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The purpose of this paper is the study of fuzzy control applied to a Dynamic Positioning
System (DPS) of semi-submersible platforms. A numerical simulator program in time
domain was coded using mathematical models of the floating platform dynamics and the
external forces (wind, current, wave and thruster) that act on the platform. Subsequently, a
fuzzy controller applied to DPSwas developed. The Fuzzy controller and the Proportional-
Integral-Derivative (PID) controller were then subjected to the same environmental
conditionsin order to compare their performance.
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positioning system

Introduction

For oil and gas offshore Exploration and Product{&&P)
operations in waters deeper than 300 meters, filpaiatforms such
as Dirillships and Semi-Submersible Platforms aredusThese
vessels must be kept stationary at a desired totdteference) to
accomplish their offshore E&P tasks. Therefore, gregform must
have means of producing forces and momenta to edwalance
environmental forces (wind, currents and waves)riter to keep it
at the desired location.

In the most common case, the platform is equippiéad anchor
lines. A mooring system usually has 8 to 12 andimas for each
platform. However, in water depths deeper than 16@fers, a
mooring system becomes uneconomic or impracticable.

This problem was overcome with the development o t
Dynamic Positioning System (DPS). The DPS contpiiform
displacements in the three horizontal degrees efdom: surge,
sway and yaw. The DPS is composed of a controfesensor
system, a thruster system, and a power systems@&hsgor system
feeds to the controller (computer) with informati@bout the
platform positioning and environmental parameters winds,
currents and waves. The controller commands théoracof
thrusters, installed on the bottom of the platfdrofi, that generate
the forces and momenta needed to counteract theoemental
forces and thus keep the platform at the referembe. controller
keeps the platform within a tolerance radius ofudt®%6 to 6% of
the water depth, depending on the surface equipraent the
operation to be executed. Furthermore, a DPS csm adsist a
moored platform as, for example, changing its heaahinimize the
environmental loads (Tannuri et al., 2001).

The numerical simulator developed for this papet baly one
degree of freedom — sway, and was intended to led us the
comparison between DPS equipped with different sypk fuzzy
controllers and with a Proportional-Integral-Detiva (PID)
controller. These different DPS controllers werglial to the same
environmental conditions in order to assess thaifopmances.

Nomenclature

A = total frontal area, m?

a = added mass as in function of frequency, dinoahsss

B = viscous damping coefficient, dimensionless

b = damping coefficient as in function of frequency
dimensionless

Cp = drag coefficient, dimensionless
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¢ = hydrostatic restoration, dimensionless

E = thrust delivered, N

Ec = command signal, N

e = error signal, dimensionless

Hg = significant wave height, m

h, = first order Volterra kernel, dimensionless
h, = second order Volterra kernel, dimensionless
H, = first order transfer function

H, = second order transfer function

i = imaginary unit, dimensionless

K = impulse response function, dimensionless
Kp = derivative gain, dimensionless

K, = integral gain, dimensionless

Kp = proportional gain, dimensionless

M = Mass, kg

Mg = semantic rules, dimensionless

m = constant added mass,kg

R; = i-fuzzy controller rules, dimensionless

S = specified wave spectrum?m

t=time, s

T = set of linguistic terms of X, dimensionless
To = peak period, s

u = control signal, dimensionless

V = wind/fluid particle velocity, m/s

X = displacement, m

X = velocity, m/s

X = acceleration, m/s?

X = name of the linguistic variable, dimensionless
Greek Symbols

a, B = generic input linguistic term, dimensionless
yi = i-th output linguistic term, dimensionless

€ = i-th random phase between &;2ad

p = air/water density, kg/m3

Hx = membership degree, dimensionless

T = time constant of the thrusters, s

{ = wave elevation at time, m

{, = elevation of i-th wave, m

Q = discourse universe of the linguistic variable
wy = peak frequency, rad/s

w, = i-th wave frequency, rad/s

Aw = frequency increment, rad/s

Subscripts

1 relative to first order

2 relative to second order

a relative to air

X relative to linguistic variable
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Dynamic Positioning System

The development of a DPS is a multidisciplinary heon.
According to Morgan (1978), a DPS can be dividesidaly into 4
sub-systems (Figure 1):

Sensor system;

Controller;

Thruster system; and

Power system.

