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Summary

Everything should be made as simple as
possible, but not simpler.

Albert Einstein

Due to legislation, the shipping industry is forced to reduce its emissions and underwater radiated noise
in order to decrease the impact on the environment and limit global warming. Moreover, do Navy ships have
another motivation to reduce their noise. When there is a submarine or mine threat, it can be lifesaving to be
as quiet as possible. To operate in these circumstances, a navy frigate wants to be flexible due to its complex
operational profile. A propulsion plant that can contribute to flexibility is a diesel engine with a controllable
pitch propeller (CPP).

A way to reduce emissions and noise is by improving the control strategy of the propulsion plant. Often a
strategy is tested with numerical models. However, these models often do not include all the hydrodynamic
effects that can occur. With Hardware In the Loop (HIL), a part of the model is replaced by a hardware ele-
ment. In this thesis, this is the CPP. However, this model is scaled and is therefore introducing scaling effects.
A feasibility study is performed to determine whether it is possible to perform open water HIL experiments
and determine the dynamic behaviour of a propulsion plant and its controller. It is also studied if the results
of a HIL experiment can be used to improve numerical models.

The control strategy that is used is Adaptive Pitch Control (APC). This control system requires no fixed
rotational speed and pitch of the propeller. But based on the required virtual shaft speed, the inflow of the
CPP, speed and charge pressure of the diesel engine and the actual propeller pitch the required pitch and
rotational speed are determined.

APC can deliver the requested virtual shaft speed, prevent cavitation, minimise fuel consumption, main-
tain engine air excess ratio and prevent under- and overspeed. Cavitation is prevented by maintaining the
optimal inflow in the CPP. However, in waves, this inflow is constantly fluctuating, and as a result, the pitch is
also continuously changing. Current actuation systems of CPP’s are not able to keep up with this constantly
adjusting pitch setting. Moreover, high-frequency pitch actuation can lead to increased wear of the propeller
hub. Thus, class regulations require an overhaul of a CPP system designed for regular use after 107 pitch ac-
tuations. Therefore, the last objective of this thesis is to determine whether it is possible to reduce the pitch
actuations and determine how that influences the dynamic performance of the propulsion plant.

Full-scale simulations of an Ocean-going Patrol Vessel (OPV) with APC showed that implementing a tuned
Kalman filter for the inflow estimation with a deadband can reduce the pitch actuations. Simulations are
performed with regular and irregular waves. In regular waves, it is possible to achieve zero actuations during
constant speed. However, in irregular waves, there are some actuations at a constant speed because bigger
waves are encountered after a certain amount of time. An actuation reduction of 92 per cent can be achieved
at sea state four and 60 per cent at sea state five. Reducing the pitch actuations has no significant effects on
the control objectives of APC. However, due to slower pitch settings, irregular waves at sea state four and five
the propeller operates approximately 25 per cent extra time outside the cavitation bucket.

As mentioned before, an objective is to determine whether it is possible to simulate the dynamic be-
haviour with the scaled open water HIL setup. By implementing Froude scaling, it is assumed that comparing
full and model scale results is valid. Therefore, the in and output to the hardware CPP are Froude scaled. How-
ever, in the controller, Froude time scaling must be applied in the integral gain, torque limiters and Kalman
uncertainties. Also, the delays of the pitch actuation, fuel rack and exhaust filling are time scaled. Finally,
the thrust and torque coefficients are scaled to compensate for drag differences. It is shown that with the
correct scaling, it is possible to compare the similarities in full free sailing and model scale HIL simulations.
The difference in the measured parameters are minor. Thus, the dynamic behaviour in both simulations is
similar.

The similarity between the full and model scale simulations is desired. It shows that it is possible to sim-
ulate the dynamics of a propulsion plant with the open water HIL setup at constant speed. In other research,
an open water HIL setup is used to study the effects of propeller ventilation. However, other scaling effects
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iv 0. Summary

due likely occur even when Froude scaling is applied. For example, in model scale, it can be assumed that air
is incompressible, while in full-scale, this is not true. To prove the added value of HIL in ventilation requires,
therefore, more research. Nevertheless, it is possible to force an oblique inflow in the propeller with the open
water HIL setup. It is expected that APC can provide a steady angle of attack during a turn. With the HIL setup
it is possible to assess this in a controlled environment. The results can provide extra information to improve
numerical models and control strategies.

However, the propeller open water HIL setup at the TU Delft is currently unsuitable for testing novel con-
trol strategies. The high backlash in the CPP blades en the low sample rate of the pitch makes it impossible
to test novel control strategies and simulate realistic dynamic behaviour properly. Also, due to Froude dis-
similarity in the acceleration speed of the towing car, it is not possible to perform dynamic acceleration runs
with the HIL setup. These issues need to be solved before conducting HIL experiments with novel control
strategies.

This research proposed to add a Kalman filter and deadband to the APC strategy to reduce pitch actua-
tions. A trade-off is that the propeller cavitates 25 per cent more. However, the other control objectives of the
dynamic performance of the propulsion plant are hardly influenced. By correctly implementing scale effects,
it is possible to study the dynamic behaviour of the plant with the open water HIL setup. Still, in waves, HIL
experiments are expected to provide little extra information compared to numerical models. Nevertheless,
oblique inflow can be forced in controlled conditions and give new insights to improve numerical models and
control strategies, thus investigating the behaviour in turns. These improvements can lead to emission and
noise reduction to decrease the environmental impact and prevent detection of naval vessels under threat.



Samenvatting

De scheepvaart moet zijn uitstoot en onderwater geluid reduceren door nieuwe regelgeving. Het doel is om
de klimaatverandering tegen te gaan. Bovendien hebben marineschepen nog een andere motivatie om het
onderwatergeluid te reduceren. Het kan namelijk van levensbelang zijn in het geval van onderzeeboot of
mijnen dreiging. Fregatten moeten complexe taken uitvoeren. Een voortstuwingstrein die daar bij uitstek
geschikt voor is, is een voortstuwingsdiesel met een verstelbare schroef.

Om emissies en geluid van de voorstuwingstrein te reduceren kan de regeltechniek aangepast worden.
Vaak wordt een nieuwe regelmethode getest met numerieke modellen, echter, deze modellen hebben hun
beperkingen. Vaak zijn hydrodynamische effect versimpeld. Met “Hardware In the Loop” (HIL) is het mogelijk
om een onderdeel uit het model te vervangen door een fysiek component. In dit onderzoek is de verstelbare
schroef dit component en die neemt de hydrodynamische effecten mee. Maar een kleine schroef zorgt voor
schaal effecten. Om deze reden is er een haalbaarheidsstudie gedaan om te bepalen of het mogelijk is om
met een open water HIL-opstelling het dynamisch gedrag van de voorstuwingstrein en de regelstrategie te
bepalen. Het uiteindelijke doel is om te bepalen of HIL-experimenten kunnen bijdragen aan het verbeteren
van numerieke modellen en regelstrategiën.

Het regelsysteem dat gebruikt wordt in dit onderzoek is de adaptieve schroefspoed regeling. In tegen-
stelling tot een traditioneel regelsysteem, heeft de regeling geen vaste draaisnelheid en pitch van de schroef
bij een vaartinstelling. Maar op basis de aanstroom hoek, huidige spoed en draaisnelheid van de schroef en
turbo druk wordt bepaald wat de gewenste draaisnelheid en spoed moet worden.

De adaptieve schroefspoed regeling kan de gewenste vaartinstelling leveren, cavitatie voorkomen, brand-
stof verbruik verminderen, luchtovermaat boven een gestelde grens te houden, en voorkomt dat de motor te
snel of te langzaam gaat draaien. Omdat de regeling de aanstroom-hoek van de schroef constant wil houden,
zal de spoedhoek continue aangepast worden als het schip in golven vaart. Huidige verstelbare spoed in-
stallaties (VSI) zijn niet in staat om met de juiste snelheid de spoed aan te passen. Daarnaast zorgen vele
spoedverstellingen voor slijtage, om die reden geven klasse bureaus aan dat na een bepaalde hoeveelheid
spoedhoek veranderingen de schroef overhaalt moet worden. Daarom wordt in deze studie onderzocht of het
mogelijk is om het aantal spoed veranderingen te reduceren en te bepalen wat het effect op het dynamisch
gedrag van de voortstuwingstrein is.

Simulaties op ware grote met een patrouilleschip met adaptieve schroefspoed regeling hebben laten zien
dat het implementeren van een Kalman filter met een dode band het aantal spoekhoek bewegingen kan ver-
minderen. In regelmatige golven op constante snelheid zijn de spoed veranderingen te reduceren tot nul. Met
onregelmatige golven komt het schip incidenteel een grotere golf tegen, als gevolg hiervan wordt dan wel de
spoed veranderd. Desondanks is een reductie van 92 procent in sea state vier gerealiseerd en van 60 procent
in sea state vijf. Het verminderen van de spoed bewegingen zorgt voor iets meer cavitatie, maar de overige
parameters voor dynamisch gedrag worden nauwelijks aangetast. Door het filter zal de propeller ongeveer 25
procent tijd extra buiten de cavitatie bucket opereren.

Om te bepalen of het mogelijk om met de open water HIL-opstelling het dynamisch gedrag te simuleren
wordt Froude schaling toegepast. De in- en uitvoer naar de schroef wordt geschaald. Maar ook de integraal
constante van de snelheidsregeling, de koppel beperking, Kalman constanten, tijdconstanten van de spoed,
vulsnelheid van de uitlaat en brandstofinspuiting. Ten slotte, zijn ook de koppel en stuwkracht coëfficiënten
geschaald om het verschil in wrijving te compenseren. Na het juist toepassen van de schaling hebben sim-
ulaties laten zien dat het dynamisch gedrag op ware grote en op model schaal zeer goed overeenkomen op
constante snelheid.

Deze overeenkomst is noodzakelijk om te HIL-opstelling te gebruiken voor verder onderzoek. Een dergeli-
jke opstelling is gebruikt in andere studies om ventilatie effecten op de propeller te onderzoeken. Maar
bij propeller ventilatie op model schaal kan aangenomen worden dat lucht onsamendrukbaar is, terwijl dit
op ware grote niet het geval is. Het gevolg is dat er andere schalingeffecten kunnen plaats vinden die niet
opgelost worden door het toepassen van Froude schaling. Maar een schuine instroom in de schroef kan wel
onderzocht worden met de opstelling. Hiermee kan gesimuleerd worden dat een schip een bocht maakt. Het
is te verwachten dat de adaptieve spoedhoek regeling in staat is om de instroomhoek constant te houden

v



vi 0. Samenvatting

tijdens een bocht. Het is mogelijk om deze stelling te verifiëren met een HIL-experiment. Resultaten van een
dergelijk experimenten kunnen wel gebruikt worden om numerieke modellen te verbeteren.

De open water HIL-opstelling van de TU delft is op dit moment nog niet geschikt om dergelijke exper-
imenten mee uit te voeren. De speling in de schroeven is te groot en de bemonsteringsfrequentie voor het
uitlezen van de pitch te laag. Het is hierdoor niet mogelijk om moderne regelsystemen te testen en realis-
tisch dynamisch gedrag te simuleren. Daarnaast is het door Froude ongelijkheid van de versnelling van de
sleepwagen niet mogelijk om dynamische versnelling runs uit te voeren.

Samengevat is er een Kalman filter met dode band toegevoegd aan de adaptieve schroefspoed regeling.
Dit heeft als effect dat de spoed veranderingen gereduceerd worden. Echter gaat de schroef wel meer caviteren.
Daarnaast is geconstateerd dat met het correct toepassen van Froude schaling het mogelijk is om met de open
water HIL-opstelling het dynamisch gedrag van een voorstuwingstrein te simuleren. Echter, extra informatie
ten opzichte van numerieke modellen wordt hier niet door verkregen in regelmatige en onregelmatige gol-
ven. Mogelijk kan er wel extra informatie worden verkregen door een schuine instroom op de schroef te
forceren. Deze metingen kunnen mogelijk gebruikt worden om numerieke modellen en regelstrategieën te
verbeteren. Hiermee kunnen emissies en geluid gereduceerd worden en wordt ook voorkomen dat marine
fregatten eerder gedetecteerd worden.
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1
Introduction

A man without a goal is like a ship without a
rudder

Thomas Carlyle

The shipping industry is obliged to reduce their emission and radiated noise in order to decrease the impact
on the environment and limit global warming (IMO [2020]). Moreover, do navy ships have another motivation
to reduce their noise. During a submarine or mine threat it can be lifesaving to be quiet. One way of improving
fuel consumption and noise is with novel control strategies. These strategies aim to achieve the best effective
inflow of the propeller. The control strategy that is studied is the novel adaptive pitch control that regulates
the effective angle of attack.

1.1. Literature review
A method to determine the dynamic behaviour of a diesel engine with a CPP is with numerical models. This
can be relatively simple with a transfer function; however, these models often do not consider dynamics (Vri-
jdag [2009], Huijgens [2021]). On the other hand, a Mean Value First Principle (MVFP) model does take these
into account and is, therefore, suitable to determine the dynamic behaviour of a propulsion plant (Schulten
[2005], Geertsma [2019]).

A downside of numerical models is that hydrodynamic effects, such as ventilation and free surface effects,
are often simplified (White [2008], Niklas and Pruszko [2019], Kozlowska et al. [2020]). However, in a towing
tank, these effects can be taken into account with scaling effects (Journee and Massie [2001]). It is assumed
that keeping the Froude number the same for the model and full-scale ship, it is possible to increase the
results of the model to full scale, i.e. the forces can directly be scaled between the model and the full-scale
ship. Nevertheless, building a scaled diesel engine with the same dynamic behaviour as a full-scale diesel is
impossible.

Full-scale trails do not have scale effects; however, they are time-consuming and complex to organize.
Also, it is hard to compare results due to changing environmental conditions (van Terwisga et al. [2004],
Vrijdag [2009]). However, the main advantage of full-scale trials is that all the simulation uncertainties are
eliminated, and the effect of a novel control strategy can be determined with more certainty.

Hardware in The Loop (HIL) can combine the hydrodynamics in the towing tank and engine behaviour
of a numerical model. In a HIL setup, a software model is replaced by a hardware component. In this study, a
hardware CPP is used. Huijgens [2021] demonstrated that it is possible to study propulsion plant behaviour
with the open water HIL setup and linear propulsion model. Therefore, the present study has implemented
a validated non-linear MVFP diesel engine model with turbocharger dynamics and adaptive pitch control
strategy.

The foundation of APC has been researched by Vrijdag [2009]. He concluded that effective angle of attack
control reduces cavitation. A thrust sensor on the shaft is used to determine the effective angle of attack.
However, the focus of this study was not on the behaviour of the diesel engine. Therefore, Geertsma [2019]
filled this gap by studying the dynamic behaviour of the engine. Also, an improvement in the control system
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2 1. Introduction

was implemented by adding slow integrating speed control. Moreover, he assumed that the angle of attack
was known, where Vrijdag [2009] demonstrated how this could be established with a thrust sensor. Thus, an
improvement would be to measure the thrust to determine the angle of attack and study whether the APC
with slow integrating speed control gets the same results. However, a full-scale trial such as Vrijdag [2009] is
costly and complex to set up. Hence, Hardware-In-the-Loop could be a solution to combine the previous two
studies.

Table 1.1: Most relevant literature

Author Year Focus Finding Future research

Vrijdag 2009
New controller to
reduce cavitation

Effective angle of
attack control
reduces cavitation

Behaviour diesel
engine must be
studied further

Geertsma 2019
Adaptive pitch control
(APC) with slow
integrating speed control

APC improves
dynamic behaviour
and improves
manoeuvrability.

Assumed that the
effective inflow
is known

Huijgens 2021

Propeller-Engine
interaction with
Open Water HIL
setup

It is possible to use
an open water setup
with an electric
motor to simulate
diesel engine-
propeller interaction

Nonlinear diesel
model for better
dynamics and CPP

1.2. Research objective and questions
To be able to better asses novel control strategies of ship propulsion plants, the research objective is:

to improve control strategies of ship propulsion systems and the numerical models to evaluate them in
dynamic conditions by using Hardware-In-the-Loop in an open water setup.

The objective of this study is comprehensive. Therefore, a case study is used to demonstrate how HIL can
be used to improve control strategies and numerical models. The propulsion system in this case study is a
diesel engine with a turbocharger and CPP of an Ocean-going Patrol Vessel (OPV) of the Dutch Navy. The
control strategy that is studied is APC. This strategy actuates the pitch at every wave, resulting in less time
between maintenace periods. The case study allows to extract the following sub-objectives from the primary
research objective:

• Sub-objective 1: reduce the movements of CPP blades controlled by adaptive pitch control while main-
taining the dynamic performance of the propulsion plant.

• Sub-objective 2: implement a dynamic propulsion model and a hardware controllable pitch propeller
in the HIL setup.

• Sub-objective 3: determine if numerical models of propulsion systems with CPP and its control strategy
can be improved with HIL experiments.

To be able to achieve the objective, the following research question is formulated:

How can Hardware-In-the-Loop experiments improve control strategies of ship propulsion systems and the
numerical models?

The sub-questions that have been formulated to answer the main question are also focussed on the case
study :

• Sub-question 1: How can adaptive pitch control be improved by reducing pitch actuations while main-
taining its performance?

• Sub-question 2: How can a full-scale diesel engine model with turbocharger dynamics and a model
scale hardware controllable pitch propeller be implemented in an open water HIL setup?



1.2. Research objective and questions 3

• Sub-question 3: How can the results of HIL experiments be used to improve numerical models of a
ships propulsion system and its control strategy?

Sub-question one is answered with simulations of a full-scale model of an OPV. The answer for sub-
question two is given with simulations of the open water HIL setup. The final answer combines both sim-
ulation results, followed by a discussion. The methodology is further elaborated in chapter 2.

Figure 1.1: Structure master thesis



4 1. Introduction

1.3. Aim and contribution
APC with slow integrating speed control continuously changes the pitch settings in waves to achieve the de-
sired flow inflow. Geertsma [2019] showed that this would result in less cavitation and fuel consumption.
However, high-frequency pitch actuation can lead to increased wear of the propeller hub. Thus, class regula-
tions require an overhaul of a CPP system designed for regular use after 107 pitch actuations (DNV). A control
strategy that results in more actuations reduces the lifetime of the CPP and results in more maintenance.

Another reason to reduce propeller blade movements is that current pitch actuation is too slow to follow
wake speed fluctuations (Vrijdag et al. [2010], Geertsma [2019]). This could be solved by to faster actuations
mechanisms. However, this would increase the number of movements instead of reducing it. So instead
of increasing the speed of the actuations, it is worthwhile to study the effects of reducing movements and
studying the effects on the performance of the propulsion plant.

The foundation for this master thesis are three studies by Vrijdag [2009], Geertsma [2019] and Huijgens
[2021]. First, Vrijdag studied the effective angle of attack control and concluded that this significantly reduced
cavitation. Second, Geertsma added a slow integrating speed control for diesel engine fuel injection. In
the former, the thrust and rotational speed were measured to determine the inflow. However, the inflow
was extracted from the propeller model in the latter. Third, Huijgens studied if it is possible to simulate
diesel engine behaviour with an open water HIL setup where a fixed-pitch propeller is driven by a permanent
magnet synchronous motor (PMSM). By adding a virtual flywheel and friction torque compensation, the
PMSM can behave like a diesel engine.

The contribution of this study is threefold: First, the three earlier mentioned dissertations are combined,
making it possible to simulate a diesel engine with turbocharger dynamics and CPP in the open water HIL
setup. The added value is to determine whether it is possible to study a novel control strategy based on the
angle of attack estimation with scale effects in the HIL setup. HIL experiments could be used to improve
numerical models; however, they could also reduce time in full-scale trials. Secondly, a Kalman filter with
deadband is implemented in the adaptive pitch control strategy to reduce pitch actuations. The effects of
this filter on the performance are studied. The added value is that reduction in actuations can increase the
time between maintenance. Finally, the performance of APC with Kalman filter and deadband is studied
in irregular waves. Currently, APC is only simulated in regular waves. However, in irregular waves, a ship
encounters different wave heights and frequencies. This can provide valuable information about the APC in
a more realistic simulated environment.

Figure 1.2: Schematic representation of combining three studies
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1.4. Thesis outline
This master thesis has five chapters required to answer the three sub-questions and the research question.
Chapter 2 elaborates the methodology that is used and a summary of the theoretical background of APC. Ad-
ditionally, a brief explanation is given of how the inflow of the propeller can be determined with the pitch, ro-
tational speed and thrust measurements of the HIL setup. This inflow estimation is processed with a Kalman
filter to reduce the disturbance caused by waves. This filter is also clarified.

With the problem, methodology and theoretical background known, it is possible to elaborate on the full-
scale simulations where the pitch actuations are reduced by the Kalman filter. In chapter 3, the dynamic
behaviour of the propulsion plant is discussed. First will the altered APC strategy tested regular waves, fol-
lowed by results in irregular waves.

