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ARTICLE INFO ABSTRACT

Article history: The environment where ship operates defines itdrduynamic characteristic.

Received 3 March 2016 Interaction between the ship and boundaries arotimel regions particularly

Accepted 2 May 2016 characterised the ship steer-ability and manoeilityalDespite the fact that ships are
published 26 May 2016 inherently designed to navigate in forward direttio open sea, however inevitably

ships have to sometimes navigate backward or man®éun restricted waterways. A
thrust generation model was developed by fullyisitiy continuous function of the

Keywords: propeller across four quadrants. The model isftrufor ship manoeuvring simulation
Four Quadrants, Propeller Properties, in all round working operations. The practicabilitiithe model was examined via real
Thrust Model, Ship Manoeuvring, time simulation for crash stopping condition. Thesult exhibits successful
Dynamic Simulation performance to model the propeller and ship charstics dynamically in four

gquadrant operations.

INTRODUCTION

When a ship operates in open sea then manoeugrehannels, the hydrodynamic characteristics
consequently change due to different charactesistiche two respective areas. Critical safe siigrations in
harbour environment and other restricted areashwigiquire precise knowledge of ship manoeuvringabigtur
have urged the creation of a realistic manoeuvmoglel that entails proper modeling of propellerpamies in
all round operations within or between quadrantstifi@ sake of transition operations (Hwagtgal, 2003).
During transition conditions, two parameters nanpglypeller rotation rata and advance speé&th can be zero
thus leading the non-dimensional parameters usatieinopen water diagram become meaningless (Kuiper,
1992) as the propeller properties become infinite aropeller efficiency becomes zero. Furthermahe,
traditional open water diagrams which are basedstationary flow are only suitable for moving heagwa
Dynamic ship and thus propeller operations whiamificantly change the two aforementioned paranseter
while moving forward and backward accordingly chatige advance ratibgreatly and even negative in value.
This condition is problematic for ship performarst@ulation (Liet al, 2012).

Addressing such issue, propeller model across doadrant has to be adopted to practically sireuddit
kinds of propeller motion (Carlton, 2012; Eloot &aktorre, 2004; Roddgt al, 2006; Wang & Tang, 2012;
Xiao et al, 2011) to better represent the associated fqf@edram, 2012). Incorporation of propeller thrust
estimation will improve the total performance moning and further improve the thrust allocationowerall
working conditions from normal to extreme enviromnh@Pivanoet al, 2006).

Recommendations on the application of four quadpaopeller modeling and realization of all round
working conditions particularly for ship manoeugihave been highlighted in previous researchesetya.
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(2012) who established thrust estimation schemedasa four quadrant polynomial fitting attained mising
results for studying ship manoeuvring. SimilarlygrBam (2012) and Carlton (2012) emphasized theofifmur
guadrant diagrams for computer simulations of shgnoeuvring. In the meantime, Waagal (2012) and
Sunarsihet al (2015a) who utilized four quadrant propeller modgto represent the dynamics of propeller
properties while performing simulation of crashpgimg condition of diesel propulsion system acqliiee
considerably accurate and effective result for fowadrant-based models. Further investigation an th
employment of the scheme in diesel engine simulaxecuted by Sunars#t al (2015b) set evidence on the
applicability of the scheme for a real-time consgstem.

The current study intends to capitalise the effecess of four quadrant propeller properties tolwar
development of dynamic thrust generation modelkfbround ship manoeuvring simulation. A compreliems
manoeuvring model which trades off the interestpudpeller capabilities in all working conditions Iwbe
superior for an overall ship performance evaluation

Four Quadrant Open Water Propeller Properties:

Traditionally, propeller properties are definedotigh open water test and presented in the formpeh
water curve contains the non-dimensional repretentaf thrust and torque propertiks andKq and propeller
efficiency n as functions of advance speed ralioThe properties identified are usually availabbe first
guadrant only. Emphasis given bydtial (2002) stated that despite the curve form of opater propeller test
is immediate and obvious, the model is inconventenbe applied in mathematical analysis and compute
programming. Accordingly, ordinary polynomial fitg is often adopted to solve the issue. Howevemeso
difficulties were arisen since the fitting reswudtriot commonly used, hard to keep higher fittingusacy and
requires many sets of coefficients for differerguieements.

