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PREFACE

Dear reader,

This thesis is the last step towards completing my Master of Science in Mechanical En-
gineering at the University of Technology in Delft. It has been quite the journey, which
started with the track Multi-Machine Engineering. During the second year of my mas-
ters, I did a literature study under the supervision of Vasso Reppa and Nikos Kougiatsos,
where I reviewed the state-of-the-art of the propulsion control in marine vessels. I found
that, although there is a great variety in propulsion control systems, no literature consid-
ered modular use of the equipment in the power plant. To this end, in collaboration with
Vasso, Nikos, and Royal IHC, the main idea for this thesis was proposed.

Soon after the initial proposal the main course of the thesis was set, and after the ap-
proval of Rudy Negenborn, the journey began. In this work, you may find information
about different missions of ships, how these missions dictate the required power, and
also how this affects the power plants and the control systems found in various marine
vessels. It is shown how this leads to a mission-oriented design of the control system,
where equipment can be added, replaced, or removed. Although I did not specialize
in control engineering, my skills with MATLAB, developed during the master, greatly
helped to resolve most problems, and I am proud to present you my work.

I want to start by thanking Vasso and Nikos for their daily supervision and assistance.
Nikos is a PhD researcher, and his field of work is very closely related to the topic of this
thesis, so he was always able to provide insightful comments and detailed explanations
when I found some obstacles. Vasso’s input was aimed more towards the presentation
and design of the control systems, and was also very helpful with maintaining the right
course, and keeping track of the main goal of the thesis. Also, I want to thank Rudy, who
was able to provide good feedback during meetings, as he knows a great deal about this
topic, and a lot of his work is used in this thesis.

Finally, I want to thank my parents, friends and my girlfriend for their support, motiva-
tion, and guidance, not only during this thesis, but also during my entire studies at the
TU Delft. This journey would not have been the same without you.

I wish you a pleasant reading,

M.C. van Benten
Delft, June 2022
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SUMMARY

Marine vessels execute many missions during their life cycle, each associated with a dif-
ferent required power profile. The required power is to be provided by the power plant,
which has a fixed set of equipment such as diesel engines, generator sets, electric ma-
chines, and batteries. Consequently, as the control system is designed for the vessel’s
power plant, this is also fixed. However, in practice the fixed power plant layout may not
suffice for generating the power demand dictated by a new mission. This may lead to in-
efficient use of components, risk of overloading components, or the inability to deliver
the required power. To handle this issue, equipment modifications such as additions,
removals or replacements would probably be necessary, along with modifications in the
power plant control system. To enable the seamless operation of the power plant con-
trol system after the modifications is essential for guaranteeing safety and reducing the
downtime, which could be achieved by a control architecture that allows for modular
use of the power plant components.

RESEARCH QUESTION
This thesis aims to design a modular control system for varying missions and retrofittable
power plants. In this regard, the following research question is addressed:

"How can mission-oriented modular control of marine vessels be designed?"

In order to answer this question, first the correlation between the mission and the
power profile, and the required automation modifications of the power plant and the
control system to meet the demand of the different power profiles should be investi-
gated. Next, a control architecture can be designed for the proposed power plant to
ensure safety, where after the controller can be verified and the performance can be as-
sessed. In order to achieve this, the following subquestions are considered:

1. What is the state-of-the art in marine power plant control?

2. How to model the correlation between the mission and the power profile of the
vessel?

3. How to model the correlation between the power profile for a mission and the
needed modifications in automation of the control systems and the power plant?

4. How can a modular control architecture be designed to meet the proposed au-
tomation and power plant modifications?

5. How to verify the performance (stability and robustness) of the developed modular
control scheme?

vii
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APPROACH
First the state-of-the-art in marine power plant control is discussed. It is found that typ-
ically, the control of vessel’s power plants consist of two levels; a primary level with local
controllers for the power plant components, and a secondary level that determines the
distribution of the required power to the various components in the power plant, also
refered to as the power split. The control strategies to determine the power split depends
on the type of vessels and their operations, and there are numerous seen in literature. To
this end, a taxonomy is provided, including the type of power plant equipment, control
strategy, and type of control system seen in the most common type of vessels: service
ships, cargo ships, and passenger ships. Service ships, such as tugboats and offshore
support vessels, often have hybrid power plants, including diesel engines, electric ma-
chines, generator sets and batteries. To this end, Energy Consumption Minimization
Strategy (ECMS), power control, or power management is often used to provide the op-
timal power split between the components. Cargo ships, such as container ships, bulk
carriers, and tankers, use a more wide range of control strategies. As container ships of-
ten still have a single mechanical engine for propulsion, and generator sets to provide
the power for the auxiliary loads, the control system often consists of a single level, using
simple shaft speed controllers. Bulk carriers sometimes have battery packs installed to
help provide the optimal power split when deck cranes are used, but propulsion is still
realized with a single mechanical engine. Also, tankers shipping liquefied natural gas
(LNG) often use the boil-off gas to provide fuel for the gas engines, which are also used
to power the auxiliary systems. Therefore, ECMS or power management is also seen for
bulk carriers and tankers. At last, passenger ships, such as cruise ships and ferries are
discussed. Ferries travel short distances, with mechanical engines for propulsion, and
mostly they have a controllable-pitch propeller, hence combinator curve control is of-
ten seen, and no secondary level control is required. Furthermore, as the power plants
of large cruise ships provide both propulsion power, but also a large amount of electric
power for many (small) users, power plants are equipped with multiple generator sets
and batteries, and often electric motors are used for propulsion. Also, batteries are of-
ten charged using shore power when the vessels are at quay. This results in the need for
ECMS or power control.

Second, the correlation between the mission and the power profile of the vessel is
presented. A general definition for a mission is proposed, which gives details about the
type of cargo, time for the mission, and where the mission will be executed. Using this
definition, the type of vessel and its parameters, and the operational modes, such as
transit, standby, loading/unloading, or dynamic positioning required for the mission can
be derived. Using the operational modes and the time for the mission, an estimate of the
vessel speed for each operational mode is proposed, and this helps determine the oper-
ational environment, such as waves, currents, and winds during the route of the vessel.
Finally, the found aspects are used to find the required propulsion and auxiliary power
during the mission, resulting in the power profile.

Third, the correlation between the power profile and the automation modifications
for the control system and power plant are discussed. Examples of different tugboat
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and cargo ship missions, power profiles, and power plants are used to show that for a
certain vessel with a certain power plant, a higher power demand results in additional
equipment such as generator sets or batteries, and vice versa. Also, instead of adding
equipment, components can be replaced. As most control systems consist of two lev-
els; a secondary level to determine the power split, and a primary level including the
controllers for each power plant component, for equipment modifications such as the
described additions, removals, or replacements, the control system has to be able to au-
tomatically adapt. More specifically, in order to determine the power split, often ECMs is
used, requiring a cost function and constraints, based on the layout of the power plant.
As the layout of the power plant changes for each equipment modification, the control
system needs to be able to facilitate multiple power plant layouts. Using this, a modular
control architecture is proposed.

The modular control architecture of this thesis is designed for a hybrid power plant,
which uses a diesel engine and induction motor connected to the propeller, two diesel
generator sets, and a variable amount of batteries. Standard PI controllers in the pri-
mary level are used for all the components but the batteries, and an ECMS structure in
the secondary level is used to determine the power split. As mentioned above, ECMS
uses the layout of the power plant to determine the power split. To limit the possible
layouts of the power plant, this thesis only considers battery modifications. Now, based
on the idea of supervisory switching control [2], a bank of secondary controllers is pro-
posed, using an ECMS structure based on each possible layout of the power plant. As the
only change in the power plant layout is the amount of batteries, and there is a physical
limit of Kmax batteries in the power plant, due to limited space, the bank of controllers
contains Kmax + 1 secondary level controllers (also a controller for no batteries is re-
quired). In order to select the required controller, a supervisor is designed. The latter
uses the power profile for the mission, and based on this power profile, the required bat-
teries for the mission are determined, and the corresponding secondary level controller
is selected from the bank. Assuming the batteries chosen by the supervisor are installed
in the power plant, the primary level can be initialized, as for each battery there is a
constraint module in the primary level, which provides a limit to the power that can be
assigned/requested and communicates this to the selected secondary level controller. At
last, if it is assumed that a fault diagnosis is properly designed and installed, the supervi-
sor is designed to cope with battery faults. It has to be noted that no design for this fault
diagnosis is presented in this thesis, only a certain output signal is assumed and used by
the supervisor.

At last, the performance, with respect to stability and robustness, of the modular
control architecture is verified using simulations based on a typical mission of a tug-
boat. Using a given power profile as a baseline, variations in the mission are correlated
to variations of the power profile, and in total four different power profiles are compiled,
corresponding to four different missions. Each of these missions is used to simulate
the behavior of the modular control architecture, in a Simulink/MATLAB environment.
The supervisor, secondary level, primary level, and the power plant components are
monitored, and the tracking errors with respect to the required propulsion and auxiliary
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power, but also of the reference-signals that have to be followed by the power plant com-
ponents, are determined. Using these errors, but also with figures showing the power
split and the SOC of the batteries, the performance of the modular control architecture
with respect to stability and robustness is verified.

CONCLUSIONS
In this thesis, the correlation between the mission and the power profile, and also the
correlation between the power profile and the automation modifications, are clearly de-
scribed. It is shown that different missions lead to different power profiles, which on
their turn lead to equipment modifications of the power plant. In order to facilitate
these equipment modifications, a modular power plant architecture is designed, con-
sisting of a supervisor, a bank of secondary level controllers, and a primary level. Then,
using variations in the mission of a tugboat, different power profiles are compiled, used
to show the performance of the modular control architecture. The results show good
performance with respect to stability and robustness, with a relative tracking error of 3%
for the propulsion power, and 11% for the auxiliary power. Further research is required in
order to allow modular use of other power plant components than the batteries, and the
correlation between the mission and the power profile can also be further investigated.
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1
INTRODUCTION

1.1. MOTIVATION
Marine vessels are used for many purposes, such as shipping cargo, (supporting) off-
shore operations, transporting passengers, or even to tow other marine vessels. During
their lifetime they execute many missions, and each mission requires power, either for
propulsion or for other tasks. The required power is generated by the power plant, which
consists of the power supply and the propulsion plant. The power supply often consists
of generator sets and batteries, and the propulsion plant often consists of diesel engines
and/or electric motors, coupled to a propeller to provide the propulsion power. How
the power plant is designed is partly based on the mission statement which includes the
expected missions the vessel will execute [3], and during a mission, vessels can operate
using several operational modes. Each operational mode implies a certain amount of
power from the power plant, so for each mission a power profile can be constructed,
which shows the required power versus the time or frequency of occurrence [4]. From
such a profile, the minimum amount of equipment in the power plant to deliver the re-
quired amount of power can be derived. However, each mission results in a different
amount of required power for each operational mode, since for each mission there are
different environmental conditions (such as wind, waves and currents) and operational
conditions (e.g. the frequency of the required actions of the vessel, such as loading or
unloading cargo, sail across open sea or towing another vessel). Therefore, the power
profile depends on the mission, hence each mission implies a certain required amount
of equipment in the power plant.

For example, consider a bulk carrier with two missions: transport iron ore from A to
B, and from A to C. The total travelled distance may be the same, but the sea state may be
very different, resulting in high waves and strong currents for one mission and a calm sea
for the other. Furthermore, the operational conditions in the port may be different. At
port B the cargo is unloaded by port cranes, while at port C the vessel has to unload the
cargo itself. These differences in the environmental and operational conditions, result in

1
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varying power profiles (e.g. extra power is required for the deck cranes to perform the un-
loading operation). This motivates for a reconfigurable power plant, where equipment
can be replaced, added or removed, and a modular control system which can adapt to
changes in the power plant. Using this approach, each mission can be executed with the
required amount of equipment for the power plant, which could improve the efficiency
of the vessel, reduce the operating cost, and improve the ability to stay competitive in
the future.

Furthermore, not only at the start and end of each mission, but also during the mis-
sion it can be beneficial to change equipment. If for example a vessel visits a harbour
for a short amount of time, the batteries of the power supply could be charged, but since
vessel’s time at the harbour is limited, it is more useful to replace the battery with a fully
charged one. However, if the battery is not exactly the same, the vessel cannot use it
since the control system is designed for a specific set of equipment. Therefore, a control
system that is designed for modular use of the equipment in the power plant, where the
replaced battery does not have to be identical, has to be investigated.

In addition, with respect to automated sailing, imagine a vessel which sails across
the ocean, and a generator breaks down. There is no crew to fix the generator, so either
the vessel has to wait for backup, which can lead to substantial delays and high costs, or
the vessel finds a way to accommodate this fault and operate with the remaining equip-
ment to continue with the mission. When the vessel docks at the destination harbour,
the problem can be fixed, minimizing the delays and costs. This can be realized if the
control system allows modular use of the equipment in the power plant, since this sce-
nario is equivalent to the removal of equipment as described in the previous example.

1.2. BACKGROUND
The previous section highlighted the need for a scalable and modular power plant con-
trol system to increase the reconfigurability of the vessel’s systems. From the operation
side of view, this novelty could enable a more efficient use of the same vessel for many
different missions. To this end, this section will discuss power plants and their control
systems in current marine vessels. Furthermore, this section illustrates the relation be-
tween the mission and the power profile of the vessel, and also how the power profile
implies design choices for the power plant.

MISSION AND POWER PROFILE

The power plant of a vessel provides the required power for propulsion, but also for the
auxiliary loads. The equipment and layout of a power plant, but also the type of mission
that can be executed, strongly depends on the type of vessel. To highlight a few different
types: cargo ships are specialized to transport a certain type of cargo from one port to
another, cruise ships and ferries transport people over short and long distance routes,
offshore vessels operate in near the coast or at deep sea with a variety of functions, such
as supplying oil-platforms and pipe-laying, and tugboats (service vessels) in most cases
assist incoming and outgoing cargo ships in the port. Each type of vessel has different
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missions. For example, a typical mission of a cargo ship consists of:

• Loading the cargo

• Maneuvering to open sea (guided by a tugboat)

• Transit (sail to destination)

• Maneuvering to the assigned location at the port (guided by a tugboat)

• Unloading the cargo

Most of the time is spent in transit mode with constant slow speed [5], resulting in a con-
stant propulsion load. Since the required power for the auxiliary systems is also mostly
constant [6], the total power demand is constant during most of the mission. This con-
stant power profile is in broad contrast with the power profile of a tugboat, whose typical
mission can be described as follows:

• Standby at port

• Transit (sail to vessel that has to be assisted)

• Waiting (if vessel is not ready yet, wait till assist is needed)

• Assist vessel

• Transit (sail back to standby area)

This mission induces a much more time-varying power demand. For standby and wait-
ing, the propulsion power is low, of the same order of magnitude as the auxiliary power,
and together they comprise more than half of the mission time [6, 7]. For transit, the
propulsion power demand is already higher, and for assisting the vessel, nearly all avail-
able propulsion power may be used, but only for a short amount of time.

Concluding, the mission for the cargo ship induces a constant power demand, while
the power demand of mission for the tugboat is time-varying. How the power demand
varies throughout the mission, can be illustrated with the power profile. A typical power
profile shows the required power (y-axis), against the time or frequency of occurrence
(x-axis), and is shown in Figure 1.1 for the cargo ship and the tugboat.

POWER PLANT

The power profile affects the design of the power plant [9], since the power plant pro-
duces the required power for propulsion and the auxiliary loads [10–12]. How propul-
sive power is generated, is determined by the type of propulsion, and there are three
types of propulsion: mechanical, electric, and hybrid [13], depicted in Figure 1.2. With
mechanical propulsion, the main engine (often a diesel engine) drives a shaft, which is
either directly coupled to the propeller (direct propulsion), or through a gearbox (geared
propulsion). This type of propulsion is mostly used for ships with constant power pro-
files. With electric propulsion, the shaft is driven by an electric motor instead of a diesel
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(a) Typical power profile of a cargo ship[6] (b) Typical power profile of a tugboat [8]

Figure 1.1: Power profiles of a cargo ship and tugboat

engine. This removes the need of a gearbox, so the propeller is directly connected to the
shaft. The latest step is hybrid propulsion, which is a combination between mechanical
and electric propulsion. It typically has a diesel engine and an electric machine coupled
to the same shaft. This is especially beneficial for ships with varying speeds, since for
high ship speeds, the diesel engine provides propulsion power, and for low ship speeds
the electric machine can be used as a motor (M), to take over the propulsion to avoid
inefficient use of the diesel engine in part load [13]. Furthermore, the electric machine
can be used as motor to boost the engine, also known as Power Take In (PTI), or as a
generator (G) to generate power, also known as Power Take Off (PTO).

How the power for the auxiliary loads (hotel load and onboard systems) is generated,
strongly depends on the type of power supply. Just as for the propulsion, there are three
types of power supply: mechanical, electric, and hybrid, shown in Figure 1.2, Figure 1.3a,
and Figure 1.3b, respectively. Mechanical power supply consists of diesel generator sets,
electric power supply only consists of a type of energy storage system (ESS), and hybrid
power supply consists of both generator sets and an ESS. The main task of the power
supply is to deliver the required power for the auxiliary loads. However, when the vessel
uses electric or hybrid propulsion, the power supply can also provide the required power
for electric motors. Furthermore, the ESS can be charged, either by the PTO (in case of
hybrid propulsion) or the generator sets (in case of hybrid power supply), but it can also
be charged with power from the shore [14]. Next to the power supply, the propulsion
system can also be used to generate auxiliary power, using the aforementioned PTO.

Which type of propulsion and power supply is used, depends on the type of vessel.
Cargo ships often use mechanical propulsion and a mechanical power supply, and in
some cases a shaft generator is installed (PTO) to generate power for the auxiliary loads
[15]. Although electric propulsion is not interesting for cargo ships, since direct propul-
sion has proven to be more efficient [16], mechanical or hybrid propulsion with a hybrid
power supply could improve the performance due to more efficient use of the equip-
ment in the power plant [17, 18]. Passenger ships use electric propulsion, since it is the
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(a) Example of mechanical
propulsion and power supply

(b) Example of electric
propulsion and mechanical

power supply

(c) Example of hybrid
propulsion and mechanical

power supply

Figure 1.2: Different types of propulsion with mechanical power supply [13]

(a) Example of hybrid propulsion with electric
power supply

(b) Example of electric propulsion with hybrid
power supply

Figure 1.3: Different types of propulsion and power supply [8]

most efficient approach to combine the propulsion load and the high hotel load [19, 20],
and mostly a hybrid power supply, using power from the shore to charge the ESS [21].
Service ships do not have a standard layout for their power plants, due to the variety of
ships and functions within this category, but mostly electric or hybrid propulsion is used
since these ships have varying power profiles. The most seen power supply is either me-
chanical or hybrid. For more detailed information about the used power plant layout
and equipment on different type of ships, the reader is refered to [22].

As mentioned in section 1.1, there is need for a reconfigurable marine power plant.
Although extensive literature study has shown that such a power plant is not yet applied
in existing marine vessels [22], future vessels may be equipped with such a power plant.
Wärtsillä and partners [23], forming ZES (Zero Emission Services), propose the modular
use of batteries on inland barges. The concept is based on the use of replaceable battery
containers (ZESPacks), which will be charged with energy from renewable sources. If a
ZESPack is depleted, it can be replaced by a charged one at access points, which will be
placed along the route of the vessel.
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OPERATIONAL AND ENVIRONMENTAL CONDITIONS

During each mission, the power plant is subject to certain operational conditions, for
example the different operational modes describing the required ’actions’ for the ves-
sel, and environmental conditions, for example the waves, wind, and currents at sea. As
mentioned in section 1.1, these conditions, which act as constraints for the power plant,
are changing during and between missions. The changes in operational and environ-
mental conditions affect the required power of the vessel, hence from an operational
point of view, it could be beneficial to have a vessel which could operate in a wide, flex-
ible range of environmental and operational conditions, due to modular use of equip-
ment. However, before this can be realized, an understanding of the current marine
control system is required.

MARINE CONTROL SYSTEM

The control system of the power plant is part of the marine control system, and the latter
can be divided in two main parts [24]: real-time control and monitoring, and operational
and business enterprise management, see Figure 1.4. For vessel design, the area of real-
time control is most important, and the real-time control systems of marine vessels are
more and more developed in a hierarchical, distributed architecture. Most of these sys-
tems can be divided into three levels [25–28]:

• Local optimizer

• High-level plant control

• Low-level control

Figure 1.4: Control structure of marine vessels [24]

The local optimizer is also known as the guidance and navigation system. While it is part
of the control system, it is not a controller. This system consists of motion and position
sensors, a vessel observer, and set-point/path generator [26, 29] to measure the posi-
tion and motion of the ship, determine the operational mode, generate the desired path
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for the ship, and to provide the reference signals for the high-level control. The authors
describe the high-level plant control (part of the power plant control) to be directly un-
der the supervision of the guidance and navigation system, but using the work of [29] it
can be argued that instead, a general high-level control level fulfills this position. This
general high-level includes the path-following controller, which uses the reference signal
and the generated path from the guidance and navigation system to determine the refer-
ence signals for the high-level plant control and other controllers, for example the rudder
control. The high-level plant control determines the distribution of power, energy, and
thrust, and generates the set-points for the low-level control. This layer consists of the
controllers of the main engine, electric machines, battery system, generator sets, and
propellers. The authors of [13] also discuss different levels of control, and focus more on
the propulsion of the ship. They state that the propulsion control consists of three levels:
a primary level (corresponding to the low-level control), secondary level (corresponding
to the high-level plant control), and a tertiary level (corresponding to the input from the
general high-level control). Using this information and the general control architectures
presented in [30], a schematic of the ship control architecture is made and can be seen in
Figure 1.5. For this example, hybrid propulsion with mechanical power supply is used.
It can be seen that this division in control can be classified as hierarchical control with
the guidance and navigation system on top (the tertiary level), multiple agents in the
secondary level (a general secondary level controller and a secondary level power plant
controller), and multiple agents in the primary level. Furthermore, the used sensors and
actuators are shown for the primary level controllers.

