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1 Introduction

Nowadays, all navies have ce environmental impact and improve endurance,
thus reducing their dependency ich are highly fuel efficient, are often the preferred
power source for naval ships. Due ow power density of diesel engine driven ships, gas
are, however, often still the preferred engine type for providing boost power on naval combatants. On the other
speed, such as patrol vessels (Lyster and Dawe, 2015) and the Royal Danish
ships, typically use diesel engines for their main propulsion. Furthermore,
ed propulsion and some navies even use multiple diesel engines per shaft
eldt class air defence frigates. Finally, direct drive diesel engines can be
in the Holland class patrol vessel (Blokland and van Dijk, 2015).

The main challenge to apply diesel engines on naval vessels is to prevent overloading, particularly during accel-
eration manoeuvres and in heavy weather conditions. Diesel engines have shown to be susceptible to overloading
when applied as direct drive propulsion for frigates in the Royal Netherlands Navy (RNLN) and Canadian Navy (van
Spronsen and Toussain, 2001; Guillemette and Bussieres, 1997). This overloading occurs when engine torque exceeds
the overloading criterion of the operating envelope, which, at reduced engine speeds, is limited due to the turbocharger
limit (Klein Woud and Stapersma, 2012). Furthermore, dynamic overloading occurs when the air acces ratio becomes
too low, so insufficient air is available in the cylinder during the combustion process (Stapersma, 2010).

Overloading in heavy weather is caused by two effects: The added resistance, due to waves and wind, causes
a torque increase for a given engine speed, and orbital velocity fluctuations in waves cause fluctuating wake speed
(Gerritsma and Beukelman, 1972; Gerritsma, 1989; Taylor, 1933). These wake speed variations in the propeller cause
fluctuation of shaft speed and tor i i control this leads to fluctuating engine speed and fuel
rack, which is proportional t case of dynamic overloading due to waves as mea-
sured on RNLN M-frigates ilarly, overloading can be caused by acceleration
and sharp turns, particularl
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Figure 1: Dynamic overloading due to waves plotted Figure 2: Two typical combinator curves for diesel
in the phase plane, as measured on RNLN M-frigates mechanical propulsion with reduced and full pitch in
©IFAC 2001 (van Spronsen and Toussain, 2001). speed control area.

1 combinator curve and speed control of the diesel engine. The fixed combinator

cur Ilrj: ::‘?: ';:kn owledge a 1 the setting from the lever and the propeller pitch and engine speed references.
Thi proprietary term or trade mark of three areas, as shown in Figure 2. In area 1, reversing propeller pitch
achi @y .g or stopping. In this paper, we will focus on positive speed settings, because
the ship o oL oioiis i area 2, engine speed is kept constant at minimum engine speed. In this pitch

control regime, thrust can only be controlled by changing propeller pitch, because the engine cannot run at speeds
below minimum. Furthermore, the engine load is well below its limitations. Therefore, we propose to leave the control
strategy in this area unchanged. In area 3, thrust is primarily controlled by changing engine speed. In this speed control
regime, pitch reduction is currently used to prevent engine overloading, but pitch could also be used to improve other
performance attributes, such as fuel consumption, engine thermal loading, manoeuvrability and cavitation noise.

While many authors have suggested speed control leads to unnecessary engine load disturbance, even most pro-
posed advanced control strategies still use speed control. For example, Guillemette and Bussieres (1997) propose
adaptive speed control by modifying the amplification of the speed feedback signal real-time and Xiros (2002) pro-
poses H. state feedback controller synthesis with a control objective to reduce shaft speed fluctuation. Both these
control methods can improve engine load disturbance rejection, but primarily use engine speed feedback.

Even though actively changing propeller pitch during waves can improve disturbance rejection and engine overload-
ing, this would require a high amount of pitch actuation (van Spronsen and Toussain, 2001; Vrijdag, 2009). Continuous
pitch actuation might increase wear on the propeller actuation mechanism, although Godjevac (2009) found that wear
mechanisms do not preclude development of faster Controllable Pitch Propellers (CPP). Nevertheless, reducing loading
fluctuation without continuously actuating pitch would be preferred, as fast pitch actuation systems are not available
yet and are likely to increase required maintenance.

Therefore, this paper first proposes torque control for diesel engines as an alternative to speed control, aiming to
reduce the effect of dynamic overloading of engines without continuous pitch actuation. Furthermore, the paper will
investigate how adaptively changing pitch in combination with torque control can also improve other performance pa-
rameters, such as fuel consumption, acceleration and noise emission. The paper is organised as follows. In Section 2,
the mechanical propulsion system of a patrol vessel is described and the dynamical model is introduced. In Section 3,
we describe traditional speed control, propose an alternative torque control strategy and propose schedules to inves-
tigate the influence of varying pitch. In Section 4, we present the outcomes of simulation experiments to assess the
static performance at varying speed and during acceleration manoeuvres under various dynamic conditions. Finally, in
Section5, conclusions and further research are summarised.