DISPLACEMENT
& HEADING
REFERENCE

L JCONTROLLER

DISPLACEMENT|

& HEADING | [FPOWER
SENSORS | [sysTEm| | < WIND
ANEMOMETER
- € \WAVE

Lg F @ CURRENT
“€~———THRUSTERS—V

Figure 1. An example of DPS.

The sensor system is responsible for the measutewien
platform displacement and environmental parameters.

There are several types of displacement measuengoss, the
most common being the Differential Global PositigniSystem
(DGPS) and the Acoustic Position Reference Sys2@PS uses
the satellite-based GPS navigation system develdygyethe U.S.
Department of Defense and removes the error irGIR8 signal by
first taking a GPS reading from a fixed receiveamtexactly known
location, then evaluating the error and transngtiinto the vessel,
in order to correct its GPS signal. The acoustisitpmm reference
system is composed of a subsea acoustic unit (bga&o acoustic
unit (hydrophones) assembled on the platform harigd a signal
processor/computer with an interface to the DPSditkahal
information about DGPS, acoustic sensors and othpees of
displacement sensors can be found in Ryan (200&)Morgan
(1978).

The most common heading sensor is the gyrocompasstsl
robustness and its proven application in maringesys (Morgan,
1978).

Usually, wind is the only environmental parametbattis
measured. Wind speed and direction are measuredarby
anemometer and the data are used for wind feedafdraontrol.

The second element of a DPS is the controlleredeives data
about displacement, heading and environmental peteamfrom the
sensor system, computes the force and momentumredqto
counterbalance the environmental loads, and cantthluster
action. See the block diagram of DPS in Figure 2.

The third element of a DPS is the thruster systeifunction is
to generate the forces and momenta that will coaoctethe
environmental loads and thus keep the platformiwithe tolerance
radius. There are many types of thrusters. Accgrdox Morgan
(1978), there is not a specific thruster with adreperformance for
DPS, and the choice is mainly based on the DPSddmsl
experience with a particular type.

Finally, the fourth element of a DPS is the eleatripower
generating system. Its choice depends mainly onntmaber of
thrusters and on whether the thrusters are driwerA® or DC
motors.
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Figure2. A block diagram of DPS.

Equation of Motion for a Floating Platform

Floating platform dynamics can be modeled as a imest
mass-spring-damper system. In this work, the sitimiaprogram

was coded using the integral-differential equatimoposed by

Cummins (1962), as shown in Eq.(1).
3(M+mx+ [K(t-1)X(r)dr+BO x|X+cx=F (1)

The constant added mass and the impulse responsiofuare
calculated by Eq.(2) and Eq.(3).

m = a(w) + 1 Dm{ T K(7) Eda‘“dt} )
w ey

K(t)= (3)

r\>|H

Tb(w) 7 do

Environmental Forces

The Current and Wind loads can be modeled as drag,fas in
Eq.(4).

Fo =2 T, TAIV =XV =¥ @

In the present paper, a simplification was assurtiegiplatform
was meshed into elementary shapes in order to aeathe overall
platform drag coefficient (DnV, 1977). However, @rdaction of
wakes and vortices with columns and pontoons cazohsiderable,
and influences the drag coefficient. Developmemighis topic are
available in the literature (Meneghini et al., 20@liveira and
Sphaier, 2001). Usually, for platform system desigxperiments
are often carried out with models in a wind tunmelter current and
wave facilities.

Wave loads can be modeled as the first and se@omns tof the
Volterra series (Dalzell, 1974), as shown by E}. (5

FO = [h@EZE-dr+ | Thnu) L1 EE-vdd, — (6)

Volterra kernels are calculated by means of Eq(®) Eq.(7).