Figure 1.5: General control architecture of a marine vessel
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1.3. PROBLEM STATEMENT AND RESEARCH QUESTIONS
This thesis aims to design a modular control system for varying missions and retrofittable
power plants. In this regard, the following research question is addressed:

"How can mission-oriented modular control of marine vessels be designed?"

In order to answer this question, first the correlation between the mission and the
power profile, and the required automation modifications of the power plant and the
control system to meet the demand of the different power profiles should be investi-
gated. Next, a control architecture can be designed for the proposed power plant to
ensure safety, where after the controller can be verified and the performance can be as-
sessed. In order to achieve this, the following subquestions are considered:

1. What is the state-of-the art in marine power plant control?

2. How to model the correlation between the mission and the power profile of the
vessel?

3. How to model the correlation between the power profile for a mission and the
needed modifications in automation of the control systems and the power plant?

4. How can a modular control architecture be designed to meet the proposed au-
tomation and power plant modifications?

5. How to verify the performance (stability and robustness) of the developed modular
control scheme?

1.4. APPROACH
First, information of different vessel missions, power profiles, and power plants needs
to be gathered. This information should be analyzed to find a correlation between the
power profile and the mission of the ship. It is also important to understand why the
power profiles can be different, and why or how certain missions differ from each other.
Second, examples of power plants can be analyzed and a correlation between the power
profiles and the power plant can be determined. Furthermore, a general understanding
of the way the power plant is designed in correlation to the mission can also be impor-
tant. Due to the fluctuations in missions and power profiles, modifications for the power
plant can be determined. Each modification in the power plant implies different opera-
tional conditions for the control system. Therefore, if all the possible modifications are
identified, the controller can be automated to adapt to each change. This could be re-
alized with supervisory switching control, where at each time step the control system
compares the measurements of the system to a set of models, where each model is con-
nected to a controller. The model that best describes the current situation is selected,
and therefore the system applies the best controller for that situation. The stability and
robustness of the proposed modular control scheme needs to be verified to ensure safe
operation of the vessel, so simulations will be used to illustrate this.
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These steps lead to a model of the correlation between the mission of the vessel and
the power profile, and also to the correlation between the power profile and needed
modifications to the power plant and the control system. Furthermore, it leads to a
design for a modular control system for a retrofittable power plant. Simulations will
demonstrate the stability and robustness of the designed control system.

1.5. SCOPE
Since a lot of data needs to be gathered, and there are a lot of different vessels, it is not
realistic to include all of them. Naval ships will be excluded, since there is little avail-
able information, especially about the missions and power profiles. Only the most com-
mon types of vessels from the main categories of merchant vessels are used for analysis
[31], which can be seen in Table 1.1. With respect to the power plant, the stability of
the grid will not be investigated. Instead, the focus is to determine the needed automa-
tion and modifications to the plant to be able to handle each mission, and design stable
controllers for the proposed power plant. Modifications for the power plant consist of
adding, removing, or replacing equipment. To verify the stability and robustness of the
designed controllers, simulations are used, rather than theoretical verification.

Category Type of Ship

Service Ships
Tugboats

Offshore Support Vessels
Research Vessels

Cargo Ships
Container Ships

Bulk Carriers
Tankers

Passenger Ships
Ferries

Cruise Ships

Table 1.1: Type of ships in different categories

1.6. OUTLINE
In this chapter, power plants of different type of vessels are discussed, and it is argued
that there is need for a retrofittable power plant with and a modular control system.
Therefore, Chapter 2 describes the state-of-the-art of marine power plant control sys-
tems, and proposes an approach that could enable modular use of the equipment in the
power plant, based on supervisory switching control. Furthermore, since it is illustrated
that the mission affects the power profile, and the latter affects the required equipment
in the power plant, Chapter 3 discusses both the correlation between the mission and
the power profile, and the correlation between the power profile and the required mod-
ifications of the power plant. Even more, it is shown how the control system has to be
automated to facilitate these modifications. Then, based on these findings, Chapter 4
presents a modular control architecture to meet the required automation and power
plant modifications. The designed control architecture is verified in Chapter 5 using
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simulations to check stability and robustness. Finally, this thesis is concluded in Chap-
ter 6, and future recommendations, e.g. further steps with the designed controller, are
discussed. The outline of this thesis is visualized in Figure 1.6.

Figure 1.6: Outline of thesis



2
STATE-OF-THE-ART

This chapter addresses the first research question: "What is the state-of-the-art in ma-
rine power plant control systems?", by discussing current power plant control strategies,
as used in service ships, cargo ships, and passenger ships. Furthermore, it will discuss
promising developments the concept of supervisory switching control, which could be
useful regarding the design of an modular control system for a retrofittable power plant.

2.1. STATE-OF-THE-ART IN MARINE POWER PLANT CONTROL
The three vessel categories are divided in different types, as shown in Table 1.1. They will
be discussed separately, since each type fulfills a different purpose.

2.1.1. SERVICE SHIPS
The ships is this category are characterized by the variety of their operations, and the ser-
vice ships within this category that will be discussed in this thesis are tugboats, offshore
support vessels, and research vessels.

TUGBOATS

A typical tugboat can be seen in Figure 2.1, and these vessels are used mostly to assist
cargo vessels to maneuver in the harbour. Their typical mission consists of: standby/waiting
for instructions, transit to a vessel that needs assistance, assist the vessel trough the har-
bour, and then transit back to the quay [7, 8]. This results in a varying power profile, and
consequently, a hybrid power supply generates the required power for auxiliary loads
and the propulsion system, where the latter is either electric or hybrid [32, 33]. Their
control systems therefore mainly focus on the optimal power split for the generator sets
and the ESS in the power supply, and between the main engine and electric machine for
hybrid propulsion, often by using an Equivalent Consumption Minimization Strategy
(ECMS) [4, 6, 12], power management [7, 34], or coordinated control [32]. Another con-
trol strategy is proposed by the author of [8], which uses dynamic programming to solve
a minimization problem to provide the optimal power split with minimum emissions.

11
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(a) Typical harbour tug: Damen ASD-tug 2810 ’Smit Elbe’ [6] (b) Two tugboats maneuvering a cargo vessel [35]

Figure 2.1: Examples of tugboats

OFFSHORE SUPPORT VESSELS

Since oil and gas exploitation moved to deep sea areas by the end of the 20th century,
drill rigs and platforms were developed and a new type of ship was needed: the offshore
support vessel (OSV) [36], and there are many types of OSV’s [37, 38]. They are not only
used to serve oil and gas exploration and production, but also to provide necessary sup-
plies, materials, fuels and other reserves for all sorts of project which take place in deep
sea. Regardless of their differences, OSV’s can be placed in three main categories [39,
40]:

• Platform supply vessel (PSV): used to supply drilling ships, offshore construction
vessels and production platforms with the necessary items.

• Anchor handling tug supply vessels (AHTS): used to place platform anchors in the
right position, recovering anchors and relocating them if needed.

• Offshore construction vessel (OSCV): used for building and maintainting platforms,
well heads, under-water pumping units, pipelines and power cables. Often de-
signed with a large open deck with cranes, moon pools, pipe storage and cable
carousels.

In Figure 2.2 these three type of OSVs can be seen, and since they all execute precise
operations, dynamic positioning is an important feature of these vessels. Although they
have such varying tasks, they all follow a certain mission profile. Either they are docked/
standby at the harbour, standby at sea waiting for instructions, in transit, or they use
dynamic positioning. An important note is that AHTS vessels have an additional mode,
where high bollard pull is needed to place, recover, or relocate anchors. To facilitate
these missions, different type of power plants are used. While hybrid propulsion and a
hybrid power supply is emerging , most vessels of this kind use electric propulsion with
a mechanical power supply [36, 41, 42], and their power plant control systems focus on
the optimal power split between the different generator sets, for which the authors of [9,
43] propose two algorithms, a genetic algorithm and a particle swarm algorithm.
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(a) Platform supply vessel from DNV GL [44]

(b) Anchor handling tug supply vessel ’MMA Centurion’ [45] (c) Offshore construction vessel ’Polar Queen’ [46]

Figure 2.2: Examples of offshore support vessels

RESEARCH VESSELS

Another important task of service ships, is performing research at sea. Two examples of
research vessels are shown in Figure 2.3, and each research vessels is designed for spe-
cific missions, for example seismic surveys, polar research, fishing research, naval/defence
research, or oil exploitation [47]. For a fishing research vessel, such as shown in Figure
2.3a, a typical mission includes the following operational modes: maneuvering with low
to intermediate speed, navigating with high speed, and fishing. For the last mode the
vessel operates at low speed, but has a high load due to drag force of the fishing gear
[48]. This results in a power profile where the required propulsion power is high for both
low and high vessel speeds. Therefore, the authors propose to use hybrid propulsion
with a hybrid power supply, to replace the mechanical propulsion with a PTO to gen-
erate auxiliary power. For a small coastal research vessel [49], the mission consists of
maneuvering with low speed in waters with a small water depth, or navigating at open
sea, which results in a power profile with high loads for high vessel speeds, and low loads
for low vessel speeds. The vessel is required to have zero-emission modes, so the power
plant of this vessel supports hybrid propulsion and a hybrid power supply. The control
system is rule-based, which results in pre-programmed scenario’s to operate the power
plant.
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(a) Fishing research vessel ’G. Dellaporta’ [48] (b) Polar research vessel [47]

Figure 2.3: Two examples of research vessels

2.1.2. CARGO SHIPS

The most widely known cargo ships are general cargo ships, container ships, bulk carri-
ers, and tankers. General cargo ships are very important for the shipping industry, and
have a very broad range of operations. However, because there is limited available infor-
mation about their specifics, they will not be discussed.

CONTAINER SHIPS

A large share (≈ 55%) of the world trade is transported with container ships [50], of which
an example can be seen in Figure 2.4. A typical characteristic of this type of vessels is
the use of a single, long two-stroke, slow-speed, turbocharged, two-stroke diesel en-
gine as main engine, directly coupled to a fixed pitch propeller [51]. In recent years,

Figure 2.4: Maersk Mc-Kinney Møller Triple-E Ship [52]

they adapted (super) slow steaming as main operating mode to avoid high emissions [5,
53]. Therefore, the propulsion in these vessels is mechanical, mostly with a mechanical
power supply, but recently hybrid power supply has been proposed for use in container
ships to reduce emissions even further [18]. A typical mission for a container ship con-
sists of: loading containers, maneuvering out of the harbour, transit at open sea, ma-
neuver into the destination harbour, and unloading the cargo. Loading and unloading
of containers is done with quay cranes, and maneuvering in the harbour is mostly done
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by tugboats. As a result, their power plant control systems are focused on maintaining
the required shaft speed, by regulating the fuel intake of the engines [54–56].

BULK CARRIERS

Instead of containers, bulk carriers transport bulk cargo such as sand, iron ore, wood
pellets, or steel coils. In Figure 2.5 and example of a typical bulk carrier can be seen.
Because a typical mission of a bulk carrier is almost the same as that of a container ship,

Figure 2.5: Bulk Carrier ’Berge Snaefell’ of Berge Bulk [57]

bulk carriers also use mechanical propulsion and mechanical power supply. However,
they have more auxiliary loads than container ships, since they often use deck cranes
to load or unload cargo. For this reason, the authors of [17, 58] investigated the use
of hybrid propulsion and a hybrid power supply on these ships, and concluded that it
could be beneficial. The power plant control system would use an Equivalent Energy
Minimiztion Strategy (ECMS), to provide the optimal power split between the generator
sets and the ESS, but also to switch the electric machine between PTO and PTI mode.
Furthermore, by extracting heat from exhaust gases, also known as Waste Heat Recovery
(WHR), the required auxiliary power can be reduced [59].

TANKERS

The missions of this type of vessel have much in common with the missions for container
ships and bulk carriers, only tankers transport liquids and gases, such as oil, chemicals,
and Liquefied Natural Gas (LNG). The latter is highly pressurized during transport, and
the gas is allowed to boil off to prevent too high pressures. An example of an LNG tanker
can be seen in 2.6, and it can be noted that the cargo holds are spherical, to accommo-
date the high pressure. The boil-off gas can be used as fuel for the propulsion of the
vessel [19]. As a result, early LNG tankers used steam engines as main power sources,
until combustion engines were able to use this gas as a fuel. Today these combustion
engines are coupled to generators to deliver the power for the auxiliary loads, and for
the electric propulsion motors [61]. Their power plant control systems are not much de-
scribed. Tankers used to transport oil and chemicals mainly use mechanical propulsion
and a mechanical power supply, resulting in a power plant control system that regulates
the fuel intake of the engines [62]. Recent studies propose the use of hybrid propulsion
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Figure 2.6: LNG Tanker ’Arctic Princess’ [60]

[63, 64], but also the use of a hybrid power supply, where power management is used to
provide the power split between the generator sets and the ESS [15]. Another interesting
control system for the power plant is described by the authors of [65], where a shuttle
tanker uses supervisory switching control, which switches between controllers for the
power plant, depending on the desired operational mode.

2.1.3. PASSENGER SHIPS
Not only cargo, but also passengers are transported, and this is the main task of ferries
and cruise ships. Next to passengers, ferries are often also able to transport cargo, mostly
in the form of vehicles which can be loaded on the deck or in the belly of the ship. Cruise
ships transport solely passengers, and in contrast to ferries, they travel long distances,
even across continents.

FERRIES

Ferries are used to transport a small amount passengers across a small river [66], but
also to transport many passengers together with either cars, trucks, or even trains [67],
and in literature the latter is refered to as RORO (roll-on roll-of), of which an example is
shown in Figure 2.7. Their typical mission is therefore quite similar to the missions of

Figure 2.7: Example of a RORO ferry [68]
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cargo ships: loading passengers (and cargo), maneuvering away from the quay, transit
at open water (if the ferry is used for larger distances), maneuvering to the destination
quay, unloading the passengers (and cargo). To execute these missions, different types of
propulsion, power supply, and control systems are used. Older ferries often still use me-
chanical propulsion [33, 66, 69–73], and also mechanical power supply [66], with control
systems that focuses on maintaining the desired shaft speed by regulating the fuel intake
of the engines. Newer ferries or improved designs use electric propulsion [21, 33, 66, 74],
which is combined with a hybrid power supply [21, 33, 66]. The control of the used power
plant is not much described, but the authors of [21] mention speed control for the elec-
tric machines and diesel generators, and the authors of [75] use shaft speed control for
the electric podded propulsion, to maintain the desired ship speed. Furthermore, the
author of [74] proposes multiple Energy Management Strategies (EMS) for optimal con-
trol of the hybrid power supply.

CRUISE SHIPS

Cruise ships are one of the most challenging and advanced type of vessels, due to the
high hotel and service loads because of their accommodations and facilities [76]. There-
fore, large cruise ships present an integrated power system [77], which can be considered
as a microgrid, with a large power source and many small users. An example of a cruise
ship can be seen in Figure 2.8. Using the work of the authors of [77, 79–81], their typi-

Figure 2.8: Cruise ship ’Coral Princess’ [78]

cal mission is deduced. A cruise ship is either at port, maneuvering (in and out of the
port), or navigating (sailing at open waters). The latter corresponds to the transit mode
of cargo ships, only with higher ship speeds. To execute the missions and facilitate the
hotel loads, a power plant with electric propulsion with mechanical power supply is of-
ten used [77, 81–84]. A hybrid power supply is introduced by [80, 85] to further improve
fuel efficiency. There is also mention of cruise ships with mechanical propulsion instead
of electric [79], and even where gas turbines are used to propel the ship and a steam
turbine produces power for the electric loads [82]. Unfortunately, there is limited in-
formation about the control systems of cruise ship power plants. Shaft speed control is
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mentioned by the authors of [83], and also the authors of [84] discuss this, coupling it
to a strategy to control the delivered power of the propeller. The authors of [85] discuss
load following and cycle charging control of the hybrid power supply, which implies a
certain order of draining and charging the of hybrid systems.

2.1.4. TAXONOMY OF POWER PLANT CONTROL STRATEGIES
As shown, there are many different vessels, power plant, and control systems. In order
to give a useful overview of the gathered information of the discussed vessels, a taxon-
omy containing the type of vessel, propulsion, power supply, type of controller, and the
control strategy can be made, and can be found below.

Category Paper Year
Type of

Ship

Power Plant

Level Propulsion
Power
Supply

Control
Strategy

Input Output

Service
Ships

[4] 2016 Tugboat High Electric Hybrid ECMS
Total

power
Power
split

[32] 2020 Tugboat High Electric Hybrid
Coordinated

control
Total

power
Power
split

[6] 2011 Tugboat High Hybrid Hybrid ECMS
Total

power
Power
split

[7] 2015 Tugboat High Electric Hybrid
Power

management
Total

power
Power
split

[8] 2019 Tugboat High Electric Hybrid
Dynamic

programming
Total

power
Power
split

[12] 2018 Tugboat High Electric Hybrid

Rule based
ECMS

A-ECMS
Dynamic

programming

Total
power

Power
split

[34] 2016 Tugboat High Electric Hybrid
Power

management
Total

power
Power
split

[9] 2015 OSV High Electric Mechanical
Power

control
Total

power
Power
split

[43] 2015 OSV High Electric Mechanical
Power

control
Total

power
Power
split

[49] 2018
Research

Vessel
High

Hybrid
Electric

Hybrid Rule based
Operational

mode
Power
split



2.1. STATE-OF-THE-ART IN MARINE POWER PLANT CONTROL

2

19

Cargo
Ships

[54] 2009
Container

Ship
Low Mechanical -

Shaft speed
control
Torque

prediction

Shaft
speed
Shaft

torque

Fuel
intake

[5] 2016
Container

Ship
Low Mechanical Mechanical

Shaft speed
control

Shaft
speed

Fuel
intake

[55] 2019
Container

Ship
Low Mechanical -

Shaft speed
control

Shaft
speed

Fuel
intake

[56] 2000
Container

Ship
Low Mechanical -

Shaft speed
control
Torque

prediction

Shaft
speed
Shaft

torque

Fuel
intake

[17] 2016
Bulk

Carrier
High

Mechanical
Hybrid

Hybrid ECMS
Total

power
Power
split

[63] 2020 Tanker High
Mechanical

Hybrid
Mechanical Rule based

Control
mode

Power
split

[64] 2019 Tanker High
Mechanical

Hybrid
Mechanical

Hybrid
Rule based

Control
mode

Power
split

[62] 2019 Tanker High Mechanical Mechanical Rule based
Control
mode

Power
split

[15] 2016 Tanker High Mechanical Hybrid
Power

management
Total

power
Power
split

[65] 2011 Tanker High Electric -
Supervisory

switching
control

Operational
mode

Best fitting
controller

Passenger
Ships

[69] 1999 Ferry Low Mechanical -
Combinator

curve control
Shaft
speed

Fuel
intake

[71] 1997 Ferry Low Mechanical -
Shaft speed

control
Shaft
speed

Fuel
intake

[70] 2004 Ferry Low Mechanical -
Combinator

curve control
Shaft
speed

Fuel
intake

[72] 1999 Ferry Low Mechanical -
Combinator

curve control
Shaft
speed

Fuel
intake

[73] 2002 Ferry Low Mechanical -
Combinator

curve control
Shaft
speed

Fuel
intake

[74] 2017 Ferry High Electric Hybrid EMS
Total

power
Power
split

[75] 2020 Ferry Low Podded Electric -
Shaft speed

control
Shaft
speed

Propeller
torque

[83] 2016
Cruise
Ship

Low Electric Mechanical
Shaft speed

control
Shaft
speed

Motor
voltage

frequency

[84] 2017
Cruise
Ship

Low Electric Mechanical

Shaft speed
control

Power
control

Shaft
speed

Motor
power

Motor
torque

[85] 2019
Cruise
Ship

High Electric Hybrid

Load
following
and cycle
charging

Total
power

Power
split

Table 2.1: Taxonomy of power plant control strategies

∗: It has to be noted that, for vessels with a hybrid power supply containing more than
one batteries, the batteries are modeled as one, meaning that from the perspective of the
control system, there is only a single battery in the power plant (while there are in fact
more than one installed)
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2.2. SUPERVISORY SWITCHING CONTROL
The previous section discussed power plants which are fixed in layout and equipment,
and based on that, the control system is designed. In order to operate a retrofittable
power plant, its control system needs to facilitate modifications, such as adding, remov-
ing or replacing equipment. In other words, the controller must be able to operate under
varying operational conditions. Such a control architecture is proposed by authors [86]
for a shuttle tanker, where multiple controllers are integrated in one system, and a su-
pervisor applies the best controller for each situation. This is called supervisory switch-
ing control (SSC), but is also known as hybrid control, since it combines both discrete
(switching between controllers) and continuous (power plant) systems [87].