2 System description

For a naval vessel, the mechanical propulsion system with diesel engines as prime movers typically consists of
two shaftlines for redundancy. In this paper, we consider a mechanical propulsion system with one diesel engine
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Figure 3: Typical mechanical propulsion system layout for a naval vessel.
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Figure 4: Schematic presentation of direct drive propulsion system for naval vessel showing coupling between models.

per shaft. The mechanical propulsion plant consists of two diesel engines, gearboxes, shafts and controllable pitch
propellers (CPP) and is used to propel the ship, as illustrated in Figure 3. Furthermore, the influence of waves acts as
a disturbance on the ship system. Figure 4 presents the model representation of this system, showing how the system
components are coupled. Below, the details of the models are described.

2.1 Diesel engine model

Many different models with varying complexity are available for diesel engines, ranging from mathematical models
that predict fuel consumption and include a first order equation of motion (Shi et al., 2010), via complex high order
mean value first principle models that include air and exhaust gas flow dynamics (Schulten, 2005; Grimmelius and
Stapersma, 2001), to even more complex crank angle models (Kyrtatos and Koumbarelis, 1991). The performance
indicators thermal loading, fuel consumption, manoeuvrability and cavitation noise are mainly influenced by the inertia
of the mechanical drive and the turbocharger dynamics. Therefore, this research uses a second order average value first
principle model for the diesel engine.

The used diesel engine model consists of the following sub-models (Miedema and Lu, 2002):

* The fuel pump model represents the amount of fuel injected per cylinder per engine cycle my in g, as a function
of the fuel pump setpoint X (7) in %. It is assumed that fuel injection has a linear relationship with fuel pump
setpoint, which is typical for both mechanical fuel pumps and electronic fuel injection systems with common rail
fuel injection. The model consists of a first order time delay Ty in s to represent the inertia of the fuel injection
system and the ignition delay and is mathematically described as:

dms(t)  CxXee(t) —my(t)
dt ‘ TX ’

ey

where Cy is a constant representing the ratio betw, nominal fuel iniection and nominal fuel pump setpoint in
g Equations
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Figure 5: Typical five point Seiliger or dual cycle consisting of compression (1-2), isochoric combustion (2-3), isobaric
combustion (3-4) and expansion (4-5) (Klein Woud and Stapersma, 2012).

* The heat release model represents the heat release, which depends on the cylinder inlet pressure p; in bar, the
amount of injected fuel m/ in g and the engine speed n, in rev/s. For this model, a constant heat release efficiency
74 based on nominal engine data is assumed and combustion efficiency 7comp is considered a function of the air
excess ratio A, according to Betz and Woschni (1986). The released heat is split between a constant volume
segment ¢, in kJ/kg and a constant pressure segment g, in kJ/kg in the five point Seiliger proces, according to
Miedema and Lu (2002), where the constant volume portion X, is considered to increase linearly with engine
speed at rate X, ¢rqq. The heat release model is summarised as follows:

QCt’(t):fl(mf(t)vne(t)vpl(t)) 2)
CIcp(t):fZ(mf(t)ane(t)7pl(t))~ 3)

* The five point Seiliger process represents the four stages of the diesel engine compression, isochoric and isobaric
combustion and expansion process and determines the work produced during these stages. The heat release
model determines the heat release during the constant volume and constant pressure segment of the Seiliger
proces. The cylinder inlet pressure p; in Pa and temperature 77 in K, the latter of which is assumed constant,
are the inputs to the start of the five point Seiliger proces, which is illustrated in Figure 5. The Seiliger cycle
equations are presented in Table 1 (Klein Woud and Stapersma, 2012), where V;, p; and T; are the volume in m3,
pressure in Pa and temperature in K at state i, . is the effective compression ratio, k; is the isentropic index of
air, R, is the gas constant of air in J/kgK, a and b are the Seiliger parameters as determined using Miedema and
Lu (2002), ¢y4 and cp, are the specific heats at constant volume and pressure for air in J/kgK and n,,) is the
polytropic exponent for expansion. Moreover, a mechanical loss is deducted from the indicated work, which is
assumed to be linear with engine speed and can be expressed in mechanical efficiency 1,,. The Seiliger process
can be summarised with the following two equations:

M.(t) = f3(ne(t), p1(t), gev(t), gep (1)) “4)
‘Iexh(t):f4(”e(t)7pl(t)v%\/(t)»‘hp(t))a )

where M, is engine torque in kNm and g, is the specific heat output in kJ/kg from the exhaust gasses, which is
used for the exhaust and turbocharger model.