(=

j H (@)@ 1l gy 6)

h,(t,t,) = (03, 00,) (&2 duydloo, )

redik
The first term in Eq.(5) corresponds to the firsdar drift force
(linear), and the second term corresponds to thenskorder drift

force (nonlinear). However, the algorithm for E.{5 too time-
consuming, and in order to improve the program querénce,
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Newman's approximation was used (Newman, 19748kt the and the third, to the time derivative of the ers@gnal, as shown in
approximation for the first-order drift force, ardq.(9) is the Eq.(17).
approximation for the second-order drift force.

u(t) = K, () +K, Eje(t)mHKDa‘% 17)

F.() =, 0H, ()| Sinlw, ©+6,(w,) €))
j=1
) Usually, the error signal is equal to the referedag minus the
Fo() = ZEEZZJ YH. (@) odw, 1+, (0,0, ))) (9) feedback data, as shown in Figure 3.
j=1
—PIR Coniroller _ ENVlRLch’%ASENTAL
Equation (5) is replaced by the sum of Eq.(8) agd%. glﬂ;ﬁﬁgsml DISPLACEMENT
REFERENCE & HEADING

Waves

A regular wave can be modeled as a sinusoidallaseit about | L 81 __ _
water level, as in Eq.(10).

Figure 3. Block diagram of a PID controller.

{(t) =2, teodw, 1) (10)
) . The PID control algorithm is simple but has a dragk its 3
obtall:igg?j\/\gg%uhggggzii::%ftggﬁgr(tlga?fgé |;r§%§::;r) wavem be gains, K, K, and kK, are difficult to determine. In this paper, the
’ ’ PID controller was tuned using the Ziegler-Nichatsethod
described in Bolton (1995).

U =3¢, eodw, +¢,) (11
" Fuzzy Control
where, . .
According to Zadeh (1965), a fuzzy controller case Uogical
rules in the control algorithm, in an attempt tectéde, by means of
¢ =4255(w)) Ao (12) a routine, the experience, intuition and heuristissd by humans to

control a process. Conventional controllers, int@st, use control
In this paper, the ISSC (International Ship StreeguCongress) algorithms described by algebraic or differentiquations that are
Spectrum is used. The ISSC Spectrum is a two peEmSpectrum in fact a mathematical model of the process to drarolled. The
(Chakrabarti, 1994), Eq.(13), first application of fuzzy control techniques waghathe research
and project of Mamdani and Assilian (1975).
_ oy _ %/ ) The fuzzy controller is composed of a fuzzifiererfidce, a rule
S(@) = 0.1107H, %EXF{ 0'4427(4’) ) (13) inference interface, a rule base, and a defuzzifieerface. The
fuzzifier interface translates the system inputsrfithe real domain
where, into the fuzzy domain in the form of a linguistiariable. Using the
linguistic variables, the rule inference interfacters the IF-THEN
=129, (14)  rules stored in the rule base. The rule base @pasitory of all the
knowledge used to control the system. The inferemaputs are
200 (15) brought back to the real domain by means of theuzbdfier
interface, as shown in Figure 4.

FUZZV CONTROLLER

ENVIRONMENTAI.
Thrusters Lomssmsores BQSEECS’ ENVIRONMENTAL
DISPLACEMENT =
i . A il | DISPLACEMENT

Thruster forces can be expressed as a first-o 1B, AS RFERENCE | +
b iete —f(?-ﬂruzzmsn 'NFERENCEHDEFUZZlFlEnl-I-»I'"R”S'ER > PLATFORM| & HEADING

Eq.(16) shows in Time Domain (Zunderdorp and van ‘dies, OF RULES SYSTEM DYNAMICS
1972. T T T T T T T =

DISPLACEMENT)

S SENSORS
E(t
E.(t)=E()+1 % (16) Figure 4. Block diagram of a fuzzy controller.

In this work, a time constant of 5.0 s was adoptedorder to  Linguistic Variable

prevent mechanical fatigue of the thruster systim,controller is A linguistic variable must be defined (Sandri arahi@a, 1999),
not allowed to vary the value of the force continslg, but only at by a quadruple as in Eq.(18):
intervals of 20s. The reduction of thruster forgechirrent influx is ' '

not taken into account in the simulator. X, Q, T(X), M) (18)

PID Control An example of a linguistic variable is shown in g 5.