With the full-scale behaviour known, it is studied if the scaled setup can give the same results in chapter
4. By implementing Froude scaling, it is shown that full and model scale simulations show similar dynamic
effects. Finally, the added value of the HIL setup is discussed.

When all the sub-questions are answered, the main research question is answered in chapter 5. Followed
by some recommendations in the use of adaptive pitch control. Also, some proposals are given to improve
the open water HIL setup allowing to improve studies in novel control strategies.





2
Methodology

He who love practice without theory is like the
sailor who board ship without a rudder and
compass and never know where he may cast

Leonardo da Vinci

Two methods are used to improve and evaluate the novel adaptive pitch control strategy during dynamic
conditions, such as acceleration and sailing in waves. The first model is a full-scale representation of an
ocean-going patrol vessel’s (OPV) hull and propulsion plant, see figure 2.1. The second is an open water HIL
setup that can simulate the behaviour of the propulsion plant with a scaled hardware propeller, see figure 2.2.
The models are elaborated, followed by a short description of APC and the HIL setup. Complete explanations
are given by Geertsma [2019] and Huijgens [2021].

Figure 2.1: Ocean-going patrol vessel Figure 2.2: HIL setup [Huijgens [2021]]

2.1. Proposed approach
The validated full-scale model is schematically depicted in figure 2.3, it is also used by Geertsma [2019]. How-
ever, three changes are implemented. First, the adaptive pitch controller can estimate and filter the flow an-
gle. Second, the wave model can simulate irregular waves and finally, the propeller model is a C4-40 instead
of a C5-60. This is done because the hardware CPP of the open water HIL setup is also a C4-40. The propeller
is matched to the diesel engine to achieve the best performance of the propulsion plant (see Appendix A.5).
Due to the matching process, the gearbox reduction ratio is altered. A few assumptions are taken into account
with the model. The first one is the validation of the model still holds with a C4-40 propeller. Secondly, the
ship model experiences no pitch angle due to waves. This is valid for moderate seas as long as the propeller
stays submerged. So if ventilation occurs, this model is not accurate.

7
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Figure 2.3: Scheme for the MATLAB Simulink model

With full-scale free sailing simulations, the dynamic behaviour of the propulsion plant with the adaptive
pitch control with Kalman filter and deadband is studied. This is done by evaluating the pitch actuations and
the five measures performance measures used by Geertsma [2019]. It is desirable that the filter and deadband
do not have negative influence on the dynamic performance.

The model scale simulations represent the open water HIL setup. It is applied to evaluate the use of the
HIL setup to investigate the propulsion plant’s dynamic behaviour. The main difference is that the scaling
effects of the model basin should be taken into account. But also, the drive that controls the propeller and
the towing car are implemented in the model. In figure 2.4, a schematic overview can be seen. The blue
blocks are similar to the blocks in figure 2.3. The yellow blocks are implemented to be able to simulate an
open water HIL setup.

Figure 2.4: Scheme Open Water HIL Simulink model

The rotational speed and torque are scaled from full to model scale in the scaling block and vice versa.
Scaling is done according to Froude’s law with a geometric scale factor (λ) of 9.697. In the speed controller of
the diesel engine, the integrator gain in the PID controller must be time scale to achieve Froude similarity.
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In the controller EM (Electric Motor) block, the scaled torque is converted to a current. This current goes
to the drive that controls the Permanent Magnetic Synchronous Motors (PMSM). In the model, it is assumed
that the set current is the actual current. Huijgens [2021] has proven that the wave encounter frequencies this
assumption is valid. In the hardware drive, there is a close electric loop that controls the current.

The propeller model in the HIL model is the same as in the free sailing model. However, the propeller in
the HIL has a diameter of 0.33 meter and not 3.2 meters. This results in scaling effects due to drag, which
accounts for the scaling block for KQ and KT .

A difference between the free sailing model and the open water model is the towing car. The hull in the
free sailing model is propelled by the propeller that delivers a thrust. However, the towing car has its own
propulsion. It can move forward at a constant speed and with an acceleration between 0.3 and 0.9 m/s2. This
speed is not realistic with a real ship in Froude similarity.

A comparison is made between the two models to determine whether the HIL setup can simulate the
non-linear dynamic behaviour of a propulsion plant. Suppose there is a similarity between the full and model
scale simulations. In that case, it can be concluded that setup can be used to study the dynamic behaviour of
a ships propulsion plant. The next step is to prepare the actual HIL experiments in the towing tank.

For the preparation of the experiments, the runs are first simulated with the second model. The physical
limitations of the setup, such as backlash, the sample rate of the pitch and acceleration speed, gave some
interesting insights, and it is concluded that it is not worthwhile to perform experiments at this moment.
Nevertheless, it is possible to give recommendations on how to improve the setup and how it can be used to
improve numerical models and control strategies for future research.

2.2. Adaptive pitch control
The interaction between the diesel engine and the CPP is controlled by adaptive pitch control (APC). The
performance of the propulsion plant with this control strategy is determined with Measures of Performance
(MOP’s) as proposed by Geertsma [2019]:

• Provide requested virtual shaft speed.

• Maintain operation within cavitation bucket for the broadest possible operating conditions.

• Minimise fuel consumption across the ship speed profile and for all operating conditions.

• Maintain engine air excess ratio within predefined limits.

• Prevent engine over and under-speed.

The virtual shaft speed is often used on navy frigates because it has almost a linear relationship with the
ship speed. In contrast to a combinator curve control strategy, APC requires no fixed rotational speed and
pitch of the propeller. As a result, a lower engine speed and higher pitch can results in the same virtual shaft
speed as a higher engine speed with a small pitch.

Figure 2.5: Cavitation bucket

The cavitation bucket represents the operating area of the propeller
in which the risk of cavitation is limited in the two-dimensional plane of
cavitation number and angle of attack. The former is a non-dimensional
pressure at mean shaft immersion; the rotational speed of the propeller
mainly influences this variable. The latter is dependent on the advance
speed and the pitch of the propeller.

Two assumptions are made. The first is that the advance speed is
homogeneous, which is well a well accepted method if a open water di-
agram is used. The second is that when the propeller is operating in
the bucket no cavitation occurs. However, in reality, due to waves, or
oblique inflow cavitation might occur. Nevertheless, the assumption
holds for acceleration as is demonstrated by Vrijdag [2009]. On the left
side of the bucket, pressure side cavitation can be observed, and on the
right side, suction side cavitation as is illustrated in figure 2.5.
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In figure 2.6, a schematic representation of the Adaptive Pitch Controller is shown. The combinator curve,
speed and pitch control are the three blocks that are the foundation of the controller. In addition, the inflow
estimation and Kalman filter are implemented in this thesis.

Figure 2.6: Adaptive pitch control

The virtual shaft speed is an input for the speed setpoint that is determined in the combinator curve block.
The output of this block is the pitch, angle of attack and engine speed setpoint. The latter is determined with
equation 2.1;

ne,set (t ) = Ppd ,nom −Ppd ,0

Ppd (t )−Ppd ,0
nvi r t ,set (t ) (2.1)

The pitch setting is determined with equation 2.2;

PDset (t ) = nvi r t ,set (t )

nmi n
(2.2)

The desired angle of attack is predefined in a lookup table.
The speed governor controls the fuel rack. In this block is a PID controller that has a torque, fuel injec-

tion and speed constraint. If the former is reached a fuel injection margin (Xmar (t )) is activated, and pitch
reduction (θr ed (t )) is enabled in the pitch control.

The pitch control block set the pitch control setpoint to achieve the desired angle of attack and uses the
following two equations:

P∗
pd ,set (t ) = 0.7πt an(θset (t )−θr ed (t ))+Ppd ,0

Ppd ,nom −Ppd ,0
(2.3)

θset (t ) =αe f f ,set +αi +at an(c1t an(β(t ))) (2.4)

Where P∗
pd ,set is the normalized pitch, θset the pitch angle setpoint, Ppd ,0 pitch at zero thrust, Ppd ,nom

the nominal pitch, αe f f ,set the effective angle of attack setpoint, αi the shock free-angle at the leading edge,
β the hydrodynamic pitch angle and c1 the Vrijdag coefficient that can be used for calibrating the αe f f ,set in
such a way that the cavitation buckets overlap for different pitch settings (Vrijdag [2009], pp 116 - 120).

Geertsma [2019] already implemented the previously described blocks, and a detailed explanation can be
found in Geertsma [2019] page 116 - 124. In addition, a summary is given in Appendix A.

2.2.1. Inflow estimation
This study determines the hydrodynamic pitch angle with parameters that are measured on the hardware
propeller. These are the shaft speed np , thrust (T ), and the actual pitch (PDact ). The added value of this
thesis is to estimate flow angle (β) to determine the effective angle of attack (αe f f ). In equation 2.5, the
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equation for the angle of attack is repeated. By rearranging the formula, it can be concluded, that advance
ratio (J ) and PD ratio are the two variables that influence this parameter.

αe f f = θ−β−αi (2.5)

αe f f = at an

(
P0.7R

0.7πD

)
−at an

( c1va

0.7πnD

)
−αi (2.6)

αe f f = at an

(
P0.7R

0.7πD

)
−at an

( c1

0.7π
J
)
−αi (2.7)

The advance ratio is dependent on the advance speed. Unfortunately, it is impossible to measure this
speed; therefore, a thrust or torque measurement is used to determine the advance ratio. Pivano et al. [2007]
was the first to apply this method. Vrijdag [2009] also implemented a thrust measurement to determine the
advance ratio. The thrust measurement is used to determine the KT with the following equation:

KT = T

ρn2
p D4

p
(2.8)

With the PD ratio, thrust and torque coefficient known, it is possible to determine the advance ratio using
an open water diagram. In the model used in this thesis, only the first quadrant is implemented, as is depicted
in figure 2.7. A consequence is that the estimation of J can only be performed in normal forward operation
of the propeller.

Figure 2.7: Inflow estimation

The advance ratio is used to determine the effective angle of attack. The adaptive pitch control strategy
tries to achieve the desired effective angle of attack of 10.5 degrees by changing the PD ratio. It is assumed
that this angle is within the cavitation bucket.

In the model, thrust is used to determine the effective angle of attack. A thrust sensor measures the thrust
delivered by the propeller. However, a torque sensor can measure a different torque than was delivered by the
propeller. For example, if it is measured near the gearbox, a different value is measured than directly in front
of the propeller due to friction of the shaft bearings.

2.2.2. Kalman filter
Especially in waves, the measured thrust is continuously fluctuating. This results in a constant changing
pitch to be able to keep the desired effective angle of attack. In this study, a Kalman filter is implemented to
reduce the fluctuations of the estimated flow angle (β). By filtering this value, the pitch settings have smaller
changes. A Kalman filter can filters out noise that is Gaussian distributed. Although, regular waves have this
distribution, it is also assumed that irregular waves follow the Gaussian distribution (Journee and Massie
[2001], page 9-36 ).

A Kalman filter can estimate the state of a process (x̂k ). The Kalman gain performs the filtering (gk ). This is
a weight factor that determines whether the one time step older prediction (x̂k−1) or the actual measurement
(zk )is trusted more. A high Kalman gain (close to 1) will result in a estimation close to the measurement. On
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the other hand, a low Kalman gain (close to 0) results in an estimation close to the previous estimation. To
filter out the fluctuations of the waves, the Kalman gain in the APC controller must be close to zero ([14],[15]).
This process is done by the state update equation of the Kalman filter:

x̂k = x̂k−1 + gk (zk − x̂k−1) (2.9)

The following equations give the Kalman gain and estimate uncertainty equations:

gk = pk (pk + r )−1 (2.10)

pk = pk−1 +q (2.11)

Where pk is the estimate uncertainty, r the measurement uncertainty and q the process uncertainty. The
effects of the measurement and process uncertainty (r and q) on the adaptive pitch control are elaborated in
the next chapter. In figure 2.8, the flow diagram of the Kalman filter is depicted.

Figure 2.8: Kalman filter

2.3. HIL setup
The open water HIL setup can combine the benefits of towing tank experiments and numerical simulations.
Hydrodynamic effects are taken into account in the towing tank with the hardware CPP. In numerical models,
these effects are often simplified. An example is the free surface effects, Kozlowska et al. [2020] showed that
this is complex to consider in a numerical model.

The proposed use of the HIL setup is to perform acceleration, and constant speed runs in the towing tank
with waves. The goal is to validate the simulation results of the model scaled open water HIL simulations by
maing a comparison with validated full scale simulations. After validation, the setup can be used in situa-
tions in which the propeller’s numerical model is no longer valid due to inaccurate hydromechanical effects.
Usually, full-scale trials need to be performed to study these effects. However, the HIL setup takes these ef-
fects into account. Therefore, the HIL setup can reduce the necessity to perform these time consuming and
expensive trails.

The towing tank of the TU Delft has a limitation. The acceleration is restricted between 0.3 and 0.9 m/s2.
This means that if acceleration runs are performed, the acceleration doesn’t have Froude similarity with full
scale runs. Nevertheless, a comparison is made between the full scale and model scale acceleration to con-
firm that the HIL setup can not be used to perform acceleration runs without Froude similarity in accelera-
tion. Also, to be able to make a fair comparison, the differences at a constant speed are compared.

The hardware CPP also has a few limitations. The first is the backlash in the blades of five degrees. The
second is the low sample rate of the pitch measurements. Simulations with the open water HIL model with
these limitations showed that it is not useful to perform experiments with these known limitations.
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Nevertheless, it is still worthwhile to study if the HIL setup can simulate the dynamic behaviour of a ships
propulsion plant. Therefore, a comparison is made between a full-scale free sailing ship and an open water
propeller HIL setup with scaling effects. The simulations results are compared to decide whether the dynamic
effects have similarities between the full and model scale.

2.3.1. Physical description
The TU Delft has its own propeller open water HIL setup and consists out of the following elements:

• Interface computer

• Simulator

• Motor controller

• Electric Motor

• Thrust and torque sensor

• Controllable pitch propeller

• Towing carriage

All these elements, except the interface computer, can be seen in figure 2.9. The interface computer runs
MATLAB-Simulink and can be used to monitor and control the simulator. A copy of the Simulink model is
duplicated on the simulator and runs real-time. This model is the software part that is illustrated in figure 2.4.
The simulator converts the scaled drive torque to a current setpoint and sends this value to the motor con-
troller. This motor controller governs the current. Note that this is not the adaptive pitch controller because
this is implemented in the software model. The motor controller’s current drives the PMSM electric motor,
which runs the shaft. The feedback signals that are required for the APC strategy are the measured the shaft
speed, the torque- and the pitch-measurement. The whole setup is built on the towing carriage, making it
possible to sail throw the towing tank.

Figure 2.9: Open water HIL setup (Huijgens [2021])

The electric motor, torque and thrust sensor are enclosed by a gondola. This part of the setup is designed,
manufactured and assembled by Maritiem Research Instituut Nederland (MARIN). The gondola is designed
in such a way that it does not disturb the inflow in the propeller. It is mounted with a hexapod which allows
it to move in six degrees of freedom.

The CPP propeller is a design by the TU Delft [16]. It is based on a C4-40 design. The diameter ratio of the
hub is higher than a traditional Wageningen C4-40 propeller. It is a rightward turning propeller; this is done
because it can easily be switched with an FPP propeller. An electric motor is built in the propeller to change
the pitch, as shown in figure 2.10.
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Figure 2.10: Servo motor of hardware CPP

For this study, the control signal to the servomotor is improved. In the first design, this was a Wi-Fi signal.
However, this doesn’t work correctly under water. Therefore a wired solution was desired. A challenge was
that there was no room for extra wires. The solution is to send the TCP/IP signal over the power cable of the
servomotor. A downside is that there is a limited amount of bites that can be sent per second. Due to this
reason, it is only possible to send and receive a signal three times per second. The effects of this low sample
rate are shown with simulation results and are discussed in section 4.2.2.

2.3.2. Numerical model
Two crucial requirements must be met in the numerical model for it to be used in a HIL setup. The first is
that it must be able to run the model in real-time. The second is that the required sensor parameters of the
propulsion plant are accurate to determine the dynamics between the propeller and the engine. Examples of
these parameters are torque and engine speed.

The fastest way to do real-time simulations is by using transfer functions, a fuel rack map or lookup ta-
bles. The first two methods do not include the dynamics of the propulsion plant. Vrijdag et al. [2010] used
three lookup tables based on available information. The data included some turbocharger dynamics, and it
can predict air excess ratio and engine torque. The advantage of a lookup-table approach is that it is fast; a
disadvantage is that there must be reliable data available to implement. Huijgens [2021] used a fuel rack map
to demonstrate that the open water HIL setup can be used to study the behaviour of the propulsion plant.

Another approach is to use a filling and emptying mode. This method uses differential equations for mass,
composition and energy balances. At crank angle time scale, the flow in and out of the cylinder is calculated.
The nominal speed of the engine in this study is 1000 rpm. This corresponds to 0.17 milliseconds time step
for one crank angle degree and will result in much simulation time for the complete propulsion in this study.
It is also possible to use a fixed crank step size. A disadvantage of this method is that in low engines speed,
the model will become numerical unstable. Schulze et al. [2007] used a crank angle based model in a HIL
setup to test engine control units for cars. A problem in this study was that the model was unstable due to
high time steps at an engine speed of 1700 rpm. Xia et al. [2018] can implement a crank angle based model in
a HIL setup. However, to run in real-time, not all parameters could be calculated. Nevertheless, they showed
that crank angle-based models could be implemented in a real-time HIL setup.

In a Mean Value First Principle (MVFP), the cylindrical volume is left out and is replaced by an analytical
model for the air and exhaust gas flow dynamics. They are making it possible to use a revolution time scale
instead of a crank angle time scale. The main advantage is that computational power is decreased by 400,
making it possible to simulate real-time. Schulten [2005] and Geertsma [2019] have shown that an MVFP
model can give reliable results for the dynamic performance of the propulsion plant.

Huijgens [2021] demonstrated that it is possible to study propulsion plant behaviour with the open water
HIL setup. The numerical model he used had no turbocharger dynamics. The present study has implemented
the validated MVFP diesel engine model and adaptive pitch control of Geertsma [2019]. A detailed description
of the diesel engine model and adaptive pitch control can be found in Appendix A.
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2.4. Summary
This chapter elaborates on the proposed approach. First, a full-scale free sailing of an OPV model is used
to demonstrate the improvement in the APC strategy. Second, a model of the scaled open water HIL setup
is used to prove that it can simulate the dynamic behaviour of a propulsion plant. Also, the fundamentals
required to understand the propeller open water HIL setup and the adaptive pitch control strategy are elab-
orated. Further, the contributions of this thesis are explained, namely, the method for inflow estimation and
the Kalman filter.

The adaptive pitch control strategy can provide the requested virtual shaft speed, maintain operation
within the cavitation bucket, minimize fuel consumption, maintain engineer air excess ratio and prevent
over- and underspeed. The control actions of the APC are the pitch and fuelrack settings. These actions are
based on the actual pitch and inflow of the propeller and the engine speed and charge pressure.

It is not possible to measure the propeller inflow directly. However, with the measured rotational shaft
speed, thrust and propeller pitch, the hydrodynamic pitch angle can be estimated. The measured parameters
are used to determine the thrust coefficient. Next, with the open water diagram of a C4-40 propeller, the
advance ratio is determined. The last step in the estimation is to transfer the advance ratio into the inflow
angle.

The inflow angle is constantly changing in waves. As a result, the APC strategy is continuously adjusting
the pitch setting. This study has implemented a Kalman filter to reduce pitch actuations. The inflow esti-
mation is filtered to reduce the disturbance due to waves. The Kalman filter determines if the measured or
estimated value is trusted more based on the measurement and process uncertainty.

An objective is to determine whether it is possible to study the effects of APC with the Kalman filter in the
HIL setup. In the setup, a CPP is driven by a PMSM. The current that drives the motor is determined with the
full-scale diesel engine and gearbox model. The torque of the model is scaled and converted into a current. It
is crucial that the model can run in real-time and provide the diesel engine’s relevant parameters. The MVFP
model validated by Geertsma [2019] meets these requirements and is therefore implemented in the setup.





3
Free Sailing Simulation Results

A ship is always safe at shore but that is not
what it’s built for

Albert Einstein

The free sailing simulations are used to demonstrate the effect of the added Kalman filter and deadband
to reduce pitch actuation. Also, the effect on the measures of performance is discussed. Actuations is an
important performance factor in this study. Therefore, it is shortly elaborated how these pitch actuations
physically work.

A CPP can change the position of the blades around its longitudinal axis. On the foot of the blade is a yoke
that can be moved with hydraulic power that is delivered by a power pack. The hydraulics are fed through the
shaft to the CPP via the oil distribution (OD) unit.