* The exhaust and turbocharger system model estimates the cylinder inlet pressure p; in Pa from the specific heat
output of the exhaust gasses in kJ/kg (Miedema and Lu, 2002). Furthermore, a time delay Tr¢ in s is used to
model turbocharger inertia, as follows:

dpi _ f8(qexn) — P1
dt Trc ’

(6)
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Table 1: Seiliger cycle equations

Seiliger stage Volume V Pressure p Temperature 7 Specific work w Heat ¢
Compression
Vi _ P2 K o (k1) _ Ra(D-Th) _
1-2 v, —Te "= r.e 7, = Te Wiz = =5
Isochoric
i i _ P n_ — - _
combustion V= 1 M=a n=a G233 =cva(l3— 1)
2-3
Isobaric
. Vi P4 T, _ _ _
combustion Vg =b ﬁ =1 Tg =b W34 = Ra(T4 — Tg) g4 = Cp7a(T4 — T3)
3-4
Expansion
Vs _re P4 _ (Fen Ty _ (reyne—1 _ R(B5-T4) _
4_5 V4_l; ps_(b()e Ts_(bc)g W45_ }’lg*l

In summary, after substituting (2) and (3) in (4) and (5) in (6), the diesel engine model consists of a system of
differential-algebraic equations (DAE’s), as follows:

dmy(t) _ CxXoer(1) —mys (1)

dt Tx )
dpi(t) _ fio(ne(r), pi(t),ms (1)) @)
dt e
Me(t):fll(mf(t)vne(t)7pl(t))' 9)

2.2 Gearbox model and shaft line model

The gearbox and shaft line model predicts the losses in the gearbox and accounts for the speed reduction of the
gearbox. Furthermore, this model represents the equation of motion for all shafts connected to the gearbox and accounts
for all inertia influencing the rotation of the shaft. This is the inertia of the engine, shaft line, gearbox, propeller and
entrained water. Gearbox loss prediction is very complex, but can be simplified with a linear gearbox loss function
(Godjevac et al., 2015). This function has been shown to give good resemblance with more complex heat loss models
and can be fitted well to manufacturer data (de Waard, 2014, 2015). Mathematically the gearbox losses and equation
of motion can be described as follows:

dn,,(t) N dne(t) i(Me(t)_Mgh(t))_Mp(t)

dt idt Liy2m (10)

Mgb(t) :agb+bgbne(t)+cnge(t)v 11

where n,, is propeller and shaft rotational speed in rev/s, i is the gearbox reduction ratio, Mgy, is the torque loss in the
gearbox in kNm, M, is the propeller torque in kNm, I;,; is the total moment of inertia in kgm? and the parameters
agp, bgy and cgy, are the gearbox loss function parameters as defined according to de Waard (2014). Combined these
equations can be classified as a system of DAE’s.

2.3 Propeller model

Various propeller models and data series are available, such as the Taylor, and Gawn Series (Taylor, 1933; Gawn,
1952). The most widely used propeller data series are the Wageningen B and Ka-series (Kuiper, 1992). However,
all these series consist of open water diagrams for fixed pitch propeller designs. Recently, the Maritime Research
Institute Netherlands (MARIN) has developed a new methodology to measure and evaluate the two quadrant open
water diagram of CPP’s and used this methodology to develop the Wageningen C- and D-series for open and ducted
CPP’s. The propellers in these series represent ‘contemporary and practical CPP designs’ (Dang et al., 2012). We use
the Wageningen C4-40 propeller because this propeller is representative for the behaviour of propellers in general and
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Figure 6: Two quadrant open water diagram of Wageningen C4-40 propeller for various pitches.

adequate for this purpose. Moreover, the C4-40 propeller open water diagram is publicly available, as shown in Figure
6 (Dang et al., 2013).

The propeller model represents the propeller torque Q in kNm and thrust 7" in kN as a function of shaft speed n,
in rev/s, ship speed vy in kts, propeller pitch ratio P and wakefield disturbance due to waves v,, in m/s. The disturbed
advance speed of the water relative to the propeller v,, in m/s and the hydrodynamic pitch angle f3 in rad are expressed
as follows:

Vay (t) = vs(t) (1 =w) + v, (1) (12)

Va, (1)
B(t) = arctan (07717”1)(1‘)D> , (13)

where w is the wake fraction, which is considered constant and D is the propeller diameter in m.

With the hydrodynamic pitch angle f in rad and the propeller pitch ratio P, the thrust and torque loading coefficients
Cr and Cp can be obtained from the open water diagram data from Dang et al. (2013), using linear interpolation.
Subsequently, the open water torque Q in kNm and thrust 7" in kN are represented by the following equations:

V(1) = \/vad ()2 + (0.77n,(t)D)* (14)
() = CT(I)%pvr(t)ngz (15)
ot) = CQ(t)%pvr(t)ng3. (16)

In order to obtain the actual propeller torque Mp in kNm, the relative rotative efficiency of the propeller ng, which is
assumed constant, needs to be accounted for (Klein Woud and Stapersma, 2012):

t
MR
In summary, the propeller can be represented by the following system of algebraic equations (AE’s):
T(1) = fi3(vs(t), v 1),y (1), P(2)) (18)
Mp(t) = fra(vs(t), v (t),np(t), P(1)). (19)