The Proportional-Integral-Derivative (PID) contisla classical
feedback control technique. It has 3 terms: thst fir proportional to
the error signal; the second, to the time integfahe error signal,
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Linguistic Variable controller output must first be defuzzified. Theege several

Displacement

defuzzifier methods, some of which can be foundSimdes and
Linguistic Shaw (1999).
Terms In this paper, the Center-of-Area defuzzifier methalso called
Uy . Center-of-Gravity or Centroid method, was usedcdlculates the
Se&;velwsflc center of the area formed by the sum of all th@uwiuterms of the
1 fuzzy controller. Equation (20) shows the centem@a equation
Membership for the discrete case.
Functions N
3.7, [,y (2))
-50 -25 0 25 50 X Zoy =S (20)

gNlﬂM (z)

Figure 5. An example of Linguistic Variable.

Consider for instance, the linguistic variable edll Thrust.
Figure 7 shows its membership functions. It has twom-zero
linguistic terms: Without-Thrust, with membershipgdee 0.6, and
hPositive-Medium, with membership degree 0.4. Thé&uzsgfied
controller output will be the position of the canté gravity of the
union of the term areas; in this case, Zout=21.

This  linguistic  variable is  called Displacement
(X=Displacement), and represents the drift of doating platform
from its desired location. The universe of disceussthe set of all
real numbers,00). The set of linguistic terms associated wit
Displacement are T(Displacement)={Negative Largeegéative
Small, Desired Position, Positive Small, Positiveede}. Each term

has a semantic rule, and each semantic rule isciagsd to a Negaivel Neaatvel TWinoutl [Posive | [Fostive
membership function. In this example, the memberdhinctions ,_%gh Megdium TlhrL?sLTJ Medium | | High
have trapezoidal and triangular shapes. Other shegrebe used as
membership functions, provided that the functiaresreormalized in U,
1.

'I [ —
Fuzzifier Interface 0.69 -

Before the rules can be inferred, it is necessarfuzzify the
inputs. A displacement of, say, 20 m is in the deahain, and must
be transformed into the fuzzy domain in the formaofinguistic ' -150 -100 -50 OT 50 100 150 Z
variable, as shown in Figure 5. According to thembership Z,.,=21
functions (Figure 6), the term Desired Location hasiembership Figure 7. Example of Defuzzifier.
degree of 0.2; Positive Small has membership degfr€e8, and all
other terms have a membership degree equal to zero.

Results

Negative| |Negative| | Desired || Posifive | Posifive In this paper, the standard semi-submersible ptatfadopted

Large Smal Position Smal Large for compaFatiF\)/e calculations by the InternationafWTng Tgnk
Conference (ITTC) was chosen as a model, due tavthgability of
information and data about it. All data were ob¢gifrom Vardaro
(1991).

This semi-submersible platform has two pontoonsheasith a
length of 115 m, width of 15 m and height of 8 mhas a total of
eight columns, with diameters of 10 m for the foexternal
columns, and 8 m for the four central columns (Fegg).

! .50 25 0 25 50 X

Figure 6. Example of fuzzifier.

Rulelnference

v
The rules used in the fuzzy controller are as shoykq.(19): eor

R, : IF{{c)AND(B)JTHEN(y,) (19)

The AND operator expresses the lesser value betvieen
membership degree of-term and of thg-term, min(,, Hg). The w
THEN operator stores the result of the previousagen in they;-
output term. The response of the fuzzy controllél ve the union Y
of all output terms.

Figure 8. ITTC Platform's dimensions [meters].

Defuzzifier Interface

Output linguistic terms and output membership degreannot Before the DPS simulations, results of the numesagaulator
be directly used to govern the action of thrustete fuzzy program were compared with results of Vardaro ()gBigure 9).
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Input: Current 0.86m/s

35

©
Qo

Es

Sl 4

g 20.

S & Vardaro (1991)
8 15 —4 Present work
210

o

0 100 200 300 400 500 600
Time [s]

700 800 900 1000

Figure 9. Validation of results.

The small discrepancy observed between these sesids
caused mainly by a difference in the mathematicadleting of the
mooring system. The mooring line was modeled asomlimear
spring with a coefficient varying exponentially it the
displacement. In Vardaro (1991), the selected mada a spring
linearized around the operational point a simplification not
adopted in this paper.