Figure 3.1: Layout CPP unit [19]

A pitch actuation is accounted for if the blade starts to move from a standstill. At the start, this is from
zero pitch when it starts moving. However, during sailing, this is when the rotating direction of the blade
switches. From standstill to movement requires the highest hydraulic force on the yoke and is, therefore, an
actuation. Too many actuations can result in failure of the yoke (Godjevac [2009]). In this chapter, the results
are discussed of the modified APC strategy with Kalman filter. The focus is on the pitch actuations and several
diesel engine parameters to determine the impact on the measures of performance listed in chapter 2.

17
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3.1. Kalman filter
The Kalman filter in the APC controller affects the speed of the response of the pitch setting. As a result,
especially during acceleration, the pitch setting lags. This effect is shown in the following figures with ex-
treme values for r (measurement uncertainty) and q (process uncertainty). In table 3.1, the conditions for
the following figures are listed.

Table 3.1: Simulation Parameters of APC with Kalman filter

H1/3 2.02 m
ω 0.93 rad/s
Waves Regular
r 300
q 0.0001
nvi r t 0 to 120 rpm
Timestep 0.005 s

In figure 3.2, the pitch of the CPP can be seen during acceleration. The blue line is the pitch of the CPP
without the Kalman filter. Due to the influence of the regular waves, the pitch is constantly changing. The red
line describes the pitch of the CPP with APC with the Kalman filter. The pitch changes are drastically reduced.
However, a slight sine movement is visible due to the regular waves, as seen in the right-hand figure. Due to
the sine movement, the direction of the pitch actuations is still fluctuating. And as stated before, every change
in the direction of rotation is accounted for as an actuation. Implementing the Kalman filter is therefore not
sufficient to reduce the number of actuations during constant speed.

Figure 3.2: Pitch with Kalman filter off and on Figure 3.3: Pitch with Kalman filter off and on zoomed in

Another observation is that the pitch changes less rapidly during the acceleration. On the left, in figure
3.2, the effect of this slow pitch actuation can be seen. This is because the control system without the filter
is able to change the pitch of the blades more rapidly. In contrast, the Kalman filter causes a delay in pitch
actuations. As a result, during the acceleration, it stays behind. Therefore, it takes almost three minutes to
achieve the desired angle of attack.

The effect of not achieving the desired effective angle of attack can also be seen in the cavitation bucket in
figure 3.5. Without the Kalman filter, the cavitation plot starts at the bottom of the bucket and slowly moves
up when the engine speed decreases. However, with Kalman, the movement through the bucket bents to the
area where pressure side cavitation can occur. Even though this is a fictive cavitation bucket, it is likely to
expect that the propeller starts cavitating more if the Kalman filter is used with these settings. The second
Measure Of Performance (MOP) is to stay within the cavitation bucket for the broadest range of operational
conditions. An APC with a Kalman filter has a negative influence on this performance. In section 3.1.1 it is
quantified how much time the propeller is operating outside the cavitation bucket during acceleration with
different Kalman uncertainties.
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Figure 3.4: Effective angle of attack the Kalman filter on and off Figure 3.5: Cavitation bucket with Kalman filter on and off

The first MOP is to achieve the requested virtual shaft speed. In figure 3.6 can be seen that this MOP is
met for the controller with and without the Kalman filter. The time that both controllers need to reach the
requested virtual shaft speed is practically the same. It can therefore be said that the Kalman filter does not
influence the first objective. However, note that the fluctuation with Kalman filter is less.

Figure 3.6: Virtual shaft speed with the Kalman filter on and off

In figure 3.2, it was already seen that the pitch with the Kalman filter is lagging. The only way to achieve the
virtual shaft speed as soon as a controller without a filter is by increasing the propeller speed and, therefore,
the engine speed, as can be concluded from equation 3.1:

nvi r t (t ) = Ppd (t )−Ppd ,0

Ppd ,nom −Ppd ,0
np (3.1)
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In figure 3.7 can be seen that the engine speed with the Kalman filter on is higher as was expected. The
higher engine speed also results in a higher air excess ratio, as shown in figure 3.8. Therefore, a higher air
excess ratio will result in lower thermal loading. In this case, especially during acceleration, at a constant
speed, there is little difference.

Figure 3.7: Engine speed with the Kalman filter on and off Figure 3.8: Air excess ratio with Kalman filter on and off

In figure 3.8 can be seen that the minimum level of the air excess ratio is not breached. However, there
is another negative effect, in figure 3.2, can be seen that at the same time that the air excess ratio is at its
minimum, the pitch reduction is activated, resulting in a different angle of attack and cavitation.

Another advantage of a higher air excess ratio is that the exhaust valve temperature is lower during accel-
eration, decreasing the thermal loading, as shown in figure 3.9. It can be noticed that the maximum temper-
ature and the steady-state temperature are the same.

Figure 3.9: Exhaust valve temperature with and without the Kalman filter

Control objective three is to minimize fuel consumption. In figure 3.10, it can be seen that during the
acceleration, the system with the Kalman filter has a lower specific fuel consumption. The engine speed is
higher, and in the engine envelope, the brake specific fuel consumption is lower in that area.
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Figure 3.10: Specific fuel consumption with the Kalman filter on
and off

Figure 3.11: Brake specific fuel consumption in engine envelope
[Geertsma [2019]]

In figure 3.12 the ship speed is plotted over time. It can be seen that the acceleration with filter is faster
than without the Kalman filter. This is due to the higher rotational speed of the propeller as a result of the
lagging pitch setting.

Figure 3.12: Ship speed the Kalman filter on and off

The Kalman filter settings that are used in the previous case are not the best; however, to illustrate the
effect of a filter in the APC controller, a slow setting is used. It can be concluded that the Kalman filter nega-
tively influences the cavitation performance of the propeller. However, the Kalman filter has no negative and
sometimes better results on the other four MOP’s. Accelerating with APC and the Kalman filter is even aster
than without the filter. However, the problem with the number of pitch actuations is not solved by imple-
menting a Kalman filter. The size of the actuations is decreased, but the sine movement in the pitch is still
present.
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3.1.1. Dependency uncertainties with sea state
The Kalman filter has a negative influence on cavitation behaviour. To reduce unwanted cavitation, the filter
is tuned. Therefore, different settings for r (measurement uncertainty) and q (process uncertainty) are stud-
ied in different sea-states in regular waves. The goal is to find a setting in which the Kalman filter is still fast
enough to keep the desired angle of attack to stay within the cavitation bucket, but is still reducing the size
of the pitch changes. The sea-state is predefined with a significant wave height and frequency, as shown in
table 2.

Table 3.2: Significant wave height and frequency at different sea-states

Sea-state H1/3 ω [rad/s]
0 0 0
4 1.26 1.18
5 2.02 0.93
6 2.97 0.77

The effect of process uncertainty is studied to take a fixed value for the measurement uncertainty (250)
and different values for q . The first 300 seconds of acceleration from 0 to 120 rpm are taken into account in
the following figures. Figure 3.13, shows that if the process uncertainty gets smaller, the number of actuations
is decreasing. However, decreasing the q also results in more seconds out of the bucket during acceleration
due to the slower reaction of the Kalman filter. So a trade off must is made between the number of actuations
during acceleration, and the time the propeller operates outside the cavitation bucket.

Figure 3.13: Effect of the process uncertainty on the number of
actuations

Figure 3.14: Effect of the process uncertainty on the seconds out
of the bucket during acceleration

To study the effect of the measurement uncertainty a fixed value of 1e−5 is used for q . In figure 3.15
and 3.16, the effect of r on the number of actuations during acceleration and time of operation outside the
cavitation bucket can be seen. Also, for the measurement uncertainty, a trade-off must be made. A small
uncertainty causes less operating time outside the cavitation bucket but many actuations and vice versa.



3.1. Kalman filter 23

Figure 3.15: Effect of the measurement uncertainty on the num-
ber of actuations

Figure 3.16: Effect of the measurement uncertainty on the sec-
onds out of the bucket during acceleration

It was already noticed that the Kalman filter reduces the size of the pitch actuations. However, there are
still actuations, especially at a constant speed. Therefore, the final settings for the Kalman filter are chosen to
reduce the pitch size of actuation but hardly affect the speed pitch setting. This way the propeller operates
inside the cavitation bucket. The measurement uncertainty is 50, and the process uncertainty is 5e−4. The
following figures illustrate a comparison of the acceleration runs with the Kalman filter on and off with these
settings.

Figure 3.17: Pitch actuations with tuned Kalman filter Figure 3.18: Cavitation bucket with tuned Kalman filter

With the earlier mentioned uncertainties, the pitch with Kalman filter hardly lags compared to the APC
without the filter. The pitch actuations are reduced from 1.25 degrees to 0.32 degrees, reducing 74 per cent.
Nevertheless, it is no reduction in the number of pitch actuations. In figure 3.18, the operating circle is wider
with the Kalman filter in the cavitation bucket. Due to the low uncertainties, it doesn’t bend to the left, to the
pressure side cavitation.
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3.2. Deadband
Another solution to reduce pitch actuations during constant speed is introducing a deadband in the adaptive
pitch controller. The deadband should be able to reduce the pitch changes to zero degrees. This band is
implemented in the Pitch Control block that is shown in figure 2.6. Simulations show that the deadband
causes the propeller to operate more left in the cavitation bucket, and pressure side cavitation can occur.
This is an undesirable effect of the deadband. To compensate for this effect, a quarter of the degrees of the
deadband are added to the desired effective angle of attack.

αe f f ,deadband =αe f f +
θdeadband

4
(3.2)

Adding the deadband to the pitch controller realized a drastic decrease in pitch actuations. However, the
influence on the MOP’s must first be studied before it can be said that a deadband is a simple but adequate
solution.

In the following simulation, a deadband of 2.7 degrees is implemented without the Kalman filter. Figure
3.19 shows that the pitch actuations are decreased due to the deadband. On the other hand, the pitch setting
is higher due to the compensation of the deadband that was added in equation 3.2. As a result, the operating
area in the cavitation bucket is almost one degree wider. Nevertheless, the operating area moves directly into
the cavitation bucket without bending to the pressure side cavitation side.

Figure 3.19: Pitch actuations with deadband in APC Figure 3.20: Cavitation bucket with deadband

The most significant difference is the lower air excess ratio. This is caused by a lower engine speed and
results in a higher thermal loading of the engine. However, these temperatures and engine speeds are still
within the operating limits, as shown in figures 3.21, 3.22, and 3.23.

Figure 3.21: Air excess ratio with deadband in APC Figure 3.22: Exhaust valve temperature with deadband in APC
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Figure 3.23: Engine speed with deadband in APC Figure 3.24: Virtual shaft speed with deadband in APC

The objective to achieve the requested virtual shaft speed is also met, as shown in figure 3.24. The final
objective is to minimize fuel consumption. The figure below shows that there is hardly any difference between
the APC with and without deadband.

Figure 3.25: Specific fuel consumption with deadband in APC Figure 3.26: Ship speed with deadband in APC

A drawback of the deadband is shown in figure 3.26. Although all the demands for performance measures
are met, the end speed is slower with only a deadband. Implementing only the deadband in the APC strategy
is therefore not desirable.
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3.3. Kalman filter and deadband
APC with Kalman filter causes more operating time outside the cavitation bucket but a higher air excess ratio
and lower operating temperatures. Also, the acceleration with Kalman is faster that without the filter. On the
other hand, the deadband had less time outside the bucket but resulted in a lower air excess ratio resulting in
higher temperatures. However, the acceleration and end speed is lower in comparison without the deadband.
Due to that reason, the two methods are combined. The settings for the simulations are listed in table 3.3.

Table 3.3: Simulation parameters Kalman filter with deadband in regular waves

H1/3 2.02 m
ω 0.93 rad/s
Waves Regular
r 100
q 0.0005
Deadband 0.85◦

nvi r t 0 to 120
Timestep 0.005 s

In figure 3.27, the pitch of the CPP is shown with the Kalman filter off and on with a deadband. During the
acceleration, the pitch experiences a few actuations. However, after approximately 3 minutes, the pitch stays
constant, as seen in the figure on the right. So it can be said that a Kalman filter with a deadband can reduce
the pitch actuations at a constant speed. However, the effect on the dynamic behaviour of the propeller and
engine is not known at this moment.

Figure 3.27: Pitch with the Kalman filter and deadband
Figure 3.28: Pitch with the Kalman filter and deadband zoomed
in

In the cavitation bucket, figure 3.29, there is little difference between Kalman filter on or off. The operating
range with Kalman filter on is almost one degree wider. For propellers with a narrow cavitation bucket, this
could result in more underwater noise.

The fourth measure of performance is to keep the air excess ratio within predefined limits. In figure 3.30 it
can be seen that even with deadband, this demand still holds. However, the air excess ratio with the Kalman
filter on is a bit lower during the steady-state situation. Because there is less air the temperature of the exhaust
valve is also slightly increasing, as can be seen in figure 3.31. The lower air excess ratio can be explained due
to the slightly lower engine speed.

In figure 3.33, can be seen that the second objective is met. The requested virtual shaft speed is reached.
In figure 3.34 can be seen that there is hardly any change in the brake specific fuel consumption. So the
Kalman filter with deadband does not influence the fuel consumption, the third objective.

In figure 3.35, the ship speed with and without the Kalman filter and deadband is shown. There is no
significant difference in the acceleration and end speed. This is an improvement to the previous simulations
with only the deadband.
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Figure 3.29: Cavitation with the Kalman filter and deadband Figure 3.30: Air excess ratio with the Kalman filter and deadband

Figure 3.31: Exhaust valve temperature with the Kalman filter
and deadband

Figure 3.32: Engine speed with the Kalman filter and deadband

Figure 3.33: Virtual shaft speed with the Kalman filter and dead-
band

Figure 3.34: Specific fuel consumption with the Kalman filter and
deadband
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Figure 3.35: Ship speed with the Kalman filter and deadband

The tuned Kalman setting is applied in different sea states. In table 3.4, the number of actuations can be
seen at different sea states during acceleration simulations as shown in the previous figures. It can be seen
that in sea state four and five, the Kalman filter and deadband can reduce the pitch actuations drastically.
However, in sea state six, the effect of the filter significantly diminished.

Table 3.4: Actuations in regular waves at different sea states

Sea state APC
APC with filter
and deadband

Difference [%]

4 264 7 -97
5 190 11 -94
6 150 125 -17

As shown in figure 3.29, due to the Kalman filter and deadband, the propeller operates more time outside
the cavitation bucket. The higher the sea state is, the longer the operation is not able to gain its desired
effective angle of attack. Especially in sea state six, the extra time is significant. However, it can be argued if
a quiet propeller in this sea state is relevant, as the waves and slamming of the ship will also result in much
transient noise. Nevertheless, if this filter is applied on navy ships, it would be recommended to switch the
filter and deadband if there is a submarine or mine threat.

Table 3.5: Seconds out of bucket in regular waves at different sea states

Sea state APC [s]
APC with filter

and deadband [s]
Difference [%]

4 108.3 123.0 12
5 138.0 167.0 17
6 153.3 212.8 28

In table 3.6, an overview is given of the different control strategies and their impact on performance mea-
sures. The differences are minor and, therefore, hard to compare. The main conclusion is that APC without
filter or deadband has a good performance on the five original MOP’s, however, not on pitch actuations. APC
with the Kalman filter and deadband has a good performance on the pitch actuations and reasonable perfor-
mance in the cavitation bucket. Nevertheless, the cavitation performance is still significantly better than the
original combinator curve control strategy.
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Table 3.6: Overview of control strategies on measures of performance

# pitch
actuations

λ nvi r t bsfc cavitation
Under /
overspeed

APC - + + + + +
APC with Kalman - +/- + + - +
APC with deadband + -/+ + + -/+ +
APC with Kalman and deadband +/- + + + +/- +

3.4. Gain scheduling
In the speed controller of the diesel engine model, gain scheduling is implemented. If the engine speed is
under 450 rpm, the fast PI controller is activated constantly. It can also occur that in waves, the engine speed
fluctuates around 450 rpm. As a result, the fast PI and slow I controller are switching in a short amount
of time. Both effects can be seen in the following figures. In sea state 5, acceleration is made from 0 to 70
rpm and 70 to 90 rpm. During the first acceleration, the engine speed stays under 450 rpm, and the second
part the engine speed is fluctuating at 450 rpm. The first objective of APC is to provide the requested virtual
shaft speed. In figure 3.36 can be seen that the virtual shaft speed cannot be provided. The simulations are
performed with and without the Kalman filter, and the effect can be seen in both situations.

Figure 3.36: Virtual shaft speed with gain schedule on and off

The mean virtual shaft speed is lower due to a lower engine speed. This is a result of the fast PI controller.
In figure 3.37 can be seen that this gain scheduling is activated. Note that the gain scheduling is active at the
start of the acceleration from virtual shaft speed zero. A fast PI controller at a virtual shaft speed request of
zero results in a constant engine speed of 400 rpm.

Due to the lower engine speed, and therefore also the lower rotational speed of the propeller, there is a
difference in speed. With a slow I controller, the ship speed is higher, as can be seen in figure 3.39. The break
specific fuel consumption is also less with only the slow I controller. A lower engine speed results in a poor
performance in fuel consumption.

The fast PI controller tries harder to reach a stable engine speed and will, therefore, react more severe to
wave disturbance. This can also be seen in the fuel rack position, as can be seen in figure 3.41. The fuelrack
position fluctuates more with the gain schedule on that when it is off. A fluctuating fuelrack also results in a
highly fluctuating exhaust valve temperature.

It can be summarised that if the virtual shaft speed is higher than zero, the fast PI controller has a negative
influence on the performance of the propulsion plant with APC. The requested virtual shaft speed is not
reached, the fuel consumption is higher, and the ships is lower. For this reason when the virtual shaft speed
is set above zero the slow integral controller is active.

Studying the effect of gain scheduling is not inside the scope of the research. The conclusion holds for
this propulsion plant and its current settings. Other controller settings could result in different results.
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Figure 3.37: Gain scheduling Figure 3.38: Engine speed with gain schedule on and off

Figure 3.39: Ship speed with gain scheduling on and off
Figure 3.40: Specific fuel consumption with gain schedule on and
off

Figure 3.41: Fuelrack with gain scheduling on and off
Figure 3.42: Exhaust valve temperature with gain schedule on
and off
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3.5. Irregular waves
The previous simulations were all performed at sea state 5 with regular waves. Regular waves are predictable
and always have the same mean value over any time period. Irregular waves are a superposition of regular
waves and can have lower and higher amplitudes and frequencies at the same sea state. The following simu-
lations are required to determine whether the chosen control system with APC, Kalman Filter and deadband
perform as predicted with regular waves. In figure 3.43 and 3.44, the wave speed of regular and irregular waves
are shown. It can be seen that the regular waves always have the same maximum and minimum speed. How-
ever, irregular waves have different frequencies and amplitudes over time, making it harder for the system to
determine the correct control actions.

Figure 3.43: Wave speed in regular waves Figure 3.44: Wave speed in irregular waves

The encounter frequency of irregular waves is lower in comparison with regular waves. As a result, the
Kalman filter can be slower. Since in irregular waves the ship sometimes encounters higher waves, the dead-
band is also increased. The wave and Kalman settings are listed in table 3.7.

Table 3.7: Simulation parameters irregular waves

H1/3 2.02 m
ω 0.93 rad/s
Waves Irregular
r 150
q 0.0005
Deadband 1◦

nvi r t 0 to 120
Gain schedule Off
Timestep 0.005 s

The virtual shaft speed fluctuates more due to the different waves the ship encounters. Nevertheless, the
APC controller with and without Kalman filter can provide the requested shaft speed, as shown in figure 3.45.
In the pitch figure can be seen that without the Kalman filter there are many actuations. With the slower
Kalman filter, many actuations are prevented. However, when heavier waves hit the ship, a few actuations are
visible.

With regular waves, the ellipse in the cavitation bucket was marginal larger with the Kalman filter. How-
ever, with irregular waves, the ellipse in the bucket is significantly more extensive than in figure 3.47. This is
a result of filtering out larger pitch actuations.



32 3. Free Sailing Simulation Results

Figure 3.45: virtual shaft speed in irregular waves with the
Kalman filter on and off

Figure 3.46: Pitch in irregular waves with the Kalman filter on and
off

Even though more cavitation occurs with the Kalman filter and deadband, its cavitation behaviour is still
significantly better than the standard combinator curve. With this older control strategy, the propeller oper-
ates most of the time outside the cavitation bucket in the pressure side cavitation area (Geertsma [2019] page
129). So even though the control strategy with Kalman filter performance less in cavitation behaviour, it is
still worthwhile to implement it because it reduces pitch actuations and has a better cavitation performance
than the combinator curve.