2.4 Hull model
The hull model can be mathematically described as follows:

R(vg
() (kT (0= "G42)

dt m

(20)




where k), is the number of propellers and R is the ship resistance in kN, which is considered a function of ship speed
vs in m/s, ¢ is the thrust deduction factor, which is assumed constant and m is the ships mass in kg. The resistance is
represented by a function of ship speed with the following equation (Klein Woud and Stapersma, 2012):

R(vs) = ycovs(t)z, 21

where y is a multiplication factor that can account for additions to the nominal resistance due to fouling of the hull
and operational conditions and ¢ is the nominal resistance factor in kg/m, which in the case study is assumed to be
constant as the Froude number remains low (Klein Woud and Stapersma, 2012). Although this method simplifies the
added resistance due to wind and sea state significantly compared to more accurate methods as proposed in Gerritsma
and Beukelman (1972) and more recently in Liu and Papanikolaou (2016), it allows investigating the effect of fouling
and operational conditions on the system behaviour very efficiently. In summary the hull can be represented by the
following DAE:

dvy(t) B
dr

Sia(T (1), v5(1)).- (22)

2.5 Wave model

In the wave model, two effects represent the influence of waves on the propulsion system. First, an increase in
the resistance multiplication factor y accounts for the average added resistance due to waves. Although the actual
resistance fluctuates, it is sufficient to represent this fluctuation with an average increase, because the mass of the ship
dampens the effect this has on the propulsion plant. Moreover, the disturbance on the wake speed of the water flowing
into the propeller due to the orbital movement of the water has much more effect on the propulsion plant dynamics.
Secondly, the wakefield disturbance due to waves v,, represents the previously mentioned orbital movement. Even
though actual waves show an irregular stochastic spectrum (Aalbers and van Gent, 1984), we consider modelling a
single characteristic wave amplitude and frequency (Gerritsma, 1989), sufficient to demonstrate the effect of waves.
Including the impact of a realistic spectrum (Taylor, 1933; Gerritsma and Beukelman, 1972) is further work. We
consider head waves, meaning the ship sails in opposite direction to the waves. Thus, the wake field disturbance due
to waves is expressed as follows (Gerritsma, 1989):

V() = e sin((—kvpax — ©)1) (23)
>
k=, (24)
8

where { is the wave amplitude in m, @ is the wave radial frequency in rad/s, k is the wave number, z is the water depth
in m at the propeller center, g is the standard gravity in m/s?> and v,,,, is the ship speed in m/s, which is considered
constant, because the influence of ship speed on the frequency is limited.

3 Control strategies

Current traditional and advanced control strategies all use speed control, as argued in the introductionl. After
determining the control strategy and constraints for conventional speed control and proposing two combinator curves,
a torque control strategy is proposed in this section and its constraints are determined. Subsequently, a pitch schedule
is proposed to investigate the potential effect of alternative pitch control in combination with torque control.

3.1 Speed control

When diesel engines were first applied for propulsion on naval vessels, preventing thermal overloading of the engine
turned out to be challenging (van Spronsen and Toussain, 2001; Guillemette and Bussieres, 1997). Initially, severe
pitch reduction regimes prevented engine overloading. Vrijdag (2009) reports measurements showing this drastic pitch
reduction regime, which causes a reduction in ship speed at the start of acceleration manoeuvres. As an alternative to
this regime, Vrijdag (2009) proposes a limitation on the engine acceleration rate, on top of an angle of attack control
strategy. Thus, the combinator curve and maximum allowed shaft acceleration rate have to be set properly to prevent
overloading without pitch reduction.

The schematic representation of speed control is given in Figure 7. The control system can be described as follows:

Nref(t)  ne(t) /t Nref(t)  ne(t)
Xoor (1) = Kp | 22N 1N g [ Pref ) Rell) 2
ser (1) P < 100 enom ! 0 100 Renom ar, (25)
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Figure 7: Control loop for mechanical propulsion for speed control and torque control.

Table 2: Speed and torque control parameters

speed control torque control
proportional gain Kp 2 2
reset rate Kj 0.5 0.5
engine acceleration rate dny, 11 rev/s
torque increase rate d Tinqax 0.8 kKNm/s

where Kp is the proportional gain, Kj is the reset rate, n,.y is the reference speed in % and n,,,, is the nominal engine
speed in rev/s. A typical acceleration time of 60 s from 0% to 100% is given in engine manufacturers documentation.
The resulting speed control parameters are listed in Table 2. Furthermore, two combinator curves are proposed: one
curve with 10% pitch reduction across the speed control regime and one curve with full pitch across the speed control
regime. Both combinator curves are presented in Figure 2.