The basis for this type of control was first introduced by Hespanha [88]. In his time as
PhD student he developed a strategy to switch between multiple controllers for the ma-
rine power plant, creating a stable closed-loop system. At each time step, a supervisor
compares the output of the actual system with a set of models, and determines which
model best describes the current situation. Each model is connected to a controller, so
when a model is selected, the system switches to the appropriate controller. Further-
more, the system can also include observers for each controller, if the required states
can not be directly measured. A year later, Hespanha improved the design, by including
a method to cope with modeling uncertainty [89]. For more detailed work on supervisory
switching control, the reader is refered to [90–92]. The different models included in the
supervisory switching controller depend on different control objectives, constraints and
dynamic response of the controlled system [93]. This can be visually described within a
three-dimensional space, as shown in Figure 2.9, with the following three parameters:

Figure 2.9: Three-dimensional space for control objectives [93]
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• Main function / Operational modes (x-axis)

• Speed (y-axis)

• Environment (z-axis)

Changes in these three parameters results in changes of the objectives, constraints,
and dynamic response of the system, so for different regions in the three-dimensional
space, different controllers can be designed.

Using the work above, the authors of [94] design a supervisory switching controller
for dynamic positioning, as shown in Figure 2.10a. The system contains a set of models
to describe the environment, in this case the sea state, from calm to extreme. It compares
the expected output of each model with the actual output of the system, and selects the
model which gives the smallest error. The system then automatically switches to the cor-
responding controller. The same authors also design a supervisory switching controller
where the bank of controllers is based on the operational modes [86]. Next to a con-
troller for each operational mode, a controller for the transition between two sequential
operational modes is included, which improves smooth switching between operational
modes. More work on this specific application of supervisory switching control can also
be found in [65, 95, 96], and a schematic can be seen in Figure 2.10b.

(a) Example of supervisory switching control with
switching based on environmental conditions [94]

(b) Example of supervisory switching control with with
switching based on operational conditions[86]

Figure 2.10: Supervisory switching control: switching based on environmental and operational conditions

Next to the control focused on a vessel operating alone, also for the coordination
of vessels sailing in formation, supervisory switching control can be used [97]. The au-
thors describe operational modes for the vessels such as coordinated path following,
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coordinated formation, and coordinated dynamic positioning. They use a supervisory
switching control architecture with a controller for each mode, and also a controller for
the transition between modes, to ensure smooth switching. At last, another application
of supervisory switching control is described by the authors of [98], where a supervi-
sory switching control architecture is used to switch between different thrust allocation
methods. Concluding, SSC serves a variety of purposes, and therefore, in Chapter 4 it
will be discussed if this could be used for the design of a modular power plant control
architecture.

2.3. CONCLUDING REMARKS
In this chapter the first subquestion: "What is the state-of-the art in marine power plant
control?", is answered, by means of a literature review.

It is seen that there are many control strategies used for marine vessels, each with
their own characteristics, and therefore a large taxonomy is shown. It is found that today,
many marine vessels use a multi-level control system, where a control strategy such as
ECMS, power control, power management, or a rule-based control strategy determines
the power split for the power plant component. Furthermore, it is found that there is,
to the best knowledge of the authors, no literature where multiple batteries are treated
as individual batteries, as they are approximated to be a single, larger battery, from the
perspective of the control system. Also, no vessels are found which have a control sys-
tem that allows for modular use of components, without the need for tuning afterwards,
hence supervisory switching control is proposed as a possible solution. In the next chap-
ter, the correlation between the mission and the power profile will be discussed, together
with the correlation between the power profile and the needed automation modifica-
tions of the control system and power plant, such that in Chapter 4 a design for a mod-
ular control architecture can be proposed, in order to allow modular use of the power
plant components.
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MISSION, POWER PROFILE, AND

POWER PLANT

In this chapter, two research questions will be adressed. Section 3.1 will discuss the re-
search the question: "How to model the correlation between the mission and the power
profile?", and section 3.2 discusses the question: "How to model the correlation between
the power profile for a mission and the needed modifications in automation of the con-
trol systems and the power plant?", where after this can be used, together with the state-
of-the-art in marine power plant control, to design a modular power plant control archi-
tecture. It will be shown that the correlation between the mission and the power profile
depends on many factors, and that different power profiles can lead to a change in the
desired layout (hence the desired equipment) of the power plant, resulting in the re-
quired automation modifications for the control system.

3.1. CORRELATION BETWEEN THE MISSION AND THE POWER

PROFILE

"A tugboat is waiting (standby) at quay at the port of Rotterdam, when it gets the assign-
ment to assist an incoming container ship. It then sails to the specified location (transit),
waits (standby) for the ship to arrive and assist it into the harbour, as quickly and safe
as possible, to the right unloading location (e.g. a container terminal), where after the
tugboat returns (transit) to a position along the quay. This container ship, which has con-
tainers from New York, is first unloaded and loaded again with quay cranes. When this is
finished, tugboats assist it out of the harbour, back to open sea, where the vessel sets sail
(transit) to Shanghai, where it will arrive within two months."

The above can be an example of two different mission statements, each for a specific
type of marine vessel. They describe the type of vessel, the activities of the vessel, such as

23
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standby, transit, assist, loading/unloading (also refered to as operational modes), areas
and locations where it will sail, and how much time there is available. However, in liter-
ature, there is no consensus about a general definition of a mission, only descriptions,
just as the example shown above. To this end, this thesis proposes a general definition
for a mission, so it can be used to investigate the correlation between a mission and the
power profile of a vessel. Using the example from above, this definition has to include
the type of operation that has to be executed, thus specifying the type of cargo that has to
be transported, the locations/areas for this operation, and if there is a certain time limit
in which the mission has to be finished. Before giving a general definition, the example
of the tugboat and container ship is re-written into:

• Transport a container vessel from open sea to a container terminal of the port of
Rotterdam, as fast and safe as possible.

• Transport containers from New York, via Rotterdam, to Shanghai, within two months.

Next to these descriptions, it is assumed that the starting time and date of the mission
are clearly specified, hence this results in the following general definition of mission:

"Transport X from A to B (optionally via C, D, etc.), leaving at t0 (time and date), ar-
riving at destination at tend (time and date)."

From this definition, but also from the given examples, it can directly be seen that
the type of cargo (X ) determines the type of vessel. The above definition also gives in-
formation about the harbours that are to be visited, resulting in the required operational
modes and the route of the vessel (where the vessel has to operate), which gives informa-
tion about the operational environment. Furthermore, it specifies the total mission time
tm (where tm = tend − t0), which affects the speed of the vessel, and therefore dictates
the environmental conditions and operational modes at each point in time during the
mission. How this information eventually helps to find the power profile, can be seen
in Figure 3.1, where a simplified model of the correlation between the mission and the
power profile can be seen. The most important is the hull resistance, which combines
multiple aspects such as the type of vessel, the operational modes and the speed to the
propulsion power. The operational environment, the type of vessel, and the operational
modes are the main contributors to the auxiliary power. If the latter and the propulsion
power are known, the power profile can be found, either by stating them as separate
power demands, or as their sum. For that matter, first the contribution of the propulsion
and auxiliaries to the power profile will be discussed before they are further investigated,
where the rest of this section will elaborate on each aspect of Figure 3.1, and shows how
they affect the power profile.
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Figure 3.1: Simplified model of the correlation between the mission and power profile

3.1.1. POWER PROFILE
A thorough analysis has been done on power profiles for different type of vessels, which
can be found in Appendix B. To ensure usefulness and validity, only vessels for which
multiple papers with useful information are found, are further used in this thesis. The
power profile consists of the required propulsion and the auxiliary power for the mission,
as can be seen in Figure 1.1. It is observed that there are mainly 5 types of power pro-
files, based on the behavior and the importance of the propulsion and auxiliary power
throughout the mission, and this is shown in Table 3.1.

An important note is that with respect to the propulsion power, the auxiliary power
is approximately constant during the whole mission for all type of vessels, just as the
authors of [85, 99] indicate. However, there still are some fluctuations of the auxiliary
power, which for example depend on the operational environment. Furthermore, it is
observed that the propulsion power is an important aspect for all type of vessels, which
is as expected, since the whole purpose of a vessel can not be fulfilled without adequate
propulsion power. Therefore, first the propulsion will be discussed, followed by the aux-
iliary power.
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Type of vessel
Power profile

Propulsion power Auxiliary power
Behaviour Importance Behaviour Importance

Cargo ships
Container ship Constant High Constant Negligible

Bulk carrier, Tanker Constant High Constant Low

Service ships
Tugboat Varying High Constant Low

OSV Varying High Constant Moderate
Passenger ships Cruise ship Varying High Varying High

Table 3.1: Different type of power profiles

3.1.2. PROPULSION POWER
Moving a vessel through the water requires power. The minimum amount of required
power is refered to as the effective power (PE ), and consists of the product of the vessels
speed (V ) and hull resistance (R) [100]:

PE = R ∗V (3.1)

where the hull resistance is the force exerted on the hull by the water during the vessels
motion. This resistance force is extensively discussed by the authors of [100–104]. They
all describe the total resistance, consisting of different components. Combining their
work, the main components of the hull resistance at calm sea are:

• Frictional resistance (RF ): the force that is a resultant of the tangential forces on
the hull as a result of the boundary layer along the hull

• Wave resistance (RW ): the drag that is the result of waves generated by the ship.
The kinetic and potential energy in the waves has to be generated by the propul-
sion system

• Eddy resistance (RE ): due to the flow separation, particularly at the aft of the ves-
sel, eddy currents are generated which also cause a loss of energy of the vessel

• Air resistance (RA): the air resistance is caused by the flow of air over the ship (with
no wind present). It is affected by the shape of the vessel above the waterline, the
area of that shape, and the vessel speed. Since a part of the hull contributes to this
component is often seen as a contribution to the total hull resistance

The total hull resistance is the sum of these components:

RT = RF +RW +RE +RA (3.2)

The different components, and also their contribution relative to the total resistance
are shown in Figure 3.2. This relative contribution is not constant, but depends on the
vessel speed. For higher ship speeds, the wave resistance increases more than the other
resistance components, so the contribution of each component to the total resistance
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Figure 3.2: Total ship resistance and components (calm sea) [103]

changes. Typical high speed vessels are passenger ships, while typical low speed vessels
are for example cargo ships.

The aforementioned contributions are determined for calm sea conditions. In re-
ality, the sea can be very rough, and this affects the total hull resistance. This is often
described as the sea margin, which takes into account the waves, often refered to as the
sea state (ss ), the wind (ws ), but also the currents of the sea (cs ). This sea margin is a fac-
tor which can be multiplied with the total hull resistance for calm sea (this statement is
verified in Appendix A). Depending on the route of the vessel, the average increase of re-
sistance is 20-35%, but it can range up to 50-100%. Deviations from this average are not
unusual, and it is even found that for a typical 14000 DWT bulk carrier, the sea margin
(ms ) reaches values up to 220%, with an average of 100% [103].

ms = f (ss , ws ,cs ) (3.3)

Next to the added resistance due to the conditions of the sea, the condition of the
hull also changes throughout the vessels lifetime. The paint film of the hull will break
down, erosion starts, marine plants will grow on the surface of the hull, and the hull can
even get damaged due to bad weather. This is called fouling ( fh), which can cause the
resistance of the vessel to increase 15-35% throughout its lifetime [101, 103].

Instead of an increase in resistance at open sea, inland vessels also experience more
resistance due to waterway conditions. The depth of the waterway, but also the width of
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the waterway can result in extra frictional resistance (∆RF ). The depth of the waterway
(h) with respect to the draught of the vessel (d) determines the impact on the resistance.
The water depth is classified with respect to this ratio (h/d), which is shown in Table 3.2.
For deep water there is no effect of the added resistance, but it is already noticeable in
medium deep water, significant in shallow water and dominant in very shallow water,
where the resistance can increase up to 200% (depending on speed of the vessel) [99].
Furthermore, waterways with restricted width (ww ), such as canals, increase the resis-
tance of the vessel due to the proximity of the canal walls [104].

Classification Range Effect
Deep water h/d > 3.0 No effect

Medium deep water 1.5 < h/d < 3.0 Noticeable
Shallow water 1.2 < h/d < 1.5 Significant

Very shallow water h/d < 1.2 Dominant

Table 3.2: Classification of water depth [105]

In general, since most of the components of the hull resistance increase proportional
to the square of the speed, the total hull resistance also shows this correlation. Only for
high vessel speeds the wave friction RW increases much faster, which is the reason for the
difference between low speed and high speed contributions to the total hull resistance
in Figure 3.2. Furthermore, it implies a speed barrier, meaning that for a certain speed
an increase in power will not result in an increase in speed, as it is all converted to wave
energy [103]. Still it is common to approximate the total hull resistance using a scaling
factor (c1) and the vessel speed (V ):

RT = c1 ∗V 2 (3.4)

In Figure 3.3 two customized speed-resistance curves can be seen which are based
on speed-resistance curves found in [99–101]. For low speeds, the power increases pro-
portional to the speed squared, but for higher speeds, it increases faster. This means V
has a higher power (e.g. V 3 or V 4) for high speeds. The exact value of this higher power
depends on the specific vessel and on the speed.

The factor c1 is often not constant, but contains a nominal resistance factor c0, which
is speed dependent, and a multiplying factor γ0:

c1 = γ0 ∗ c0(V ) (3.5)

The aforementioned sea state (ss ), wind (ws ), currents (cs ), water depth (h), water width
(ww ) , fouling ( fh), but also variations in displacement (∇) of the vessel are captured by
the multiplying factor γ [100]:

γ0 = f (ss , ws ,cs ,h, ww , fh ,∇)

=γ1(ss )∗γ2(ws )∗γ3(cs )∗γ4(h)∗γ5(ww )∗γ6( fh)∗γ7(∇) (3.6)
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Figure 3.3: Relation between vessel speed and total hull resistance [104]

where in general the following bound for γ0 is found [100]:

1 ≤ γ0 ≤ 3 (3.7)

This bound can be exceeded, but this only occurs for very rough sea conditions. The
speed dependent factor c0 is often smaller for low vessel speed, so that means that for
low speeds, the required power decreases faster than the speed squared. However, since
it is often assumed that for low vessel speeds, the quadratic relation between the required
power and the vessel speed holds [100], this results in the assumption that the nominal
resistance factor c0 is constant for low vessel speeds.

Using the found relations for the resistance of the vessel, an expression for the ef-
fective power can be given, and it can be seen that there is a cubic relation between the
vessel speed and the effective power, which means that for a doubling of the speed, the
required power is multiplied by a factor eight. It is therefore quite costly to operate at
high speeds.

PE = c1 ∗V 3

(3.8)

In practice, the specific relation between the effective power and the speed also de-
pends on the type of vessel. This results in a relation where the power is not exactly
proportional to the cube of the speed: often more power is required. Therefore, a more
general form of Equation 3.8 is used:

PE = c1 ∗V a (3.9)

where next to c1, also a depends on the type of vessel. The authors of [103] describe
parameter a for multiple cargo ships, and this is shown in Table 3.3. The exact value
of c1 depends on the used notation for the effective power (kW or W) and speed of the
vessel (kn or ms−1), but for each vessel it is a bounded parameter. The authors of [64]
discuss the relation between the speed of a vessel and the effective power for a tanker,
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Type of vessel a
Large container ships 4.0

Medium container ships, RoRo ships 3.5
Tankers and bulk carriers 3.2

Table 3.3: Rate of proportionality of effective power and vessel speed for different type of vessels [103]

Figure 3.4: Effective power versus ship speed [64]

which is shown in Figure 3.4. Using ®MATLAB, this relation is approximated for low
vessel speeds and shown in Equation 3.10:

P = 0.55∗V 3.10 (0 <V < 12) (Trial Condition)

P = 0.64∗V 3.09 (0 <V < 12) (15% Sea Margin)

(3.10)

As can be seen in Equation 3.10, in a is approximately 3.1, which is a deviation of 3%
from the given value in Table 3.3, and it is found that the effective power required for
the 15% sea margin can indeed be found by just increasing the factor c1 for the trial
condition with the stated sea margin (0.55∗1.15 ≈ 0.64). A detailed analysis of this can
be found in Appendix A. Still, this effective power is only a theoretical minimum of the
power required to propel the vessel. In fact, the propulsion power (the power delivered
to all the propellers) is greater than the effective power PE , since there are losses due to
conversion from propeller power to actual thrust, which can easily reach up to more than
30%. Therefore, the following relation between the effective power and the propulsion
power is used:

PD = PE

ηD

ηD = ηH ∗ηO ∗ηR (3.11)

where PD is the propulsion power (the power delivered to the propellers) and ηD is the
propulsive efficiency, ηH is the hull efficiency, ηR the relative rotative efficiency, and ηO
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the propeller open-water efficiency. Furthermore, the propulsion power is not equal to
the power that has to be delivered by the power plant, due to losses in the transmission:

Ppl ant =
PD

ηT

ηT = ηS ∗ηg b (3.12)

where Ppl ant is the power delivered by the power plant, and ηT is the transmission effi-
ciency, consisting of the the shaft efficiency ηS and the gearbox efficiency ηg b

For the propulsive and transmission efficiency the following average values are found
[99, 106, 107]:

0.4 ≤ ηD ≤ 0.6 for tugboats (3.13)

0.6 ≤ ηD ≤ 0.7 for cargo vessels (3.14)

0.95 ≤ ηT ≤ 0.98 in general (3.15)

Finally, an expressions for the propulsion power based on all the parameters dis-
cussed in this section is given in Equation 3.16:

PD = f (ss , ws ,cs ,h, ww , fh ,∇)∗ c0 ∗V a

ηD

(3.16)

Still, there might be need for more propulsion power due to the vessel performing a
specific task during its mission. For a tugboat assisting a vessel, there is a lot of towing
force required, while this is not included in Equation 3.16. Not only is this important
for tugboats, but also for OSVs (re)locating an anchor, or towing a drilling platform/rig
the towing force plays an important role. In all examples, the required towing force Ftow

has to be delivered by the propeller, hence this contributes to the propulsion power. For
V = 0, the towing force is equal to the thrust Tp delivered by the propeller [108], but if
V > 0, a part of the thrust is required to overcome the resistance RT :

Tp = Ftow V = 0

Tp = Ftow +RT V > 0 (3.17)

The thrust Tp is produced by the propeller, which requires power. In Equation 3.16, RT

is already covered for, so the additional power to generate Ftow can be found by:

∆P = Ftow ∗V V > 0 (3.18)

However, in literature it can be seen that the maximum required towing force, the bollard
pull Fbp , is produced when V = 0, and in the analysis in Appendix B it can be found that
for instance tugboats regularly operate near this operation point. Therefore, a different
approach is considered. Instead of relating the extra power for the towing force to the
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vessel speed, the shaft speed can be used. The authors of [26] discuss the relation be-
tween the propeller thrust Tp , the propeller torque Qp , the propeller power Pp and the
propeller speed np as:

Tp = KTρD4|np |np (3.19)

Qp = KQρD5|np |np (3.20)

Pp = 2πnpQp = 2πKQρD5|np |n2
p (3.21)

where ρ is the density of the seawater (ρ = 1025 kg /m3), D is the diameter of the pro-
peller, and KT and KQ are the thrust and torque coefficients, typically around 0.4 and
0.06, accounting for the thrust and torque losses, respectively [26, 109]. Using these re-
lations, the relation between the propeller thrust Tp and propulsion power PD can be
given as:

PD = Pp = |Tp |
3
2

2πKQ

p
ρDK

3
2

T

(3.22)

As mentioned, not all propeller thrust is required to deliver the towing force. Therefore,
Ftow is substituted for Tp in Equation 3.22 to find the required power for the towing force.
Furthermore, since this directly gives the power delivered by the propeller(s), it can also
be refered to as the additional propulsion power ∆PD , such that:

∆PD = |Ftow | 3
2

2πKQ

p
ρDK

3
2

T

(3.23)

where KQ ,KT , and D depend on the type of vessel Xv , and the towing force depends
both on the type of vessel Xv , but also on the operational mode Om . Using this result,
the required power is given by Equation 3.24.