Next, the performance of moored platform and platf® with
DPS were compared under different environmentadido@igures
10, 11, 13, and 15). For each simulation, the nmgpsystem and
three different DPS controllers were tested: ori2 &dntroller and
two fuzzy controllers.

This paper presents three distinct fuzzy contrsll€he first one
is called Fuzzy-PD, and evaluates platform dispte® and
velocity.

The other two fuzzy controllers can be classifiedeedforward
controls, because they use data from disturbare®ar¢nmental
loads) to act on the thrusters before the load®tughe platform
behavior (Seborg et all, 1989). The Fuzzy-Cur cilgr evaluates
platform displacement and the square of currentoisl; it was
only applied to current loads (Figure 10). The RBu¥ave
controller evaluates platform displacement and waeight (Figure
11, 13, and 15).

A comparison was carried out among the results ofoared
system, a DPS equipped with PID controller and BRS equipped
with Fuzzy-PD and Fuzzy-Cur controller, for a catref 0.86 m/s
(Figure 10).

Displacement
. Input: Current 0.86m/s

8- (a) MOORING
-4 (b) PID

-&-(c) FUzZZY-PD ||
-8-(d) FUZZY-CUR

f‘&gﬂt

Displacement [m]
o

800 1000 1200 1400 1600 1800 2000
Time [s]

0 200 400 600

Figure 10. Results for current of 0.86m/s.

As shown in Figure 10, the Fuzzy-Cur controlleriaebd an
excellent performance. The Fuzzy-PD controller stwvpulsing
behavior, because the rules turn off the thrustérsn the platform
reaches the reference with a very low velocity. P Controller
had a good performance, since it converged to Zére.anchored
system (with no dynamic positioning) had a satisfgc
performance, keeping the position to within 30 nthef reference,
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thus complying with the original project of the {itam’'s mooring
system.

Figure 11 presents the results of the second siionjaunder
the action of regular waves of 3 m of height angedod of 9.0 s
(input). The wave heights of the initial 100 s watgenuated. Four
cases were assessed: (a) anchored platform; (b) \WES PID
controller; (c) DPS with Fuzzy-PD; and (d) DPS whihzzy-Wave.

Input: Wave Height

Eé
‘gg ARRDAARAAAAAAADRAARANARRANANRAARAAAAARDNARAAARARNONAANARARAANDANANAARE
[)
0
g'% TVVVVTTr IV Y Y v vvrrr Yy vy yvrvrovyvyyvvrurrrryyyyyvvorny
2%
-8 T T T T T
300 400 500 600 700 800 900
Time [s]
. (a) Output: MOORING SYSTEM
Eo A AR AN AAAAAMAARAAAAMAANAAANA
- ﬂ1\Mn{\I\I\I\MI\NVWWWWWWWWVVV‘“’”""""""""’""
5 15 VAVV"V"'
g 10
] 5
2 0
8.5 ; ; ; ; ;
300 400 500 600 700 800 900
Time [s]
(b) Output: PID
-§~25
=20
é 15
'Io AAa ARAA S
] 5 VWV YAV A2 2 2 AR 8
g WAL L T
% 0 ~AvnvAvAvA-
8.5 . . . . .
300 400 500 600 700 800 900
Time [s]
25 (c) Output: FUZZY-PD
E20
§15
£10
(9]
g 5
2 o AR o AN A AR AN o 11
3 5 VA'AS \ALAAS TUVV LAAAS VAAAAS
300 400 500 600 700 800 900
Time [s]
25 (d) Output: FUZZY-WAVE
E20
£15
£10
g5
oy 0 AAAAAA AR a A AARAAARAAAAAAARANANAAARARAAAAAAAANAANNARARARNAARNAARAAA
g 5 AR IR AR A A A AR A A A A A A A AR A A A1 A
300 400 500 600 700 800 900
Time [s]

Figure 11. Results for regular waves.

As seen in Figure 11, the Fuzzy-Wave controlleaiattd an
excellent performance, whereas the Fuzzy-PD cdetrobntinued
to display pulsing behavior because of the rulg thens off the
thrusters when the platform reaches the desiredt.pdihe PID
controller had a good performance, converging éordfierence. The
mooring system performs satisfactorily, keepinggtaform within
about 20 m of the origin.