3.2 Torque control

The objective for the torque control strategy is to reduce engine overloading and fluctuation of torque and thermal
loading due to sea state and acceleration manoeuvres (Faber, 1993; Stapersma et al., 2004; Stapersma and Grimmelius,
2009). The idea is that the propulsion plant is self-regulating and torque control eliminates torque and thermal loading
fluctuation. This should lead to better operating conditions for the engine. A schematic presentation of torque control
is presented in Figure 7. The control system can be described as follows:

Xo(t) = K <<nrf{)(()t)>2 - ﬁ;(ﬁ) +K1/0t ((nrf&()t))z - ZAt)) dt, (26)

€nom €nom

where M,,,,. is the nominal engine torque in kNm.

In order to maintain the nearly linear relationship between the lever setting and resulting ship speed, a quadratic
relationship is taken between lever setting and torque setpoint. As with speed control, the rate of increase of torque
has to be limited, first to prevent crossing the temporary operation limit or overloading criterion, secondly to prevent

thermal overloading. The resulting torque control parameters are listed in Table 2.

3.3 Adaptive pitch control

With traditional combinator curves, high pitch during acceleration limits the possibility to increase engine speed
quickly. This slow engine speed increase in combination with the turbocharger lag causes high thermal loading of
the engine. We propose an alternative, schedule-based, pitch control strategy that, first, slowly reduces propeller pitch
during acceleration to maintain thrust, then maintains the reduced pitch, and, finally, slowly increases pitch, until
reaching the final setpoint. This schedule-based control strategy will be helpful in assessing the potential of pitch
optimisation and can be represented mathematically as follows:

t € [to,t0+20] : P(t) =0.9—-0.01¢ 27
1 € [to+20,10+30] : P(t) = 0.7 (28)
t € [to+30,f0+60] : P(t) =0.7+40.01z, (29)

where 1 is the start time of the acceleration manoeuvre in s.



Table 3: Patrol vessel case study model parameters

Hull Diesel engine
ship mass m 3800¢e3 kg nominal power P,om, 5000 kW
number of propellers k), 2 nominal speed 7,0, 16.7 rev/s
thrust deduction factor ¢ 0.19 number of cylinders i, 12
maximum ship speed Vyqx 20 kts fuel injection constant Cy 27¢g
design resistance R,, . 620 kN fuel pump time delay Tx 0.02s
nominal resistance factor cq 5860 kg/m heat release efficiency 1, 0.74
Propeller effective compression ratio 7, 13.8
wake fraction w 0.09 cylinder volume at state 1 V 0.0208 m>
diameter D 325m nominal pressure at state 1 py, 4.1¢> Pa
design pitch Py 1 temperature at state 1 7 313K
nominal pitch P 1 gas constant of air R, 287 J/kgK
relative rotative efficiency ng 1 specific heat at constant volume of air ¢,,  717.5 J/kgK
Gearbox and shaftline specific heat at constat pressure of air ¢, ,  1004.5 J/kgK
reduction ratio i 4.348 isentropic index of air x, 1.4
total moment of inertia /¢ 5000 kgm? polytropic exponent for expansion 7.y 1.353
shaft efficiency 7, 0.99 nominal mechanical efficiency 7y, 0.95
gearbox loss function parameter a agp 0.028 kKNm nominal constant volume portion X, nom -0.28
gearbox loss function parameter b by, 0.0453 kNms constant volume portion gradient X;y, grq¢ -1
gearbox loss function parameter c c_. 00049
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4 Simulation experiments

This paper aims to investigate the behaviour of the propulsion plant in static conditions and during an acceleration
manoeuvre under varying operational conditions with the simulation experiments described next.

4.1 Scenarios

The case study considered in this paper is a patrol vessel, similar to the RNLN Holland class, equipped with two
medium speed diesel engines. The C4-40 propeller has been matched to the ship and diesel engine according to the
procedure proposed in Klein Woud and Stapersma (2012), ensuring engine loading is within the continuous operating
limit in the design condition, including the effect of waves. The resulting model parameters are listed in Table 3. The
simulations are performed on a PC with Intel Core i5 processor and 8 GB memory in the MATLAB Simulink R2014b
modelling environment.

4.1.1 Static working points in speed control regime

The first experiment investigates the behaviour of the propulsion plant in static working points, from 40% to 100%,
in steps of 10%. The experiment is used to determine whether the engine is overloaded in static working points and to
investigate the effect of the combinator curve on fuel consumption. The ship speed as a function of time during this
manoeuvre is illustrated in Figure 8. The actual ship speed that is achieved during the progressive shaft speed settings
depends on the specific conditions. We consider three situations:

* In the trial condition the ship is light loaded, the sea is considered flat and no fouling is assumed. This leads to a
multiplication factor y of 0.75, because the resistance curve has been determined for design conditions.
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Figure 8: Ship speed for static points and during ac- Figure 9: Engine speed and torque in static operating
celeration in speed control regime for trial, design and points with speed control for off-design condition with
off-design conditions. reduced and full pitch.