Figure 3.47: Cavitation bucket in irregular waves with Kalman filter on and off

There are no significant differences with or without Kalman filter in irregular waves for the other engine
parameters like speed, break specific fuel consumption, air excess ratio, and exhaust valve temperature as
can be seen in figure 3.48 to 3.51. This could be expected, as it was also the result of the simulations with
regular waves. Therefore the same conclusion can be made. It is possible to reduce pitch actuations with a
Kalman filter and deadband. However, the propeller starts cavitating more because of the broader ellipse in
the cavitation bucket.

In table 3.8, the performance of the APC with Kalman filter and deadband is shown in the different sea
states. The reduction of pitch actuations is lesser in comparison to regular waves. The different wave ampli-
tude and frequencies can explain this. Nevertheless, in sea state four and five, the reduction is still significant.

Also, the operating time outside the cavitation bucket is more significant in irregular waves in all the sea
states, as shown in table 3.9. These results acknowledge the same conclusion as that was made with regular
waves. Therefore, with a submarine or mine threat, a navy ship should switch the Filter and deadband.
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Table 3.8: Number of actuations in irregular waves

Seastate APC
APC with filter
and deadband

Difference [%]

4 108 8 -92.6
5 112 44 -60.7
6 105 87 -17.1

Table 3.9: Seconds out of the cavitation bucket in irregular waves

Seastate APC [s]
APC with filter

and deadband [s]
Difference [%]

4 66.93 84.50 21
5 125.04 167.25 25
6 228.16 303.30 25

The Kalman filter predicts one timestep ahead. Model Predictive Control (MPC) can expand this predic-
tion horizon and can better predict the incoming disturbances due to waves. However, it can be argued if
MPC can deal with irregular waves. To reduce cavitation, it would be better to measure the incoming waves
and use this information as a control input for the APC with Kalman filter and deadband.

3.6. Summary
The effect of the control strategy is first simulated with full-scale free sailing simulations. The objective is to
determine if a Kalman filter can reduce pitch actuations. A pitch actuation is when a propeller blade starts to
move from a standstill or when the movement changes direction.

The effects of the Kalman uncertainties are studied. Simulations show that a lower measurement uncer-
tainty reduces the number of actuations. However, the propeller will operate more outside the cavitation
bucket. The same holds for a higher process uncertainty. So, there is a trade-off between cavitation and ac-
tuations. The Kalman filter is tuned so that it reduces the size of the pitch actuations, but hardly lags in pitch
setting compared to the original APC strategy.

To reduce the actuations during constant speed a deadband is added to the pitch control. The combina-
tion of the Kalman filter and the deadband resulted in no pitch actuations during constant speed in regular
waves. However, there is more pressure side cavitation.

The APC with Kalman filter and deadband is also simulated in irregular waves. It is shown that it reduces
the pitch actuations during acceleration and constant speed. However, the filter and deadband cannot filter
out the more giant waves, and some actuations can be observed. Nevertheless, a significant pitch actuation is
observed at sea state four and five. However, at the cost of 25 per cent more operating time outside the cavita-
tion bucket. Nevertheless, the cavitation behaviour is still significantly better than the traditional combinator
curve control strategy.

Finally, simulations show that the fast PI controller for the engine under a speed of 450 had a negative
influence on delivering the virtual shaft speed and fuel consumption. Due to that reason, the slow integral
speed controller is applied for all virtual shaft speed demands above zero.
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Figure 3.48: specific fuel consumption in irregular waves with the
Kalman filter on and off

Figure 3.49: Exhaust valve temperature in irregular waves with
the Kalman filter on and off

Figure 3.50: Air excess ratio in irregular waves with the Kalman
filter on and off

Figure 3.51: Engine speed in irregular waves with the Kalman fil-
ter on and off
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Open water HIL setup simulation results

People who are really serious about software,
should make their own hardware

Alan Kay

A feasibility study is performed in this research to determine whether an open water HIL setup can im-
prove numerical models and control strategies. In a hardware in the loop setup, a numerical model is replaced
by a hardware component. In the open water HIL setup, the propeller is the hardware part. Also, the wave
model is replaced by waves in the model basin.

Huijgens [2021] studied if the scale effects in the model basin influence the dynamic behaviour of the
propulsion plant. Implementing a virtual flywheel and a compensation for the friction torque makes it pos-
sible to let the electric motor behave like a diesel engine. The motor is controlled by a MATLAB-Simulink
model of the propulsion plant. This model sets the current that drives the motor.

Behind the propeller, a torque and thrust sensor mounted. In this study, the measurements of this sensor
are used to determine the inflow of the propeller. Together with the actual rotational speed and pitch, these
are essential control parameters for the adaptive pitch controller.

4.1. Towing tank and full-scale simulations
For the comparison of the towing tank and full-scale simulations, the settings of chapter 3 are used. So there
is no gain scheduling for a virtual shaft speed greater than zero, and if the Kalman filter is used it is always in
combination with a deadband.

The towing tank of the TU Delft has some physical limitations. The tank is 144 meters long and therefore
is the length of the runs limited. In this scaled distance, the propulsion plant model must be able to reach the
desired point. Also, the acceleration is restricted between 0.3 and 0.9 m/s2. This means that if acceleration
runs are performed, the acceleration doesn’t have Froude similarity with full scale runs. To be able to make a
fair comparison, the differences at a constant speed are compared.

Froude scaling is applied in the open water HIL setup simulations. It is assumed that by applying these
scaling laws, comparing full and model scale results are valid, even though Reynolds similarity cannot be
achieved. Nevertheless, this is also according to the ITTC procedure (ITTC [2015]). More theoretical back-
ground of Froude and Reynolds scaling can be found in Appendix A.

The geometric scale factor (λ) is 9.697. This factor is used to scale the other parameters according to
table 4.1. In the following figures, the results of full-scale simulations and open water scaled simulations are
compared.

Time scaling is applied to the parameters that influence time constants. These are the integral gain of the
speed governor, but also the time delays in the model. There are delays for filling the exhaust receiver (τp,d ),
for pitch actuation delay (τp ) and fuel injection delay (τX ). Also, the torque rate limiter in the PID controller
is time scaled.

35
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Table 4.1: Froude scaling

Distance λ1

Energy λ4

Linear speed λ0.5

Mass λ3

Moment of inertia λ5

Power λ3.5

Rotative speed λ−0.5

Time λ0.5

Torque λ4

This study aims to determine whether the HIL setup can be used to improve numerical models. In this
research, a Kalman filter and deadband are added to the APC strategy. The Kalman uncertainties are time
dependend, and therefore need to be scaled. However, the effect of this scaling is unknown. The uncertainties
are scaled according to the following equations.

qMS = qF Sλ
0.5 (4.1)

rMS = rF Sλ
−0.5 (4.2)

These scaling effects are chosen as a result of an empirical study performed with these uncertainties in
section 3.1.1. The results showed that if the process uncertainty increases and measurement uncertainty
decreases, the Kalman filter becomes faster. Therefore, a faster filter is required to compensate for the time
scaling effects.

Before a comparison is made with waves, the difference in a steady-state situation is compared. First,
the simulations are done with a virtual shaft speed of 120 rpm. Then, the full scale-free sailing simulation is
compared with the open water simulation. For the latter, the end speed of the free sailing simulation is scaled
and enforced.

In table 4.2, the results are shown. It can be seen that the virtual shaft speed, pitch and effective pitch
angle are the same. However, there are differences in fuel rack and, therefore, in engine speed. This results
in differences in the air excess ratio, exhaust valve temperature and brake specific fuel consumption. These
differences are a result of the difference between an open water setup and the free sailing simulation.

Table 4.2: Difference free sailing and open water simulation without waves

Full scale Model scale Difference
nvi r t [rpm] 120 120 0%
Pitch [deg] 24.76 24.76 0%
αe f f [deg] 10.22 10.22 0%
Eng speed [rpm] 582.1 580.9 0.2%
Fuelrack [mm] 8.304 8.018 3.7%
Air excess ratio [-] 2.008 1.949 3.0%
Exhaust valve temperature[K] 2108 2140 1.5%
Bsfc [g/kWh] 248.4 245.3 1.3 %

It can be concluded that there are slight differences between the full and model scale steady state sim-
ulations. However, in a steady-state condition is this is a maximum a difference off 3.7%. In this study, the
dynamic behaviour in waves is examined. For this reason the difference in regular waves is studied.

In figure 4.1, the wave speed at full and model scale is illustrated. Due to Froude similarity, the frequency
and speed are different, making it harder to make a fair comparison. Therefore, the other results are split
in full and model scale results with a different x-axis scale, as shown in Figures 4.2 to 4.10. Due to the time
scaling of 3.114 has the x-axis a different scale.

An important measure of performance is the virtual shaft speed. In figure 4.2, the results are shown for the
full scale (top) and model scale simulations. It can be seen that there is no difference in the delivered virtual
shaft speed during constant speed settings.
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Figure 4.1: Wavespeed at full and model scale with Froude simi-
larity

Figure 4.2: Virtual shaft speed

In figure 4.3 and 4.4, the propeller and engine speed can be seen. Note that the propeller speed is different
between the model and full-scale simulations. It seems that the difference is a multiplication of the time
scaling factor. However, if we look at the engine speed, there are differences at full scale. The engine speed
at full-scale simulations is a bit higher than at the model scale. Also, the difference is a bit higher than in
steady-state; it is one per cent.

Figure 4.3: Propeller speed Figure 4.4: Engine speed

The difference in fuel rack is 2.6 per cent. The fuel rack is higher in the model scale simulation due to the
lower engine speed and lower brake specific fuel consumption. The difference between full and model scales
is 0.8 per cent for brake specific fuel consumption.

As a result of the difference in engine speed, the air excess ratio also varies approximately 2.5 per cent.
In figure 4.8 can be seen that a higher air excess ratio results in a lower exhaust temperate. Nevertheless, the
results are similar, and the temperature has a difference of roughly 1.2 per cent.

The parameters to determine the cavitation number from model are transferred to full-scale, so a better
comparison can be made. The difference in cavitation number in figure 4.9 can be explained by the difference
in engine and propeller speed between full and model scale. In figure 4.10, the filtered inflow angle can be
seen. Due to the time scaling of the Kalman filter’s measurement and process uncertainty, the difference in
the estimated inflow is small, 1.8 per cent.
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Figure 4.5: Fuelrack Figure 4.6: Brake specific fuel consumption

Figure 4.7: Air excess ratio Figure 4.8: Exhaust valve temperature

Figure 4.9: Cavitation bucket Figure 4.10: Inflow with Kalman filter
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There are few differences in the results between full and model scale simulations, as shown in table 4.3.
However, these differences are minor, and it can therefore be said that the HIL setup can provide reliable
results in dynamic conditions such as waves. Nevertheless, the previously discussed results provide little
extra information. Actual HIL experiments can differ due to the hydrodynamic effects, such as the free sur-
face effect. However, minor differences are expected because the full-scale simulations are performed with a
validated engine and propeller.

Table 4.3: Difference in waves between full- and model scale simulations

∆

nvi r t [rpm] 0%
Pitch [deg] 1.8%
αe f f 1%
Engine speed [rpm] 1.0%
Fuel rack [mm] 2.6%
Air excess ratio [-] 2.5%
Exhaust valve temp [K] 1.2%
bsfc [g/kWh] 0.8%

4.2. Preparation of HIL experiments
For the preparations of the HIL experiments, the limitations of the hardware of the setup is studied. If the
components react differently than expected, the dynamic behaviour can be significantly influenced. To be
able to perform HIL experiments it is therefore crucial that the hardware is accurate.

4.2.1. Dynamic acceleration comparison
The acceleration of the towing car has no Froude similarity with the acceleration of a free sailing ship. There-
fore, the conclusion is already made that it is impossible to perform dynamic acceleration runs with the HIL
setup. However, to demonstrate the differences due to dissimilarity, a comparison is made during accelera-
tion in waves. The simulation settings are listed in table 4.4.

Table 4.4: Simulation parameters for acceleration runs

H 1
3

2.02 m

ω 0.93 rad/s
Waves Regular
Kalman Off
Deadband 0 ◦

nvi r t 0 to 120 rpm
Gain schedule Off

In figure 4.11, the difference in acceleration can be seen. Note that also here, the x-axis is time scaled. De-
spite the scaling of the axis, it can be concluded that the towing car in the model scale simulation accelerates
too fast with a minimum acceleration speed of 0.3 m/s2. This fast acceleration also influences the speed at
which the desired virtual shaft speed is reached. Figure 4.12 shows that the virtual shaft speed in model speed
is delivered requires half of the time compared to the full-scale free sailing acceleration.

The dissimilarity can also be seen in the dynamic behaviour of the engine. In figure 4.13, the engine speed
is depicted. Due to the fast acceleration of the towing car, the engine has no overshoot of its desired engine
speed. This same behaviour can be seen in the fuel rack position, air excess ratio and temperatures.

Due to the lower engine speed, the cavitation number is higher in the model scale simulation, as shown in
figure 4.14. The full-scale simulation first goes to the bottom of the cavitation bucket and then slowly moves
up. Notice that the engine speed is similar at the end of the simulation, and the ellipse in the bucket overlaps.

These simulations confirm that the HIL setup is not suitable to perform dynamic acceleration runs. This
is due to the fast acceleration of the towing car. However, at a constant speed, the dynamic behaviour is the
same. Therefore, it is confirmed that the HIL setup can be used to study the dynamic behaviour at a constant
speed.
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Figure 4.11: Ship speed during acceleration at FS and MS Figure 4.12: Virtual shaft speed during acceleration at FS and MS

Figure 4.13: Engine speed during acceleration at FS and MS Figure 4.14: Cavitation bucket during acceleration at FS and MS

4.2.2. Hardware CPP
The TU Delft has developed a hardware CPP that can be mounted on the open water HIL setup; it is a scaled
C4-40 propeller. A servomotor in the propeller’s hub is controlled by the simulation computer and can change
the pitch of the blades. The actual pitch setting can be sent back to the simulation computer.

The cables that deliver the power to the motor also carry the control signal for the pitch, using a TCP/IP
protocol from and to the computer. Since the current and signal are delivered by the same wire, there is a
limitation in the number of control signals. At this moment, the propeller can send and receive a command
three times per second. However, several tests have demonstrated that the signal is not always stable.

A sample rate of 0.33 seconds is too slow for low sea states where the wave frequency is higher. In figure
4.15 can be seen that with the open water HIL setup at sea state 4, the APC without Kalman filter cannot
deliver a steady virtual shaft speed. The same sinus movement can be seen in the engine speed and PD
settings. The reason for the unstable virtual shaft and engine speed is the low sample rate. In figure 4.17,
the blue line represents the pitch setting with a high sample rate. The redline shows aliasing due to the low
sample rate. The minimal sample rate should be twice the measured frequency; this is called the Nyquist rate.

In the hardware CPP, is also backlash detected. The blades can move five degrees before the servomo-
tor corrects the position. The pitch actuations with the APC strategy in waves fluctuate is approximately 2.3
degrees. Due to the backlash of five degrees, this actuation cannot be detected. Also, the inflow angle is differ-
ent, resulting in a lower effective angle of attack. Also, the engine speed is higher, causing a lower cavitation
number, as can be seen in figure 4.19.

The open water HIL setup can be used to study the dynamic effects of a propulsion plant. However, due
to the communication and backlash problems, the results of HIL experiments would not be representative
at this moment. Problems with backlash in model scaled CPP systems have also caused difficulties in other
studies (Tanizawa et al. [2014] and Kitagawa et al. [2018]) .
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Figure 4.15: Virtual shaft speed due to low sample rate Figure 4.16: Engine speed due to low sample rate

Figure 4.17: Pitch due to low sample rate

Figure 4.18: Pitch due to backlash in hardware CPP Figure 4.19: Cavitation bucket due to backlash in hardware CPP



42 4. Open water HIL setup simulation results

4.2.3. Discussion
The technical challenges must be solved before the HIL setup can be used to perform an experiment. So
the sample rate needs to increase, the backlash minimised, and the towing car should be modified so it can
accelerate with Froude similarity. And even though in regular waves, the open water HIL setup provides little
less extra information than a numerical model. It is possible that in extreme conditions, such as propeller
ventilation, the setup can provide valuable information. Several studies have been done research on propeller
ventilation; however, they all have a significant margin of uncertainty (Kozlowska et al. [2020]). Complex
hydrodynamic phenomena are taken into account in the hardware scaled CPP. Though, the results of an open
water HIL setup with ventilation should not be trusted without further research. Savio et al. [2013] compared
full and model scale ventilation. The comparison is valuable and showed difficulties with scaling effects.
The air can be assumed incompressible in model scale, while this is not true in full-scale. It is resulting in
differences between the full and model scale result, even with Froude similarity.

The new cavitation tunnel of the TU Delft has a pressure range from the vapour pressure to 2 bar over-
pressure, making it possible to simulate the cavitation behaviour of the model scaled propeller. Nevertheless,
it is hard to simulate waves in the cavitation tunnel. However, by measuring with different advance speeds it
is, likely, possible to see how the propulsion plant with it control systems behaves.

An alternative is to use the open water HIL setup in MARIN’s Depressurrised Wave Basin (DWB) in the
Netherlands. This towing tank can decrease the atmospheric pressure, making it possible to determine the
propeller’s cavitation behaviour [25]. However, a challenge would be to operate the setup by remote control
due to the vacuum. Nevertheless, in this basin, the open water HIL setup can provide new information about
the dynamic behaviour of a propulsion plant and its controller, especially in situations where cavitation oc-
curs.

Currently, there is a significant difference between the modelled and measured values during a turn, as
is concluded by Schulten 2005. Furthermore, Coraddu 2013 reported that there are relative slow wake speed
fluctuations in turns. Therefore, expects Geertsma 2019 that APC can maintain a constant angle of attack
during these turns. Placing the propeller under an angle makes it possible to simulate oblique inflow and
determine with a HIL experiment if this expectation holds. Oblique inflow is also relevant for ships that have
a wind-assisted propulsion system. The results of such experiments can give new insights in improving the
numerical models and control strategies. However, the applied angle is limited due to the forces that the strut
of the setup will experience when it is moving forward.

HIL experiments do not replace full-scale trails. The HIL setup can measure the thrust, which is used to
determine the inflow angle. However, in an actual system, the measurement/noise ratio can be different and
can result in difficulties to estimate the inflow. Another reason is that it is likely that an actual system has
delays that influence the control strategy’s performance. An example of such a delay is the time it takes for
the hydraulic system to deliver the needed pressure to start a pitch actuation.

4.3. Summary
In the HIL setup, a full-scale diesel engine model drives the scaled hardware CPP. So, as a result, the in- and
output of the CPP need to be scaled. But also, the time-dependent phenomena need to be time-scaled. Due
to that reason, the integral gain of the speed governor, the time delays of the pitch actuation, exhaust filling
and fuel injection and the torque rate limiter are time-scaled. The Kalman filter predicts one timestep ahead.
The time step is the same, but the disturbance is more significant in one-time step due to the scaling effects.
Due to that reason, the Kalman uncertainties are also scaled.

A comparison is made between the full-scale free sailing simulation and the model scale open water HIL
simulation to determine if the Froude scaling laws are applied correctly at a constant speed. In the simulation
without any waves, the differences in diesel engine parameters are minor; the most significant difference was
3.7 per cent. Due to the slight difference in simulation results, it is concluded that Froude scaling is applied
correctly.

The next step is to compare the results in waves. A similar conclusion can be drawn after assessing the
outcomes of the dynamic simulations. The most significant difference is even more minor, 2.6 per cent.
Therefore, it can be assumed that the HIL setup can simulate the non-linear behaviour at a constant speed.

It is not worthwhile to perform HIL experiments with the current setup. First, the low sample rate of the
pitch’s control signal results in aliasing, making the controller unstable. Secondly, the five degrees backlash
in the blades of the CPP. Novel control strategies require an accurate pitch setting. Due to the backlash, the
impact of the APC strategy cannot be observed. Finally, due to Froude dissimilarity in the acceleration of the
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towing car, is it not possible to do dynamic acceleration runs with the HIL setup.
This study aims to determine if HIL experiments can contribute to improving numerical models of propul-

sion plants. No actual experiment is performed; therefore, it is discussed if HIL can add value in numerical
models. Other studies have used HIL setups to study propeller ventilation effects. However, it can be ques-
tioned if Froude scaling is correct in this circumstance. This is since it can be assumed that air is incompress-
ible in model scale, but this is not true in full scale. Nevertheless, it is possible to force an oblique flow on the
hardware propeller. Oblique HIL experiments can confirm if APC is able to keep the required angle of attack
in turns. The results can be used to improve the numerical model and the control strategy.

It is unlikely that HIL experiments entirely replace full-scale trails. This is due to two reasons. First,
because in existing propulsion systems, there are delays that can influence the performance of the control
strategy. Secondly, another measurement/noise ratio of the sensors could result in a different outcome of the
control strategy.





