01 |00 |02 |>05
Range to to to to to
02 |00 |01 |o03 0.6

Table 1b. Fuzzy set for Ay and 7

Fuzzy sets
(Ay and ) | LN | SN | ZE | SP | LP

<03 | 05 01 | 00 >03
Range to to to
00 01 05

(2) Assignment of Degrees of Membership

Each of the five inputs is assigned a degree of
membership in each of its linquistic fuzzy sets. In
designing the membership functions, the following
guidelines are used:

(i) the number of fuzzy sets to which a crisp
input can belong to should not exceed
two.Thus, the input can only have non-
zero degrees of membership in two
adjacent fuzzy sets and degrees of
memberships to other fuzzy sets are zero.

(i) the degrees of membership in
complementary fuzzy sets add to unity.

(iii) the membership function for each ZE
fuzzy set has zero as its center.

(iv) Membership functions near
(Ay, Ay, T, R, V;) =(0,0,0,0,0) are
narrower than those farther from the
desired values. This results in a finer
regulator control.

(v) In our design, the normalized control
inputs Ay , R, and v, have the same
membership  functions  (Figure  2),
while Ay and T have the same
membership functions (Figure 3).
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Figure 3. Membership functions for Ky and T

(3) Application of FAM Rules

The FL controller correlates each group of
fuzzy input sets to a group of fuzzy output sets
through a Fuzzy Associative Memory (FAM) rule.
A FAM rule is a logical if-then statement: “if this
antecedent (group of fuzzy input sets) occurs, then
this consequent (group of fuzzy output sets) should
be used”. The FL controller applies (“fires”) the
FAM rules to each nonempty group of fuzzy input

sets and generates a set of control action (Jp, T_p :
Te).

Like the controller inputs, the fuzzy controller
outputs are defined in some ranges. Each output is

assigned degrees of membership in the fuzzy
output sets to which it belongs. The normalized
fuzzy control output sets are defined over the same
ranges (Table 2) with the same membership
functions (Figure 4).

Table 2. Fuzzy sets for 5, T and Ty

Fuzzy sets
(‘5R’TpandTB) LN | MN | SN | ZE | SP | MP | LP

-1.0 -0.6 -0.3 -0.1 0.0 0.2 0.5
Range

to to to to to to to
-0.5 -0.2 0.0 0.1 0.3 0.6 1.0
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Figure 4. Membership functions for gR , 'ITp and 'FB

The present FL control system has five inputs
(Ay, Ay, T, R, V) and three outputs (5, T,,

Tg). If we included the dependency of an output

on all the inputs, the number of corresponding
FAM rules would be enormous, resulting in a large
computational effort needed to arrive at the control
decisions. A human operator, however, would
identify the degree of dependency of a control
output on the control inputs through observations
and experience and decouple the week dependency
of the output on some inputs. By doing so, the
human operator only needs to develop fewer and
simpler (yet very effective) control rules that can
be used to make quick control decisions. The same
methodology is followed in the design of our FL
controller.

For dynamic positioning of a ship, two major
tasks are undertaken: adjusting the heading of the
structure and adjusting the speed of the structure
(mostly in the longitudinal direction). Based on
experience, we know that the structure heading is
largely controlled by the rudder, as well as the bow
thruster if equipped. Although the increase in
propeller thrust has the dominant effect on the
speed of the structure, it has a much smaller effect
on the heading. The rudder, as well as the bow
thruster, has less effect on the speed of the
structure than the propeller. Therefore, we

decouple the dependency of T, on Ay, Ay and T.
The dependency of the rudder and bow thruster
on R, and V, are also decoupled.

Since the role of the bow thruster is very
similar to the rudder, we can use same FAM rules

for the rudder and the bow thruster in the
normalized space. Of course, the actual rudder
angle and bow thrust when scaled to the real
structure will be different because of different
scaling factors used. The FL controller FAM rules
for 6, and T, are tabulated in Tables 3a-3e. Each

entry in the tables is a FAM rule (a linquistic
logical if-then statement). For example, the entry at
the 4" row and the 5" column in Table 3b implies,

“If Ay is SN and Fis SP and &, is SP,then &,
and T, should be SP.”