Propellers which are basically designed to prodfmcevard force to propel the ships moving ahead,
periodically have to function oppositely. Table rbyides a wide range of propeller operations actbssfour
guadrants.

Table 1: Notation and definition of four quadrant propeligreration inJ, Ky andKgq system.

Quadrant No. p (deg) Notation Definition
1 0-90 Vave Ahead
2 270 - 360 Va e Crashahead
3 90 - 180 \;_"\)’: Crashback
4 180 — 270 \r’]_‘v": Backing

While in steady state operatidvaries in a small range dfe [0.6,0.8] (Liet al, 2012), however, when the
ship has to be in dynamic conditions such as slgwliown, braking or moving astern, especially dutiagbor
operations, the value may significantly changesvien negative. Further, when the propeller rotatispeech
approaching zeran(-0), the value of the propeller propertiés Ko andJ will be infinity («), causing a wide
range variable becomes troublesome and inconveftiestmulation modeling both analog and digitabqiYe
etal, 2012).

Addressing such problems, ét al (2002) proposed a Chebyshev polynomial fittingtfe identification
of propeller properties across four quadrants wayldperations. The expression possesses the precised
and provides conditions for simulating the all-rdupropeller dynamics (Chi & Li, 2006). The schense i
advantageous since the advance speed which issespation of the ship and propeller speed requioed
accurate dynamic models of propeller thrust angueris difficult to measure on real ships (Pivahal, 2009).

Using the Chebyshev polynomial, the traditionedtfouadrant of open water propeller charactesstigich
is represernted by the non-dimensiokakndKq as functions of advance ratidormulated by

Kr = 1)
e
Ko = pn2Ds 2)
v,
= 3)

whereT andQ are respectively propeller thrust and torquis, water densityn is propeller rotational speed
(n#0),D is propeller diameter anda is the advance speed are transformed into

1y _la r a ] e da !
KTUJ_E DTTDUJ—I— 1I'T1(Jrj+ + MTTHU:] (4)

Ko U) =5 a6gTaU") + asgTy )+ + g T, () -
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where the coefficientsy ~ a, are the independent polynomial coefficients ofishrand torque properties of
the propeller model referred aiiglis the recursive formula of Chebyshev polynomiabmlern given by Eq. 6.
The notation of)' represents the advance ratio bounded withm[-1,1].

Ty(x) = 22Ty (%) — Ty, (x)

Ty(x) =1
Tl(.rj =x
k=2

\

4

(6)

Table 2 summarised the four quadrant open watepesties of a Wageningen type B5.88 propeller
identified using the fitting of order 8£8). As denoted by L&t al (2002), order 8 was preferred for the sake of
accuracy and efficiency.

Table 2: Ordinar

polynomial coefficients,,

3 Ky Ko
n>0 n<0 n>0 n<0
-1.0 0.022913 0.024506 0.00488 0.006474
-0.9 0.05021 0.015915 0.009365 0.003292
-0.8 0.059827 0.002979 0.010741 0.000112
-0.7 0.058833 -0.00962 0.010392 -0.00276
-0.6 0.054407 -0.02037 0.00966 -0.00524
-0.5 0.051561 -0.02924 0.009409 -0.00732
-0.4 0.052478 -0.03658 0.009928 -0.00906
-0.3 0.056867 -0.04259 0.011034 -0.01051
-0.2 0.062865 -0.04718 0.012283 -0.01164
-0.1 0.068092 -0.05001 0.013196 -0.01240
-0.01 0.070483 -0.05076 0.013447 -0.01269
0.01 0.070483 -0.05076 0.013417 -0.01270
0.1 0.069302 -0.04929 0.012913 -0.01248
0.2 0.06444 -0.04612 0.011778 -0.01176
0.3 0.057007 -0.04223 0.010335 -0.01070
0.4 0.048311 -0.03910 0.008879 -0.00958
0.5 0.039218 -0.03834 0.007521 -0.00878
0.6 0.029585 -0.04095 0.006083 -0.00869
0.7 0.01826 -0.04640 0.004130 -0.00941
0.8 0.004109 -0.05115 0.001284 -0.01036
0.9 -0.01132 -0.04695 -0.00205 -0.00966
1.0 -0.01881 -0.01868 -0.00337 -0.00327