* In the design condition, the ship is loaded in design condition and average fouling and medium wind speed are
considered. The multiplication factor y is 1 as the design resistance R, is taken under these conditions. Sea
state 4 is represented by a wave amplitude { of 2 m (Gerritsma, 1989).

Vmax

* In the off-design condition, the ship is heavily loaded, average fouling and high wind speed are considered
and sea state is considered to be 7. This is represented by a multiplication factor y of 1.75 and a typical wave
amplitude  of 5 m (Gerritsma, 1989).

The parameters used to represent the design and off-design conditions are listed in Table 3.

4.1.2  Acceleration in speed control regime

The second experiment investigates the behaviour of the propulsion plant during an acceleration in the speed control
regime from a setting of 36% to 100%. The experiment is used to investigate the impact of torque control and alternative
pitch schedules during acceleration on engine overloading, thermal loading, acceleration and propeller inflow angle,
which is a measure for the probability of cavitation occurring (Vrijdag, 2009). The ship speed as a function of time
during this manoeuvre is illustrated in Figure 8. The actual ship speed after acceleration depends on the conditions as
outlined in the previous section4.1.1.

4.2 Results

4.2.1 Static working point using speed control and alternative combinator curves

First, the results in Figure 9 show that the reduced pitch combinator curve is required to prevent overloading,
because with full pitch the engine loading in off-design condition exceeds the engine operating envelop. The maximum
engine speed setting should be avoided in these extreme conditions, as the engine then runs at its limit continuously
with waves causing engine speed to drop. Furthermore, the arrows in Figure 10 indicate how the operating point moves
when changing from the reduced pitch to the full pitch combinator curve. In trial conditions the operating points remain
well clear of the engine envelope limits.

Secondly, the results in Figure 11 show that the fuel consumption of the propulsion plant can be reduced by 1 to
3% by running the propulsion plant with the full pitch combinator curve in trial and design conditions, as the propeller
open water efficiency then improves 1 to 3 %. An adaptive controller could increase pitch to improve efficiency when
conditions allow this and reduce pitch when high load causes overloading. Furthermore, these results illustrate how
important matching the engine for design conditions is, as an engine with too little power would overload in design
conditions.

Moreover, note that the fluctuation of engine torque in the experiment is approximately 25% of nominal torque,
where the significant fluctuation in the measurements presented in Figure 1, from van Spronsen and Toussain (2001), is
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Figure 13: Gearbox, propeller and engine efficiencies
in static operating points for trial condition with full
pitch and reduced pitch combinator curves.

25% of nominal fuel rack position. More importantly, the orientation of the disturbance in the phase plane is similar to
the measurements, even though the amplitude in the measurements is irregular. The regular behaviour in the simulation
is due to simplifying the wave motion to a fixed frequency and amplitude as opposed to an irregular stochastic spectrum
of real waves as measured and modelled in Aalbers and van Gent (1984).

4.2.2  Static working points using torque control

The results in Figure 12 show how torque control eliminates torque fluctuation at the expense of increased speed
fluctuation. Interestingly the margin to the temporary operating limit and the engine envelope remains of similar
magnitude. Therefore, in off-design condition pitch reduction is still required, Furthermore, Figure 13 shows fuel
consumption can be reduced at trial condition by using the full pitch combinator curve, as with speed control. Moreover,
the operating points with torque control, shown in Figure 12, move, as in Figure 10.
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4.2.3  Acceleration with speed control under various conditions

The behaviour of the system with conventional speed control during the acceleration manoeuvre is presented in
Figures 14, 15 and 16 for trial and design conditions. Because the combinator curve for the new setting requires full
pitch, the acceleration manoeuvre in the phase plane for the trial condition is already close to the temporary operating
limit. During design conditions the engine is only slightly overloaded, because in the matching procedure an engine
margin of 15% has been accounted for and because the shaft speed acceleration rate has been limited sufficiently. In
other words, the shaft speed acceleration rate determines the angle at which the torque increases with increasing speed
during the manoeuvre. This angle should not intersect the overload line. Under off-design conditions overloading does
occur, as shown in Figure 17. This can be prevented by reducing pitch. This pitch reduction only has to be small, in
this case 10% and can be kept constant during the manoeuvre. Fast and large pitch reduction, as reported in Vrijdag
(2009) is not necessary.
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4.2.4  Acceleration with torque control under design conditions

The results in Figures 18, 19, 20 and 21 illustrate that torque control eliminates fluctuations in torque and thermal
loading. The reduction in maximum cilinder temperature during the acceleration manoeuvre is 100K or 4%. During
the acceleration the operating conditions cross the temporary operation limit less frequently and less seriously. At full
torque, the torque does not risk crossing the temporary operation limit and the engine margin could potentially be used
to increase ship speed, without the risk of overloading the engine.