The rule may also expressed as {SN,SP,SP;
SP} in which the first three symbols are the fuzzy
values of the inputs in the antecedent group and the
last one is the fuzzy value of the outputs. Other
rules in the tables can be expressed in the same
manner.

Table 3a. FAM rules for 5 and T, (Ay =LN)

AV LN mn | s | ze
r

SP | MP | LP

LN LN | LN | LN | LN | LN | MN | SN

SN LN | LN | LN | LN | MN | SN | ZE

ZE LN | LN | LN | MN | SN | ZE | SP

SP LN | LN | MN | SN | ZE SP | MP

LP LN | MN | SN | ZE SP | MP | LP

Ay LN | MN | SN | ZE | SP MP LP

r

LN LN MN | SN | ZE | SP MP | LP

SN MN | SN | ZE | SP MP | LP LP

ZE SN ZE | SP MP | LP LP LP

SP ZE SP MP | LP LP LP LP

LP SP MP | LP LP LP LP LP
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The FAM rules for T, are listed in Table 4.

Since T, depends only onR,and V,, one table

is sufficient to list the rules. Similarly, the
entry at the 3rd row and the 6th column, for
instance, implies: “If R is SN and v, is MP,

then T, should be SP.” which can also be
expressed as {SN, MP; SP}.

Table 3b. FAM rules for 5, and T (Ay = SN)

Ay
_ LN MN SN ZE SP MP LP
;

LN | LN LN LN LN MN | SN ZE

SN | LN LN LN MN | SN ZE SP

ZE | LN LN MN | SN ZE SP MP

SP | LN MN | SN ZE SP MP | LP

LP | MN | SN ZE SP MP LP LP

Table 3c. FAM rules for §_R and 'ITB (Ky = ZE)

Ay

§ LN | MN | SN ZE SP MP | LP

LN | LN LN MN | MN | SN ZE SP

SN | LN MN | MN | SN ZE SP MP

ZE | MN | MN | SN ZE SP MP | MP

SP | MN | SN ZE SP MP | MP | LP

LP | SN ZE SP MP | MP | LP LP

Table 3d. FAM rules for 6z and Ty (Ay =SP)

Ay

r LN MN SN | ZE SP MP | LP

LN | LN LN MN | SN ZE SP MP

SN | LN MN | SN ZE SP MP | LP

ZE | MN | SN ZE SP MP | LP LP

SP | SN ZE SP MP | LP LP LP

LP | ZE SP MP | LP LP LP LP

Table 4. FAM rules for T,

LN MN SN | ZE SP MP LP

-
Pz S;U‘ a<‘

LN LN LN LN MN | SN ZE

MN | LN LN LN MN | SN ZE SP

SN | LN LN MN | SN ZE SP MP

ZE | LN MN | SN ZE SP MP | LP

SP | MN | SN ZE SP MP | LP LP

MP | SN ZE SP MP | LP LP LP

LP | ZE SP MP | LP LP LP LP

Notice that there are 224 FAM rules in total
(175 rules for 5, and Ty, and 49 rules for Tp).

However, only 116 rules (88 rules for SR and T_B

and 28 for T,) need to be actually determined

assuming symmetry of the structure about the
center plane.

(4) Correlation-Minimum Inference Procedure
The degree to which a FAM rule is fired is
determined by a so-called correlation-minimum
inference procedure (Kosko [12], Parsons et al [11]).
For & (or Tg), each group of the three input

variable fuzzy sets has a corresponding degree of
membership in that antecedent group. In the
correlation-minimum inference procedure, the
greatest degree of the membership that
Ay, Ay, and T have collectively in the conjunctive

(i.e. AND) antecedent group is the smallest of the
individual degrees of membership of the antecedent
group’s components. This greatest degree is also
called the degree to which the rule is fired. For

example, if Ay belongs to fuzzy set ZE with degree

1.0, Ay belongs to fuzzy set SN with degree 0.8

and 1 belongs to fuzzy set LP with degree 0.5, then
the degree to which rule {ZE, SN, LP; MP} (entry
at the 2nd row and the 7th column in Table 3c) is
fired would be 0.5 (= min{1.0, 0.8, 0.5}).