5
Conclusions and recommendations

After climbing a great hill, one only finds that
there are many more hills to climb

Nelson Mandela

The shipping industry is forced to reduce emissions and radiated noise to lower their impact on the envi-
ronment and limit global warming. A way to achieve this is to use novel control strategies. Often numerical
models are used to predict the performance of a modern control strategy for propulsion plants. However, in
these models, the hydrodynamic effects are frequently simplified. An alternative is towing tank experiment
and full-scale trails. However, these methods also have their limitations. Towing tank experiments have scal-
ing effects, and full-scale trials are complex and expensive to set up. For the latter, it is also harder to compare
the results because the environmental conditions are often different. Hardware In the Loop experiments can
combine the benefits of numerical models and towing tank experiments. Results could provide new insights
and be used for improving control strategies and mathematical models.

The main question is answered with a case study and is split up into three sub-questions. The propulsion
plant of an ocean-going patrol vessel is used. This plant consists of a diesel engine with a controllable pitch
propeller and is controlled by the novel adaptive pitch control. To achieve the most effective inflow of the
propeller, the pitch is continually changing in waves. More actuations result in less time between mainte-
nance and, therefore, a lower operational availability. Also, current pitch actuations systems are not able to
keep up with the required pitch setting. Due to these two reasons, it is studied how the pitch actuations can
be reduced and the impact on the propulsion plant’s dynamic performance.

5.1. Answer to research questions
Adding a tuned Kalman filter with a small deadband in the APC makes it possible to reduce the pitch ac-
tuations. However, the propeller can cavitate more due to the more extensive operation area outside the
cavitation bucket. In irregular waves, when a ship encounters different waves sizes and frequencies, the re-
duction of 92 per cent can be achieved in sea state four. However, at a cost of approximately 21 per cent more
operating time outside the cavitation bucket. The other measures of performance are hardly affected by the
addition in the control strategy.

To determine if the HIL setup can simulate the dynamic behaviour of a propulsion plant, full-scale free
sailing and model scale open water HIL simulations are compared. It is crucial that Froude scaling is ap-
plied correctly to get similar results. Huijgens [2021] already demonstrated that a diesel engine without non-
linearities could be emulated with HIL by applying a virtual flywheel and a friction torque correction.

Furthermore, Huijgens [2021] applied Froude scaling. The input to and output from the hardware com-
ponents were already scaled accordingly. Also, the integral gain of the speed controller of the fuel injection
and the thrust and torque coefficients are correctly scaled. Nevertheless, the difference in this propulsion
model is that in this thesis, the model takes into account non-linearities. Therefore, dynamics should also be
Froude scaled, such as the time delay for filling the exhaust receiver, pitch actuation, and fuel injection are
time scaled. The same scaling is applied in the torque limiter in the APC. Finally, the Kalman measurement
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and process uncertainty are also scaled. A Kalman filter is predicting one timestep ahead. The timestep in
the models stays the same; however, disturbances due to the waves are more extensive because of the higher
frequency due to time scaling. Therefore, is scaling of the Kalman uncertainties required.

With these scaling parameters applied, a comparison is made between the full- and model scale simu-
lations. The results are similar between the two models at a constant speed, with and without waves. The
minor differences are a result of the hull that is taken into account in the full-scale simulations, while there
is no hull interaction with the open water setup. Nevertheless, it can be concluded that the applied scaling
parameters are correct.

With the non-linear propulsion plant scaled correctly, it is possible to determine the answer for the final
sub-question. However, no actual HIL experiments are performed due to the physical limitations of the HIL
setup. Backlash in the blades, sample rate of the pitch and acceleration limitation of the towing car are mak-
ing it impossible to do accurate experiments. Nevertheless, we discus how the HIL setup can contribute to
improving numerical models and control strategies.

Full-scale simulations can be used to prove that improvements in the control strategies are effective. If the
scaling laws are applied correctly, the open water HIL setup can provide similar results as full-scale numerical
models. However, it is expected that no extra information in dynamic behaviour can be obtained in waves at a
constant speed. An option is to perform propeller ventilation experiments, determine the propulsion plant’s
impact, and simulate the controller’s reaction. However, air can be assumed incompressible in model scale,
while this is not true at full scale. This could result in scaling effects, even when Froude scaling is applied.

Another option is to place the HIL setup under a small angle to simulate a turn and determine the effects
of oblique inflow. It is expected that APC can keep the effective angle of attack in turns. This could be assessed
in a controlled environment with the HIL setup. Information about the dynamic responses with oblique
inflow could be used to expand the numerical model and improve the control strategy.

A desirable outcome would be if HIL experiments could replace or shorten full-scale trails. However, it
is not expected that HIL can provide extra information in standard sailing conditions. A full-scale trial to
determine the performance of adaptive pitch control is therefore still valuable, especially to determine the
influence of delays in an actual system and tuning the controller.

5.2. Additional conclusions
Due to gain scheduling, the fast PI controller was activated if the engine speed dropped below 450 rpm. Full-
scale simulations showed that the fast PI controller has a negative influence on all the measures of perfor-
mance. Therefore, only the slow I controller was used for all engine speeds if the requested virtuals shaft
speed was above zero. Also, the over- and underspeed P gain is still active. This resulted in a better dynamic
performance of the propulsion plant.

Switching off the fast PI for all engine speeds has positive effects in this case study. However, the focus
of this thesis was not on improving the speed controller of the diesel engine.Different propulsion plants can
have different responses. Therefore, it is advised to study the effects of gain scheduling and APC with different
propulsion plants.

5.3. Recommendations
This study demonstrated how pitch actuation can be reduced and how a non-linear propulsion model can
be implemented in the HIL setup and prepared HIL experiments. Nevertheless, no actual experiments are
performed. The recommendations can be used to improve the setup so it can be used for future research.

5.3.1. Regarding the HIL setup
The sample rate of the pitch of the CPP is three times per second. If the wave frequency becomes too high,
aliasing of the pitch setting can occur. This results in an unstable pitch setting, the control strategy compen-
sates this with the engine speed setting. However, the settings become unbalanced. Therefore, to prevent
aliasing, the sample rate should be twice as high as the wave frequency to prevent aliasing.

There is also a mechanical issue with the hardware CPP, there is a backlash in the blades. Due to this, the
blades can move five degrees freely before the servo motors can correct their position. As a result, the pitch
actions with a novel control strategy that controls the propeller inflow can not be observed.

Finally, it is recommended to investigate applying a variable speed drive with accurate control accelera-
tion speed on the towing car. This is to control the acceleration of the towing car accurately. This, because in
the current setup, it is not possible to accelerate with Froude similarity.
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5.3.2. APC with Kalman filter and deadband
To increase the time between maintenance of the actuations systems of the CPP, it is worthwhile to imple-
ment the APC with Kalman filter and deadband. The simulations showed that at sea state four, an actuation
reduction of 92 per cent could be achieved in irregular waves. In sea state five, this was almost 61 per cent.

However, the propeller cavitates more due to the filter and deadband. Especially for navy ships, this can be
life-threatening if there is a submarine or mine threat. Therefore, we recommend to have the option to switch
the filter and deadband off. Because when the filter and deadband are activated, the propeller operates 25 per
cent more time outside the cavitation bucket. Nevertheless, the cavitation performance is still significantly
better that with a combinator curve controller.

For APC to function correctly, an accurate inflow estimation is crucial. The simulations and HIL experi-
ments can demonstrate the concept of the inflow measurement. However, at full-scale the noise to measure-
ment ratio can be different. Therefore, it is still required to perform a full-scale measurement to demonstrate
the accuracy of the inflow estimation.

Another reason to perform a full scale is to determine the performance of APC in an existing propulsion
system. There are likely different reasons for delays resulting in different dynamic behaviour. An example of
a delay is the pressure build-up in the hydraulic actuation system.

5.3.3. Improving numerical models and control strategies
To do further research with the HIL setup, the sample speed must increase and the backlash minimised. Also,
the towing car needs to be modified to accelerate with Froude similarity. It is concluded that at constant
speed in waves, the setup provides little extra information. However, further research must be performed in
ventilation and oblique inflow to determine if the setup can improve models and control strategies.

Nevertheless, HIL experiments do no replace full-scale trials. These complex trails are still required be-
cause it is expected that the noise/measurement ratio of the sensors is different in a full-scale system. This
could result in different responses from the control strategy. Furthermore, delays in an existing system will
likely influence the performance of the propulsion plant. Full-scale trials are therefore required to tune the
control parameters to achieve the required performance.

5.4. Closing summary
This research proposed to add a Kalman filter and deadband to the APC strategy to reduce pitch actuations. A
trade-off is that the propeller cavitates 25 per cent more. However, the other control objectives of the dynamic
performance of the propulsion plant are hardly influenced. By correctly implementing scale effects, it is
possible to study the dynamic behaviour of the plant with the open water HIL setup. Still, in waves, HIL
experiments are expected to provide little extra information compared to numerical models. Nevertheless,
oblique inflow can be forced in controlled conditions and give new insights to improve numerical models and
control strategies, thus investigating the behaviour in turns. These improvements can lead to emission and
noise reduction to decrease the environmental impact and prevent detection of naval vessels under threat.





A
Theoretical background

The theoretical background gives an overview of relevant knowledge for this master thesis. This is done by
elaborating the background on scale effects, adaptive pitch control, and the diesel engine model. An extensive
description can be found in the dissertation of Huijgens [2021] and Geertsma [2019].

A.1. Scale effects
Relevant scale effects are hydrodynamic and mechanical scale effects. The former results in incorrect forces
due to inaccurate scaled flow and water around the propeller. Incorrect scaling of the moment of inertia will
result in mechanical scale effects.

Hydrodynamic scale effects
The propeller in the HIL setup is smaller than of real frigate. Due to that reason, scale effects will play an
essential role in HIL experiments in a towing tank. The possibility of dealing with these effects is by keeping
dimensionless parameters, such as the Froude and Reynolds number, the same for the model and the full-
scale propeller.

There are 19 dimensionless parameters relevant in fluid mechanics. Examples are the Mach, Prandtl,
and Rayleigh number. However, for this master thesis, the relevant parameters are the Reynolds and Froude
number. These parameters are for incompressible flows with a free surface.

The Reynolds number is always significant, especially when the inertia and viscous forces are essential in
a flow. However, it is almost impossible to achieve similarity in full scale and the model. The Froude number
is critical when gravity forces become relevant and if there is free-surface or waves (Journee and Massie [2001],
White [2008]). In table A.1, an overview of these dimensionless parameters is given.

Table A.1: Dimensionless parameters (White [2008], p. 311)

Parameter Definition
Qualitative ratio
of effects

Importance

Reynolds number Re = vL
ν

Iner t i a
V i scosi t y Almost always

Froude number F r = v2

g L
Iner t i a
Gr avi t y Free-surface flow

A scale model will behave the same as a full-scale ship if all the dimensionless parameters are similar.
However, in practice, this is not possible during experiments. The following paragraphs explain why this is
impossible. Instead of complete similarity, it is common to use specific types of similarity. The most common
are geometric, kinematic and dynamic similarity.

In a model with geometric similarity, all lengths are scaled linearly in comparison with the full-scale
model. This results in similar flow directions and the same angles for the surroundings. In the upper illustra-
tion in figure A.1, spheres with geometric similarity are shown. Below the ellipsoids are dissimilar. Kinematic
similarity entails that the model’s length and time scale ratio and full scale are the same. This can be achieved
by keeping the Froude numbers equal this is achieved.
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Figure A.1: Similarity (above) and dissimilarity (White [2008], p. 317)

F rMS = v2
MS

g LMS
= v2

F S

g LF S
= F rF S (A.1)

The following equation holds if the length scale ratio is linear:

λ= LF S

LMS
(A.2)

Combining equation A.1 and A.2 will result in the following velocity and time scale equations:

vF S

vm
=

√
LF S

LMS
=
p
λ (A.3)

tF S

tM S
=

LF S
vF S

LMS
vM S

= LMS

LM S

vM S

vF S
=
p
λ (A.4)

By keeping the Reynolds number of the model and full-scale equal, it possible to achieve dynamic similarity.
Then the length, time, and force scale are the same.

ReMS = vMS LMS

νMS
= vF S LF S

νF S
= ReF S (A.5)

Combining this with equations A.2 and A.4 will result in the following equation:

ν f s

νm
= L f s

Lm

v f s

vm
=λ

p
λ (A.6)

λ for the HIL setup is 9.697, so λ
p
λ= 30.20. The viscosity of water is 1.10 ·10−6m2/s. To achieve the same

Reynolds number a fluid must be used with a viscosity of 3.64 ·10−8m2/s. Such a fluid does not exist. A liquid
that comes relatively close this viscosity is mercury with 1.17 ·10−7m2/s. However, this fluid expensive and
unhealthy.

The Reynolds number of a open water propeller is determined with the equation A.7:

Re0.7 =
c0.7

√
v2

a + (0.7πnD)2

ν
(A.7)

Where c0.7 is the chord length at 0.7R.
It is possible to extrapolate the model Reynolds data to full-scale Reynolds data. However, extrapolation

will result in results with large uncertainties. Nevertheless, it is common practise to correct the towing tank’s
viscous friction according to the ITTC Open Water Test procedure (ITTC [2014a]). However, Huijgens [2021]
showed that the similarity in the Reynolds number hardly influences the dynamic effects.
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As stated above the scaling factor for length, linear speed and time are derived. Similar derivations are
made for energy, mass, moment of inertia and other relevant parameters. Without derivation, these scaling
factors from model to full scale are given in table A.2 (Huijgens [2021]).

Table A.2: Scaling factors

λ-power
Distance 1
Energy 4
Linear speed 0.5
Mass 3
Moment of inertia 5
Power 3.5
Rotative speed -0.5
Time 0.5
Torque 4

As mentioned earlier, it is practically impossible to scale viscosity correctly. Imprecise scaling can result
in static and dynamic effects. A static result is that the non-dimensional thrust coefficient can have an offset
or rotation in the open water diagram, as shown in figure A.2.

Figure A.2: Open water diagram with static effect (Huijgens [2021])

Kuiper [1992] developed a model to determine the offset of the torque and thrust coefficients for a Wa-
geningen B series propeller. The International Towing Tank Conference adopts the same model for Open
Water Test (ITTC [2014a]). The following equations are used in the model:

KT = T

ρn2
p D4

p
(A.8)

KQ = Q

ρn2
p D5

p
(A.9)

Where KT and KQ are de dimensionless thrust and torque coefficient. T the thrust, Q the torque, ρ the
density of fluid, np and Dp the revolutions and the diameter of the propeller.

There is a discussion on whether this model is accurate enough. These equations assume a linear correla-
tion between change in friction drag and torque and thrust coefficients. This is not always true, especially for
modern propeller design. Brown et al. [2014] concluded that the traditional ITTC procedure was not valid for
a tip loaded propeller. Kuiper [1992] already pointed out that the statistical basis for this assumption is small,
and this should be kept in mind by assessing accuracy.

Another argument against this model is that it does not distinguish between a propeller with or without a
camber. And finally, the extrapolated results for full-scale propeller are dependent on the Reynolds number in
which the model test is performed (Helma et al. [2018]). Huijgens [2021] demonstrated that using the model
from Kuiper [1992] will result in a 5% lower static torque effect. However, the dynamic effects are so small
they could be neglected.
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The new methods to determine the thrust and torque coefficients by Brown et al. [2014] and Helma et al.
[2018] show promising results. However, they all conclude that more research must be done to improve their
models. The ITTC uses the model from Kuiper [1992], and at the moment this is common practice. This is the
reason why equation A.8 and A.9 are used in this master thesis research.

Dynamic effects can result in different vortex shedding around the propeller. This can occur due to inter-
actions between propeller and appendages and has been the focus of many studies. They all concluded that
the impact of dynamics is also relatively small. It can be concluded that keeping Froude similarity and having
a discrepancy in the Reynolds number will lead to comparable results with full-scale measurements.

Mechanical scale effects
Mechanical scale effects are a result of incorrect scaling of the moment of inertia. As a result, the dynamic
behaviour of the shaft distorted (Huijgens [2021]). This can lead to a difference in angular acceleration, as
can be seen in equation A.10.

dω

d t
= Md −Ml

Itot
(A.10)

Where dω
d t is the angular acceleration, Md −Ml the drive minus the load torque and Itot the total moment

of inertia of the propulsion system. Assuming that the drive and load torque are correctly scaled, a difference
in the total moment of inertia will result in inaccurate shaft dynamics.

The total moment of inertia can be divided into the inertia of the propulsion motor (Id ), the propeller (Ip )
and the added mass (IH2O) as can be seen in equation A.11.

Itot = Id + Ip + IH2O (A.11)

The used material and its shape determine the inertia of the motor and the propeller. The added mass
inertia depends on the advance speed, angular velocity, propeller pitch, and the number of blades and is a
complex hydrodynamic phenomenon.

If a body is moving at a constant speed through unbounded fluid, it experiences no force. However, if
that body is accelerating, it experiences forces. This force is the added mass or added moment of inertia
(Lewandowski [2004], p. 36).

There are two empirical approaches to determine the added moment of inertia of a propeller’s entrained
water. The first method is with a propeller in rotating condition, and the second method is in locked con-
dition. Wereldsma [1965]) did his experiments in rotating condition with different propellers. Burrill and
Robson [1962] have done many experiments to determine the added mass in locked condition and came up
with an empirical expression. Huijgens [2021] used this expression to determine the added mass and moment
of inertia. The values that are chosen are constants. However, this is not correct if advance speed, angular
velocity, propeller pitch is not constant.

MacPherson et al. [2007] showed the errors in the earlier mentioned empirical approaches and gave a
numerical improvement. For a 6-bladed propeller, this new method overestimates. Nevertheless, it takes
into account the P/D ratio. For a CPP, this ratio is not constant, and as a consequence, the added mass and
moment of inertia can change if the pitch adapts. The expression for a 4-bladed propeller is shown in the
following expression.

IH2O =
(
0.00394

Ae

AO

P

D
−0.00087

)
ρD5 (A.12)

Where Ae
AO

is the expanded area ratio and P
D the blade pitch ratio. Both parameters are dimensionless.

However, it is expected that the effect of the added moment of inertia is relatively small, and the proposed
method will give enough accuracy. Nevertheless, it is worthwhile to do separate research into accurate esti-
mations of added mass, as is also suggested by Huijgens [2021]. The moment of inertia can be corrected by
adding material, such as a flywheel, or by removing material. However, this is not possible in the HIL setup
without influencing the underwater shape. Huijgens [2021] used a "virtual flywheel" by adding an inertia
correction (Ic ) to equation A.13.

Itot = Id + Ipr op + IH2O + Ic (A.13)
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This correction is the difference between the ideal mechanical inertia (Imech,i d ) and the mechanical iner-
tia of the HIL setup (Imech,H I L). The later must be determined during HIL experiments.

The load torque can be split into the friction torque and the propeller load torque as shown in equation
A.14.

Ml = M f r +Mpr op,hydr o (A.14)

The friction and propeller load torque are determined with the following equations.

Mpr op,hydr o = ρn2
p D5KQ (A.15)

M f r = kt i f r (A.16)

Where kt is the motor torque constant and i f r the current friction. Huijgens [2021] measured the current
friction by enforcing a slow, sinusoidal variation of the shaft speed around an equilibrium. By measuring
current at different angular velocities, a fit is made with polynomial regression. These measurements were
performed outside the towing tank for inertia identification and underwater for the HIL experiments. The
difference between dry and wet measurements can be explained by the additional friction of the water on the
shaft.

The motor torque constant kt is given by the manufacturer. However, it might not be accurate. To deter-
mine this constant Huijgens [2021] derived the following equation:

kt =
Mpr op

im − i f r
(A.17)

Where Mpr op is the measured propeller torque, im the measured motor current and i f r the friction cur-
rent.

The motor torque constant determined by Huijgens [2021] was 3.8% higher than the manufacturer’s value.
This could be because one, a combination or all of the following reasons:

1. Manufacturers specifications are incorrect.

2. Current is not correctly measured.

3. The estimated friction current is too high.

4. The measured torque is too high.

It is unclear which of these reasons are the cause of the deviation of the manufacturer’s value.

A.2. Adaptive Pitch Control Strategy
The interaction between the diesel engine and the CPP will be controlled by adaptive pitch control. The
inputs for this control is the effective angle of attack and the engine speed. With these two parameters are
used to influence the Measures of Performance (MOP’s) as proposed by Geertsma [2019]:

1. Provide requested virtual shaft speed.

2. Maintain operation within cavitation bucket for the broadest possible operating conditions.

3. Minimise fuel consumption across the ship speed profile and for all operation conditions.

4. Maintain engineer air excess ratio within predefined limits.

5. Prevent engine over- and under-speed.
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Virtual shaft speed
Adaptive Pitch Control uses the estimated effective angle of attack and the engine speed to control to optimise
the fuel consumption, engine thermal loading and cavitation noise while providing the requested virtual shaft
speed Geertsma [2019]. The virtual shaft speed is often used on navy frigates because it has almost a linear
relationship with the ship speed. This virtual speed can be determined with the following equation:

nvi r t (t ) = Ppd (t )−Ppd ,0

Ppd ,nom −Ppd ,0
np (A.18)

Where Ppd is the actual pitch ratio, Ppd ,0 the pitch ratio at zero thrust, Ppd ,nom the nominal pitch ratio
and np the actual shaft speed.