Transforming the bounded form Chebyshev polynomfathrust and torque coefficients into ordinary
polynomial with orden, the following expressions are obtained.
KUV =by + byJ' + -+ b, J"
Ko'(J) = byg + byl  +++ + byo™
whereb, ~ b, are the ordinary polynomial coefficients gained dxtending the Chebyshev recursive

formulaT,.

Table 3 listed the ordinary polynomial coefficighg ~ bg obtained using the fitting.

Table 3: Ordinary polynomial coefficients,

()
(8)

Kt

n™ n>0 n<0 n>0 n<0

0 0.51751 -0.37201 11.743775 -4,122745
1 0.04938 0.02806 -5.73842 -12.57114
2 -1.40974 0.80858 -171.7782 44.,96884
3 -0.49644 -0.17168 47.5336 82.1984
4 3.71976 -1.57328 533.23328 -109.44128
5 -0.43488 -1.10144 -88.6016 -139.33568
6 -4.584 1.35648 -600.19712 94.19776
7 0.72896 1.08672 46.65344 69.55008
8 1.77152 -0.1984 226.75456 -25.3952

Early findings by Xiaoet al (2011) who conducted numerical prediction of mitgy properties and
performed comparison with the fitting result dedlidbat the relative errors are comparatively smiéth a
value of as low as 0.0297 and 0.0424 respectivaiytHrust and torque properties. Similarly, Surfaedi al
(2014, 2015a) discovered that the properties ifledtmatched better the results obtained from nicakand
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experimental tests with minimum errors as low #1039 and 0.00195 respectively for the thrust amgue
properties. Both outcomes are evidence that théadeis considerably effective and accurate. Exalimb of
such all-round propeller properties in several nliadewhich is not limited to simulation of propelléading
(Chi and Li, 2006; Jiangt al, 2011), performance simulation of marine diesajiee propulsion system
(Izzuddinet al, 2014; Izzuddiret al, 2014; Sunarsibkt al, 2015a; Wangt al, 2013) and ship hull system (Li
et al, 2012) has further revealed that the method astfally applicable for the evaluation and monitgrof
ship and the system performances.

Thrust Generation Model For All Round Ship Manoeuvring Simulation:

Generally, ship manoeuvring concerns mainly thetrol of the inherent ship forces through the zof
its mass at ship gravity centre. The ship manoagvcan thus be modeled as a representation ofdmbaiz
movement in a fixed axis system comprises of the strge, sway and yaw motions. The coordinateegyss
as depicted in Fig. 1 wherg v, r andU are respectively the forward (surge) velocityetat (sway) velocity,
turning velocity and actual ship velocity at midghX andY represent the hydrodynamic forcesiandy axis
directions whileN is the force moment arouzdixis.

Xo

I |

earth fixed axes

Yo
Fig. 1: Ship coordinate system.

Referring to the given coordinate system and Matitecal Modeling Group (MMG) concept which
differentiates the forces and moment acting onig ®tto three main components namely hull, propedled
rudder, ship manoeuvring model is comprised of shagiion parameters and the hydrodynamics of theethr
components and the disturbances (&iwal, 2013) derived from the environmental conditiohke forces and
moment can thus be distinctly expressed as dynaamchphysical model as follows.

¥= m":?:r - ﬂ?j = 'Y.r." + 'Y.F + 'Y.ﬁ + 'Ydi.stul'i?cnr: (9)
F=mit+ru) =Yg+ ¥p + Yo + Vaierurbance (10)
N = f::-:r" = 'n"r.r!' + NF + 'nl'l.ﬁ + 'r"rdi.stu'i?cnr: (11)

where subscriptsl, P andR refer to ship hull, propeller and rudder respesiiv

Examining closely into the force in longitudinateattion, the mathematical model of this componsnt
formulated as follows (Kijimat al, 2000 in Maimuret al, 2013).