As many as eight (2x2x 2) rules For &, (or
T,) may be fired for any input group (Ay ,Ay ,T)
since each input can belong to only two fuzzy sets
based on the above definitions of the membership
functions for the input fuzzy sets. As many as eight
fuzzy set degrees of membership may be produced
for the commanded output &, (or Ty ). The degree

to which each rule is fired determines the
importance (level of contribution) of the rule

toward to a final commanded output 55 (or Tg).

The output fuzzy set membership function is
clipped at the level of the degree the rule is fired.
For the above example, the membership function
of the output fuzzy set MP is clipped at the height
of 0.5. If a rule is fired with a degree of 1, then the
corresponding output fuzzy set membership
function is not clipped. There may be as many as
eight membership functions (clipped or unclipped)
that will determine the final commanded output
5. (or Ty). Figure 5 shows an example of the
clipped and unclipped output fuzzy set
membership functions in which three rules are
fired with degrees of membership of 0.5, 1.0 and
0.7 for fuzzy output sets SP, MP and LP
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respectively. The membership functions for SP
and LP are also shown with dashed lines.

The same procedure is applied to T, . In this
case, at most four (2x2) rules are fired for any
input group (R, , V).

(5) Defuzzification

The final commanded control outputs must
have crisp values and are determined through a
process called defuzzification. In  the
defuzzification, each crisp output is determined
with a weighted average of the corresponding
clipped output fuzzy set membership functions.
Specifically, the FL controller computes the area
and centroid of each clipped membership function,

Unclipped SP

Clipped SP

Unclipped MP

then calculates the centroid of the sum of the all
areas (up to eight).

For example, consider the example in Figure
5. The areas of the clipped membership functions
of fuzzy sets SP, MP and LP are 0.125, 0.3 and
0.3255; the centroids of the individual areas are
0.15, 0.4 and 0.767. The final crisp commanded
rudder angle is,

< 0.125x0.15+0.3x0.4 +0.3255% 0.7675

s =0.5177
0.125+ 0.3+ 0.3255

which, of course, is scaled to a dimensional
quantity before being sent to the control device.

Unclipped LP

Clipped LP

Centroid

Figure 5. Clipped membership functions for é_'R

Due to physical limitations of the control
devices, the rudder angle, the increase in propeller
thrust and the bow thrust (i.e. &, Tp, and Tg)
cannot exceed their respective maximum values.
Also, the rates of changes in &, Tp, and Tg cannot
exceed their respective maximum rates of changes.
The maximum values and the maximum rates of
changes of the control variables are assumed
known for given control devices. These two
limitations are taken into account in two ways,

(1) o&r, Tp, and Tg are normalized using the
corresponding maximum values. By doing so,
the outputs of the FL controller will never
exceed the maximum values.

(2) The maximum allowed change in a control
variable in a time step can be determined by
its maximum rate of change. A commanded
control value generated by the FL controller is
compared to its actual value at the previous
time instant. If the change is less than the
maximum allowed change, the value by the

FL controller is used. If the change exceeds

the maximum, the final commanded control

value is then set as the actual value at the

previous time instant plus the maximum

allowed change.

The fuzzy logical control algorithm for each
time step can be summarized as follows:

(1) Receiving the measured state of the structure,
(xg,yg,l//,u,v, r).

(2) Calculating the normalized control inputs
Ay, Ay, T, ﬁwand V.

(3) Determining the degrees of memberships of
Ay, Ay, T, R, and V, to the fuzzy sets
(fuzzification).

(4) Determining the minimum degree of
membership associated with each antecedent
group (correlation-minimum inference).

(5) Firing FAM rules corresponding to each

antecedent group, identifying the output fuzzy
set, and determining the degree of the rule firing.
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(6) Clipping each output fuzzy set membership
function at the level of the degree to which
the associated rule is fired.

(7) Calculating each crisp output, i.e. the centroid of
the sum of the clipped membership functions of
corresponding fuzzy sets (defuzzification).

(8) Examining the outputs in 7) against the
corresponding values at the previous time
instant. If a change exceeds the maximum
allowed, then the change is reset to its
maximum allowed value.