PD (Xv ,Oe ,Om ,V ) = f (ss , ws ,cs ,h, ww , fh ,∇)∗ c0 ∗V a

ηD
+|Ftow | 3

2
2πKQ

p
ρDK

3
2

T

(3.24)

where a, fh ,ηD ,D,KQ ,KT depend on the type of vessel Xv , ∇ and Ftow depend on both
the type of vessel Xv , but also on the operational mode Om , since for the same vessel, the
displacement (∇) increases when the vessel is loaded, and the towing force has different
values for different vessels and is only used for certain operational modes. The envi-
ronmental factors (ss , ws ,cs ,h, ww ) depend on the operational environment Oe , and c0

depends both on the type of vessel Xv and the vessel speed V .
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3.1.3. AUXILIARY POWER

The auxiliary power (Paux ) includes all the power required to operate the vessel, next
to the power required for propulsion. As already mentioned in the previous section, for
most vessels this load is often constant throughout a mission. Furthermore, it is often a
lot less than the required propulsion power. In Table 3.4 the typical proportion of auxil-
iary and propulsion power of the total power can be seen for several type of vessels. How
this data is derived can be seen in Appendix B.

Type of vessel Auxiliary Power Propulsion Power

Service ships
Tugboat 2% - 20% 80% - 98%

OSV 6% - 20% 13% - 85%

Cargo ships
Container Ship 1% - 7% 93% - 99%

Bulk Carrier 2% - 10% 90% - 98%
Tanker 6% - 18% 82% - 94%

Passenger ships Cruise Ship 34% - 42% 58% - 66%

Table 3.4: Proportion of propulsion power and auxiliary power from minimum installed power of different
type of vessels

As can be seen from Table 3.4, for service and cargo ships the proportion of the aux-
iliary power is very small, and in some cases even negligible, while for cruise ships, the
auxiliary power is an important factor. The reason for this difference is due to the many
passenger and facilities on board, which leads to a significant amount of electricity use,
heating and/or cooling.

To get a better understanding of the auxiliary loads (especially for cruise ships), it is
often split in two type of loads: electric and thermal. The electric load is also refered
to as the hotel load (Photel ), and consists of electric power required for the on-board
systems, guidance, computers and communication devices, electric power required for
air conditioning, but also lighting, etc. [110, 111]. The thermal load mainly consists of
power required for boilers, which produce heat for passenger and crew accommodation,
engine room, tank heating, and fresh water production, and is also refered to as service
load (Pser vi ce ) [76, 77, 79]. An example of these loads are shown in Figure 3.5, where
these loads are described during a mission in a cold and warm environment. It can be
seen that the hotel and service loads are subject to variation, caused by both ambient
temperature Ta (average load) and time t (minimum and maximum load). An impor-
tant note is that this influence of time has a cycle of approximately a day, which only
makes sense, since passengers facilities are reduced in the night, leading to lower power
requirements. Based on Figure 3.5, the thermal load increases when comparing a cold
environment with a warm environment (34% increase in the range between the mini-
mum and maximum, and 23% increase in the average load), while on the other hand, the
electric load decreases (7% decrease in both range and average load). The operational
environment determines the ambient temperature Ta during the mission, resulting in
the following relations:
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Photel (Xv ,Ta , t ) = Photel ,c (Xv )+∆Photel (Xv ,Ta , t )

Pser vi ce (Xv ,Ta , t ) = Pser vi ce,c (Xv )+∆Pser vi ce (Xv ,Ta , t ) (3.25)

where Photel ,c and Pser vi ce,c are the constant hotel and service loads, based on the type
of vessel Xv , and ∆Photel and ∆Pser vi ce are the change in both power demands, also
depending on the Xv and Ta , but the high fluctuation from minimum to maximum (as
seen in Figure 3.5) depends on the time t .

Figure 3.5: Electrical and thermal demand for a cruise ship in a cold environment (left) and in a warm
environment (right) [76]

Next to the operational environment, the operational modes (Om) also affect the aux-
iliary power. Consider a bulk carrier, loaded with the help of quay cranes of harbor A,
but it needs to unload the cargo using its own deck cranes at another harbor B. As can be
deduced, more auxiliary power would be required from the vessel’s power plant in the
case of the second harbor. Based on the work of [58, 112], using deck cranes for load-
ing/unloading can lead to 26% increase of the required auxiliary power (for this partic-
ular mode). Since the power required for the deck cranes is an electric, non-propulsive
load, it is categorized as hotel load. Also, this example specifies that there is only an ex-
tra load when the cranes are used, hence it can be captured in the additional hotel load
∆Photel . Furthermore, the authors of [113] show that a crude oil tanker has an extra load
(with respect to other tankers) during the unloading of the cargo. The auxiliary boilers
are used to supply exhaust gas to the inert gas systems, which are used to maintain suf-
ficiently low oxygen levels in cargo tanks to prevent explosions. With data provided by
the authors, it is estimated that this leads to 400% increase of the required boiler power.
This increase of power can be captured in ∆Pser vi ce .

At last, from the work of [18], a direct relation between the type of vessel and the re-
quired auxiliary power is seen. The authors indicate that for transportation of reefer con-
tainers (a container that is temperature-controlled), a reefer container ship is required,
which can lead to an increase of 66% of the total auxiliary power. This can be seen as an
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increase of the constant hotel load Photel ,c .

Concluding, the given examples lead to a more complete definition of the auxiliary
power:

Photel (Om ,Ta , Xv , t ) = Photel ,c (Xv )+∆Photel (Om ,Ta , Xv , t )

Pser vi ce (Om ,Ta , Xv , t ) = Pser vi ce,c (Xv )+∆Pser vi ce (Om ,Ta Xv , t )

Paux (Om ,Ta , Xv , t ) = Photel (Om ,Ta , Xv , t )+Pser vi ce (Om ,Ta , Xv , t )

= Photel ,c (Xv )+Pser vi ce,c (Xv )

+∆Photel (Om ,Ta , Xv , t )+∆Pser vi ce (Om ,Ta , Xv , t )

= Paux,c (Xv )+∆Paux (Om ,Ta , Xv , t ) (3.26)

where Photel and Pser vi ce contain the required hotel and service power, and Paux con-
tains the total required auxiliary power. In literature however, for tugboats it is found
that mostly,∆Paux is negligible compared to the amount of propulsion power, since they
are designed for towing of large cargo vessels. For other vessels the contribution varies,
which will be discussed in Section 3.2.1. Furthermore, as the time dependency of ∆Paux

is only (clearly) seen for cruise ships, it will be disregarded in later sections. Therefore,
the final approximation of the required auxiliary power is given by 3.27:

Paux (Xv ,Om ,Ta) = Paux,c (Xv )+∆Paux (Om ,Ta , Xv ) (3.27)

Since the propulsion power and the auxiliary power both are affected by multiple as-
pects, they should be discussed. Therefore, the most important aspect which is required
to model the propulsion and auxiliary power throughout the mission, the operational
modes, will be discussed in the next section.
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3.1.4. OPERATIONAL MODES
Each operational mode describes a distinct part of the mission, and is mainly charac-
terized by the specific power demand and the speed of the vessel. For example, the
standby mode of a tugboat requires very little power since the propulsion power demand
is very low, but the assisting mode requires a tremendous amount of propulsion power
to tow and maneuver the cargo ship in or out of the harbour. In Table 3.5 an overview
of the main operational modes of the investigated vessels can be seen, and it can be
noticed that there are a lot of identical modes. An important note is that the same oper-
ational mode can result in different power requirements, such as the operational mode
maneuvering. For cargo ships this mode requires very little power, since mostly the ma-
neuvering is realized with tugboats, but since passenger ships and research vessels use
their own propulsion system for maneuvering, they require relatively more power for this
mode. Also the loading/unloading mode can result in very different power requirements.
Where a bulk carrier might use it’s own deck cranes to load the cargo, the passengers of a
cruise ship bring themselves on board, and since for the latter solely passengers are the
’cargo’, it is more appropriate to use boarding/unboarding. For more detail about the op-
erational modes, the reader is refered to Appendix B, where each operational mode can
be found with an indication for the required power, vessel speed, and a short description.

Service ships Cargo ships Passenger ships

Tugboat

Standby
Container

ship

Standby

Cruise ship

Standby
Transit Loading/unloading Boarding/unboarding

Assist-low Maneuvering Maneuvering
Assist-high Transit Transit low/high

OSV

Standby
Bulk

carrier

Standby

Ferry∗
Standby

Transit Loading/unloading Loading/unloading
Assist Maneuvering Maneuvering

Dynamic positioning Transit Transit

Research
Vessel∗

Standby

Tanker

Standby
Transit Loading/unloading

Maneuvering Maneuvering
Mission related mode Transit

Table 3.5: Overview of the main operational modes of service ships, cargo ships, and passenger ships

∗ : Unfortunately, for research vessels and ferries not enough information can be found for further
analysis, hence these will not be used in this thesis from here on

While Table 3.5 describes the main operational modes of each vessel, the required
operational modes (and order of executing them) for a mission depend on the route of
the vessel, which on its turn depends on the harbours that have to be visited (e.g. A
and B in the definition of the mission given above). Take for example a container vessel,
which has to transport containers from Rotterdam (A) to Shanghai (B). In the harbour
of Rotterdam, the vessel could start in standby, then load containers, maneuver out of
the harbour, transit across open sea to Shanghai, maneuver into the harbour, unload
containers, to end in standby again. However, the vessel can also start directly with the
loading of containers, then maneuver to another terminal, load more containers, ma-
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neuver out of the harbour, transit to Shanghai, standby in front of the harbour (there
could be some congestion causing the vessel to wait a certain amount of time before it
can enter the harbour), maneuver into the harbour, unload a part of the containers at
terminal 1, maneuver to terminal 2, unload the rest of the containers, and then mission
has ended.

However, it is not in the scope of this thesis to investigate the different combinations
of operational modes. Instead, to be able to provide a correlation between the mission
and the power profile, it is assumed that for each mission the required sequence of op-
erational modes is as short as possible (e.g. vessels do not have to wait in front of a har-
bour). This results in an expression that contains the required sequence of operational
modes to complete a mission between only two harbours , OH(Xv ), where the specific
entries depend on the type of vessel Xv . An example for a tugboat and an OSV be seen
in 3.28:

OH(Tugboat) = {
Standby Transit Assist-low Assist-high Assist-low Transit Standby

}
OH(OSV) = {

Standby Transit Assist Dynamic positioning Assist Transit Standby
}

(3.28)

Now for a mission with more than two harbours, the sequences of operational modes
OH can just be added together, such that for any mission, the required operational modes
are described by:

Om(Xv , H) = {
OH(Xv ), ..., OH(Xv )

}
(3.29)

where the amount of entries (each entry is equal to OH) to Om is equal to H −1, with H
the amount of harbours, derived from the mission description.

3.1.5. OPERATIONAL ENVIRONMENT AND SPEED
The operational environment is an important aspect for both the propulsion and the
auxiliary power, but also for the speed of the vessel. To determine the operational envi-
ronment, the locations of the harbours that are visited during the mission are required,
which are specified by the mission (A,B ,C ,D, ...). If each harbour can be described by a
longitude x ∈ R and a latitude y ∈ R, then a route Sm containing the required route, or
path of the vessel can be constructed. Using Assumption 3.1, the route of the vessel can
be described as:

Sm = {
Si

}
i=1,...,P = {

(xi , yi )
}

i=1,...,P (3.30)

ASSUMPTION 3.1 The route of the vessel between the harbours can be discretized in a
certain amount of way-points P, such that between two consecutive points, only one op-
erational mode is used, and that the route is described with good accuracy

ASSUMPTION 3.2 The route of a vessel between two harbours is always the same
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Now, since Sm describes the route of the vessel, it determines the operational envi-
ronment during the mission. Using weather forecasts, data of previous voyages, etc. the
environmental conditions such as wave height, currents, wind speed and direction with
respect to the course of the vessel, and the ambient temperature can be determined for
each specified way-point in Sm. However, at which point in time these way-points are
visited depends on the speed of the vessel. To make an estimate of this, Assumption 3.2
is used. Based on this assumption, historical data can be used to find the relative du-
ration (β) of each operational mode in Om which are used to execute a mission along
route Sm, and by combining this with the total mission time (tm), the time spend in each
operational mode (TOm ) can be defined as:

tm = tend − t0 (3.31)

TOm = tm


β1

...
βF

=


tOm ,1

...
tOm ,F

 (3.32)

where F is the length of Om ( F ≤ P ) and βi ∈ [0,1] is the relative duration of each opera-
tional mode such that

∑F
i=1βi = 1. Furthermore, using the discretized path of the vessel

Sm, the distance between two consecutive way-points can be approximated as:

s̄i =
√

(xi+1 −xi )2 + (yi+1 − yi )2 , 1 ≤ i ≤ P −1 (3.33)

Using this approximation, the traveled distance for each operational mode can be ex-
pressed as:

S̄Om =
{ ∑

i∈Ij

s̄i

}
j=1,...,F

(3.34)

where Ij is the set of consecutive way-points for which the operational mode j does not
change. Now, given the duration and travelled distance of each operational mode, the
average speed (VOm ) of each operational mode can be expressed as:

VOm =
{

SOm (i )
TOm (i )

}
i=1,...,F

(3.35)

Finally, now using Assumption 3.1 and Assumption 3.2, the route of the vessel Sm, the
operational modes along this route Om, the duration of these modes TOm and the average
speed of the modes VOm (hence along the route) are known, a forecast of the operational
environment along the route can be made, such that the operational environment Oe,i of
way-point i is described by the sea state (ss ), currents of the sea (cs ), wind (ws ), ambient
temperature (Ta), water depth (h), and waterway with (ww ), resulting in:

Oe(Sm,VOm ) = {
ss,i cs,i ws,i Ta,i hi ww,i

}
i=1,...,P (3.36)
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3.1.6. TYPE OF VESSEL
The remainder of the required information to compute the power profile is given by or
derived from the type of vessel Xv , which is based on the cargo X (where X specifies the
type of cargo: containers, iron ore, crude oil, passengers, but also the specified amount,
volume, or weight of the cargo). For example, if X = 27000 Containers, then a container
ship with at least a capacity of 27000 containers is required. Using Assumption 3.3, the
required parameters of the vessel are given by 3.37:

ASSUMPTION 3.3 For a given mission and type of cargo X , the type of vessel Xv is known,
together with the required parameters (size, efficiencies, etc.) of that vessel

Xp(Xv ) = {
a, D, fh , KQ , KT , ηD

}
(3.37)

Next to these parameters, the type of vessel Xv in combination with the used oper-
ational mode Om gives information about the displacement ∇, hence the displacement
of the vessel for each of its operational modes during the mission is captured in X∇:

X∇(Om, Xv ) =

∇1

...
∇F

 (3.38)

where ∇ matches the displacement of vessel Xv for each operational mode in Om. Fur-
thermore, the speed dependent parameter c0 is also known for each operational mode
during the mission:

c0(VOm , Xv ) =


c0,1

...
c0,F

 (3.39)

where c0 depends on both the speed VOm and the vessel Xv . Furthermore, for vessels
such as tugboats and OSVs, the towing force of the operational mode assist can now be
expressed as:

Ftow(Om, Xv ) =


Ftow,1

...
Ftow,F

 (3.40)

Finally, the described parameters and variables of the above sections can be combined
to construct the power profile, which will be discussed in the next section.
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3.1.7. MODEL OF CORRELATION MISSION AND POWER PROFILE
To construct the power profile, the propulsion and auxiliary power demand should be
computed for each way-point of the route of the vessel, where after they can be plotted,
either separately, or added together to find the total power demand during the mission.
In the above sections, first the propulsion and auxiliary power are approximated, and
then the inputs to construct them were discussed. This information is combined in 3.41,
3.42 and 3.43, and using these expressions, the power profile can be found. In addi-
tion, Algorithm 1 shows an algorithm which summarizes the required steps taken in this
chapter to arrive at the power profile, based on the required inputs, such as the mission
of the vessel.

PD = {
PD,i

}
i=1,...,P = (3.41){ f (ss,i , ws,i ,cs,i ,hi , ww,i , fh,i ,∇g (i ))∗ c0,g (i ) ∗V a

Om ,g (i )

ηD
+|Ftow,g (i )|

3
2

2πKQ

p
ρDK

3
2

T

}
i=1,...,P

Paux =
{
Paux,i

}
i=1,...,P = {

Paux,c (Xv )+∆Paux,i (Om,g (i ),Ta,i , Xv )
}

i=1,...,P (3.42)

Ptot = PD +Paux (3.43)

where g (i ) is a mapping of way-point i , as these inputs are found using Om, hence they
have F ≤ P elements. Furthermore, to adequately visualise the correlation between the
mission and the power profile, a concept called "relation-graph" is used, found in the
work of [114], which is a graphical way of describing the relation between multiple sets
of "things". To this end, the first step is to sort the information given in this chapter
into different classes, which are the inputs (U ), features-of-interest (L), capabilities (P),
parameters (Z), measurement units (M), physical properties (Q), and outputs (Y). Each
of the mentioned classes is a set of "things" of different types:

• U : Inputs derived from the definition of the mission

– U = {u}

– u = {A, B , t0, tm , X }

• L: Type of vessel and characteristics based on X

– L= {l }

– l = {Xv , a, D , fh , KQ , KT , ηD }

• P : Required operating modes for vessel Xv throughout the mission

– P = { OM ,1, ..., OM ,end }

• Z : Parameters affected by the inputs, features-of-interest and capabilities

– Z = {z1, ..., zend }

– zt = { Sm , Ftow (t ), Oe (t ), ∇(t ), VOm (t ), c0(t )}

– Oe (t ) = {ss (t ), cs (t ), ws (t ), Ta(t ), h(t ), ww (t )}
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• Q: Physical properties for parameters, inputs, and outputs

– Q= {QU , QZ , QY }

– QU = {Time}

– QZ = {Speed, Temperature, Height, Width, Direction, Draught, Flow}

– QY = {Power}

• M: Measuring units corresponding to the physical properties

– M= {kW, °C ,m,deg,kn, s}

• Y : Outputs of the model, resulting from the inputs U

– Y = {y1, ..., yend }

– yt = {Ptot (t ), PD (t ), Paux (t )}

Since these sets are related to each other, the second step is to describe the specific
relation between two sets. Take for example the inputs U and the capabilities P . The
relation between these sets can be descibed using vertices, or arrows, denoted as E (U ,P).
Using this definition, the relation graph is denoted as G(U ,P ,E (U ,P)), and this can be
seen in Figure 3.6.

Figure 3.6: Relation-graph between inputs U and capabilities P

Finally, the relation between each of the described sets can be found in this chapter,
and it is found that ten distinct relation graphs can be constructed:

• G(U ,P ,E (U ,P))

• G(U ,L,E (U ,L))

• G(U ,Z ,E (U ,Z))

• G(U ,Q,E (U ,Q))

• G(P ,Z ,E (P ,Z))

• G(L,P ,E (L,P))

• G(L,Y ,E (L,Y))

• G(Z ,Y ,E (Z ,Y))

• G(Y ,Q,E (Y ,Q))

• G(Q,M,E (Q,M))
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Combining these ten relation graphs results in Figure 3.7 , where all the relations
between the sets are indicated with arrow, but to improve readability, only six relation
graphs are shown with colors.

Figure 3.7: Relation-graph for the correlation between the mission and the power profile

To conclude, up till now this chapter has provided an answer to the research ques-
tion: "How to model the correlation between the mission and the power profile of the
vessel?", by constructing a graphical model, but also by providing an algorithm that can
be used to approximate the expected power profile for a given mission. The next part of
this chapter will discuss how variations in power profiles for a vessel can lead to modi-
fications of its power plant, and which automation of the power plant control system is
required to facilitate such modifications.
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Algorithm 1: Correlation between mission and power profile

Input: Derived from mission definition or historic data
1 X ← type of cargo

2 Xv ← type of vessel based on (1)

3 Xp ← characteristics of vessel based on (2) (eq. 3.37)

4 OH ← required operational modes between two harbours based on (2) (eq. 3.28)

5 H ← harbours to be visited (locations)

6 Sm ← list of coordinates (x, y) of the discretized route of the vessel based on (5)
(eq. 3.30)

7 t0 ← starting time of mission

8 tend ← ending time of mission

9 tm ← tend − t0, total mission time

10 Om ← required operational modes for the mission, where

11 for i = 1 : (length(H)−1) do

12 Om(i ) = OH(Xv )
13 end

14 TOm ← duration of each operational mode, where

15 for i = 1 : length(Om) do

16 β(i ) = relative duration of operational mode Om(i )

17 TOm (i ) = tm ·β(i )
18 end

19 SOm ← traveled distance for each operational mode of (10), where

20 Ij ← set of consecutive points of Sm for which operational mode j does not
change, and

21 for i = 1 : length(Sm) do

22 s̄(i ) =
√

(xi+1 −xi )2(yi+1 − yi )2

23 end

24 for j = 1 : length(Om) do

25 SOm ( j ) =∑
i∈Ij s̄(i )

26 end

27 VOm ← average speed for each operational mode of (10), where

28 for i = 1 : length(Om) do

29 VOm (i ) = SOm (i )
TOm (i )

30 end
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31 Ftow ← towing force for operational mode assist, where ;

32 for i = 1 : length(Om) do

33 if Om(i ) == Assist then
34 Ftow(i ) = Ftow

35 else
36 Ftow(i ) = 0
37 end
38 end
39 X∇ ← displacement of the vessel during the mission (eq. 3.38) ;

40 c0 ← coefficient depending on the vessel speed of (27) (eq. 3.39) ;

41 Oe ← operational environment along the route defined in (6) (eq. 3.36) ;

Output: Power demands to construct the power profile ;

42 PD ← propulsion power demand during mission, using (3,27,31,41,40,39) (eq.
3.24) ;

43 Paux ← auxiliary power demand during mission, using (2,10,41) (eq. 3.26) ;

44 Ptot ← PD +Paux, total power demand during the mission;
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3.2. CORRELATION BETWEEN THE POWER PROFILE, POWER PLANT,
AND CONTROL SYSTEMS

In the previous section, the correlation between the mission and the power profile is
discussed. In this section, an answer to the research question: "How to model the corre-
lation between the power profile for a mission and the needed modifications in automa-
tion of the control systems and the power plant?" will be formulated. Therefore, first the
power profile is more discussed, and it is shown that the behavior and importance of the
two components that build up the power profile (the propulsion power and the auxiliary
power) depend on the type of vessel. Furthermore, it is shown how different power pro-
files can lead to modifications of the power plant, and at last the required automation of
the power plant control system is discussed.