On the contrary, speed fluctuation increases by 65% at maximum load. Furthermore, the strategy to maintain
the maximum torque setting for every condition can lead to overspeed, although this could simply be prevented by
including a minimum and maximum engine speed governor. Furthermore, with speed control, acceleration is faster
when approaching stationary speed, because the shaft speed directly progresses to its stationary shaft speed. While the
ship speed is still lower this leads to a higher torque loading coefficient and thus torque, as the hydrodynamic pitch
angle is proportional to ship speed. With torque control, torque progresses to its final setpoint, so it takes longer to
reach torque balance and thus the final ship speed.

4.2.5 Acceleration with torque control and reduced pitch during acceleration in design conditions

Figures 18, 19, 20 and 21 demonstrate three potential effects of an advanced pitch control strategy that reduces
pitch during acceleration. First, the engine speed increases more quickly due to the reduced pitch, leading to a higher
air excess ratio and 300 K, or 12% lower peak temperature during the acceleration. Secondly, the reduced pitch
during acceleration leads to a maximum angle of attack onto the propeller of 10 degrees, also limiting cavitation noise
(Vrijdag, 2009). Finally, engine power increases more quickly, due to the faster increase in engine speed, leading to
faster acceleration.

5 Conclusions and further research

In cénclusion, this paper has proposed torque control and an adaptive pitch control strategy to improve performance
of direc  Wwe diesel encine nronulsion. Moreover, the paper presented a simulation strategy to investigate system
perform ‘s simulation strategy included a wave model that represents waves as a

single fi Sl : d to include an irregular stochastic wave model and relate this model to
| Purpose: Summarise the paper and Iread . d indicati £ behavi icularl h
actual s T e s ey e Uready gives a good indication of system behaviour, particularly when

varying ti .ents.

The simUiauvi capernets tave suown that torque control can reduce thermal loading of diesel engines in mod-
erate sea states by 4%. Furthermore, combining torque control with adaptive pitch control can improve acceleration
performance, while further reducing thermal loading with an additional 8% and reducing cavitation noise during the
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acceleration. Moreover, adaptively changing pitch when sailing at constant speeds can improve fuel consumption by 1
to 3 %.

However, in the simulation study, the pitch settings were achieved with a schedule based control strategy. Further-
more, when applying torque control an additional speed controller to prevent under- and overspeed has to be integrated
intg the controller. Fur Acknowledgements q ?ontrolle.:r that can actually maxirpise? the improvements.
This controller would, Purpose: To acknowledge individuals/ 1mum pitch and torque trajectory in time for the trade-off

between acceleration companies providing data/ 1ding, cavitation noise and fuel consumption. With such a
controller, direct drive information .ractive for naval mechanical and hybrid propulsion.
Acknowledgement

This project is partially supported by the project ”ShipDrive: A Novel Methodology for Integrated Modelling,
Control, and Optimization of Hybrid Ship Systems” (project 13276) of the Dutch Technology Foundation STW and
by the Royal Netherlands Navy. Figure 1, ©IFAC 2001, was reproduced from van Spronsen and Toussain (2001} with
permission.

References

Aalbers, A\ B., van Gent, W., 1984. Unsteady wake velocities due to waves and motions measured on a ship model in
head wa. WIn: Proceedings of the Fifteenth Symposium on Naval Hydrodynamics. Hamburg, Germany, pp. 69-81.

Betz, A., ) References ‘on rate and rate of heat release of turbocharged diesel engines under
transien; Purpose: To acknowledge referenced - Zeitschrift. Vol. 47. Issue 7-8. pp. 263-267.
Blokland, | articles rdences and design consequences of integration in a naval vessel. In:

A Format: References should be listed 4
Proceedii . Al e e Conference. Bath, UK.

Dang, J., Brouwc, o oot o s oo, ©., August 2012. Quasi-steady two-quadrant open water tests for the Wa-
geningen Propeller C- and D-series. In: Proceedings of the Twenty-Ninth Symposium on Naval Hydrodynamics.
Gothenburg, Sweden.

Dang, J., van den Boom, H., Ligtelijn, J. T., 2013. The Wageningen C- and D-series propellers. In: Proceedings of the
12th International Conference on Fast Sea Transportation. Amsterdam, the Netherlands.

de Waard, D. S., 2014. Parameterisation of ship propulsion drives. fuel efficiency under different operational modes
and configurations. Msc. thesis, Faculty 3ME, Delft University of Technology, the Netherlands.

de Waard, D. S., 2015. Parameterization of ship propulsion drives and their fuel efficiency under different operatiobal
modes and configurations. In: Proceedings of the Engine As A Weapon VI conference. Bath, UK, pp. 44-57.

Faber, E., 1993. Some thoughts in diesel marine engineering. In: SNAME Transactions. Vol. 101. pp. 537-582.



Gawn, R. W. L., 1952. Effect of pitch and blade width on propeller performance. In: Transactions of the Royal Institute
of Naval Architecture. pp. 157-193.