3. Numerical Simulation

The performance of the FL controller is
demonstrated with numerical simulations of
dynamic positioning of a drilling ship in the
horizontal plane. The following 3-degree-of-
freedom nonlinear ship equations are used for the
simulation of the motions in the horizontal plane,

(A-X)u=T, +X, u+%qu u? +%X

uuu

1
ud+= X, V2
2

7)
1 1 1 1 (
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Equations (7-9) are a modification of the
nonlinear ship maneuvering equations in Lewis
[13] with the same notations. All the quantities in
Equations (7-9) are nondimensionalized based on
the ship’s length L, the water density p and the

current speed U,.The meanings of the notations

in the equations are,
U ---- ship speed in x-direction of the ship-
fixed system;
vV ---- ship speed in y-direction of the ship-
fixed system;

r ---- ship’s rotation velocity (yaw rate);
r=y where y is the ship’s yaw
angle;

U ---- acceleration of ship in x-direction of
the ship-fixed system;

V ---- acceleration of ship in y-direction of
the ship-fixed system;

I ---- rotational acceleration ship;

Og ---- rudder angle;

Ts ---- increase in propeller thrust relative to

the propeller thrust when the ship
travels ahead steadily; (Note: The
ship’s resistance and the mean
propeller thrust T, cancel each other

at the constant current U, and do not
appear in the equations of motion.)

T, ---- bow thrust; (positive Tz makes the ship
turn to starboard side);

Lee ---- longitudinal distance from the location
of the bow thruster to the ship’s center
of gravity;

L, ---- longitudinal distance from the riser
attachment point to the ship’s center of
gravity;

A ---- mass of ship;

I, ---- mass moment of inertia about the z-
axis;

X%, Y%, M*® ---- environmental disturbances (force

and moment) on the ship;

F,(R),F,(R) ---- horizontal components of the

force on the ship by the
drilling riser;

XU,X Y Y NV,N“ ...... ,etc_____

uu? v Tw
corresponding hydrodynamic

derivatives.
A dot above a variable indicates its derivative
with respect to time. A and |, are considered

known  time-independent  quantities.  The
hydrodynamic derivatives can be determined by
experimental model testing or estimated by
theoretical calculations.

The environmental disturbances include
waves, wind and passing structures, etc. For
purpose of investigating the performance of the
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FL controller, it is not necessary to know
details about the load components since the FL
controller does not need such information to
generate the control commands. The resultant
effect of the environmental loads can be
represented by a force and moment

(X®,Y®,M*®)acting on the ship and is included

in the equations of motion. (X®,Y*,M®)can be

arbitrary and random.

Since the mass of the ship is usually much
larger than that of the drilling riser and the
movement of the ship under DP control is
relatively slow, the dynamic effects of the
riser’s mass (including added mass) and
damping are secondary as compared to the
static restoring force due to the stiffness of the
riser, and are therefore ignored. Hence, F,(R)

and F,(R) contain only the static restoring

force. Also, the moment about the attachment
point on the ship due to the riser is very small
and ignored. Assuming an axisymmetric riser,
the components of the restoring force in the
ship-fixed coordinate system has the following
form,

Xy —Xq

(10)

F.(R)= [ F(R)Jcosu/+[)/9’|;)/d F(R)]sinyf

Xg —Xq

11)

Fy(R)——[ F(R)Jsiny/+(yg:/d F(R)Jcosw

in which F(R) is the total restoring force
pointing from the ship’s center (x,,y,) to the

desired location (x,,y,) and is a function of
the riser offset R (the distance between the
position of the ship center and the desired
location).