3.2.1. VARIATIONS OF THE POWER DEMAND AND POWER PROFILE
During a mission, several operational modes are used. Therefore it is only to be expected
that the power demand varies during the mission, since each operational modes has
different power requirements. Still, for a vessel that executes twice the same mission,
the two corresponding power profiles could differ, caused by e.g. different conditions
at sea. Therefore, this section discusses the effect of these different conditions at sea,
but also of other causes for varying power demands and power profiles. Depending on
the type of vessel, there are different reasons for a change in required power, hence they
will be discussed separately. Furthermore, since the total power demand consist of the
propulsion power and the auxiliary power, it is useful to know their relative importance
(which shows how much to they contribute to the total). In Table 3.6 this can be seen,
and the required information is extracted from the works used for Appendix B.

Type of vessel
Total power

Propulsion power Auxiliary power

Passenger
ships

Cruise
ship

Maneuvering
Transit

low
Transit

high
Standby

Boarding/
unboarding

Maneuvering
Transit

low
Transit

high

8-10% 17-56% 41-75% 20-27% 20-27% 25-33% 25-48% 29-48%

Maneuvering Transit Standby
Loading/

unloading
Maneuvering Transit

Cargo
ships

Container
ship

1-7% 93-99% 1-11% 1-11% 1-11% 1-7%

Bulk
carrier

1-6% 90-98% 3-12% 4-17% 3-12% 3-11%

Tanker 3-7% 82-94% 8-21% 8-25% 8-21% 6-18%

OSV
Assist

Dynamic
positioning

Transit Standby Assist
Dynamic

positioning
Transit

Service
ships

15-89% 2-90% 13-85% 1-25% 10-47% 10-33% 6-20%

Tugboat

Assist
low

Assist
high

Transit Standby
Assist

low
Assist
high

Transit

30-71% 80-98% 5-36% 2-20% 2-20% 2-20% 2-20%

Table 3.6: Relative importance of propulsion power and auxiliary power for different vessels
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CARGO SHIPS

For cargo ships, the variations in relative importance of the propulsion and auxiliary
power are mainly related to the different size of the vessels, since small cargo ships re-
quire much less propulsive power, but only a little less auxiliary power than bigger ships,
as shown in Appendix B. With respect to the propulsion power, regardless of their size,
the sea margin (which depends on the operational environment), has a noticeable effect
on the required propulsion power. As mentioned earlier in this chapter, this can easily
lead to a 35-50% increase of the propulsion power with respect to calm sea conditions
[103]. Furthermore, the authors of [58] discuss the use of the deck cranes of bulk carriers
versus the use of harbour mounted cranes, and the authors of [18] discuss the additional
auxiliary power for the transportation of reefer containers instead of normal containers.
Another variation is seen for the operational modes loading and unloading, which lead
to a substantial change in the required propulsion power. For example, a mission for a
tanker states that it has to sail from harbour A to harbour B, where it will load oil, which
it has to transport to harbour C. The trip from A to B can not be made with an empty
tanker, since it would be to ’light’ to operate. Therefore, the tanker is loaded with sea-
water in the ballast tanks, to ensure the draught is sufficient. When the tanker arrives at
harbour B, it unloads the ballast and loads the oil, and prepares for the trip to harbour C.
However, there is a difference in draught between these two situations, resulting in extra
resistance for the vessel when it is loaded with oil, which increases the fuel consumption
[115]. The implications for the required power are summarized in Table 3.7 and 3.8.

Type of Vessel Cause
Increase of

auxiliary power
Reference

Bulk carrier
Using deck cranes for

loading/unloading cargo
26-50% [58]

Container ship
Reefer containers instead

of regular containers
66% [18]

Table 3.7: Variation in auxiliary power demand for cargo ships

Type of Vessel Cause
Increase of

propulsion power
Reference

All
Increased resistance due
to increased sea margin

35-50% [103]

All
Extra draught due to loaded

cargo instead of ballast
27-37%∗ [115]

Table 3.8: Variation in propulsion power demand for cargo ships

∗ : In literature it can be seen that this effect holds for all cargo vessels, but only for a
tanker actual data has been found to prove this

An important note is that for transporting reefer containers instead of regular con-
tainers, the increase of required power is present until the containers are ready to be
unloaded, which is also the case for the increased draught due to the loaded cargo. On
the other hand, the additional power for the deck cranes, and additional boiler power is
only required when using the loading/unloading mode.
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SERVICE SHIPS

While for cargo ships the required propulsion power increases with the size of the vessel,
for tugboats this is different. There are small tugboats with less power than large ones,
but there are also examples of small tugboats with very powerful power plants, outper-
forming larger tugboats [116]. Furthermore, due to their missions, power profiles of tug-
boats show large variations in the required propulsion power, as can be seen from Table
3.6. However, in literature there is no information found which indicates varying auxil-
iary power demand between different operational modes, for the same vessel. Further-
more, while a clear relation between installed power and maximum required propulsion
power can be seen, no clear relation between either the size, required power or installed
power is found to indicate the differences in required auxiliary power. To illustrate the
difference in the power of tugboats, six different vessels are shown in Table 3.9.

Maximum Required
Power∗

Propulsion
Power∗

Auxiliary
Power∗∗ Reference

kW % kW % kW % -
1000 100 900 90 100 10 [7]
1780 100 1430 80 350 20 [32]
3230 100 3180 98 50 2 [4]
3460 100 3165 91 295 9 [6]
4100 100 3700 90 400 10 [8]
5000 100 4800 96 200 4 [33]

Table 3.9: Auxiliary and propulsion power for different tugboats

∗: Maximum value during a mission, during the operational mode Assist or Assist-high
∗∗: Assumed constant during a mission

Although the maximum power required for a mission occur during the mode assist-
high, the required power for this mode can not directly be linked to the size of the cargo
ship that has to be assisted. Large cargo ships that normally require four tugboats, often
still require four tugboats when more powerful tugboats are available, even if they are
twice as powerful. This is due to safety concerns, because in the case of four tugboats,
there are still three tugboats left to assist of one breaks down, which is in most cases
sufficient for safe handling. However, in the case of two tugboats for such a large cargo
ship, only one tugboat is remaining to assist the ship if one breaks down, which would
be problematic [116]. Therefore it is more useful to look at the duration of the assist-low
and assist-high mode, to indicate a possible need for modification of the power plant. As
shown in Appendix B, these two operational modes together account for 17−44% of the
mission. One could imagine, if a tugboat requires maximum power for a larger amount
of time, it also requires more energy storage in e.g. batteries, since tugboats often use
electric or hybrid propulsion, where for the latter the electric motor(s) boosts the me-
chanical engine(s) for high power operation.
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Next to tugboats, required to tow cargo ships, there are also OSVs in this category,
which are equipped to fulfil a much more various range of operations, such as assisting
a drilling platforms by towing it to another location, by placing or retrieving anchors,
or by firefighting, but they are also suited to maintain a steady position at sea using dy-
namic positioning. Since they have such differing missions, both the propulsion and
the auxiliary power for different missions are subject to variations. Furthermore, even
within a mission there is much variation of the auxiliary and propulsion power demand,
as is shown by the authors of [42], where the auxiliary power demand varies from 1% to
47%, and the propulsion power demand from 4% to 80%, all for the same mission. It
has to be noted that this variance is purely caused by the different operational modes,
but unfortunately there is not sufficient information found in literature to make a clear
comparison between multiple similar missions, other than the different duration of the
operational modes as shown in Appendix B.

PASSENGER SHIPS

The last to be discussed are passenger ships, which in this section only includes cruise
ships. They are quite different from other vessels, as they require a quite large share of
auxiliary power throughout the whole mission. Variations in the auxiliary power demand
during the mission are mainly caused by fluctuations in the temperature during the day
and between different environments, causing increasing or decreasing auxiliary power
demand. More details about the influence of the temperature and the time of day can be
seen in Table 3.10. Small variations of the propulsion power between missions depends
on the operational environment which affects the resistance of the vessel, but during the
mission itself it is mostly affected by the required operational mode. Since the weight of
the vessel is much larger than the weight of the passengers, the amount of passenger
does not affect the propulsion power, but it does however affect the auxiliary power to a
considerable extend, and it is found that every passenger requires about 2-5 kW of the
auxiliary systems [113]. Since passenger ships, especially cruise ships, rely on electric
propulsion with a mechanical or hybrid power supply, it is important that the electric
power production is well designed.

Cause Effect Impact

Ambient temperature
(warm to cold)

Change of the average hotel load -7%
Change of the minimum and maximum hotel load -7%

Change of the average service load 23%
Change of the minimum and maximum service load 34%

Time of the day Change of auxiliary power demand during mission 25-29%

Table 3.10: Effect of ambient temperature and time of the day on auxiliary power of cruise ships [76]

To conclude, not only during, but also between missions both the propulsion and
the auxiliary power demand varies, which could result in possible modifications of the
power plant, e.g. to improve efficiency or to produce more power for a longer amount of
time. However, before such modifications can be proposed, first the layout of the power
plant, (what type of propulsion, power supply, how many of each component, etc.) will
be discussed in the next section.
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3.2.2. EQUIPMENT MODIFICATIONS FOR THE POWER PLANT
As discussed in the previous section, different missions lead to different power demands,
hence to different power profiles. Using the variations in the power demand and power
profile of the previous section, in this section it is discussed how this could result in
equipment modifications for the power plant, and how this affects the control system.

CONTAINER SHIPS

Container ships often have constant power profiles, where the propulsion power ac-
counts for approximately 95% of the total power demand. Therefore, most of their power
plants use a single mechanical engine (functioning as propulsion plant), providing the
required propulsion power, and a separate power supply to provide for the auxiliary
power. Therefore, variations in the auxiliary power demand results in modifications of
the power supply, and this can for example be seen in the work of [18], where the au-
thors discuss two missions for a 5000 TEU (Twenty-foot Equivalent Unit) container ship.
Both missions describe the transportation of containers between two harbours, where
for mission 1 only normal containers are involved, but for mission 2 the vessel also car-
ries reefer containers. These containers are temperature controlled, hence they require
more electric power from the power plant (approximately 7 kW per reefer), and this re-
sults in two power profiles for the container ship, shown in Figure 3.8. The shape of the

Figure 3.8: Power profiles for two missions of a 5000 TEU container ship [18]

power profile is determined by the operational modes, which in this case are Transit(1),
Maneuvering(2), Standby(3), and Unloading(4), and can also be seen in the power pro-
file. For both missions the sequence of these modes and the time spend in each is similar,
hence the same shape of power profiles, but the auxiliary power demand for mission 2 is
increased with 66% due to the reefer containers. For both missions, the authors discuss
the use of a mechanical and a hybrid power supply, and they describe the power split,
indicating the required components for both power supplies. Using these results, Figure
3.9a, 3.9b, 3.9c, and 3.9d show the required power supplies for both missions, and the
capacity of each component is shown in Table 3.11.
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(a) Conventional mechanical power supply for mission 1 (b) Conventional mechanical power supply for mission 2

(c) Proposed hybrid power supply for mission 1 (d) Proposed hybrid power supply for mission 2

Figure 3.9: Power supplies of a container ship [18]

Component
Generator sets Batteries

G1
+ engine

G2
+ engine

G2’
+ engine

G3
+ engine

G4
+ engine

B1 B2

Capacity 1.8 MW 1.8 MW 1.0 MW 1.8 MW 1.8 MW 1.0 MWh 1.0 MWh

Table 3.11: Capacity of each component in the power supply

As can be seen, multiple options are available to increase the power output. If the
starting point is the mechanical power plant of Figure 3.9a, and the power profile in-
creases as shown in Figure 3.8 with 66%, there are two options: either a generator set
is added, or a generator set is replaced with a generator set of a lower capacity and two
batteries are added (in both cases, the authors chose to keep the load factor for the gen-
erator sets between 70% and 90% for most time of the power profile, since this is the
optimal loading point for most engines and generators). However, if the vessel starts
with the power supply of Figure 3.9d and then has to execute mission 1, the process is
reversed, so either a generator set and a battery can be removed, or a generator set is
replaced with a set with higher capacity and two batteries are removed. Of course, for a
lower power demand the equipment could also just be kept in the power plant, but as
the weight of a generator set could reach up to the weight of a 20 TEU container [117], it
might be desired to remove equipment if not required for the mission.
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TUGBOATS

For service ships such as tugboats, the required bollard pull during the operational mode
assist or assist-high is an important criteria for design of a power plant, but how this af-
fects the different components in the power plant depends on the type of propulsion
and power supply [6, 33] (e.g. with mechanical propulsion the main engine directly cor-
relates to the bollard pull, but for electric and hybrid propulsion this is different). How-
ever, it is not in the scope of this thesis to find how the power plant needs to be designed
exactly, but what the effect of a varying power profile can be. Therefore, five tugboats
with a similar power plant are investigated. Their power plants consists of an electric
propulsion plant with two electric motors, and a hybrid power supply including one or
two generator set(s) and one battery, of which an example is shown in Figure 3.10. The

Figure 3.10: Electric-hybrid power plant of a tugboat

power profiles of the vessels are also known, and are used to compare to each other and
correlate variations in their power profiles to variations in their power plants. For this
analysis the propulsion plant (the electric motors) are not important, so only the power
supply will be discussed. The details of the power profiles and power supplies of the
different tugboats can be found in Table 3.12.

Power Profile [kW] Power Supply

Refe-
rence

Standby Transit
Assist
Low

Assist
Medium

Assist
High

Generator
Sets [kW]

Batteries Installed
Power
[kW]

Tugboat
Capacity

[kWh]
Power
[kW]

1 100 150 500 - 1000 1100 100 600 1700 [7]
2 350 710 1250 - 1780 2000 150 500 2500 [32]
3 50 1050 1710 - 3230 2400 500 1500 3900 [4]
4 200 1250 2500 3750 5000 4080 1250 1250 5330 [33]
5 400 400 950 2400 4100 3890 866 500 4390 [8]

Table 3.12: Details of the tugboats used for comparison
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An important note is that the author of [8] states that the same power is required
for Standby as for Transit, which can be explained if it is assumed that the vessel uses
dynamic positioning to maintain it’s position during this mode, and if this requires the
same power as ’normal’ sailing.

Using MATLAB the power profiles are plotted and compared, and two of those com-
parisons can be seen in Figure 3.11. As can be seen, both the actual power profiles as the

Figure 3.11: Comparison of power profiles

normalized power profiles are used. By comparing the actual power profiles, the effect
of an increase or decrease of the power demand can be seen, while by comparing the
normalized power profiles the effect of the duration of each mode is more clear. Using
these comparisons, which are done for each pair that can be made (10 pairs in total), it is
found that instead of adding components to the power supply, as can be seen in Figure
3.9 of the previous section, for these vessels the capacity of the components of the power
supply varies, but the number of components remains the same, which is equivalent to
replacing the components. Next to this observation, other effects of varying power pro-
files on the power supply are also seen, and these are listed below. An important note is
that the maximum required power always occurs during the mode assist, which is only
used for 4%-14% of the mission.

• An increase of the maximum power demand results in both an increase of the gen-
erator capacity as an increase of the battery capacity

• If the installed power increases, the battery capacity relatively increases more than
the generator capacity
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• For a certain increase of maximum power demand, the generator power increases
with less than this amount, but the battery capacity increases more than this amount

• An increase of the maximum power demand results in less ’reserve’ power of the
power supply, meaning that the maximum power demand is closer to the total
installed power

• If the capacity of the battery increases, the maximum power it can deliver does not
necessarily increase too

• The duration of the operational mode assist seems to have no clear, direct relation
to the capacity of the battery and generator set

Next to these observations, the authors of [33] indicate that at least 75% of the maxi-
mum power demand should be provided by generator sets, and except for tugboat 3 this
is seen in this analysis. Still, these observations only indicate a possible approach to re-
place components of the power plant, based on the power profiles and power supplies
of five tugboats. In reality, the process of selecting the required components for a power
plant is complicated and depends on many factors, as is discussed by the authors of, for
example, [8] and [118].

EQUIPMENT MODIFICATIONS

As shown in this section with the examples of the container ship and the tugboats, iden-
tifying equipment modifications for the power plant, based on the power profile, is not
a simple task. The authors of [6] mention that for the design of the power plant there is
a large dependency between the profile profile, the lay-out of the power plant, the con-
trol strategy and the size of the components in the power plant, and the author of [8]
proposes an approach to select the most optimal power plant, taking into account the
desired control objectives, type of propulsion, type of power supply, performance and
costs, based on the power profile. However, independently of the process of selecting
the optimal power plant, the equipment modification described in this paragraph can
be summarized as follows:

• Add components

• Replace components

• Remove components

How these equipment modifications correlate to the automation modifications of the
power plant control system is discussed in the next section.
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3.2.3. AUTOMATION MODIFICATIONS FOR THE CONTROL SYSTEM
Before the required automation modifications, due to modifications of the equipment in
the power plant, can be proposed, the power plant control system needs to be discussed.
An example of the power plant control system for a hybrid power plant is shown in Figure
3.12, and it can be seen that the control system consists of two levels; the primary and
the secondary level. The controllers in the primary level depend on the type of propul-
sion and the type of power supply, and for a hybrid power plant (both hybrid propulsion
and power supply) containing main engines, generator sets, electric machines and bat-
teries, there are also four type of primary controllers seen. An important note is that for
each component there is a controller in the primary level (e.g. for a power plant with
two main engines, there are two main engine controllers). The dotted connection be-

Figure 3.12: General overview of a distributed power plant control system for a hybrid plant

tween the secondary and primary control indicates the flow of communication. Each
controller in the primary level receives inputs in the form of reference points for the
controlled component, and returns a measurement or estimation of a required param-
eter back to the high-level power plant control. The latter gives the required settings for
the main engines, generator sets, electric machines, and batteries, based on the required
power from each component. To compute the required power of each component in the
power plant, also refered to as the power split, often three control strategies are used:
Equivalent Consumption Minimization Strategy (ECMS), power control, or power man-
agement, as can be seen in Chapter 2, Table 2.1. Although all three strategies provide
a power split, power control only focuses on a particular type of equipment (e.g. only
the power split between generator sets), while ECMS and power management provide
the power split for the whole power plant. Furthermore, where ECMS is only a strategy
to construct a cost function to compute the power split [4, 6, 12, 17], power manage-
ment also provides the required reference points for the controllers in the primary level
[15, 119]. Now, using one of thee strategies and the power profile as input, as shown
in Figure 3.12, the power split throughout the mission can be computed. As discussed
in the previous sections, the power profile depends on the mission, which can result in
desired equipment modifications for the power plant. Thus, if the power profile for a
new mission is known, the power split during the mission can be computed, and it can
be checked whether or not the power plant has to be modified by removing, adding or
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replacing equipment (e.g. to increase efficiency, or even to prevent overloading of com-
ponents). To this end, the remainder of this section will discuss how equipment modifi-
cations affect the primary and secondary level, and based on these findings the required
automation modifications are proposed.