The virtual shaft speed is an input for the speed setpoint. It is possible to change the actual pitch Ppd (t )
as can be seen in equation A.19:

ne,set (t ) = Ppd ,nom −Ppd ,0

Ppd (t )−Ppd ,0
nvi r t ,set (t ) (A.19)

Cavitation Bucket
The effective angle of attack is the second input for the control system. This angle is estimated with the thrust
and torque sensor that is located in the shaft of the HIL setup behind the propeller. Together with the known
rotational speed of the shaft, it is possible to determine the effective angle of attack (αe f f ) (Vrijdag [2009]).

Figure A.3: Velocity triangle (Vrijdag [2009])

In figure A.3, the inflow angles are sketched. These are dependent on advance speed, rotational speed,
wakefield, propeller geometry and the loading dependent induced velocities. From this figure, the effective
angle of attack can be derived.

αe f f = θ−β−αi (A.20)

αe f f = at an

(
P0.7R

0.7πD

)
−at an

( c1va

0.7πnD

)
−αi (A.21)

The effective angle of attack is the pitch (θ) minus the flow angle (β) and the correction for the shock-
free entry angle (αi ). c1 is the correction factor, also known as the Vrijdag coefficient, which can be used for
tuning. By choosing the correct c1 it is possible to calibrate the αe f f in such a way that the cavitation buckets
overlaps for different pitch settings(Vrijdag [2009] pp. 116 - 120).

To prevent cavitation, the effective angle of attack must stay within the cavitation bucket. Cavitation
occurs when water changes from liquid to gas, due to low pressures in a flow. On the y-axis of the bucket is
the dimensionless cavitation number:

σn = po −pv +ρg z

0.5ρn2D2 (A.22)

Where p0 is the atmospheric pressure, pv is the vapour pressure of the (sea)water, ρ is the density of the
(sea)water, g the gravitational acceleration, z the water height above the propeller shaft, n rotational shaft
speed and D the propeller diameter.

Traditionally on the x-axis, the torque or thrust coefficient was shown. However, if the angle of attack
would change than would change the location of the bucket also. This would be inconvenient for a propulsion
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system with a CPP. For this reason, the effective angle of attack is used on the horizontal axis. As a result, the
bucket will not shift due to pitch changes. Figure A.4 illustrates a sketch of the cavitation bucket. Cavitation
may occur inside the bucket due to dynamics of waves and ship motions (Schulten [2005]).

Figure A.4: Cavitation bucket

Fuel consumption
The third control objective is to minimise fuel consumption. The operating points of the diesel engine, gear-
box, shaft and propeller determine the fuel consumption. In figure A.5 the specific fuel consumption of an
engine is shown. It is illustrated that the fuel consumption is not constant for the same delivered power.
The control system will try to get the engine’s operation point in the lowest specific fuel consumption at the
required power.

Figure A.5: Specific fuel consumption (Geertsma [2019])
Figure A.6: Open Water Diagram (Dang et al. [2013])

The losses in the gearbox and shaft are relatively small and are not considered for the control strategy.
However, the operating point of the propeller has a significant influence. In figure A.6 the open water charac-
teristics are illustrated of a controllable pitch propeller. The maximum efficiency is not the same for different
pitches. Also, the advance ratio coefficient (J ) influences the efficiency. The advance velocity va , the pro-
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peller speed np and the propeller diameter (D) determine the advance ratio coëfficiënt as can be seen in the
following equation:

J = va

np D
(A.23)

Keeping the propeller torque coefficient constant will result in low fuel consumption. However, torque
control will result in a fluctuating engine speed. This will result in an changing effective angle of attack and
harms the virtual shaft speed and cavitation.

If the Froude number is low, the assumption is that the resistance curve is cubed and a constant effec-
tive angle of attack will also result in a constant torque coefficient Geertsma [2019]. The Froude number of
the HIL setup is low. For this reason, a setpoint value of the effective angle of attack will result in low fuel
consumption.

Engine thermal loading
By burning to much fuel in a short amount of time without enough cooling capacity, an engine can be ther-
mally overloaded and increase emissions. This can result in less time between necessary overhaul. If all the
air is burned in the cylinder, then there is no cooling capacity left. It is therefore relevant to keep some air in
the combustion chamber after combustion for cooling. The amount of air left for cooling is called the engine
air excess ratio (λ).

λ= mca

ma
(A.24)

Where mca is the mass of the combustion air and (ma) is the total amount of air in the process (Stapersma
[2010a]).

To prevent thermal overloading, it is essential to keep the engine air excess ratio above a minimum value.
There are two ways to achieve this goal. First, by limiting the fuel pump position based on the charge pressure.
Secondly by reducing the angle of attack set point.

Geertsma [2019] has demonstrated that torque control can eliminate these fluctuations due to turbocharger
lag. However, as mentioned in the earlier section, torque control will fluctuate engine speed and negatively
influence the angle of attack. Instead of torque control, it is possible to use slow integrating speed control.
This type of control has good performance in waves and shows similar dynamic behaviour as torque control.

During acceleration, the engine air excess will be lower than the theoretical value because of the tur-
bocharger inertia. Waves can have the same effect. Limiting the fuel rack position based on the charge pres-
sure will prevent thermal overloading.

Xl i m,λ(t ) = p1(t )V1

RaT1σ f m f ,nomλmi n
(A.25)

Where Xl i m,λ is the fuel injection limitation, p1 is the charge pressure, V1 cylinder volume at the start
of compression, Ra the gas constant, T1 the charge temperature, σ f the stoichiometric air-fuel ratio of fuel,
m f ,nom mass of fuel and λmi n the minimum air excess ratio.

Over- and underspeed
Slow integrating speed control can result in over or underspeed of the diesel engine. Geertsma [2019] has
suggested introducing fuel limitations:

Xl i m,os (t ) = ne,max −ne (t )

ne,nom
Pos (A.26)

Xmi n(t ) = ne,mi n −ne (t )

ne,nom
Pus (A.27)

Where Xl i m,os is the fuel limitation to prevent overspeed and Xmi n to prevent underspeed. ne,max is
the maximum engine speed, ne,mi n minimum engine speed, Pos is the overspeed limitation gain and Pus

underspeed gain. When applying a minimum engine speed, the pitch should also be limited when using
adaptive pitch control to prevent high engine torque.

When applying a minimum engine speed, the pitch should also be limited when using adaptive pitch
control to prevent high engine torque.
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P∗
pd ,max (t ) = nvi r t ,set (t )ig b

ne,mi n
(A.28)

Ppd ,set (t ) = Ppd ,0 +max(P∗
pd ,max (t ),P∗

pd ,set (t ))(Ppd ,nom −Ppd ,0) (A.29)

A.3. Diesel Engine
The objective of this thesis is to determine the dynamic behaviour between propeller and engine. An Mean
Value First Principle (MVFP) can represent the dynamic performance of the diesel engine. The model that will
be used in this thesis is improved and used by Geertsma [2019]. Six sub-models interact with each other to
represent the dynamic performance of the diesel engine. These are the fuel pump, air swallow, heat release,
Seiliger cycle, exhaust receiver and turbocharger, and mechanical conversion. In figure A.7, a representation
is illustrated.

The diesel engine is simulated by a MVFP model. The cylindrical volume is left out and is replaced by an
analytical model for the air and exhaust gas flow dynamics, making it possible to use a revolution time scale
instead of crank angle time scale. This has the advantage that the computation time decreases with a factor
400 (Schulten [2005]).

Figure A.7: Representation of the diesel engine model (Geertsma [2019] p 69)

Fuel pump
Geertsma [2019] proposed that amount of fuel injected per cylinder per cycle m f is represented by the fuel
pump and is shown in the following equation:

dm f (t )

d t
= m f ,nom Xset (t )−m f (t )

τX
(A.30)

Where m f ,nom is the nominal amount of fuel injected per cylinder per engine cycle in kg, Xset (t ) fuel
pump injection setpoint in % of nominal fuel injection and τX is the injection time delay. The time delay is
the time that it takes for half a stroke:

τX = 1

4ne,nom
(A.31)

Where ne,nom is the nominal engine speed in Hz.
The nominal fuel injection, m f ,nom , is determined with the following equation:

m f ,nom = bbs f c,nomPe,nomke

ie ne,nom
(A.32)

Where mbs f c,nom is the nominal brake specific fuel consumption, Pe,nom is the nominal engine power, ke

the number of revolutions per cycle and ie the number of cylinders of the engine.
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Air Swallow
An engine’s air swallow capacity is the mass flow through the engine and the volume flow at several stages
Stapersma [2010a]. The air left after combustion is the air excess ratio (λ). This is an essential parameter for
thermal loading (Sapra [2020]). The air excess ratio is expressed as follows:

λ(t ) = m1(t )

m f (t )σ f
(A.33)

Where m1 is the trapped mass at the start of compression and σ f is the stoichiometric air fuel ratio.

Seiliger Cycle and Heat Release
A method to calculate the cycle performance is to use the Seiliger model. This can be used to design an
engine. The theory in this section is a summary from Stapersma [2010a]. A few assumptions are made in this
model:

• The gas is perfect (pv = mRt )

• Specific heats are constant (cv ,cp = constant)

• The fluid is everywhere the same, but not the air

• No mass addition (closed volume approach)

• All processes are internally reversible

• Compression and expansion are polytropic

The Seiliger cycle consists of six thermodynamic stages.

• 1-2 polytropic compression

• 2-3 iso-volumetric combustion (constant volume)

• 3-4 isobaric combustion and expansion (constant pressure)

• 4-5 isothermal combustion and expansion (constant temperature)

• 5-6 polytropic expansion

• 6-1 iso-volumetric heat rejection (constant volume)

These stages are shown in a PV and TS diagram in figure A.8 and A.9 .

Figure A.8: Seiliger process in PV diagram [35 p. 106-107]
Figure A.9: Seiliger process in TS diagram [35 p. 106-107]

The Seiliger model can be used to determine the work and the heat at all stage. In table A.3 the equations
are given, where Vi , pi , Ti are the volume, pressure and temperature in state i . wi j and qi j are the specific
work and heat from state i to j . a, b, and c are Seiliger parameters as defined by Stapersma [2010a].
The total work can be determined with the following equation:

wtot = w12 +w34 +w45 +w56 (A.34)
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Table A.3: Seiliger cycle equations

Seiliger
stage

Volume
ratio

Pressure
ratio

Temperature
ratio

Specific
Work

Heat

1-2
compression

V1
V2

= rc
p2
p1

= r nc
c

T2
T1

= r nc−1
c w12 = Ra (T2−T1)

ne−1 -

2-3
Iso-volumeteric
combustion

V3
V2

= 1 p3
p2

= a T3
T2

= a - q23 = cva(T3 −T2)

3-4
Isobaric
combustion

V4
V3

= b p4
p3

= 1 T4
T3

= b w34 = Ra(T4 −T3) q34 = cpa(T4 −T3)

4-5
Isothermal
combustion

V5
V4

= c p4
p5

= c T5
T4

= 1 w45 = RaT4l nc q45 = RaT4lnc

5-6
Expansion

V6
V5

= re
p5
p6

= r ne
e

T5
T6

= r ne−1
e w56 = Ra (T6−T5)

ne−1 -

6-1
Heat rejection

V6
V1

= re cb
rc

p6
p1

= r nc
c a

r ne
e c

T6
T1

= r nc−1
c ab

r ne−1
e

- q61 =−cv (T6 −T1)

The total heat release is expressed in equation A.35:

qtot = q23 +q34 +q45 (A.35)

Table A.3 parameters are not the heat release model’s inputs, as shown in figure A.7. The nominal fuel
injection (m f ,nom), trapped mass at the start of the compression (m1), pseudo air excess ratio (λ) and the
engine speed (ne ) are the inputs.

Schulten [2005] and Geertsma [2019] use the following equations to determine the specific work:

q23(t ) = Xcv (t )
m f ηq (t )ηcombhL

m1(t )
(A.36)

q34(t ) = (1−Xcv (t )−Xct (t ))
m f ηq (t )ηcombhL

m1(t )
(A.37)

q45(t ) = Xct (t )
m f ηq (t )ηcombhL

m1(t )
(A.38)

Where Xcv and Xct is the portion of heat released at constant volume and constant temperature. ηq is the
heat release efficiency, ηcomb the combustion efficiency and hL the lower heating value.

Exhaust receiver and turbocharger
The exhaust receiver and turbocharger are based on Zinner blowdown, Büchi flow and power balance, the
elliptic law and a variable slip ratio. The Zinner blowdown is the process of after the exhaust valve opens, gas
expelling during the exhaust stroke and scavenging after the inlet opens. With the Zinner method, the gases’
temperature after blowdown can be determined as can be seen in equation A.39.

Tbld (t ) =
(

1

nbld
+ (nbl d −1)

nbl d

pd ,s (t )

p6(t )

)
T6(t ) (A.39)

Where Tbl d is the Zinner blowdown temperature, nbl d the polytropic expansion coefficient and pd ,s the
equilibrium pressure in the exhaust receiver.

Mechanical conversion
The output, the engine torque, is the indicated torque (Mi ) minus the torque losses (Mloss ) as can be seen in
the following expression:

Me (t ) = Mi (t )−Mloss (t ) (A.40)
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Mi (t ) = wi (t )m1(t )ie

ke 2π
(A.41)

Mloss (t ) = Mloss,nom

(
1+Ml oss,g r ad

ne,nom−ne (t )

ne,nom

)
(A.42)

Mloss,nom is the nominal torque loss, Ml oss,g r ad is the torque loss gradient, wi the specific work, m1 the
trapped mass, ie is the number of cylinders and ke is the number of revolutions per cycle.

Shaft line
The shaft line is described with the equation of motion that takes the gearbox, shaft line and propeller:

dnp (t )

d t
= Mg b(t )−Msl t (t )−Mp (t )

2πJtot
(A.43)

Where np is the propeller speed in rps, and Mg b , Msl , Mp are respectively the gearbox, shaft line and
propeller torque.

A.4. Propeller model
In the propeller model, the advance speed is determined with the following equation:

va(t ) = vs (t )(1−w)+ vw (t ) (A.44)

With the rotational speed, the hydrodynamic pitch angle is determined:

β(t ) = at an

(
va(t )

0.7πnp (t )D

)
(A.45)

In the model by Geertsma [2019], this pitch angle is used as an input for the adaptive pitch controller.
However, it is not possible to measure the hydrodynamic pitch angle. This one of the reasons to also deter-
mine the thrust and torque. Chapter 2 elaborates on how the thrust measurement is used to determine the
hydrodynamic pitch angle. The other reason to determine the two parameters in the model is that thrust is
used to propel the hull and the torque as feedback to the propulsion plant.

vh(t ) =
√

va(t )2 + (0.7πnp (t )D2) (A.46)

Tp (t ) =CT (t )
1

2
ρvh(t )2π

4
D2 (A.47)

Qp (t ) =CQ (t )
1

2
ρvh(t )2π

4
D3 (A.48)

With the torque known, the rotative efficiency of the propeller is taken into account to determine the
actual propeller torque:

Mp (t ) = Qp (t )

et aR
(A.49)

The pitch is also changed in the propeller model. A first-order linear model is used that takes the time
delay into account:

dPpd (t )

d t
= Pp d , set (t )−Ppd (t )

τp
(A.50)
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Scale effects
For the thrust and torque coefficients, it is relevant to take the scaling effects into account according to ITTC
[2017]. The first step is to transform CT (t ) to KT (t ) and CQ (t ) to KQ (t ):

CT (t ) =
π
8 vh(t )2

np (t )2D2 KT (t ) (A.51)

CQ (t ) =
π
8 vh(t )2

np (t )2D2 KQ (t ) (A.52)

The difference in the thrust and torque coefficients is determined with the following equations:

KT,F S (t ) = KT,MS −∆KT (A.53)

KQ,F S (t ) = KQ,MS −∆KQ (A.54)

Where

∆KT =−∆CD 0.28
P

D

c Z

D
(A.55)

∆KQ =−∆CD 0.248
P

D

c Z

D
(A.56)

Where ∆CD is the drag difference that is determined with the following equations:

∆CD =CD,MS −CD,F S (A.57)

Where

CD,MS = 2

(
1+2

t

c

)[
0.44

Re
1
6

− 5

Re
2
3

]
(A.58)

CD,F S = 2

(
1+2

t

c

)[
1.89+1.62l og

c

kp

]−2.5

(A.59)

A.5. Matching
The model Geertsma [2019] uses is a MAN12V28 diesel engine that drives a C5-60 propeller. In this thesis,
a C4-40 propeller is used. This because the data of the C4-40 propeller can be published and the hardware
CPP is also a C4-40 propeller. This makes it possible to compare the simulation with the experiment results.
However, it is impossible to simply change the propeller parameters and do the simulations or experiments.
Changes are that the propulsion plant components do not match, resulting in a inadequate performing sys-
tem.

The matching procedure is described in Klein Woud and Stapersma [2003] page 405 – 411. The first step
is to determine the optimal pitch ratio of the propeller. This is done with the KT as a function of the advance
ratio:

KT = R

(1− t )ρn2D4 (A.60)

J = (1−w)vs

n
D (A.61)

KT

J 2 = R

(1− t )(1−w)2ρv2
s D2

(A.62)

KT = 0.4087J 2 (A.63)

This relation is the fat line plotted in the open water diagram of the C4-40 in figure A.10.
The intersections with the KT and KQ lines are shown in table A.4.
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Figure A.10: C4-40 open water diagram with KT as a function of
J plotted.

Figure A.11: Optimal P/D ratio

Table A.4: Intersections KT as a function of J in open water diagram

PD 0.2 0.5 0.8 1.0 1.2 1.4 1.6
J 0.245 0.430 0.606 0.696 0.788 0.873 0.941
Kt 0.025 0.076 0.150 0.198 0.254 0.311 0.362
Kq 0.007 0.011 0.022 0.032 0.047 0.066 0.085
ηO 0.146 0.491 0.668 0.678 0.680 0.658 0.639

From the table and figure A.11 can be seen that the optimum PD ratio is 1.2 due to the highest efficiency.
This can also be concluded from figure A.11. With the known optimal PD ratio, it is possible to determine the
optimal shaft speed and, therefore, also the gearbox ratio.

nopt = vs (1−w)

Jopt D
(A.64)

= 3.715[r ps] (A.65)

iopt =
neng ,nom

nopt
(A.66)

= 4.4859[−] (A.67)

The optimum PD ratio is implemented as the nominal pitch, and gearbox ratio is applied in the gearbox
model. This results in an adequate working propulsion plant.

A.6. Irregular wave model
Waves are one of the most prominent disturbances for a propulsion plant. The wave model used by Geertsma
[2019] is the basis for the model. It takes added resistance on the hull and the average speed into the propeller.
The oblique inflow and pitching of the ship are neglected. For this thesis, irregular waves are implemented.
This is done by using a linear superposition of regular wave components.

For this thesis, irregular waves are implemented. This is done by using a linear superposition of regular
wave components:

vw (t ) =
N∑

n=1
[S(ωn)dω]ωw v,nekw,n z cos(αwk,n(t )+εn) (A.68)

dαwk,n(t )

d t
= kw,n vs (t )+ωw v,n (A.69)

kw,n = ω2
m,n

g
(A.70)



A.6. Irregular wave model 63

Where vw is the relative wake speed in m/s, ωw v is the wave frequency. kw is the wave number in 1/m,
z the centerline of the propeller in m, αwk the angle of the vertical wave movement, ε is the random phase
angle (rad). The wave amplitude is not constant for irregular waves. This since these waves are a combination
of n frequencies. In the model, the frequencies between 0 and 2 rad/s are taken into account. S the surface
elevation spectrum. In this thesis the Jonswap spectrum is used according the following equation:

S(ω) = āg 2ω−5e
β j ( ω

ωp
)−4

γa (A.71)

Where γ is the peakedness parameter (3.3), ωp the peak frequency, β j a shape factor (1.25) and a and ā
modified Phillips constants. A detailed description of the wave model can be found in Vazirizade [2019] page
23 - 29.





B
Manual HIL setup

This document is a manual for the open water HIL setup at the TU Delft. The theoretical background is
described in the dissertation of Huijgens [2021].

Start-up HIL setup
The first step is to start up MATLAB R2016b. RTI1006 can be selected as can be seen in the following figure:

The next step is to run the driver file. The latest version of the original model is: A190121d r yr uni nt .m.
The model with non-linear diesel engine is: driver.m

65
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Step two is to start up A190121d r yr un in Simulink and open Multiprocessor Setup.