The velocity of the ship’s center of gravity in
the ground-fixed system can be written in terms of
u, v,and y,

X, =Ucosy —vsiny , ¥, =Usiny +vcosy (12)
Also, by definition, we have,
y=r (13)

Equations (7-9) and Equations (12-13) can be re-
arranged into the following form,

X Hy(Xgs Vg UV, 15 05, Tp, Tg)

Yq Hy(Xg0 Y@, Ui VT3 65, T Tg )
v Ho(Xgs Yg WUV, 15 6g, T Tg) (14)

dt |u H,(Xg, Y, W UV, T; 8, Tp T)

v HS(Xg'yg’V/’u’V’r; 5R'TP’TB)

r He(Xgs Yot UV, 15 65, Tp, Tg)

Equation (14) is a system of the first-order
ordinary differential equations with respect to time.
The vector (xg,yg,y/,u,v,r) can be regarded as

the state space variables because once they are
determined, the system is completely known. The
H functions on the right hand side of Equation
(14) are known functions of the state space
variables (xg,yg,y/,u,v,r) , the rudder angle o,

and the increase in propeller thrust Tp and the bow

thrust Tg .
In our numerical simulation, (6;,Tp,Tg) and
(Xg,Yq,w,u,v, 1) will be regarded as the input and

output of the system respectively. With
(Or:Tp,Tg) specified and (Xg,Yq,¥,U,V,T)

known at time t , Equation (14) can be integrated

in time to give the system status at the next time
instant t+dt . The fourth-fifth order Runge-Kutta-

Fehlberg method is used to numerically integrate
Equation (14).

4. Simulation Results

The example demonstrated here is a 150-
meter long drilling ship operating in a current
of 3.0 knots in — x direction. The water is about
1200 meters deep. The ship has a hull of
Mariner class type. The hydrodynamic
derivatives in Equation (14) for this hull type
can be found in Lewis [13]. The physical
limitations imposed on the control devices are
list in Table 5. The nondimensionalized
restoring force of the riser (based on L, p and

U, ) is shown in Figure 6. In the numerical

simulations, when R is beyond the range in
Figure 6, the force F(R) is determined by a

linear extrapolation. Lg, and L, are 0.4 and

0.2 respectively. The ship is initially located at
(0,0) with zero speed. The initial location is
also chosen as the desired location. The
objective of the FL control is to keep the ship
as close as possible to this desired location with
a desired heading angle of O degree.
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Table 5. Limitations on the control devices

Control device Maximum | Maximum rate of
control change
value
Rudder 30° 2° per
nondimensional
unit time
Bow thruster 0.1 0.05 per
nondimensional
unit time
Propeller thrust | 0.01 0.005 per
increase nondimensional
unit time
Drilling riser restoring force . Series 1
0.018
0.016
@ 0.014 /
T /
8 0.012
8
o 0.01 /
£
5 0.008
2
= 0.006
5 —
T 0.004 /
/
0.002 /
0
0.00 0.20 1.00 1.20

0.40 0.60 0.80
Riser offset (R)
Figure 6. Restoring force of the drilling riser as a
function of the riser offset R

The FL controller is tested with two types of
environmental disturbances: a  short-term

disturbance and a long-term oscillatory disturbance.

(1) Short-term disturbance. For simplicity, the
following external moment is applied on the
ship,

e [0.01(1-cos(t))/2 if 0<t<2z (15)
0.0 it t>2r

The disturbance is only present for a duration of
27 . This moment tends to make ship turn to the
port side. The time step size for the numerical
simulations is dt = 0.1.

As expected, the ship starts to turn to port side due
to the disturbing moment. As the ship gains a drift
angle, the current imposes an additional moment and a
side force, as well as an increase in the drag, on the
ship. When no control is used, the ship drifts away
rapidly due to the combined external disturbance and
the hydrodynamic load of the current. Since the
drilling riser is relatively soft, the riser restoring force

is not significant to counteract the disturbance and the
hydrodynamic load until the ship is far enough away
from the desired position. After the disturbance dies
off, the restoring force and the hydrodynamic load
eventually reach equilibrium and the ship stops at a
new stable position (-0.905, 2.73) with a heading angle
of 14° . The ship never returns to its original position.
Figure 7 shows the simulated movement of the
uncontrolled ship (ship position plotted every 10 time
steps). The red color indicates the initial position of the
ship and the black color indicates the final position.
The maximum distance of the ship from the desired
position is about 6.8 ship lengths (or 85% of the water
depth).  Clearly, the drilling operation cannot be
performed in such a situation.