SECONDARY LEVEL

Since the secondary level determines the power split, hence how much power each com-
ponent in the power plant has to generate or to take in, layout of the power plant is of
great importance. If for example the power plant solely consists of a single main en-
gine to provide the propulsion power and a single generator set to provide the auxiliary
power, the power split is clear, but as the power plant contains more and more com-
ponents, which can either be used to provide power for the propulsion loads or for the
auxiliary loads, it is more complicated. Therefore, in Figure 3.13 two layouts of a hybrid
power plant are shown, which will be used to highlight the relation between the power
split and the power plant layout. To determine the power split for such power plants, of-

Figure 3.13: Example of two hybrid power plant layouts

ten a cost function and several constraints are used [22]. The cost function translates the
power assigned to the components in the power plant to the fuel costs, while the con-
straints ensure the required propulsion and auxiliary power demands are met, and that
the assigned power for the power plant components does not exceed their maximum
and minimum power ratings. How this can be applied for the two power plants shown
in 3.13 is derived using the work of [7, 100, 120] and can be seen below.
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Layout 1 : PTI

Cost Function:

Ctot =CME +CGS1 +CGS2 +CB

Constraints:

PD = (PME +PE M ) ·ηT

Paux = PGS1 +PGS2 +PB − PE M

ηE M

PME ,mi n ≤ PME ≤ PME ,max

PGS1,mi n ≤ PGS1 ≤ PGS1,max

PGS2,mi n ≤ PGS2 ≤ PGS2,max

PE M ,mi n ≤ PE M ≤ PE M ,max

PB ,mi n ≤ PB ≤ PB ,max

SOCmi n ≤ SOC ≤ SOCmax

Layout 2 : PTI

Cost Function:

Ctot =CME +CGS +CB1 +CB2

Constraints:

PD = (PME +PE M ) ·ηT

Paux = PGS +PB1 +PB2 − PE M

ηE M

PME ,mi n ≤ PME ≤ PME ,max

PGS,mi n ≤ PGS ≤ PGS,max

PE M ,mi n ≤ PE M ≤ PE M ,max

PB1,mi n ≤ PB1 ≤ PB1,max

PB2,mi n ≤ PB2 ≤ PB2,max

SOC1,mi n ≤ SOC1 ≤ SOC1,max

SOC2,mi n ≤ SOC2 ≤ SOC2,max

Layout 1: PTO

Cost Function:

Ctot =CME +CGS1 +CGS2 +CB

Constraints:

PD = PME ·ηT −PE M

Paux = PGS1 +PGS2 +PB +PE M ·ηE M

PME ,mi n ≤ PME ≤ PME ,max

PGS1,mi n ≤ PGS1 ≤ PGS1,max

PGS2,mi n ≤ PGS2 ≤ PGS2,max

PE M ,mi n ≤ PE M ≤ PE M ,max

PB ,mi n ≤ PB ≤ PB ,max

SOCmi n ≤ SOC ≤ SOCmax

Layout 2 : PTO

Cost Function:

Ctot =CME +CGS +CB1 +CB2

Constraints:

PD = PME ·ηT −PE M

Paux = PGS +PB1 +PB2 +PE M ·ηE M

PME ,mi n ≤ PME ≤ PME ,max

PGS,mi n ≤ PGS ≤ PGS,max

PE M ,mi n ≤ PE M ≤ PE M ,max

PB1,mi n ≤ PB1 ≤ PB1,max

PB2,mi n ≤ PB2 ≤ PB2,max

SOC1,mi n ≤ SOC1 ≤ SOC1,max

SOC2,mi n ≤ SOC2 ≤ SOC2,max

where Ctot is the total costs for a certain power split, with CME , CGS , and CB the costs
of a main engine, generator set, and battery, respectively, ηT is the transmission effi-
ciency (0.95 - 0.98) and ηE M is the efficiency of the electric machine (0.93-0.96) [99, 107,
119]. Also, PME is the mechanical output of the main engine (ME), PE M is the mechan-
ical output (PTI) or input (PTO) the electric machine (EM), PGS is the electric output of
a generator set (GS), and PB is the electric output (discharging) or input (charging, for
which PB is negative) of a battery (B). Since there are two generators sets in layout 1, and
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two batteries in layout 2, this is also shown in the cost function and constraints. The
electric machine is not considered in the cost function, since it only converts electrical
power into mechanical power (PTI), or vice versa (PTO). It can be noted that depending
on the used mode for the electric machine, the constraint of the required propulsion and
auxiliary power changes. At last, Pi ,mi n and Pi ,max indicate the minimum and maximum
power for component i , respectively, and the state-of-charge (SOC) of a battery is con-
strained by SOCmi n and SOCmax .

Since the cost of each component relates to its generated or consumed power, the
power split is found by minimizing the cost functions of the above examples, while meet-
ing the constraints. How exactly the power of the components relates to the costs de-
pends on the used strategy, such as ECMS or power management, but regardless of these
specifics, from these examples it can be seen that each components of the power plant is
included in the cost function (except for the electric machine) and in the constraints. To
ensure the power split can be determined correctly after equipment modifications oc-
cur, the secondary control system needs to be updated accordingly. Even more, in order
to provide proper control of the components in the power plant once the power split is
obtained, the primary level also has to adapt to the equipment modifications.

PRIMARY LEVEL

When modifications of the equipment occur, the layout of the power plant changes. To
this end, the example of Figure 3.13 is used, where two different layouts can be seen.
For each of these power plants, the primary level control includes controllers for each
component, and in Figure 3.14 and 3.15 the power plant control for both layout 1 and
2 can be found, respectively. It can be seen that indeed for each component there is a
separate controller, hence to adjust the primary level such that it can be used for layout
2 after the equipment modifications, a generator set controller has to be removed, and a
battery controller has to be added. Of course, for a different mission or power plant, the
modifications could be different, but process will be similar to this example. Using this
information, the automation modifications can be described next.

Figure 3.14: Power plant controller for layout 1
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Figure 3.15: Power plant controller for layout 2

AUTOMATION MODIFICATIONS

As shown with the examples in this section, the power profile affects the required power
plant of a vessel. To this end, once a mission and the corresponding power profile are
known, the vessels control system needs to be able to determine whether or not equip-
ment modifications are required to execute the mission, and if so, which equipment
modifications. Furthermore, if the required equipment modifications are determined,
in order to control this ’new’ power plant of the vessel, the secondary and primary level
need to be updated. since the former computes the power split between the power plant
components, and the latter includes the local controllers of all the components in the
power plant. To this end, the automation modifications as shown in Figure 3.16 are pro-
posed.

Figure 3.16: Required automation modifications for the power plant control system
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3.2.4. MODEL OF CORRELATION POWER PROFILE AND CONTROL SYSTEM

Concluding, the second part of this chapter discussed the required steps to model the
correlation between the power profile, the equipment modifications, and the automa-
tion modifications, providing an answer to the third research question: "How to model
the correlation between the power profile for a mission and the needed modifications in
automation of the control systems and the power plant?". We have seen that due to vari-
ations missions of a vessel, the power profile changes, and this could lead desired equip-
ment modifications such as addition, removal, or replacement of components. Due to
these equipment modifications, automation modifications for the power plant control
system are proposed; the layout of the power plant needs to be recognised, where after
the cost function and the constraints in the secondary level can be updated, along with
the required local controllers in the primary level. A schematic overview of this can be
seen in Figure 3.17, along with the previous found relation between the mission and the
power profile. A more detailed example of the correlation between the power profile and

Figure 3.17: Correlation between the power profile and the automation modifications of power plant control
system

the control system can be found in Algorithm 2, where a proposal for the decision logic
is also shown.
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Algorithm 2: Model of Correlation Power Profile and Automation Modifications

Input: From Top-Level
1 PF ← Power Profile
2 Ppl ant ,max ← Maximum power of current power plant
3 λ← Fraction of (2) required as reserve power

4 begin
5 Decision Logic:
6 if max(PF) ≥ (1−λ)Ppl ant ,max then
7 Proceed with step 13
8 else
9 Proceed with step 36

10 end
11 end
12 begin
13 Equipment Modifications:
14 -Replace/remove/add equipment
15 end
16 begin
17 System Identification:
18 for i ∈ {ME ,E M ,G ,B} do
19 xi ← Occurrence of component i in power plant (e.g. 1,2, or 3)
20 end
21 end
22 begin
23 Update Control System:
24 for i ∈ {ME ,E M ,G ,B} do
25 for j = 1 : xi do
26 for Primary Level: do
27 Include a local controller for component i j

28 end
29 for Secondary Level: do
30 Include component i j in the cost function
31 Include constraints for component i j

32 end
33 end
34 end
35 end
36 Execute mission
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3.3. CONCLUDING REMARKS
In this chapter, the second and third subquestions: "How to model the correlation be-
tween the mission and the power profile of the vessel?" and "How to model the correla-
tion between the power profile for a mission and the needed modifications in automa-
tion of the control systems and the power plant?" are answered.

First, power profiles and missions of different vessels were analyzed, and using this
a general definition of a mission was given, from which the the type of cargo, the loca-
tions the vessel has to visit, and the available mission time can be seen. By combining
the information given in the mission definition, the type of vessel and its characteris-
tics, the operational modes, the operational environment, and the speed of the vessel
throughout the mission could be derived, resulting in the power profile for the mission.
Furthermore, a relation-graph showing this correlation and a pseudo-algorithm to con-
struct the power profile were presented.

Second, different missions, power profiles and power plant layouts of a container
ship and tugboats were used to specify equipment modifications required between the
missions, indicating the correlation between the power profile and the equipment mod-
ifications. Using this, and the multi-level control system of a marine vessel described
in the previous chapter, automation modifications of the control system were proposed,
and this can be summarized as follows. Based on the power profile, it can be decided
whether or not equipment modifications, such as additions, removals, or replacements
of equipment, are required, and if so, which equipment modifications. If this is deter-
mined, the cost function and the constraints included in the secondary level control,
required to determine the power split and reference signals for the primary level, have
to be updated, together with the controllers in the primary level, such that each compo-
nent in the power plant is included in the secondary and primary level.

In the next chapter a modular control architecture is designed, in order to meet the
proposed automation modifications proposed in this chapter, for which the state-of-the-
art described in Chapter 2 is used to select a suitable control strategy. Furthermore, us-
ing the correlation between the mission and the power profile, and the described varia-
tions of the power profile, multiple missions with corresponding power profiles are con-
structed, such that the performance of modular control architecture can be shown in
Chapter 5.





4
DESIGN OF A MODULAR POWER

PLANT CONTROL ARCHITECTURE

In this chapter a modular control architecture will be designed to meet the proposed
automation modifications of the previous chapter, and therefore providing the answer
to the fourth research question: "How can a modular control architecture be designed
to meet the proposed automation and power plant modifications?". To this end, first
the conventional power plant control system will be analysed, and the primary level
controllers and secondary level controllers are designed. Regarding these two levels,
the primary level includes all controllers for the components in the power plant, and
the secondary level provides the power split and the reference signals for the primary
level. Although there are multiple strategies to determine the power split, for this the-
sis ECMS is selected. After this, a bank of controllers is proposed, based on Supervisory
Switching Control (SSC), to allow for modular use of the components in the power plant.
Furthermore, following the example of Wärtsilä’s ZESPacks [23], the modular control ar-
chitecture is based on battery modifications, but can easily be adjusted to include more
component modifications.

4.1. POWER PLANT
As discussed in Chapter 1, the power plant consists of the propulsion plant and the
power supply, which both can be mechanical, electric, or hybrid. Historically almost all
vessels used mechanical propulsion and power supplies [121], but nowadays, all kinds of
combinations are seen. Many cargo ships still use a full mechanical power plant with the
addition of PTO, but to increase efficiency, some investigate the use of hybrid propulsion,
hybrid power supply, or both [15, 17, 18, 58, 63, 64]. For the same reason, also electric
propulsion is now used for LNG tankers [19]. Service ships, such as tugboats and OSVs,
use electric or hybrid propulsion with mechanical or hybrid power supply [4, 6–9, 12,
32–34, 36, 41–43]. For cruise ships, there are some which still use a mechanical power
plant [79], but most use electric propulsion with a mechanical power supply, and also a
hybrid power supply has been proposed [20, 77, 79–85]. Therefore, it can be concluded

63
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that hybridization is the trend when designing the power plant, so for this thesis a power
plant with hybrid propulsion and hybrid power supply will be used.

Now the type of propulsion and power supply is clear, the remaining degrees of free-
dom are the amount and type of main engines and electric machines coupled to the
shaft, the amount and type of generator sets and batteries in the power supply (and if
the latter will be recharged during the mission), a single shaft or a multiple shaft config-
uration, if the electric machine can only be used in PTO mode, PTI mode, or both, and
also the type of electric grid; alternating current (AC) or direct current (DC).

MAIN ENGINES, ELECTRIC MACHINES, AND SHAFT CONFIGURATION

Based on the literature review in the work of [22], the main engines are often diesel en-
gines, and the electric machines are often induction machines. Also, in theory there can
be as many diesel engines and induction machines coupled to the shaft as long as the
gearbox is properly designed, but usually no more then two diesel engines and a single
induction machine are coupled to the same shaft [107]. However, in most hybrid power
plants, not more than one diesel engine is coupled to the gearbox, so this will also be
used in this thesis. For the induction machine it is assumed that only the PTI mode
(motor mode) is used, to reduce complexity. Concerning the shaft configuration, cargo
vessels often have a power plant with a single shaft configuration, while service and pas-
senger ships use two shaftlines, as can be found in for example the work of [12, 55, 122,
123]. However, for normal operation they are often assumed to be equally loaded [107],
which means that the propulsion loads for each shaft in a two shaft configuration is ex-
actly half of the propulsion load of the shaft in a single shaft configuration. Thus, for a
given power profile, the propulsion power demand has to be divided by two to find the
load for each of the two shaft lines. Even more, these shaft lines are often identical, hence
for the scope of this thesis only one shaft line will be modelled.

GENERATOR SETS AND BATTERIES

For redundancy, at least two generator sets (often diesel generator sets) should be in-
stalled [107], but more can be added, based on the required mission of the vessel, and
the generator sets can either be of the same or different capacity. For batteries there is
no such lower limit found in literature, which can be explained since batteries are often
added to assist generator sets. Therefore, for the scope of this thesis it is assumed that
the amount of generator sets is fixed at two (minimum amount), and the equipment
modifications consist of adding, removing, or replacing batteries. To this end, the num-
ber of batteries will just be indicated with K . Furthermore, batteries can be charged or
discharged during the mission, and it is assumed that all batteries are fully charged at
the start of the mission.

ELECTRIC GRID

Conventionally, most marine vessels use an AC architecture for the electric grid, gener-
ally using 3.3, 6.6, or 11 kV at 50 or 60 Hz [14, 124]. Therefore, for this thesis also an AC
architecture will be used, which implies that the engines of the generator sets run at syn-
chronous speed, dictated by the required frequency fg r i d of the AC grid. Furthermore
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the DC power of the batteries has to be converted to AC power with frequency convert-
ers and since for this architecture the frequency of the grid is regulated by the generator
sets, the power for the induction motor has to be converted from AC to AC, as this com-
ponent often requires different frequencies than the generator sets provide. However,
since the stability of the electric grid is not in the scope of this thesis, it is assumed that
the required frequency converters (FC) for the batteries and the induction motor have a
certain efficiency ηFC , and that they work properly.

To conclude, the most important assumptions of this section are listed below, and the
described power plant can be seen in Figure 4.1, and will be used for further design in
this chapter.

• Only one diesel engine and one induction machine are coupled to the same shaft

• Shaft lines are identical

• The induction machine is only used as motor

• The power plant contains two generator sets

• The power plant contains K rechargeable batteries

• At the start of the mission, each battery is fully charged

Figure 4.1: Power plant for modular control architecture
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4.2. PRIMARY LEVEL CONTROL
The design of the primary level highly depends on the power plant layout of Figure 4.1, as
it contains the controllers of the components in the power plant. Therefore, this section
both discusses the components of the power plant as their controllers. Furthermore,
as discussed in Chapter 1, a power plant consists of two parts; the propulsion and the
power supply. To this end, first the propulsion will be discussed, followed by the power
supply, and at last a total overview of the primary level control will be given.

4.2.1. PROPULSION PLANT

The power plant of Figure 4.1 uses hybrid propulsion, where a diesel engine (DE) and
an induction motor (IM) are both connected to the same shaft. If only one of these two
components is operating, shaft/rotor speed control is used, but according to the au-
thors of [122], to be able to run the diesel engine and the induction motor in parallel,
either the diesel engine runs in torque control and the induction motor in rotor speed
control, or the diesel engine in shaft speed control and the induction motor in torque
control. Furthermore, the authors have investigated both scenarios, and conclude that
it is more efficient to run the diesel engine in torque control and the induction motor in
rotor speed control for parallel operation, hence this will also be used in this thesis. Us-
ing this, a schematic of the hybrid propulsion together with the primary level controllers
is shown in Figure 4.2.

Figure 4.2: Schematic of the hybrid propulsion plant and primary level control

The signals QDE ,r e f ,ωDE ,r e f ,QI M ,r e f are the reference-signals for the diesel engine
torque QDE and shaft speedωDE , and the induction motor rotor speedωI M , respectively,
provided by the secondary level of the control system. Also, a switch in front of the PI
controller of the diesel engine can be seen, in order to switch from shaft speed control to
torque control if the induction motor is switched on.
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DIESEL ENGINE AND PI CONTROLLER

Diesel engines can be approximated with nonlinear or linear equations, depending on
the level of accuracy needed [125]. Since the scope of this thesis is towards the modular
design and control of the power plant, a relatively simple first order differential equation
as found in the work of [125] will suffice, which can be seen in Equation 4.1:

Q̇DE (t ) =−QDE (t )

τDE (t )
+kDE ·m f ,DE (t ) (4.1)

where kDE is the torque constant, m f ,DE is the fuel index, and τDE is the torque buildup
constant which determines the response speed of the diesel engine, as a function of the
diesel engine shaft speed ωDE :

τDE (t ) = 0.9

ωDE (t )
(4.2)

Following the work of [122, 126, 127], the fuel index m f ,DE is regulated with a PI con-
troller. This controller, sometimes also refered to as the governor [128], either runs in
shaft speed control or in torque control, based on the induction motor reference-signal,
and this can be described using Equation 4.3 and 4.4:

Shaft Speed Control :

m f ,DE (t ) = KP,DE ·eω,DE (t )+K I ,DE

∫ t

t=0
eω,DE (t ) dt (4.3)

Torque Control :

m f ,DE (t ) = KP,DE ·eQ,DE (t )+K I ,DE

∫ t

t=0
eQ,DE (t ) dt (4.4)

where the proportional gain KP,DE and integral gain K I ,DE are chosen such that the av-
erage acceleration time of the diesel engine is around a minute, as the authors of [127]
mention that this is typical for most diesel engines. The shaft speed error eω and the
torque error eQ can be found using Equations 4.5 and 4.6:

eω,DE (t ) =ωDE ,r e f (t )−ωDE (t ) (4.5)

eQ,DE (t ) =QDE ,r e f (t )−QDE (t ) (4.6)

where ωDE is the measured shaft speed, QDE the measured engine torque, and ωDE ,r e f

and QDE ,r e f the references for the shaft speed and engine torque, respectively. At last,
a schematic view of the PI controller and the diesel engine dynamics can be seen in
Figure 4.3, where, following the notation of [12], the notion of eQ,DE || eω,DE illustrates
that either the torque control or the shaft speed control mode can be used.
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Figure 4.3: Schematic of PI controller for fuel injection and diesel engine dynamics

INDUCTION MOTOR, PI CONTROLLER AND V/F MODULATION

Induction motors are often called the workhorses of the industry [129], as they are sim-
ple, easy to maintain, and essentially run at constant speed from zero to full load [130].
The dynamics of an induction motor can be described using Equation 4.7.

QI M (t ) = PI M ,mec

2ωI M (t )

V 2
I M (t )(

Rs,I M
s(t )

)2 +
(
ωI M (t )

2π (Lr,I M +Ls,I M )
)2

Rr,I M

s(t )
(4.7)

where PI M ,mec is the mechanical power, QI M is the generated torque, p I M is the number
of poles, ωI M is the rotor speed, VI M is the input voltage (in literature often refered to
as phase voltage), s is the slip, Rr,I M is the rotor resistance, Rs,I M is the stator resistance,
and Lr,I M and Ls,I M are the rotor inductance and stator inductance, respectively [130,
131]. The slip s is used to express the rotor speed with respect to the rotational speed of
the magnetic field in the stator windings as follows:

s(t ) = ωI M ,s (t )−ωI M (t )

ωI M ,s (t )
(4.8)

where ωI M ,s is the rotational speed of the magnetic field in the stator windings, also ref-
ered to as the stator speed. The motor dynamics of Equation 4.7 can be used to con-
struct a so called torque-slip curve, shown in Figure 4.4, which shows the produced
torque as a function of the stator speed and the slip. For the torque slip curve which
includes condition N , when no load is attached to the rotor, s = 0 and nI M = ns , but
if the motor is loaded, the slip increases linearly with the delivered torque until the full
load QN is reached. If the induction motor is then loaded with an even higher load, slip
increases even more. When the breakdown torque is reached, the rotor stops rotating
and is locked, but still delivers torque (locked-rotor torque). However, since in practise
the motor is only used between the zero load and full load conditions (between 0 and
QN ), for this thesis only the linear part of the torque-slip curve will be used, and this can
be approximated up to 95% accuracy [130] with Equation 4.9:

QI M (t ) = s(t )
V 2

I M (t )

Rr,I M kI M
(4.9)

where kI M is a constant that depends on the motor characteristics. Now to control
the induction motor, elaborate control strategies such as field-oriented control [132] or
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Figure 4.4: Torque-slip curve of an induction motor [130]

direct-torque control [133, 134] are seen in literature, but for the scope of this thesis,
constant V/f control as described by the authors of [135, 136] suffices and will be used.
This type of control uses constant voltage-frequency ratio, together with a PI controller
that determines the required slip speedωI M ,sl i p using the rotor speed reference ωI M ,r e f

and the measured rotor speed ωI M , which can be seen in Equation 4.10:

ωI M ,sl i p (t ) = KP,I M ·eω,I M (t )+K I ,I M

∫ t

t=0
eω,I M (t ) dt (4.10)

where the proportional gain KP,I M and integral gain K I ,I M are chosen such that the av-
erage acceleration time of the induction motor is around a minute, similar to the diesel
engine. The rotor speed error eω,I M can be found using equation 4.11:

eω,I M (t ) =ωI M ,r e f (t )−ωI M (t ) (4.11)

Furthermore, the characterising aspect of this type of control is that the ratio between
the voltage VI M and the stator speed ωI M ,s is kept constant, in order to ensure the max-
imum flux density in the IM and more safe operation [136], and the linear relation be-
tween the stator speed and the voltage can be seen in Equation 4.12:

VI M (t ) =CV / f ·ωI M ,s (t )

=CV / f ·
(
ωI M ,sl i p (t )+ωI M (t )

)
(4.12)

where ωI M ,s is stator speed in rad/s, and CV / f is the constant ratio between the stator
speed and the voltage. Finally, a schematic of the described PI controller with V/f mod-
ulation and the induction motor dynamics can be seen in Figure 4.5.