After opening Multiprocessor Setup click on “Build All”.
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MATLAB is building the model. When it is finished the following text should be visible in the Command
Window of MATLAB:

When the Building process is completed press “Ok”



68 B. Manual HIL setup

The next step is to open dSPACE on the desktop.

Click on “Go Online”. The online calibration will start.
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If you want to perform measurements click on “Start Measurements”.

The following screen shot will be visible:
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Friction correction
Chapter 5 of the dissertation of Lode Huijgens describes the theoretical background of the friction correction.
This correction is performed under water without the propeller attached on the gondola. Also, no stream line
fairings are mounted. The next steps describe the practical steps that must be followed. The first step is to
check the following settings in tab Hardware Control:

• Operation mode: Speed

• Bus Voltage: On

• Power Stage: On

• Drive Operation: On
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The second step is to open the “Hardware Calibration” tab. In the speed settings a sinusoidal variation of
the shaft speed can be given as input. If the rotational speed is low (approximately between -50 and 50 rpm)
the measurements are not accurate.

In this example the following “Speed setting” is used

• Osc offset [rpm]: 250

• Osc amp [rpm]: 200

• Osc f [Hz]: 0.005

This setting will result in a sinusoidal variation between 50 and 450 rpm (250 ± 200) in 200 seconds
(1/0.005).
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Open “Measurement Configuration”. “Start Immediate Recording” of the “Calibration”. Because the oscil-
lating frequency is 0.005 Hz in this example the minimum measurement time must be 200 seconds (1/0.005).
After 200 seconds the recording can be stopped.

Open “CAL_dspace_friction_calibration_dry_run_A.m”.
Check the following settings: recorded.name.period and sample_rate

Recorded.name is the name of the .mat file of the measurement. Recorded.period is 200 seconds (1/0.005)
is this example). Sample_rate is set in dSPACE.
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If the settings are set correctly the m-file can be run. The coefficients of the polynomial will be given.

Fill in these coefficients in dSPACE.

Repeat this measurement with following speed settings for the “Reverse coefficients”

• Osc offset [rpm]: -250

• Osc amp [rpm]: -200

• Osc f [Hz]: 0.005
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Moment of inertia measurement
The moment of inertia must be corrected. To measure this correction factor the propeller must be mounted
on the gondola. This measurement must be performed outside the water. To determine the moment of
inertia, select Operation mode: Torque
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Go to tab: Hardware calibration. Make the following settings:

• Inertia identification mode: On

• Torque sine: On

• Osc.ampl [Nm]: 1

• Osc. Offset [Nm]: 0

• Osc.f [Hz]: 1

Write done the lowest value of the “Estimated moment of inertia”.
Go to tab: Inertia Correction. Fill in the “Estimated moment of inertia” at Practical
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Offline modus
It is possible to run the simulation without the hardware of the open water setup, this is called offline modus.
The dSPACE must be connected to the simulator computer and the steps that are described in chapter 2 must
be performed. The following settings must be made:

• Go to tab: Hardware control

• CAN signal reception: Dummy

• All operation mode: On

• Virtual Flywheel: On

Virtual Flywheel can only be selected if the bus voltage, power stage and drive operation are On. Click on
On, this is a condition that must be met.
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• Go to tab: Dry run settings

• Select Simulated ideal sensors

• Go to tab: Engine room sim

• Closed loop time signal: On

After these steps are executed the simulation will run in offline modus.
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Measurements
The following steps must be performed to do a measurement in the towing tank. (It is possible that these
steps are not correct and must be updated during real measurements)

• Select Torque in tab: Hardware Control

• Select the correct settings in tab: Engine room sim

• Select Start Measurement

• Select Pause simulation

• Start to drive the towing carriage for approximately 3 seconds.

• Select Continue simulation

• Start recordings
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Dynamic behaviour of a propulsion plant and its controller
with Hardware In the Loop
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Highlights
• Novel adaptive pitch control strategy with Kalman filter and deadband

• Dynamic behaviour of a diesel engine with controllable pitch propeller in an open water Hardware In
the Loop setup

• Pitch actuation reduction in irregular waves

Abstract
The shipping industry is forced to reduce its emissions and underwater radiated noise in order to decrease the
impact on the environment and limit global warming. Moreover, a low acoustic signature can be lifesaving
for a navy ship, especially during submarine on mine threats. To be able to operate as flexible as possible
under these threats, a flexible propulsion plant is required. A diesel engine with a controllable pitch propeller
(CPP) is contributing to this. A method to reduce the emissions and noise of such a plant is to improve
the control strategy. Often this is tested with numerical models. However, frequently they contain many
simplifications of reality, for example, the neglection of several hydrodynamic effects. Hardware In the Loop
(HIL) takes these effects into account by replacing a software part of the model with a hardware component.
In this research, the CPP is the scaled hardware part. A feasibility study is performed to determine whether
a propeller open water HIL setup can be used to simulate the dynamic behaviour of the propulsion plant.
Therefore, a comparison is made between full and model scale numerical simulation of a diesel engine with a
CPP controlled by adaptive pitch control (APC). To reduce the pitch actuations with the APC strategy a Kalman
filter with deadband is implemented. Full-scale simulations with irregular waves demonstrated that the pitch
actuations could be reduced during acceleration and at a constant speed. The validated full-scale model is
Froude scaled and implemented in a model of the open water HIL setup. The results of the full and model
scale simulations are very similar. Thus, the HIL setup can be used to simulate the dynamic behaviour of a
propulsion plant. However, the hardware limitations such as the backlash in the CPP blades, the low sample
rate of the actual pitch and the Froude dissimilarity of the acceleration of the towing tank need to be resolved
to ensure the scaled simulations are representative for the actual, full scale, vessel. Due to these limitations, it
is not possible to use the setup at this moment to perform experiments and improve novel control strategies.
If these physical limitations of the current HIL setup are overcome, the effect of the propeller and the pitch
control strategy during turns can be investigated by performing experiments with oblique inflow.

1. Introduction
Legislation forces the shipping industry to reduce
their emissions and radiated noise to lower their im-

pact on the environment and limit global warming
(IMO [2020]). A method to improve this for exist-
ing ships is to enhance the efficiency with the con-
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trol strategies of the propulsion plant. Novel strate-
gies improve the propeller’s inflow, resulting in more
efficiency, less fuel consumption and less cavitation
(Ueno et al. [2013], Geertsma [2019]). A traditional
way of determining whether new control strategies
have better performance is with numerical models.
However, often these models do not represent all the
effects that can occur in the real world.

An example is hydrodynamic effects. These are
taken into account in towing tank experiments, how-
ever, with scaling effects. With a propeller open wa-
ter Hardware In the Loop (HIL) setup, the benefits
of numerical models and towing tank experiments
are combined (Huijgens [2021]). This study imple-
ments a validated propulsion plant model into the
propeller open water HIL setup to determine whether
it is possible to simulate the dynamic behaviour of
the plant. The results between full-scale simula-
tions and model scale HIL simulations are compared
with a case study, the propulsion plant of an Ocean-
going Patrol Vessel (OPV) of the Dutch Navy. This is
a diesel engine that drives a CPP controlled by the
novel adaptive pitch control strategy.

APC controls the water inflow into the propeller
by changing the rotational speed and pitch. A down-
side of inflow control is that the pitch changes con-
tinuously in waves to achieve the most effective angle
of attack. Modern actuation systems of CPP’s are not
able to keep up with the speed of the changes. More-
over, high-frequency pitch actuation can lead to in-
creased wear of the propeller hub. Thus, class regu-
lations require an overhaul of a CPP system designed
for regular use after 107 pitch actuations (DNV). Re-
ducing the actuations would result in more time be-
tween overhauls. Therefore, this study implements a
Kalman filter with a deadband to reduce the actua-
tions. The simulations are performed in regular and
irregular waves.

1.1 Literature review
A method to determine the dynamic behaviour of
a diesel engine with a CPP is with numerical mod-
els. This can be relatively simple with a transfer
function; however, these models often do not con-
sider dynamics (Vrijdag [2009], Huijgens [2021]). On
the other hand, a Mean Value First Principle (MVFP)
model does take these into account and is, therefore,
suitable to determine the dynamic behaviour of a
propulsion plant (Schulten [2005], Geertsma [2019]).

A downside of numerical models is that hydrody-
namic effects, such as ventilation and free surface ef-
fects, are often simplified (White [2008], Niklas and
Pruszko [2019], Kozlowska et al. [2020]). However, in
a towing tank, these effects can be taken into account
with scaling effects (Journee and Massie [2001]). It is
assumed that keeping the Froude number the same

for the model and full-scale ship, it is possible to in-
crease the results of the model to full-scale, i.e. the
forces can directly be scaled between the model and
the full-scale ship. Nevertheless, building a scaled
diesel engine with the same dynamic behaviour as a
full-scale diesel is impossible.

Full-scale trails do not have scale effects; how-
ever, they are time-consuming and complex to orga-
nize. Also, it is hard to compare results due to chang-
ing environmental conditions (van Terwisga et al.
[2004], Vrijdag [2009]). However, the main advantage
of full-scale trials is that all the simulation uncertain-
ties are eliminated, and the effect of a novel control
strategy can be determined with more certainty.

HIL can combine the hydrodynamics in the tow-
ing tank and engine behaviour of a numerical model.
In a HIL setup, a software model is replaced by a hard-
ware component. In this study, a hardware CPP is
used. Huijgens [2021] demonstrated that it is pos-
sible to study propulsion plant behaviour with the
open water HIL setup and linear propulsion model.
Therefore, the present study has implemented a vali-
dated non-linear MVFP diesel engine model with tur-
bocharger dynamics and adaptive pitch control strat-
egy.

The foundation of APC has been researched by
Vrijdag [2009]. He concluded that effective angle of
attack control reduces cavitation. A thrust sensor on
the shaft is used to determine the effective angle of at-
tack. However, the focus of this study was not on the
behaviour of the diesel engine. Therefore, Geertsma
[2019] filled this gap by studying the dynamic be-
haviour of the engine. Also, an improvement in the
control system was implemented by adding slow in-
tegrating speed control. Moreover, he assumed that
the angle of attack was known, where Vrijdag [2009]
demonstrated how this could be established with a
thrust sensor. Thus, an improvement would be to
measure the thrust to determine the angle of attack
and study whether the APC with slow integrating
speed control gets the same results. However, a full-
scale trial such as Vrijdag [2009] is costly and complex
to set up. Hence, Hardware-In-the-Loop could be a
solution to combine the previous two studies.

1.2 Aim and contribution
The contribution of this work is threefold: First, a
Kalman filter is implemented in the APC strategy
to reduce the pitch actuations in waves. In regu-
lar and irregular waves, the dynamic performance of
the propulsion plant is studied. Secondly, we inves-
tigate the applicability of HIL experiments to deter-
mine whether it is possible to simulate the non-linear
behaviour of a propulsion plant. Finally, we discuss
whether HIL experiments provide more information
than traditional numerical models and towing tank
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experiments. This extra information can be used to
improve numerical models.

2. Methodology
Two models are used to improve and evaluate the
novel adaptive pitch control strategy during dy-
namic conditions, such as acceleration and in waves.
The first model is a validated full-scale free sailing
model of an OPV with APC strategy. This model is
used to demonstrate the effects of the Kalman filter
and deadband on the dynamic performance of the
propulsion plant and is illustrated in figure C.1.

Figure C.1: Full-scale model

The second model represents the propeller open
water HIL setup to demonstrate whether it can sim-
ulate the dynamic behaviour of a propulsion plant
with scaling effects. However, there are more differ-
ences besides the scaling effects. First, it is an open
water setup, so no hull interaction is present. Sec-
ondly, the speed is enforced by the towing car, as can
be seen in figure C.2.

A comparison is made between the two models
to determine whether the HIL setup can simulate the
non-linear dynamic behaviour of a propulsion plant.
Similarity between the models is required to demon-
strate that it can be used to study dynamic behaviour.
The next step is to prepare the actual HIL experi-
ments in the towing tank.

For the preparation of the experiments, the runs
are first simulated with the second model. The phys-
ical limitations of the setup, such as backlash, the
sample rate of the pitch and acceleration speed, gave
some interesting insights, and it is concluded that it
is not worthwhile to perform experiments at this mo-
ment. Nevertheless, it is possible to give recommen-
dations on how to improve the setup and how it can
be used to improve numerical models and control

strategies for future research.

3. Full-scale simulations
The full-scale simulations of an OPV are used to
demonstrate the effect of improvements of adaptive
pitch control. A Kalman filter and deadband are im-
plemented to reduce pitch actuations in regular and
irregular waves. The simulations are performed at
different sea states.

3.1 Adaptive Pitch Control
The adaptive pitch control strategy sets the pitch
and fuel rack; however, these are not fixed. In-
stead, based on the speed and charge pressure of the
engine and the actual pitch and inflow of the pro-
peller, the control actions are determined. Geertsma
[2019] assessed the dynamic behaviour of the propul-
sion plant with predefined Measures of Performance
(MOP), these are:

• Provide requested virtual shaft speed.

• Maintain operation within cavitation bucket
for the broadest possible operating conditions.

• Minimise fuel consumption across the ship
speed profile and for all operating conditions.

• Maintain engine air excess ratio within prede-
fined limits.

• Prevent engine over and under-speed.

This study implements a Kalman filter and a
deadband in the APC strategy. This has a influence
on the number of pitch actuations and ship speed.
Therefore, are these two parameters also taken into
account in evaluating the dynamic performance of
the control strategy.

The virtual shaft speed is often used on navy
frigates because it has almost a linear relationship
with the ship speed. In contrast to a combinator
curve control strategy, APC requires no fixed rota-
tional speed and pitch of the propeller. As a result, a
lower engine speed and higher pitch can results in the
same virtual shaft speed has a higher engine speed
with a small pitch.

The cavitation bucket represents the operating
area of the propeller in which the risk of cavitation
is limited in the two-dimensional plane of cavitation
number and angle of attack. Vrijdag [2009] demon-
strated that if the propeller is operating inside the
bucket during acceleration, no cavitation occurs. On
the y-axis, the cavitation number is represented:

σn = p0 −pv

0.5ρn2D2 (C.1)

This is a non-dimensional pressure at mean shaft im-
mersion; the rotational speed of the propeller mainly
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Figure C.2: Open water HIL model

influences this variable. Where p0 is the atmospheric
pressure, pv is the vapour pressure of the (sea)water,
ρ is the density of the (sea)water, n rotational shaft
speed and D is the propeller diameter. On the x-axis,
the effective angle of attack is given, this is the angle
in which the water flows onto the propeller.

3.2 Inflow estimation
It is impossible to measure the inflow of the propeller
directly. However, it is possible to determine the in-
flow with an open water diagram (Pivano et al. [2007],
Vrijdag [2009]). The inflow is estimated based on the
measured thrust, actual pitch and rotational speed of
the propeller. With these parameters, the thrust coef-
ficient is determined with the following equation:

KT = T

ρn2
p D4

p
(C.2)

The advance ratio is estimated with the open water
diagram with the thrust coefficient and actual pitch
known. The first quadrant is implemented in the
model so that the inflow can be estimated only in nor-
mal forward operation. The hydrodynamic pitch an-
gle is determined with equation C.3. It is required to
determine the effective angle off attack with equation
C.4. By setting the PD ratio, it is possible to change
the angle of attack as can be concluded from equa-
tion C.5.

β= at an

(
J

0.7π

)
(C.3)

αe f f = θ−β−αi (C.4)

αe f f = at an

(
P0.7R

0.7πD

)
−at an(c1t anβ)−αi (C.5)

Where P0.7R
D is the pitch ratio at 0.7 chord length, c1 is

the Vrijdag coefficient that can be used for calibrating
the αe f f (Vrijdag [2009] pp 116 -120). β is the hydro-
dynamic pitch angle, also called the inflow angle. αi

the shock free entry angle onto the leading edge of
the propeller.

3.3 Kalman Filter
In waves, the measured thrust will constantly fluctu-
ate; as a result, the inflow estimation and required
pitch are also changing. Therefore, a Kalman filter
is implemented that filters the inflow estimation. It
can filter out noise that is Gaussian distributed. It is
assumed that regular and irregular waves follow this
distribution (Journee and Massie [2001]).

A Kalman filter can estimate the state of a process
(x̂k ) with a Kalman gain that performs the filtering
(gk ). This is a weight factor that determines whether
the one time step older prediction (x̂k−1) or the actual
measurement (zk ) is trusted more.

x̂k = x̂k−1 + gk (zk − x̂k−1) (C.6)

A Kalman gain close to one will result in a state close
to the measurement, close to zero to the prediction.
In this study, the Kalman gain is used to filter out
the disturbances due to waves. To achieve this, the
Kalman gain needs to be close to zero. The Kalman
gain is based on the estimate, measurement and pro-
cess uncertainties:

gk = pk (pk + r )−1 (C.7)

pk = pk−1 +q (C.8)

Where pk is the estimate uncertainty, r the mea-
surement uncertainty and q the process uncertainty.
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Tuning these uncertainties is crucial for the dynamic
behaviour of the Kalman filter in the APC strategy.

An empirical study of the effects of the uncertain-
ties show that the Kalman filter results in more time
outside the cavitation bucket. However, it also re-
duces actuations. A higher measurement uncertainty
results in fewer actuations, however, more operating
time outside the bucket. For the process uncertainty,
it is vice versa. So a lower process uncertainty results
in fewer actuations but more operating time outside
the bucket. This relationship is used to determine
the correct scaling factors for the Kalman filter and
is elaborated in section 4.2.

3.4 Free sailing simulation results
The Kalman filter delays the pitch actuation. As a re-
sult, the controller can become slow and needs more
time to achieve the desired effective angle of attack.
A consequence would be that the propeller is operat-
ing more time outside the cavitation bucket. There-
fore, it is crucial to tune the Kalman filter so that the
pitch does not lag. In the blue line in figure C.3, the
pitch actuation without the Kalman filter can be seen.
The red line is with the tuned Kalman filter. Notice
there is hardly any time delay during the acceleration,
the line with Kalman filters follows the line without
filter. It can also be seen that the pitch actuations
are smaller with the Kalmer filter than APC without
the Kalman filter. However, they are still actuations.
Therefore, only a Kalman filter is not a solution to re-
duce the pitch actuations.

Figure C.3: Pitch actuations with tuned Kalman filter

Not only the pitch actuations are influenced by
the Kalman filter. Due to a slower reaction of the pitch
setting, the APC strategy sets the engine speed higher
to achieve the requested virtual shaft speed. As a re-
sult, also the acceleration increases, as can be seen in
figure C.4. A positive side effect of adding the Kalman
filter to the APC strategy.

A downside of the Kalman filter is illustrated in
figure C.5. Even though the Kalman filter is tuned,

it can not be prevented that the propeller is operat-
ing more time outside the cavitation bucket. This be-
cause the Kalman filter results in a wider operating
ellipse. But due to the correct tuning, the operating
ellipse moves in a straight line back into the cavita-
tion bucket, and the extra time limited.

Simulations show that the original measures of
performance are hardly influenced by the Kalman fil-
ter. So the virtual shaft speed is provided, fuel con-
sumption and air excess ratio hardly change. Also,
over- and under speed is prevented.

Figure C.4: Ship speed the Kalman filter on and off

Figure C.5: Cavitation bucket with tuned Kalman filter

3.4.1 Deadband
With the Kalman filter, the size of the pitch

changes are decreased. However, the number of actu-
ations at constant speed is the same. For that reason,
it is studied if a deadband in the APC controller can
reduce the pitch actuation cycles. Simulations show
that implementing a deadband moves the operating
ellipse to the left flank of the cavitation bucket where
pressure side cavitation can occur. Therefore, the de-
sired angle of attack is increased, as can be seen in
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equation C.9:

αe f f ,deadband =αe f f +
θdeadband

4
(C.9)

Where θdeadband is the required deadband in de-
grees. In figure C.6, it can be seen that the pitch ac-
tuations during acceleration is decreased. If the re-
quired pitch is reached, the actuations even stop. So,
a simple solution with a deadband can solve the ac-
tuation problem. However, it is also relevant to study
the other parameters, such as cavitation and speed.

Figure C.7 shows the deadband also results in
more operating time outside the cavitation bucket.
But the operating ellipse is higher in the bucket due to
a lower engine speed. The engine speed set lower by
the control strategy because the pitch is higher with
than without the deadband. This way the requested
virtual shaft speed is provided.

A lower engine speed also results in a lower air
excess ratio and therefore higher operating temper-
atures. Nevertheless, these are still within the prede-
fined limits. The other measures of performance are
not effected, the virtual shaft speed is provided and
the fuel consumption is hardly changed.

The APC with deadband can reduce the pitch ac-
tuations at the cost of some suction side cavitation.
However, in figure C.8, it can be seen that the end
speed is slower due to the deadband. Implementing
the deadband is, therefore, not the desired solution.