Gerritsma, J., 1989. Bewegingen en sturen 1 - Golven. MT513, report 473-K. Delft University of Technology, Faculty
3ME.

Gerritsma, J., Beukelman, W., 1972. Analysis of the resistance increase in waves of a fast cargo ship. In: International
Shipbuilding Progress. Vol. 19 (217). pp. 285-293.

Godjevac, 2009. Wear and friction in a controllable pitch propeller. PhD thesis, Faculty Mechanical, Maritime and
Materials Engineering, Delft University of Technology.

Godjevac, M., Drijver, J., de Vries, L., Stapersma, D., 2015. Evaluation of losses in maritime gearboxes. In: Proceed-
ings of the Institution of Mechanical Engineers, part M: Journal of Engineering for the Maritime Environment. pp.
1-16.

Grimmelius, H. T., Stapersma, D., May 2001. The impact of propulsion plant control on diesel engine thermal loading.
In: Proceedings of the 22nd CIMAC World Congress. Hamburg, Germany.

Guillemette, J. R., Bussieres, P., 1997. Proposed optimal controller for the Canadian patrol frigate diesel propulsion
system. In: Proceedings of the 11th Ship Control Symposium. Vol. 1. Southampton, UK, pp. 507-530.

Klein Woud, H., Stapersma, D., 2012. Design of Propulsion and Electric Power Generation Systems. IMarEST, Lon-
don, UK.

Kuiper, G., May 1992. The Wageningen Propeller Series. publication 92-001. MARIN.

Kyrtatos, N. P., Koumbarelis, I., 1991. Performance prediction of next generation slow speed diesel engines during
ship manoeuvres. In: Tranactions of The Institute of Marine Engineers. Vol. 106, Part 1. pp. 1-26.

Liu, S., Papanikolaou, A., 2016. Fast approach to the estimation of the added resistance of ships in head waves. In:
Ocean Engineering. Vol. 112. pp. 211-225.

Lyster, C. G., Dawe, T., 2015. Matching the propulsion system to the mission to reduce maintenance cost for OPVs.
In: Proceedings of the Engine As A Weapon VI conference. Bath, UK.

Miedema, S. A., Lu, Z., June 12-15 2002. The dynamic behaviour of a diesel engine. In: Proceedings of the WEDA
XXII Technical Conference and 34th Texas A and M Dredging Seminar. Denver, Colorado, USA.

Schulten, P., 2005. The interaction between diesel engines, ship and propellers during manoeuvring. PhD thesis, Faculty
Mechanical, Maritime and Materials Engineering, Delft University of Technology.

Shi, W., Grimmelius, H. T., Stapersma, D., 2010. Analysis of ship propulsion system behaviour and the impact on fuel
consumption. In: International Shipbuilding Progress. Vol. 57. pp. 35-64.

Stapersma, D., January 2010. Diesel Engines - A Fundamental Approach to Performance Analysis, Turbocharging,
Combustion, Emissions and Heat Transfer, 8th Edition. Vol. 2: Turbocharging, Part I: Diesel Engines A - Perfor-
mance Analysis and Turbocharging. Netherlands Defence Acedemy.

Stapersma, D., Grimmelius, H. T., 2009. A fresh view on propulsion control II. In: Proceedings of the 14th International
Ship Control Systems Symposium. Ottawa, Canada.

Stapersma, D., Schulten, P. J. M., Grimmelius, H. T., 2004. A fresh view on propulsion control. In: Proceedings of the
7th Internatlonal Naval Englneerlng Conference. Amsterdam, The Netherlands, pp. 221-240.

Rower of Ships: a Manual of Marine Propulsion. Press of Ransdell, Inc., Wash-

I Blbllography

Purpose To list material/sources not cited
pLULsULL 1., 1Uussain, 1ne, suty 2001, An optimal control approach to preventing marine diesel engine overloading

A Sas S o i R aecedings of the IFAC conference on Control Applications in Marine
Nomenclature

Purpose Definition of all symbols and physical quantities

LT T TN 0n operational conditions. PhD thesis, Faculty Mechanical, Maritime
and MPITPT'I?I]Q Fn01nPPr1no Delft ITniversity of Technology, The Netherlands.
7 Glossary of terms Ship Propulsion. Springer-Verlag, London, UK.

Purpose: To explain acronyms and abbreviations

Appendices

Purpose: To explain lengthy data which would
not fit comfortably with the main text



	Introduction
	System description
	Diesel engine model
	Gearbox model and shaft line model
	Propeller model
	Hull model
	Wave model

	Control strategies
	Speed control
	Torque control
	Adaptive pitch control

	Simulation experiments
	Scenarios
	Static working points in speed control regime
	Acceleration in speed control regime

	Results
	Static working point using speed control and alternative combinator curves
	Static working points using torque control
	Acceleration with speed control under various conditions
	Acceleration with torque control under design conditions
	Acceleration with torque control and reduced pitch during acceleration in design conditions


	Conclusions and further research