Xp = (1— t;)pkpD n? 12)
wheret, is the thrust deduction factor and the propeltecé in forward direction which is represented by
the propeller thrusk; is expressed as the function of advance speeadlrgiven by
K;(J)=C, +C,d +C,J? (13)
J =U cosB(1-w,)/(nD) (14)
whereC,, C,, C; are coefficients for open water propeller chanasties ,5 is drift angle andv, is effective
wake fraction coefficient at propeller location.
Considering the lateral force and moment inducethb propeller is small in forward direction, th@lues can
thus be assumed as zero. Hence
¥e=10 (15)
Ng=1 (16)

Taking advantage of the Chebyshev polynomialnfittito represent the non-dimensional open water
properties of thrust coefficiemt;, the mathematical model given in Eq. 11 and Eqcdr? thus be exchanged
with the bounded form Chebyshev properties fornedah Eq. 6 forJ’ € [-1,1]. Employing these properties
meant enhancing and extending the model into foadcant-based model which further enables theoalta
working of the propeller and ship operations.

Denoting the accuracy and efficiency highlightgdLb et al. (2002) where order &€8) is preferred, the
first quadrant thrust properties given in Eq. 12xshanged with the four quadrant properties giveRq. 17
(the open water properties éf andJ hereinafter are referred to as the bounded foadigant properties).

K;(J)=h, +bJ +b,J2 +...+bJ° 17)
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whereb, ~ bg are obtained from Table 1 as suchrief andn<0, the properties are respectively formulated
as follows.

K;(J)=0.5175% 0.04938 -1.409747° + (18)
..+177152°

K;(J)=-0.3721% 0.02806 +0.80858° + (19)
..—0.1984)°

Integration of the four quadrant thrust generatinodel developed into ship manoeuvring model is as
depicted in Fig. 2. The simulation program is deped in MATLAB Simulink platform. Particulars ofehship
model is summarised in Table 4. Using the inpuaafance ratidd and propeller rotational speedthe thrust
generation module possesses the ability to defieejuadrant of propeller working operation and gates the
thrust properties accordingly.

Table 4: Particulars of ship and model.

Principal Particulars Full Scale Model
Length between perpendiculds) ( [m] 266 2.375
Beam B) [m] 41.6 0.3714
Draft (d) [m] 11.13 0.099
Block Coefficient Cp) 0.746
s
’ s
v Bela
i . 1>
Hydrodynamic Subsystem !

I
é

Kt

From Thrust Generation
Subsystem 1(u)

XP

Fig. 2: Four quadrant thrust generation module in shipaaawring simulation program.

The following Fig. 3 presents real time simulati@sult of crash stopping condition by fully wditig four
qguadrants of propeller operations. Simulating tbetionuous operation of the propeller across fowadyants,
the rotational speed is initially set to acceletateeach 90rpm, being constant for 150s and dexteléo zero
for 50s in forward direction. Next, the propellgresd is situated to accelerate in backward direatip to a
maximum of 30rpm for 300s and maintained to be @orisuntil the end of the simulation at 900s. Acitogly,
the thrust properties reach the highest when thpgiler speed is accelerated to in the first 10@kgradually
decrease when the propeller speed is set to béarwnshe thrust is rapidly decreased when the gllepspeed
is decelerated to zero for the next 50s. Howevaret is no significant change when the propelleedpis
reaccelerated to 30rpm (in reverse direction) &fidtd be constant until the end of the simulatihe result
analysed reveals that the thrust generated byrtpefer fits well as a function of its rotatiorsgdeed.

Fig. 3: Time series of propeller and ship characteristial round working conditions.

Conclusion:

A thrust generation model based on four quadrempgdler properties has been developed. The mdatdel f
well to enhance and expand the traditional shipamawaring model into four quadrant operations irraiind
working conditions. Real time crash stopping sirtialawhich was performed using the model is sudoéss
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present the dynamics of the propeller and ship asheristics accordingly. The model developed issthu
practically applicable to observe ship performainceverall conditions.
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