Figure C.6: Pitch actuations with deadband in APC

Figure C.7: Cavitation bucket with deadband

Figure C.8: Ship speed with deadband in APC

3.4.2 Kalman filter and deadband
The Kalman filter increases the speed and re-

duces the size of the pitch actuations. However, the
number of actuations is not reduced. On the other
hand, a deadband decreased the speed but was able
to reduce the pitch actuations. Therefore, the combi-
nation of both methods, the Kalman filter and dead-
band, are implemented in the APC strategy.

Figure C.9 shows that a properly tuned Kalman
filter hardly creates a lag of the pitch setting. The
deadband ensures that when the desired pitch setting
is achieved that no pitch actuations are performed.
However, in the cavitation bucket can be seen that
there is more pressure side cavitation and the oper-
ating ellipse is wider.

The speed with the Kalman filter was higher and
with the deadband lower. Combining the two results
in the same speed as the original APC strategy in reg-
ular waves, as depicted in figure C.11. The remaining
measures of performance for providing virtual shaft
speed, fuel consumption, air excess ratio and over-
and underspeed are not effected by the combination
the Kalman filter and the deadband.
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Figure C.9: Pitch with the Kalman filter and deadband

Figure C.10: Cavitation with the Kalman filter and deadband

Figure C.11: Ship speed with the Kalman filter and deadband

3.4.3 Irregular waves
The previous simulation results are all performed

in regular waves. However, a more realistic wave is a
superposition of regular waves, resulting in an irreg-
ular wave. In figure C.12, the wave speed at the pro-
peller centre is given in these waves. It can be seen
that the ship encounters different wave frequencies
and amplitudes.

Figure C.12: Wave speed in irregular waves

The acceleration simulation is performed from 0
to 120 virtual shaft speed in sea state five with irregu-
lar waves. In figure C.13, the actual pitch is depicted.
Note that there are more pitch actuations at a con-
stant speed. These are a result of the higher waves
that the ship encounters at these moments.

Figure C.13: Pitch in irregular waves with the Kalman filter on and
off

The performance of the Kalman filter is sea state
depended. Different sea states result in different
waves amplitudes and frequencies. In table C.1, the
effect on the number of actuations is shown with
three sea states. It is concluded that in sea state four
and five, the filter with deadband has a significant ef-
fect. However, in sea state six the number of actua-
tions hardly decreases.

Table C.1: Number of actuations in irregular waves

Sea
state

APC
APC with
filter and
deadband

Difference
[%]

4 108 8 -92.6
5 112 44 -60.7
6 105 87 -17.1
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As mentioned before, the Kalman filter and dead-
band results in more operating time outside the cav-
itation bucket. In table C.2, the percentage of extra
time outside the bucket is listed. It can be seen that
the increase is between 20 and 25 per cent for all the
sea states.

Table C.2: Seconds out of the cavitation bucket
in irregular waves

Sea
state

APC [s]
APC with
filter and

deadband [s]

Difference
[%]

4 66.93 84.50 20.8
5 125.04 167.25 25.2
6 228.16 303.30 24.8

It can be concluded that the Kalman filter and
deadband can also reduce pitch actuations in irreg-
ular waves. However, the control strategy cannot
consistently achieve the most effective inflow angle
due to the more giant waves encountered in irreg-
ular waves. Due to that reason, the propeller starts
to cavitate more. Even though the Kalman filter and
deadband results in more cavitation, its cavitation
behaviour is still significantly better than the stan-
dard combinator curve. With this older control strat-
egy, the propeller operates most of the time outside
the cavitation bucket.

A limitation of the Kalman filter is that it predicts
only one timestep ahead. Model Predictive Control
(MPC) can expand this prediction horizon and bet-
ter predict the incoming disturbances due to waves.
However, it can be argued whether MPC can deal with
irregular waves. To reduce cavitation, it would be bet-
ter to measure the incoming waves and use this in-
formation as a control input for the APC with Kalman
filter and deadband.

4. Open water HIL setup simulation
In the scaled numerical simulation, the open water
HIL setup is modelled. It is crucial to apply Froude
scaling correctly to compare the full-scale free sail-
ing and propeller open water model simulations. It is
assumed that if Froude scaling is applied, forces can
directly be scaled between the model and full-scale
simulations.

4.1 HIL setup
The TU Delft has a propeller open water HIL setup
that can drive a model C4-40 propeller. The setup has
the following elements:

• Interface computer

• Simulator

• Motor controller

• Electric Motor

• Thrust and torque sensor

• Controllable pitch propeller

• Towing carriage

The interface computer is used to monitor and
control the simulator. A copy of the Simulink model
is duplicated on the simulator and runs in real-time.
Therefore, it is crucial that the model is able to run in
real-time. The MVFP is able to do this and provide the
relevant parameters that are required to study the dy-
namic behaviour of the propulsion plant. The torque
that the plant delivers is scaled, and the simulator
converts the required torque into a current setpoint.
The motor controller ensures that this current goes
to the electric motor that drives the shaft. Behind the
propeller, a torque and thrust sensor was placed. The
thrust measurement is used for the inflow estimation.
A servo motor in the hub changes the pitch of the pro-
peller. To control the pitch, a TCP/IP signal is sent
to the servo motor over the power cable. A downside
to this way of communication is that the number of
bites that can be sent per second is limited. Due to
this reason the sample rate of the pitch is to low. The
effects of this low sample rate is discussed in section
5.

Figure C.14: Open water HIL setup (Huijgens [2021])

4.2 Open water HIL setup simulation re-
sults
The following parameters are Froude scaled in the
model: Integral gain of the speed governor, time de-
lays for the exhaust receiver, pitch actuation and fuel
injection, torque rate limiter, thrust and torque coef-
ficients, and finally, the uncertainty parameters of the
Kalman filter. A comparison is made between the full
and model scale simulations with constant speed in
regular waves to assess if the scaling is applied cor-
rectly. The differences in outcomes were minor, 2.6
per cent. Thus, scaling is applied correctly.
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The next step is to determine similarity in waves.
The waves at full scale and model scale differ in size
and frequency due to Froude scaling, as shown in fig-
ure C.15. However, if scaling is applied correctly, the
dynamic behaviour should be similar in both simula-
tions.

Figure C.15: Wavespeed at full and model scale with Froude
similarity

A dynamic response is the virtual shaft speed. In
figure C.16, the requested and delivered virtual shaft
speed is depicted. Note that the time scale is differ-
ent in the model scale figures. This is done to be able
to compare the results. Froude time scaling is λ0.5,
wherein this model the geometric scale factor (λ) is
9.697 according to equation C.10:

λ= DF S

DMS
(C.10)

Figure C.16: Virtual shaft speed

In figure C.17, the propeller speed is illustrated.
Note that the model scale propeller is rotating faster.
Nevertheless, in figure C.18, it can be seen that the
engine speed is very similar in waves due to the cor-
rectly applied scaling. However, there is a small dif-
ference in engine speed. This can be explained by the

difference between a free sailing and open water sim-
ulation. In the former, the ship’s speed is fluctuation
due to waves. In the latter, the towing car realises a
constant speed through the water.

Figure C.17: Propeller speed

Figure C.18: Engine speed

The focus is mainly on the cavitation bucket and
the filtered inflow estimation to determine the ef-
fect of reducing pitch actuations in the APC strategy.
Therefore, a comparison is made between these two
results. In figure C.19, the cavitation bucket is illus-
trated. The operating ellipses are not entirely over-
lapping. This is due to the difference in the cavitation
number. This variance can be explained by the dif-
ference in engine speed that was also shown in figure
C.18.

This study aims to determine whether the HIL
setup can be used to improve numerical models.
In this research, a Kalman filter and deadband are
added to the APC strategy. The Kalman uncertainties
are scaled. However, the effect of this scaling is un-
known. The uncertainties are scaled according to the
following equations.

qMS = qF Sλ
0.5 (C.11)

rMS = rF Sλ
−0.5 (C.12)
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Figure C.19: Cavitation bucket

These scaling effects are chosen after an empiri-
cal study performed with these uncertainties. The re-
sults showed that if the process uncertainty increases
and measurement uncertainty decreases, the Kalman
filter becomes faster. A faster filter is required to com-
pensate for the time scaling effects.

In figure C.20, the estimated and filtered inflow
due to the Kalman filter is illustrated. The estimated
inflow is almost similar, and the effect of the Kalman
filter is also very comparable. Thus, the scaling is ap-
plied correctly. But more importantly, the HIL setup
can show the differences in the control strategies.

Figure C.20: Inflow with Kalman filter

It can be concluded that the dynamic behaviour
in full and model scales are comparable at constant
speed. Other control- and engine parameters are
shown in table C.3. The differences are minor, which
confirms that the HIL setup can be used to deter-
mine the dynamic behaviour of a propulsion plant at
a constant speed.

Table C.3: Difference in waves between
full- and model scale simulations

Difference
nvi r t [rpm] 0%
Pitch [deg] 1.8%
αe f f 1.0%
Engine speed [rpm] 1.0%
Fuel rack [mm] 2.6%
Air excess ratio [-] 2.5%
Exhaust valve temp [K] 1.2%
bsfc [g/kWh] 0.8%

5. Preparation of HIL experiments
For the preparations of the HIL experiments, the lim-
itations of the hardware are studied. This is relevant
because if the components react differently, the dy-
namic behaviour can be significantly influenced. For
example, it is noticed that there is a backlash of five
degrees in the blades. The APC strategy with filter
and deadband operates within one degree pitch an-
gle, and due to the backlash, the control actions in
pitch changes cannot be observed. The second is-
sue is the low sample rate of the pitch. This be-
comes an issue at higher wave frequencies to simu-
late lower sea states. In that case, the sample rate is
under the Nyquist frequency, and this results in alias-
ing. The simulations show that this results in an un-
stable propulsion system. Another limitation is the
acceleration of the towing car. It has no Froude sim-
ilarity with a full-scale free sailing ship. Therefore, it
is not possible to perform acceleration runs with the
HIL setup.

5.1 Discussion
Due to the earlier mentioned limitations, no HIL ex-
periments are performed. The backlash, sample rate
and acceleration challenges should be solved to get
reliable results that can be used to improve numer-
ical models. However, more must be done before
HIL experiments can be used to improve numerical
models. Several studies used a propeller open wa-
ter HIL setup to study the effects of ventilation (Smo-
geli [2006], Huijgens [2021]). ). Though, it can be ar-
gued whether the results can be scaled to full scale.
In the model scale, it can be assumed that air is in-
compressible. However, in full scale, this assumption
does not hold (Savio et al. [2013]). Thus, further re-
search must be performed before propeller ventila-
tion can be studied with the HIL setup.

In a standard towing tank, it is impossible to see
the effects of cavitation due to the unscaled environ-
mental pressure. However, the setup can be placed
inside the new cavitation tunnel of the TU Delft to
study the cavitation behaviour combined with the
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APC strategy. Nevertheless, the simulation of waves
is complex in the cavitation tunnel. An alternative
would be to use the setup in the Depressurised Wave
Basin of MARIN in the Netherlands. In this towing
tank, it is possible to simulate the dynamic behaviour
of the entire propulsion plant and observe the cavita-
tion behaviour. Though, a challenge would be to op-
erate the setup wirelessly. This is required to control
the setup in the depressurised basin.

Currently, there is a significant difference be-
tween the modelled and measured values during a
turn, as is concluded by Schulten [2005]. Further-
more, Coraddu et al. [2013] reported that there are
relative slow wake speed fluctuations in turns. There-
fore, Geertsma [2019] expects that APC can maintain
a constant angle of attack during these turns. Placing
the propeller under an angle makes it possible to sim-
ulate oblique inflow and determine with a HIL exper-
iment if this expectation holds. Oblique inflow is also
relevant for ships that have a wind-assisted propul-
sion system. The results of such experiments can give
new insights in improving the numerical models and
control strategies. However, the applied angle is lim-
ited due to the forces that the strut of the setup will
experience when it is moving forward.

However, even if new studies show that the
dynamic interaction of propulsion plants during
oblique inflow and ventilation can be simulated with
HIL, it can be questioned whether it replaces full-
scale trails. First, full- and model scale simulation
showed that tuning works. However, differences in
the sample rate and measurement/noise ratio of ac-
tual sensors could lead to inaccurate inflow estima-
tion. Thus, tuning must be performed during a full-
scale trial. Secondly, existing propulsion plants have
different system delays that can influence the perfor-
mance of the control strategy. An example of such a
delay is the time it takes for the hydraulic system to
build up the pressure to actuate the pitch. This can
only be tested during full-scale trials.

6. Conclusions and recommenda-
tions
The shipping industry is forced to reduce exhaust gas
emissions and radiated underwater noise. The latter
is extra important for navy ships because they must
operate during submarine or mine threats. A method
to reduce emissions and noise is by improving the
control strategies. Testing new strategies can be done
with numerical models. However, these often do not
take all the hydrodynamic phenomena into account.
These are taken into account in the towing tank, how-
ever, with scaling effects. The open water HIL ex-
periments can combine the benefits of both meth-
ods. These experiments can be used to determine

the interaction between the propeller hydrodynam-
ics and the mechanical and electrical dynamics of the
propulsor.

In this work, several simulations have been per-
formed to determine whether HIL can be used to im-
prove control strategies and numerical models. First,
full-scale simulations are performed to determine
whether pitch actuation reductions can be realised
in the APC strategy. Secondly, models scale simula-
tions are executed. The outcomes between full- and
model scale are compared to assess the HIL setup’s
applicability to investigate propulsion plant dynam-
ics. Finally, the experiments are prepared. How-
ever, due to physical constraints, the experiments are
not performed. Nevertheless, an assessment is made
whether HIL experiments could be used to improve
control strategies and numerical models of a ship’s
propulsion plant.

The conclusions of the full-scale simulation study
conclude:

• Adding a Kalman filter and deadband to the
APC strategy reduces the pitch actuations dur-
ing acceleration and constant speed in irregu-
lar waves.

• Reducing pitch actuations results in approxi-
mately 25 per cent more operating time outside
the cavitation bucket. However, the cavitation
behaviour is still significantly better than with
the traditional combinator curve control strat-
egy.

• The other measures of performance for virtual
shaft speed, air excess ratio, fuel consumption
and over- and underspeed are not influenced
by the Kalman filter in combination with the
deadband.

This leads to the following recommendations:

• To increase the time between overhauls, APC
should be combined with a Kalman filter and
deadband.

• Ships that need to be extra quiet during specific
periods, such as navy frigates, should be able to
switch off the filter and deadband.

The conclusions of the preparations for HIL ex-
periments with scaled simulations are:

• Due to correctly applying Froude scaling in the
propulsion plant model, it is possible to simu-
late the dynamic behaviour with the open wa-
ter HIL setup.

• As a results of the backlash in the blades of the
scaled CPP and the low sample rate of the pitch,
it is impossible to perform useful experiments
with novel control strategies that control the in-
flow.
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• Froude unsimilarity in the towing car’s acceler-
ation makes it impossible to simulate the dy-
namic behaviour during an acceleration.

These conclusions lead to the following recom-
mendations concerning the HIL setup:

• The CPP’s pitch sample rate must be increased
to at least the Nyquist frequency of the waves
used in the towing tank. Also, the back-
lash needs to be reduced to less than one de-
gree. Without solving these technical issues,
performing HIL experiments has little added
value.

• We recommend investigating applying a vari-
able speed drive with accurate control of accel-
eration speed on the towing car. This is to ac-
curately control the acceleration of the towing
car at Froude similarity.

The conclusions concerning the methodology:

• Full-scale simulations can be used to prove that
improvements in the control strategies are ef-
fective.

• The propeller’s behaviour and the pitch con-
trol strategy can be investigated with the HIL
setup by performing experiments with oblique
inflow. Similarly, the behaviour of propeller
and pitch control during propeller ventilation
can be investigated. However, for the latter, ad-
ditional research is required.

Leading to the following recommendations:

• For tuning the control strategy, a full-scale trial
is required. In an actual system, the sample
rate and noise of the actual thrust sensor are
different. Therefore, the tuning parameters re-
quire other settings.

• To validate the APC strategy with Kalman fil-
ter and deadband, full-scale trials are required.
First, the simulations demonstrated that it has
the potential to work. However, a demonstra-
tion with the open water HIL setup is not possi-
ble. Second, extra delays in an existing propul-
sion system can result in other control strategy
performance.

This research proposed to add a Kalman filter and
deadband to the APC strategy to reduce pitch actua-
tions. A trade-off is that the propeller cavitates 25 per
cent more. However, the other control objectives of
the dynamic performance of the propulsion plant are
hardly influenced. By correctly implementing scale
effects, it is possible to study the dynamic behaviour
of the plant with the open water HIL setup. Still, in
waves, HIL experiments are expected to provide lit-
tle extra information compared to numerical models.
Nevertheless, oblique inflow can be forced in con-
trolled conditions and give new insights to improve
numerical models and control strategies, thus inves-
tigating the behaviour in turns. These improvements
can lead to emission and noise reduction to decrease
the environmental impact and prevent detection of
naval vessels under threat.
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Nomenclature

Abbreviations

APC Adaptive Pitch Control

bsfc Brake specific fuel consumption [g/kWh]

CPP Controllable Pitch Propeller

DWB Depressurrised Wave Basin

EM Electric Motor

FMPS Oil distribution unit

MARIN Maritime Research Institute Netherlands

MOP Measures of Performance

MPC Model Predictive Control

MPC Model Predictive Control

MVFP Mean Value First Principle

OD unit Oil distribution unit

OPV Ocean-going Patrol Vessel

PMSM Permanent Magnet Synchronous Motor

Greek Symbols

αi Shock free entry angle onto the leading edge
of the propeller profile [deg]

αe f f Effective angle of attack [deg]

αwk Angle of the vertical wave moment at the pro-
peller centre [r ad ]

β Hydrodynamic pitch angle [rad]

β j Shape factor of wave spectrum

εn Random phase angle [r ad ]

η Efficiency [-]

γ Peakedness parameter

λ Air Excess Ratio [-]

λ Geometric scale factor

ν Kinematic viscosity [m2/s]

ω wave radial frequency [rad/s]

ωw v Wave frequency [r ad/s]

ρ Density [kg /m3]

σ f Stoichiometric air-fuel ratio [K]

σn Cavitation number [-]

τp Time delay for pitch actuation [s]

τX Time delay for fuel injection [s]

τp,d Time delay for filling the exhaust receiver [s]

θ Pitch angle [rad]

θr ed Pitch angle reduction [rad]

H1/3 Significant wave height [m]

kw Wave number [1/m]

p0 Atmospheric pressure [Pa]

pv Vapour pressure [Pa]

vw Relative wake speed [m/s]

z Centerline of the propeller [m]

z Height above the propeller shaft [m]

Roman Symbols

Ae
AO

Expanded area ratio

x̂k State estimation

a,b,c Seiliger parameters for isochoric, isobaric
and isothermal combustion

c1 Vrijdag coefficient

cp Specific heat at constant pressure [J/KgK]

cv Specific heat at constant volume [J/KgK]

c0.7 Chord length at 0.7R

D Diameter [m]

F r Froude number [-]

g standard gravity [m/s2]

gk Kalman gain

hL Lower heating value of fuel at ISO conditions
[kJ/kg]

I Moment of inertia [kg /m2]

i Current [A]
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94 Nomenclature

ie Number of cylinders in engine

J Advance ratio

ke Number of revolutions per cycle

KQ Torque coefficient

KT Thrust coefficient

kt Motor torque constant

L length [m]

M Torque

m Mass [kg]

Me Engine torque [Nm]

Mi Indicated torque [Nm]

ne Engine speed [Hz]

nbld Polytropic expansion coefficient

nvi r t Virtual shaft speed [Hz]

p1 Charge pressure [pa]

pk Estimate uncertainty

pd ,s Equilibrium pressure in the exhaust receiver

Ppd ,0 Pitch ratio at which thrust is achieved

Ppd ,nom Nominal pitch ratio

Ppd Propeller pitch to diameter ratio at 70% of the
radius

P∗
pd Normalized pitch

q Process uncertainty

q Specific heat release [kJ/kg]

R Gas constant [J/kgK]

r Measurement uncertainty

Ra Gas constant of air [J/kgK]

Re Reynolds number [-]

S Surface elevation spectrum

T Thrust [N]

t time [s]

T1 Charge temperature [K]

v speed [m/s]

V1 Volume at start of compression [m3]

va advance speed of water into the propeller
[m/s]

w Specific work [kNm/kg]

Xl i m,λ fuel injection limitation [%]

Xmar Fuel injection margin

zk Measured value

Subscripts

a Total amount of air in combustion process
[kg]

bl d Zinner blowdown

c Correction

ca Combustion air [kg]

comb Combustion

d Drive

f fuel

f r Friction

g r ad Gradient

H2O Water

l Load

loss Losses

max maximum

mech Mechanical

mi n minimum

os overspeed

p Propeller

set Set-point

tot Total

us underspeed

FS Full scale

MS Model scale
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