*Note: the combination of the V/f control and the simplified IM model is not found
in literature, but as will be shown later in this thesis, simulations show good performance
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Figure 4.5: Schematic of PI controller with V/f modulation and induction motor dynamics

GEARBOX, SHAFT, AND PROPELLER DYNAMICS

As discussed earlier in this chapter, and also following from Figure 4.2, the diesel engine
and the induction motor are both connected to the propeller through the gearbox. If
losses are neglected, the gearbox and shaft dynamics can be described using a first order
differential equation [12], which can be seen in Equation 4.13:

ω̇p (t ) = iDE ·QDE (t )+ i I M ·QI M (t )−Qp (t )

Jtot
(4.13)

where ωp is the propeller speed, Qp is the propeller torque, Jtot is the total inertia of the
gearbox, induction motor and the diesel engine, and shaft together, and iDE and i I M the
gear ratios of the diesel engine and the induction motor, respectively. However, since
the gearbox has a certain efficiency ηT [100], the gearbox and shaft dynamics have to be
altered such that this is not neglected. Therefore, ηT is included in the new gearbox and
shaft dynamics, and this can be seen in Equation 4.14 to 4.16:

ω̇p (t ) = Qp,DE (t )+Qp,I M (t )−Qp (t )

Jtot
(4.14)

Qp,DE = ηT · iDE ·QDE (t ) (4.15)

Qp,I M = ηT · i I M ·QI M (t ) (4.16)

Now in order to find the propeller torque Qp the propeller dynamics are required,
which are already discussed in Chapter 3.1.2. As a similar approach is found in the work
of [125], the propeller dynamics are approximated as shown in Equation 4.17 and 4.18:

Qp (t ) =Cp · |ωp (t )| ·ωp (t ) (4.17)

Cp = KQ ·ρ ·D5

4π2 (4.18)

where ρ is the density of the seawater, D is the diameter of the propeller, and KT and KQ

are the thrust and torque coefficients. Since the diesel engine, the induction motor, and
the propeller are connected through the gearbox, the propeller speed ωp can be used to
compute the required feedback signals ofωDE andωI M using their respective gear ratio’s
i I M and iDE as follows:

ωI M = i I M ·ωp (4.19)

ωDE = iDE ·ωp (4.20)
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However, when either the diesel engine or the induction motor is switched off, their ref-
erence signals will be equal to zero. Therefore, since the found ωDE and ωI M are used as
input to the PI controllers, the gearbox must include two clutches, in order to decouple
the diesel engine and/or the induction motor from the propeller. Since this also affects
the engine and motor torque used in the gearbox and shaft dynamics, the updated gear-
box and shaft dynamics and the dynamics to find the shaft speed and rotor speed ωDE

and ωI M are described in Equation 4.21 to 4.24:

Qp,DE

{
ηT · iDE ·QDE ωDE ,r e f > 0

0 ωDE ,r e f = 0
(4.21)

Qp,I M

{
ηT · i I M ·QI M ωI M ,r e f > 0

0 ωI M ,r e f = 0
(4.22)

ωDE


iDE ·ωp ωDE ,r e f > 0

QDE − JDE · ω̇DE

DDE
ωDE ,r e f = 0

(4.23)

ωI M


i I M ·ωp ωI M ,r e f > 0

QI M − J I M · ω̇I M

D I M
ωI M ,r e f = 0

(4.24)

where JDE ,DDE , J I M ,D I M are used to describe the inertia and damping of the diesel
engine and the induction motor when decoupled from the gearbox, respectively.

4.2.2. POWER SUPPLY
The components in the power plant generate electric power, i.e. for the auxiliary loads
and for the induction motor. The power plant of interest includes two diesel genera-
tor sets and K batteries in the power supply. As will be discussed in this section, the
power output of the diesel generator sets consist of both real and reactive power, while
the power profile as discussed throughout this report only defines real power. Therefore,
since the electric stability of the electric grid is not in the scope of this thesis, the focus
of this section will be on the real power, and relatively simple models can be used to
describe the behavior of these components.

DIESEL GENERATOR SETS AND PI CONTROLLERS

For almost a 100 years, a typical diesel generator set (DG) consists of a constant speed
diesel engine (CSDE) driving a wounded-rotor synchronous generator [137]. To control
such a generator set, traditionally two controllers which do not communicate with each
other are used; a controller regulating the fuel intake of the diesel engine to maintain a
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stable shaft speed, and a voltage controller to maintain a stable output voltage [138]. To
this end, first the diesel engine and its controller are discussed, followed the generator
dynamics and its voltage controller, and finally an overview of the total model will be
provided.

Although the dynamics of the diesel engine and its controller required for propulsion
are already discussed, this section redefines them as they are now used for a different
diesel engine, as can be found in Equation 4.25:

Q̇DG ,DE (t ) =−QDG ,DE (t )

τDG (t )
+kDG ·m f ,DG (t ) (4.25)

where QDG ,DE is the generated torque of the diesel engine connected to the generator,
kDG is the torque constant, m f ,DG is the fuel index, and τDG is the torque buildup con-
stant which determines the response speed of the diesel engine, as a function of the
diesel engine shaft speed ωDG :

τDG (t ) = 0.9

ωDG (t )
(4.26)

While the fuel index is also regulated with a PI controller, just as the diesel engine used
for propulsion, instead of switching between shaft speed and torque control, only shaft
speed control is used, and this is shown in Equation 4.27:

m f ,DE (t ) = KP,DGω ·eω,DG (t )+K I ,DGω

∫ t

t=0
eω,DG (t ) dt (4.27)

where the proportional gain KP,DGω and integral gain K I ,DGω are chosen such that the
average acceleration time of the diesel engine is around a minute. At last, the shaft speed
error eω can be found using Equation 4.28:

eω,DG (t ) =ωDG ,r e f (t )−ωDG (t ) (4.28)

A typical wounded-rotor synchronous generator consists of a stator with sinusoidally
distributed windings and a rotor with electromagnets. Therefore, where a diesel engine
can be described with a relatively simple first order differential equations, the generator
dynamics are described with a set of algebraic equations [139], based on the equivalent
circuit of a diesel generator set as shown in Figure 4.6, where IX is the excitation current
of the rotor coils, V0 is the induced voltage in the stator windings, X is the synchronous
reactance, IDG is the terminal/output current, VDG is the terminal/output voltage, and
RDG is the representation of the load connected to the generator. As the focus of this
thesis in on the real power, RDG is assumed to be purely resistive, and is assumed to be
represented by Equation 4.29:

RDG (t ) =
V 2

DG ,r e f (t )

PDG (t )
(4.29)

where PDG is the required generator power, provided by the secondary level control, and
VDG ,r e f is the reference signal for the measured voltage VDG across the generators resis-
tive load RDG . Where the latter is independent of generator characteristics and dynam-
ics, the complex internal reactance X is not, as can be seen Equation 4.30:
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Figure 4.6: Equivalent circuit of a diesel generator set [139]

XDG (t ) = RDG ,i nt + j ·LDG ·ωDG (t ) (4.30)

where RDG ,i nt is the internal resistance, LDG is the inductance, and j is the imaginary
number. Using this, and applying Kirchoff’s law to the circuit of Figure 4.6, the complex
current IDG and voltage VDG are given by:

IDG (t ) = V0(t )

X +RDG (t )
(4.31)

VDG (t ) = IDG (t ) ·RDG (t ) =V0(t ) · RDG (t )

XDG (t )+RDG (t )
(4.32)

From these expressions it can be seen that VDG decreases for increasing values of X ,
hence the efficiency of the generator (typically around 0.95% [64]) mainly depends on
RDG ,i nt and L. The induced voltage V0 to provide the required output voltage can be
described using the shaft speed ωDG and the exciting current IX as shown in Equation
4.33:

V0(t ) = f (IX (t )) · ωDG (t )

2π
(4.33)

where f (IX (t )) is experimentally determined by the authors of [139], which they found
to be adequately described by Equation 4.34:

f (IX (t )) = aG ,1 · IX (t )+aG ,0 (4.34)

with aG ,1 and aG ,0 being constant. To maintain a stable output voltage of the generator,
typically an Automatic Voltage Regulator (AVR) is used [138, 140], also refered to as ex-
citation control [141]. Furthermore, the authors of [142] mention that for power plants
where two or more generator sets are connected to the same grid, ’fighting’ can occur,
meaning that both generator sets try to pull the grid frequency and voltage to their in-
dividual settings. However, since the electrical stability of the grid is not in the scope of
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this thesis, the output voltage VDG of the generator is controlled using a PI controller that
regulates the excitation current IX as shown in Equation 4.35:

IX (t ) = KP,DGV ·eV ,DG (t )+K I ,DGV

∫ t

t=0
eV ,DG (t )dt (4.35)

where KP,DGV and K I ,DGV are the proportional and integral gains of the PI voltage
controller, and eV is the voltage error as defined in 4.36:

eV ,DG (t ) =VDG ,r e f (t )−|VDG (t )| (4.36)

where |VDG | denotes the absolute value of the output voltage, as this can take complex
values. Furthermore, to produce electrical power, torque is required, and this can be
expressed using the exciting current and output current, as shown in Equation 4.37.

QDG ,G (t ) = f (IX (t )) ·Re(IDG (t ))

2π
(4.37)

where QDG ,G is the generator torque exerted on the shaft that connects the generator
to the diesel engine. Using both the torque of the engine and the generator, the shaft
dynamics can be described by Equation 4.38:

ω̇DG (t ) = QDG ,DE (t )−QDG ,G (t )

JDG
(4.38)

where JDG represents the inertia of the shaft. Finally, an overview of the diesel generator
set and its controllers can be seen in Figure 4.7.

Figure 4.7: Shaft speed and voltage control of a diesel generator set
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BATTERIES AND BATTERY CONSTRAINT MODULES

As the power supply contains K batteries, which can either be charged or discharged, a
proper battery model has to be included, such that the control system is able to monitor
the conditions of each battery, e.g. the state of charge [143]. For the scope of this the-
sis, a battery is described using the model shown in Figure 4.8, where RB is the internal

Figure 4.8: Equivalent circuit of a battery [12, 144]

resistance, IB the battery output current (positive for discharging), VB is the battery ter-
minal/output voltage, and VOC is the battery open circuit voltage, which is a function of
the SOC. Using this, VB is described as:

VB (t ) =VOC (t )−RB · IB (t ) (4.39)

How exactly the VOC relates to the SOC depends on the battery characteristics, but in
literature this relation is often described as a nonlinear relation [145–152]. However, as
also can be seen in literature, between certain limits of the SOC, the relation between
the VOC and the SOC can be approximated linear, although the described values of these
limits for which this holds vary. Still, following the notation of the authors of [153], the
relation between the VOC and the SOC, will be described using Equation 4.40:

VOC (t ) = aB ,1 ·SOC (t )+aB ,0 (4.40)

with aB ,1 and aB ,0 being constants. Now, to obtain knowledge about the SOC during
charging or discharging of the battery, Coulomb counting can be used [152–154]. Using
this method, the SOC can be determined as shown in Equation 4.41:

SOC (t ) = SOC (t0)− 1

C0

∫ t

t=0
IB (t )dt (4.41)

where C0 is the capacity of the battery, SOC (t0) is the initial SOC of the battery, and IB (t )
is the (dis)charging current of Figure 4.8. Using this, the model of Figure 4.9 can be used
to approximate the battery dynamics and estimate the SOC,

As mentioned, the SOC has to remain between certain limits, affecting the power that
can be drawn or supplied to the battery. Furthermore, battery manufacturers prescribe
a minimum and a maximum value for the open circuit voltage VOC . Using this, and
following the work of [12], a total of four constraints can be constructed, and these are
shown in Equation 4.42 to 4.45.
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Figure 4.9: Battery and coulomb counting

P max
B ,V =

VOC ·VB ,mi n −V 2
B ,mi n

RB
(4.42)

P mi n
B ,V =

V 2
B ,max −VOC ·VB ,max

RB
(4.43)

P max
B ,SOC = SOC −SOCmi n

∆t
·C0 ·VOC (4.44)

P mi n
B ,SOC = SOC −SOCmax

∆t
·C0 ·VOC (4.45)

Here, VB ,mi n , VB ,max , SOCmi n , and SOCmax are the minimum and maximum terminal
voltage VB and minimum and maximum SOC of the battery, respectively, provided by
the battery manufacturer. Furthermore, ∆t is a discrete timestep, which can be tuned
to alter the power constraints related to the SOC of the battery. Now, at each moment
during the mission, the secondary level controller has to ensure that the power required
from the battery is within these limits, hence the minimum and maximum of the above
constraints has to be determined using Equation 4.46 and 4.47:

P mi n
B = max

(
P mi n

B ,SOC ,P mi n
B ,V

)
(4.46)

P max
B = min

(
P max

B ,SOC ,P max
B ,V

)
(4.47)

Inspired by the work of [155], where hardware is equipped with a memory that con-
tains the required information about that hardware, required by the control system, as in
literature the battery constraints are often included in the secondary level of the power
plant control system, in this thesis the constraints listed in Equation 4.42 to 4.47, to-
gether with the SOC estimation of Equation 4.41, are stored in a battery constraint mod-
ule, which can be included in the primary level control. Resulting, for battery replace-
ments, additions or removals, these modules also have to be adjusted accordingly, and
for the scope of this thesis it is assumed that for replacements or additions of batteries
only the capacity of the battery changes. Using this, the constraint module uses the spec-
ified discrete timestep ∆t , data of the manufacturer, the initial state-of-charge SOC (t0),
measured battery current IB , the required power of the battery PB , and the capacity C0
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Figure 4.10: Battery and constraint module

to determine the range [P mi n
B P max

B ] for the power of the battery, and this is communi-
cated to the secondary level controller. This removes the need for any reference signals,
as the power assigned to the battery can be directly given to the battery constraint mod-
ule. A schematic representation of the battery and the constraint module can be seen
in Figure 4.10. Finally, an overview of all the components in the power plant with their
primary level controllers can be give, and this is shown in Figure 4.11. In the next sec-
tion, the secondary level will be discussed, in order to determine the power split and the
required reference-signals for the primary level and the power plant.
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4.3. SECONDARY LEVEL CONTROL
As discussed in the previous sections, the secondary level power plant control deter-
mines the power split for the power plant components, and in order to realize this power
split, corresponding reference-signals have to be provided for the primary level. It is also
shown that often ECMS is used to fulfill the former of these tasks, and in this thesis this
will also be the case. Then, after the required power for each component is determined
by implementing this strategy, the primary level of the power plant (as described in the
previous section) is used to derive the required reference-signals for each controller of
that level. Before the ECMS strategy will be discussed, an Energy Flow Diagram (EFD),
as described in the work of [100], is provided in Figure 4.12, constructed using the power
plant of Figure 4.1. The arrows show the direction of the energy, and are also labeled to
be able to clearly describe the power required for each component.

Figure 4.12: Energy flow diagram of the hybrid power plant

Here, the external energy (fuel) for the diesel engine and the diesel generator sets is
indicated with ES, the electrical energy sources such as the batteries with an E, mechan-
ical energy as M, the conversion from mechanical energy to electrical energy with M/E
(and vice versa with E/M), and for the frequency converters connected to the batteries
and the induction motor, the conversion is from electric energy to electric energy, hence
indicated with E/E. At last, as the gearbox and shaft take mechanical energy from both
the diesel engine as the electric machine and transmits this to the propeller, there is a
conversion from mechanical energy to mechanical energy, hence this is indicated with
M/M.
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4.3.1. EQUIVALENT CONSUMPTION MANAGEMENT STRATEGY
To determine the power split, the Equivalent Consumption Minimization Strategy (ECMS)
is used, which is a strategy that expresses the power of each component in terms of fuel
consumption, and defines an instantaneous cost function at each time step during the
mission [8]. In order to find the the optimum power split, the instantaneous cost func-
tion has to be minimized appropriately at each time step. The approach shown in this
section is mostly based on the work of [4, 7]. The authors describe that in order to de-
termine the power split using the ECMS, next to the objective to minimize the fuel con-
sumption, the required propulsion and auxiliary power demand has to be met, but also
it has to be ensured that the required power from or towards the power plant compo-
nents does not exceed their capabilities. Therefore, the constraints for the propulsion
and auxiliary power demand are derived using Figure 4.12, and are shown in 4.48 and
4.49, respectively.

PD = ηT · i · (PDE +PI M ,mec
)

(4.48)

Paux =
2∑

j=1
PDG , j +

K∑
k=1

PB ,k −
i ·PI M ,mec

ηI M ·ηFC
(4.49)

where i ∈ [1,2] denotes the number of shaft lines, ηT is the transmission efficiency, ηFC

is the frequency converter efficiency, and ηI M is the efficiency of the induction motor,
and in general the following bounds for these efficiencies are found [64, 99, 119]:

0.92 ≤ ηT ≤ 0.95 (4.50)

0.95 ≤ ηI M ≤ 0.97 (4.51)

0.65 ≤ ηFC ≤ 0.99 (4.52)

Since the objective is to minimize the fuel consumption, the cost function has to
include the fuel consumption for each component, and has to depend on the required
power of the components in order to determine a power split. As the induction motor
simply converts power provided by the electrical grid to mechanical power for the gear-
box, this component can be excluded from the cost function. To this end, the fuel con-
sumption of the diesel engine, diesel generator sets, and the batteries will be discussed
next.