Figure 8 shows the simulated movement of the
ship when the FL control is applied. Figures 9-11
show the time histories of &, Tp, and Tg respectively.
The numerical simulation was carried out for up to t
= 200. The figures only show the time histories up to
t = 60 since the control actions and the ship motions
basically cease after t = 50.
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Figure 7. Ship trajectory due to the short-term
disturbance (without control)
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Figure 8. Ship trajectory due to the short-term
disturbance (with FL control)
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Figure 9. Time history of the rudder angle
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Figure 11. Time history of the bow thrust

As seen, the FL controller responds to the
disturbance quite rapidly with a large rudder
angle and bow thrust (see Figure 9 and Figure
11) to counteract the external moment. This
prevents the ship heading w and location
(xg , xg)from growing (the ship would continue
to move far away from the original location if
no control was applied, as shown in Figure 7).
Soon after the disturbance becomes weaker and
eventually dies off, the FL controller is able to
bring the ship to the original location with the
desired heading. Clearly, the FL controller
achieves the objective.

The maximum distance the ship is pushed
away has been reduced to 0.06 ship length (or
0.75% of the water depth). After the
disturbance dies off, the FL controller is able to
keep the ship in its original position and the
desired heading with error bounds of 0.25% of

the ship length (or 0.03125% of the water depth)

in position and +0.08° in heading. mThe

performance of the FL controller is satisfactory.

(2) Long-term random oscillatory disturbance. In
this example, the drill ship is subject to a long-
term random oscillatory disturbance,

Ne
e .
X :Z X$sin(o;t+ p%))
i1

Ne
Y& =3 Y esin(w;t+ A0) t>0 (16)
=

Ne
ME =3 MSsin(w;t+sM)
j=1

where X§, Y; and M{are the amplitudes of
the force and moment components at frequency
w;. B, ) and g™ are the random phases
uniformly distributed over (0, 2z) . For the
simulations shown here, 26 evenly spaced
frequencies from 0.2 to 0.5 are used. The
amplitudes of the forces and moment for the
frequencies are shown in Figure 12. The red
(or left), green (or middle) and white (or right)
bars correspond to the forces in X and Yy
directions and the yaw moment. The frequency
corresponding to the peak amplitude is around
0.35. A time step size of dt =0.05was used for
this simulation. The duration of the simulation
is 200.

Figure 13 shows the trajectory of the ship
with no control applied (plotted at every 15
time steps). As seen, the ship is pushed as far
as 5.2 ship lengths (or 65% of water depth)
away from the desired location and the ship’s
heading changes from —60°to 86°. Again, the
drilling operation cannot be performed in this
situation.

The trajectory of the ship with the FL
control is shown in Figure 14. Figures 15-17
show the time histories of og, Tp, and T,
respectively. The FL controller responds to the
environmental disturbance adequately and
significantly reduces the movement of the ship.
The maximum distance from the desired
location has been reduced to 0.33 ship length
(or about 4 % of the water depth) and the range
of the heading to (-1.22°,1.32°). The
performance of the FI controller is satisfactory.
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Figure 13. Ship trajectory due to the long-term
random disturbance (without control)
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Figure 14. Ship trajectory due to the long-term random
disturbance (with control)
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5. Conclusion

We have presented a FL controller for
dynamic positioning of floating structures. The
FL controller was originally designed by Cao and
Lee [12] for the course keeping, path tracking and
dynamic positioning of surface ships without any
attachments, such as drilling riser or mooring
lines. In this paper, we have demonstrated,
through the numerical simulations, that this FL
controller with basically no modification can also
be used for dynamic positioning of floating
structures. The performance of the FL controller
is satisfactory.

Future work should include:

(1) Performance comparisons of the FL controller
with conventional DP controllers for further
assessment of the FL controller.

(2) Investigation of the adaptation of and
optimization of the FL controller. The
adaptation concerns automatic adjustment of
the membership functions and FAM rules for
particular systems. The optimization of the FL
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controller concerns achieving the control
objectives with minimum energy consumption.
Modification of the current FL controller for
dynamic positioning of structures with
multiple vector thrusters. The magnitude and
direction of each thruster are variable and can
be controlled by the FL controller for better
dynamic positioning of the structures.
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