The next two simulations are for irregular waves.

The first irregular wave simulation reflects tydicaave
conditions in the Campos Basin (Brazil) for a ratyreriod of 1
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year. The two parameters for ISSC Spectrum aze5H m and
To=11 s (Figure 12).

Using the ISSC spectrum, it is possible to genenmatgular
waves (input). Then using the Fast Fourier Tramsfedgorithm
(Press et al.,, 1992), the input is converted inctspm again
(Calculated Spectrum of Figure 12) to verify if tineegular waves
are compatible with the ISSC Spectrum. After, thmuator
calculates the behavior of three DPS equipped vdistinct
controllers (output). Figure 13 shows this genefrateegular wave
pattern (input) and the performance of (a) an arehplatform and
platforms equipped with three different DPS comérst (b) PID, (c)
Fuzzy-PD, and (d) Fuzzy-Wave. In this simulatiomve heights of
the initial 100 s were attenuated.

The second irregular wave condition representgedy return
period of 10 years in the Campos Basin. FigureHoWws the ISSC
Spectrum; its parameters are Hs=6.3m and T0=12ge\Weights of
the initial 100 s were attenuated.

Figure 15 shows the generated irregular waves {jnpnd the
behavior of moored platform and three DPS equippi¢tl the same
three controllers as in the previous simulation.

Results in Figures 13 and 15 the performance ofntibered
platform and platforms with three DPS equipped wdiifferent
controllers. The mooring system keeps the platfasithin 60 m for
a l-year return period, and 100 m for a 10-yearrmeperiod. The
DPS equipped with PID controller converges to thfenence in
both results, but the controller does not keepplaform exactly at
the reference because the wave loads are irregnthtime-variant.
The Fuzzy-PD controller has a pulsing behavior bseats rules
turn off the thrusters when the platform reachesréference with a
low velocity. Finally, the Fuzzy-Wave controlleraduates platform
displacement and wave height, and keeps the plattoound the
reference.

This paper proposes three distinct fuzzy contrell@the first
one, Fuzzy-PD, evaluates platform the displaceraedtvelocity. It
did not converge to the reference when appliedaastant loads
(current) and time-varying loads (waves). It digelh pulsing
behavior, caused by the rules that turn off theidtars when the
platform reaches the reference with a very low sigjo The second
and third types of Fuzzy controllers featured atassified as
feedforward controls.

The Fuzzy-Cur feedforward controller evaluates fpiat
displacement and the square of current velocityalé applied only
to current loads, and had the best performance awdpto the
moored platform and the other DPS controllers (FédL0).

The Fuzzy-Wave feedforward controller evaluatestfqim
displacement and wave height. It displays its pestormance with
regular waves (Figure 11), but even with irregulaves its results
are as good as the PID controller (Figures 13 &)d 1

ISSC Power Spectrum
Hs=5.1 mTo=11s

8

7
= 6
~' 5
_g 4 A\ —ISSC Spectrum | —
33 [ a Calculated Spectrum|—|
& 2 [ X

: i M

8 T . —

1 2
Frequency [rad/s]

Figure 12. Comparison between ISSC and Measured Spe ctra.
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Input: Wave Height
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Figure 13. Results of irregular waves for a return
(Hs=5.1m To=11s).

period of 1 year
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Figure 14. Comparison between ISSC and Measured Spe  ctra.
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6 Input: Wave Height
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Figure 15. Results to irregular waves for return a period of 10 years
(Hs=6.3m To=12s).

Conclusion

The PID controller displayed a good performanceyweoging
and keeping close to the reference in all simutatidAn advantage
of the PID controller is the simplicity of the cooit algorithm, and
extensive available literature, including severalpleations in
control engineering. A disadvantage of the PID wiler is the
difficulty in determining and adjusting the threairgs: K, K, and
Kp.

In the present paper, the possibility of usingzzjucontroller in
a Dynamic Positioning System of a floating platfoisnpresented.
The main advantages of Fuzzy control are easy asttuning and
easy implementation of the feedforward control gipte. There is
no need for information about the mass-spring-darsgstem and

load models (disturbance) in order to tune the yuaantroller; its
adjustment is based solely on accumulated expewlatige about
the system.
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