DIESEL ENGINE FUEL CONSUMPTION

The diesel engine can work alone to provide propulsion power to the shaft when the
induction motor is shut down, work together with the induction motor, or can be shut
down, and the induction motor provides the total required propulsion power. Evidently,
the power of the engine PDE depends on the required propulsion power PD and the de-
livered power of the induction motor PI M ,mec as follows:

PDE = PD

i ·ηT
−PI M ,mec (4.53)
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Using the required engine power PDE and the measured engine speed ωDE , the Specific
Fuel Oil Consumption (SFOC) can be determined [12], using the relation shown in Equa-
tion 4.54:

SFOCDE = aDE
1 ·PDE

2 +aDE
2 ·PDE +aDE

3 ·ω2
DE

+aDE
4 ·ωDE +aDE

5 ·PDE ·ωDE +aDE
6 (4.54)

where aDE
1 − aDE

6 are constants depending on the engine characteristics. Then, using the
work of [156], the fuel consumption (g) after a certian time interval ∆t can be expressed
as follows:

mDE = i ·SFOCDE ·PDE ·∆t (4.55)

Filling in the found relation for the SFOC of Equation 4.54, the fuel consumption can be
written as:

mDE = (4.56)

i · (aDE
1 ·PDE

2 +aDE
2 ·PDE +aDE

3 ·ω2
DE +aDE

4 ·ωDE +aDE
5 ·PDE ·ωDE +aDE

6

) ·PDE ·∆t

DIESEL GENERATOR SETS FUEL CONSUMPTION

The power from the generator sets can be used to supply the auxiliary systems, the in-
duction motor, and also to charge the battery. Therefore, the power required from the
generator sets can be described as a function of these three elements, and using Equa-
tion 4.49 the required power from the generators is described by Equation 4.57:

2∑
j=1

PDG , j = Paux −
K∑

k=1
PB ,k +

i ·PI M ,mec

ηI M ·ηFC
(4.57)

As a diesel generator set consists of a diesel engine and a generator, and the latter con-
verts mechanical power of a diesel engine into electrical power, the fuel consumption
can also be expressed using the SFOC of the diesel engine. Taking into account the ef-
ficiency of the generator ηDG , typically around 0.95 [64], the SFOC of a diesel generator
set can be given by Equation 4.58:

SFOCDG , j = aDG , j
1 ·

(
PDG , j

ηDG , j

)2

+aDG , j
2 · PDG , j

ηDG , j
+aDG , j

3 (4.58)

where j ∈ [1,2] denotes the j -th diesel generator set, and aDG , j
1 − aDG , j

3 are constants
depending on the engine characteristics. As can be noted, for the diesel generator set the
shaft speed is not of importance. This is due to the constant speed of the engine, in order
to maintain a stable grid frequency, hence the terms depending on the shaft speed ωDG

are captured in the constant aDG , j
3 . Now the fuel consumption of the diesel generator

sets can be found by multiplying the SFOC with the required power and a certain time
interval, as described with Equation 4.59:

mDG , j = SFOCDG , j ·
PDG , j

ηDG , j
·∆t (4.59)
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Filling in the details, this can be written as:

mDG , j =
(

aDG , j
1 ·

(
PDG , j

ηDG , j

)3

+aDG , j
2 ·

(
PDG , j

ηDG , j

)2

+aDG , j
3 · PDG , j

ηDG , j

)
·∆t (4.60)

At last, since there are two generator sets, to find the total fuel consumption the sum of
their individual fuel consumption has to be taken, such that:

mDG =
2∑

j=1
mDG , j (4.61)

BATTERIES EQUIVALENT CONSUMPTION

The batteries can be used to supply power to the auxiliaries, to the induction motor, or
they can be charged with power from the generator sets. A positive sign for the battery
power indicates discharging, and a negative sign indicates charging. As for diesel engines
the SFOC curve describes the fuel consumption for a given power output, for batteries
this is not the case. Therefore the approach from the ECMS strategy described in [12] is
used to express the equivalent fuel consumption (g/kWh) of each battery k ∈ [1, ...,K ] as
given by Equation 4.62:

cs f oc,eqv = seqv ·ηB ,k
si g n(PB ,k )

Ql hv
(4.62)

where ηB ,k is the efficiency of the k-th battery, typically 0.98 [4] , Ql hv is the lower heating
value of the fuel, and seqv is the equivalence factor. In the first formulation of ECMS by
[157], seqv depends on whether the battery is charging or discharging, but according
to the authors of [12], using a constant value practically yields the same results. They
also state that the value of the equivalence factor seqv can be chosen such that it reflects
the nominal fuel consumption of the diesel engines, corrected for the efficiency of the
components between the batteries and the shaft. Since the battery power is defined as
the power of the electrical grid from/towards the battery’s frequency converter, as can
be seen in Figure 4.12, there is a single frequency converter and an induction motor left
between the battery and the shaft, resulting the equivalence factor given in Equation
4.63:

seqv = SFOCDE ,nom ·ηFC ·ηI M ·Qlhv (4.63)

where SFOCDE ,nom is the nominal fuel consumption of the diesel engine. Using this
result and Equation 4.62, the equivalent consumption of a battery can be written as:

cs f oc,eqv = SFOCDE ,nom ·ηFC ·ηI M ·ηB ,k
si g n(PB ,k ) (4.64)

where the chosen value for SFOCDE ,nom could be adjusted to affect the use of the battery
power during a mission, as this value acts as a weighting function [4]. Using the found
equivalent consumption of a battery, the fuel consumption can be expressed as shown
in Equation 4.65 and Equation 4.66:

mB ,k = cs f oc,eqv ·PB ,k ·∆t (4.65)

mB ,k = SFOCDE ,nom ·ηFC ·ηI M ·ηB ,k
si g n(PB ,k ) ·PB ,k ·∆t (4.66)
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Now the total fuel consumption of all the batteries is just the sum of the fuel consump-
tion of each battery, as shown in Equation 4.67:

mB =
K∑

k=1
mB ,k (4.67)

TOTAL FUEL CONSUMPTION

The total fuel consumption consist of the contributions of all the relevant components in
the power plant. Since the objective is to minimize the fuel consumption for a mission,
and the power split is not known a priori, it is also not known how long each compo-
nent delivers a certain amount of power. Therefore, instead of the fuel consumption,
the fuel consumption rate will be minimized at each time instant, in order to provide
the optimum power split throughout the whole mission. Therefore, the derivation of the
total fuel consumption rate can be found in Equation 4.68 to 4.70, which can be used to
construct the final ECMS structure.

mT,K = mDE +
2∑

j=1
mDG , j +

K∑
k=1

mB ,k (4.68)

ṁT,K = 1

∆t
·mT = 1

∆t
·
(

mDE +
2∑

j=1
mDG , j +

K∑
k=1

mB ,k

)
(4.69)

ṁT,K = i ·
(

aDE
1 ·PDE

3 +aDE
2 ·PDE

2 +aDE
3 ·ω2

DE ·PDE

+aDE
4 ·ωDE ·PDE +aDE

5 ·PDE
2 ·ωDE +aDE

6 ·PDE

)
+

2∑
j=1

(
aDG , j

1 ·
(

PDG , j

ηDG , j

)3

+aDG , j
2 ·

(
PDG , j

ηDG , j

)2

+aDG , j
3 · PDG , j

ηDG , j

)

+
K∑

k=1

(
SFOCDE ,nom ·ηFC ·ηI M ·ηB ,k

si g n(PB ,k ) ·PB ,k

)
(4.70)

where mT,K is the total fuel consumption of the discussed power plant with K batteries.

ADDITIONAL CONSTRAINTS

As discussed in [8], the ECMS strategy defines a minimization problem which has to be
solved at each time step to find the optimum power split. Also, the authors of [4, 7] indi-
cate that the power split has to meet several constraints, such as meeting the propulsion
and auxiliary power demand, and that the power required of each component is within
its limits. However, to the best knowledge of the authors of this paper, little to no liter-
ature exists on an ECMS problem with multiple batteries operating next to each other.
In fact, in for example the work of [12] the discussed power plant includes two identical
batteries, but the authors model and simulate them as a single battery. Where in that
case this leads to no significant issues, for scenarios where the power plant includes two
or more batteries which are not identical, this can cause significant errors, as will be
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shown Chapter 5. When for example two batteries with different capacities C0 are both
discharged at the same rate, the battery with a smaller C0 will be drained sooner than the
other. However, if these batteries are modeled as one, the control system fails to recog-
nise that the smaller battery is already drained, so the power split will still include this
battery (as the system thinks it still has some energy left). As there is actually no energy
left in the smaller battery, the power split is not being met.

When only the constraints and cost function found in existing work on the ECMS
are used to compute the power split for multiple batteries, it is found that batteries will
charge each other, meaning that for example a larger battery will be discharged, in order
to charge the smaller battery. One way to deal with this problem is by adding constraints
for the batteries, and it is experimentally found that the constraints shown in Equation
4.71 and 4.72 are required to provide a stable power split, as these constraints ensure that
at each point in the mission, all K batteries in the power plant either charge or discharge.

PB ,K ·PB ,1 ≥ 0 (4.71)

PB ,n ≥ PB ,n−1 for k ∈ [2, ...,K ] (4.72)

FINAL ECMS FORMULATION

Using these additional constraints, the ECMS, which is basically a minimization prob-
lem, required to find the power split for a power plant with K batteries can be found
below. Note that in the notation the number K is used, which indicates that for the dis-
cussed power plant with any number of batteries K , the same formulation can be used,
and only K has to be filled in to find the required ECMS formulation.

min{ṁT,K } (4.73)

subject to the following constraints:

0 ≤PDE ≤ P max
DE (4.74)

PDE ≥ PD

i ·ηT
−PI M ,mec (4.75)

0 ≤ PDG , j ≤ P max
DG , j for j ∈ [1,2] (4.76)

2∑
j=1

PDG , j ≥ Paux−
K∑

k=1
PB ,k +

i ·PI M ,mec

ηI M ·ηFC
(4.77)

0 ≤ PI M ,mec ≤ P max
I M ,mec (4.78)

P mi n
B ,k ≤PB ,k ≤ P max

B ,k for k ∈ [1, ...,K ] (4.79)

PB ,K ·PB ,1 ≥ 0 for K ≥ 2 (4.80)

PB ,k ≥ PB ,k−1 for k ∈ [2, ...,K ] (4.81)

where the output of the ECMS is the power split: [PDE ; PI M ,mec ; PDG ,1; PDG ,2; PB ,1;
... ;PB ,K ].
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REFERENCE-SIGNALS

Once the power split is found with the aforementioned ECMS, the reference-signals can
be generated, which are determined using the power plant of Figure 4.1 and the dis-
cussed primary controllers. First the components in the propulsion are discussed, hence
the required propeller speed is required. The latter can be found using the required
propulsion power PD from the power profile and Equation 3.21, such that the propeller
speed reference ωp,r e f can be written as:

ωp,r e f = 3

√
PD

Cp
(4.82)

Since the propeller is coupled to the gearbox together with the diesel engine and the
induction motor, the required propeller speed ωp,r e f dictates the shaft speed reference-
signal for the diesel engines and induction motors shaft speed controllers, ωDE ,r e f and
ωI M ,r e f as shown in Equation 4.83 and 4.84.

ωDE ,r e f

{
iDE ·ωp,r e f PDE > 0

0 PDE = 0
(4.83)

ωI M ,r e f

{
i I M ·ωp,r e f PI M ,mec > 0

0 PI M ,mec = 0
(4.84)

where iDE and i I M are the gearbox ratios of the diesel engine and the induction mo-
tor to the propeller, respectively. Now, using the assigned power to the diesel engine PDE

(from the power split), the torque reference-signal for the diesel engines torque con-
troller QDE ,r e f can be found using Equation 4.85:

QDE ,r e f


PDE

ωDE ,r e f
PDE > 0

0 PDE = 0
(4.85)

Second, the components in the power supply of the power plant are discussed. This
system includes two generator sets and K batteries, all connected to the grid. To ensure
a stable grid frequency fg r i d and grid voltage Vg r i d , proper reference-signals for the gen-
erator sets and batteries are required, and the shaft speed reference for each generator
set is given by Equation 4.86:

ωDG , j ,r e f = fg r i d · 4π

pG , j
for j ∈ [1,2] (4.86)

where pG , j is the amount of poles of the generator j . The grid voltage Vg r i d is given as
reference-signal to the voltage controller of the generator as shown in Equation 4.87

VDG , j ,r e f =Vg r i d (4.87)

At last, to simulate the behavior or the generator set, the load resistance RDG is required
(as described in Section 4.2), and is determined using Equation 4.88

RDG , j =
V 2

DG , j ,r e f

PDG , j
for j ∈ [1,2] (4.88)
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where PDG , j is the power assigned to generator set j as defined by the power split. As the
required battery power PB ,k can be directly given to the battery constraint module, for
further use in this report, the reference-signals can be given as:

ur e f ,K =[QDE ,r e f , ωDE ,r e f , ωI M ,r e f , ωDG ,1,r e f ,

RDG ,1, VDG ,1,r e f , ωDG ,2,r e f , RDG ,2, VDG ,2,r e f ,PB ,1, ...,PB ,K ] (4.89)

4.3.2. BANK OF CONTROLLERS
As shown with the above ECMS formulation, the required objective function (ṁT,K ) and
the constraints depend on the power plant equipment. Therefore, in order to realize the
secondary level control for a retrofittable power plant with a variable number of batter-
ies, the vessel control system needs to include a controller for each possible power plant
layout. In the work of for example [90, 91], the authors discuss supervisory switching
control, using a bank of controllers. Using this, for a variable layout power plant, a bank
of controllers should be included in the secondary level. In this bank of controller, for
each k ∈ [0, ...,Kmax ] there needs to be an ECMS structure, hence this bank will include a
total of Kmax +1 controllers. A schematic view of this can be found in Figure 4.13, where
each controller in the bank of controllers contains the ECMS formulation for the amount
of batteries shown.

The exact value of Kmax greatly depends on two factors; the type of vessel and the
available batteries. The type of vessel gives information about the variability of the power
profile, as shown in Section 3.2.1, hence if the available batteries for the vessel’s power
plant are known, an upper bound for the maximum required batteries the power plant
required during a mission of the vessel, Kmax can be estimated. However, for the scope
of this thesis, the exact value of Kmax is not determined, since next to the type of vessel,
specific information about the other components of the power plant and the expected
missions of the vessel is required. Therefore, simply the notation of Kmax will be used,
and it is left for future research to investigate how to properly determine the exact value
of this.

Figure 4.13: Bank of controllers for secondary level control
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4.4. SUPERVISORY LEVEL
As discussed in Chapter 3.2, the equipment modifications for this thesis consist of bat-
tery additions, removals or replacements. Although the primary and secondary level are
designed to cope with a varying number of batteries in the power plant, without further
design, the control system would not know which controller to select from the bank and
which batteries are in the plant. Therefore, just as the supervisor to select the required
controller in the example of [90, 91], a supervisory level is added to the control archi-
tecture, which includes a supervisor that is able to decide which batteries are required,
which secondary level controller from the bank of controllers is needed, and which can
initialize the battery constraint modules in the primary level, such that they can cor-
rectly be used for the batteries in the power plant. Using this description, the following
requirements for the supervisor can be formulated:

• Before the mission:

– Estimate the required batteries to execute the mission

– Initialize the constraint modules in the primary level

• During the mission:

– Detect if all batteries in the power plant are working correctly

– If a fault is detected:

⋄ Select fitting secondary level controller for the remaining batteries

⋄ Ensure the battery at fault is not used for the remainder of the mission

In order to design a supervisor that is able to perform well on the aforementioned tasks,
while remaining in the scope of this thesis, a few assumptions have to be made:

• The power profile is known, or can be approximated using Chapter 3.1

• Of the two diesel generator sets, only one is used during the mission (the other is
for redundancy)

• Batteries are only used when the diesel generator set can not provide the required
power ∗

• The diesel engine is only used when induction motor can not provide the required
propulsion power ∗∗

• At each harbour there are two available types of batteries: type 1 and type 2

• The capacity of type 2 is twice the capacity of type 1

• A proper fault diagnosis is installed in the supervisor, which can detect and identify
the battery/batteries at fault
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∗ : The ECMS is solved with fmincon in MATLAB, and since this is a nonlinear problem the so-

lution depends on the initial guess for the power split. Tuning this results in fmincon preferring

generator power over battery power, vice versa, or approach them as equally important.
∗∗ : Same as the above, only now regarding the diesel engine and the induction motor. However,

it is seen that for scenarios where no preference was given, fmincon chose induction motor power

over diesel engine power, but this depends on the SFOC of the diesel engine.

Using the requirements for the supervisor and the assumptions listed above, an ini-
tial design can be made, and this will be discussed in this section in twofold. First it is
shown how the power profile can be used to estimate which batteries are required to
execute the mission, and second the decision logic will be discussed, in order to select
the required secondary level controller from the bank of controllers, which is especially
important for the scenario of detecting a battery fault during the mission.

4.4.1. REQUIRED BATTERIES FOR THE MISSION
In order to determine the required batteries for the mission, the power profile (or the
mission statement), characteristics of the equipment in the power plant, and the as-
sumptions listed above are required. Then, using this information, first the required
battery capacity of the power plant needs to be determined, where after a suitable bat-
tery configuration that matches the required battery capacity can be selected using the
designed algorithm.

REQUIRED BATTERY CAPACITY

To illustrate the steps to determine the required battery capacity, a tugboat is used as an
example. To this end, first a typical power profile of a tugboat is shown in Figure 4.14,
based on the work of [4, 7].

Figure 4.14: Typical power profile of a tugboat

In the power profile, the operational modes are indicated with 1,2,3, and 4. It has
to be noted that the authors use electric propulsion for the tugboat in their work, while
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this thesis considers hybrid propulsion. However, this is not much of a problem since
for this analysis the specifics of the diesel engine(s) do not have to be known, only the
specifics of the induction motor(s) and the diesel generator sets. Also, as the aim of this
section is to illustrate how to estimate the required batteries based on the power profile,
a single shaft configuration will be used. Furthermore, the maximum power P max

I M ,mec of
the induction motor is assumed to be 800 kW [158], and the generator sets are assumed
to have a maximum power of 700 kW, based on the work of [12].

The first step is to determine the maximum electric power the induction motor can
request from the electric grid, and according to Figure 4.12, this can be found using
Equation 4.90:

P max
I M ,g r i d =

P max
I M ,mec

ηI M ·ηFC
(4.90)

The second step is to find the optimum working point of the diesel generator set, and
this can be done using the SFOC. Based on SFOC data shown in the work of [4, 7, 12] it is
found that the optimum working point of the diesel generator sets is between 70% and
80% of the maximum load, hence 75% will be used as approximation. This leads to the
results shown in Figure 4.15, where next to the power profile, the optimum working point
of the diesel generator set P opt

DG ,1 (only one DG is active) and the maximum electric power
for the induction motor are shown. Now, the power required for the auxiliary loads and

Figure 4.15: Power profile of a tugboat and equipment characteristics

the power for the induction motor, up to P max
I M ,g r i d , will be provided by the generator sets

and the batteries. Therefore, the propulsion load has to be expressed as an electric load:

PD,el ec =
PD

ηT ·ηI M ·ηFC
(4.91)

Furthermore, since the ECMS as described above tries to balance the power assigned
to the generator set around the optimum working point, for power demands higher than
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the optimum load of the diesel generator set, the batteries will be used. Combining this
with the notion that the induction motor can only take a maximum amount of electric
power from the grid, the maximum power PB ,max from the batteries will be equal to:

PB ,max = max
{

0, Paux +min
{

PD,el ec ,P max
I M ,g r i d

}
−P opt

DG ,1

}
(4.92)

At last, to find the total energy the batteries have to deliver during the mission, the found
battery power has to be integrated over time, and this can be seen in Figure 4.16 and 4.17.

Figure 4.16: Power profile of a tugboat and required battery power

Figure 4.17: Power profile of a tugboat and required battery energy

Summarizing, if the steps taken in this section are used, the maximum energy the
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batteries have to deliver during the mission can be found as shown in Equation 4.93:

EB ,max =
∫ tm

t=0

({
0, Paux (t )+min

{ PD (t )

ηT ·ηI M ·ηFC
,

P max
I M ,mec

ηI M ·ηFC

}
−P opt

DG ,1

})
dt (4.93)

where tm is the total mission time, and PD and Paux are known from the power profile.
Although it is assumed that each battery is charged fully at the start of the mission, they
could be restricted to be discharged completely, and therefore it is important to take this
into account when estimating the required batteries. Furthermore, as seen in literature
during the analysis of the tugboats power profiles shown in Table 3.12, most tugboats
have a buffer of 10%-30% of the total installed power, which is, under normal circum-
stances, not required during the mission. Therefore, for the battery energy a buffer of
20% is chosen, such that the required energy capacity of the batteries for the power plant
is equal to:

EB ,pl ant = 1.2 · EB ,max

SOCmax −SOCmi n
(4.94)

where SOCmax and SOCmi n are the prescribed battery limits, and EB ,pl ant denotes the
required battery energy capacity. With the required battery capacity of the batteries in
the power plant known, a suited the battery configuration can be selected.

BATTERY CONFIGURATIONS

The power plant can contain up to Kmax batteries, and each battery can either be of type
1 or type 2, where the energy capacity of type 1 is equal to E0,1 and the energy capacity of
type 2 is equal to E0,2 = r2/1 ·E0,1, with r2/1 an integer. Consequently, there are numerous
configurations possible to obtain a power plant with the required capacity. To illustrate
this, each unique configuration for a power plant that can contain up to 6 batteries is
shown in Table 4.1, where ’1’ denotes a battery of type 1, and ’2’ a battery of type 2.

Number
of

Batteries
Configuration

1 2 3 4 5 6 7
1 1 2 - - - - -
2 1,1 1,2 2,2 - - - -
3 1,1,1 1,1,2 1,2,2 2,2,2 - - -
4 1,1,1,1 1,1,1,2 1,1,2,2 1,2,2,2 2,2,2,2 - -
5 1,1,1,1,1 1,1,1,1,2 1,1,1,2,2 1,1,2,2,2 1,2,2,2,2 2,2,2,2,2 -
6 1,1,1,1,1,1 1,1,1,1,1,2 1,1,1,1,2,2 1,1,1,2,2,2 1,1,2,2,2,2 1,2,2,2,2,2 2,2,2,2,2,2

Table 4.1: Battery configurations

From this example it can be noted that for K batteries in the power plant, K+1 unique
configurations can be made, and in total there are 27 different configurations seen in
Table 4.1. Upon closer inspection, the following relation can be derived for the maximum
amount of batteries in the power plant and the number of possible configurations:
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Kcon f i g =


Kmax ·

(
Kmax

2 +2
)
− Kmax

2 for Kmax = even

Kmax ·
(

Kmax+1
2 +1

)
for Kmax = odd

(4.95)

where Kmax denotes the maximum number of batteries in the power plant, and Kcon f i g

is the number of unique battery configurations. Now to find a suitable configuration,
the total battery capacity of each configuration is required, which is done by assigning
weighting factors, proportional to the ratio of the battery capacities, to each battery type.
In this case, a battery of type 1 receives weighting factor 1, but a battery of type 2 receives
weighting factor r2/1, since that is the ratio between the capacity of a type 2 and a type
1 battery. In this case, this would yield the same results as Table 4.1, only with each
2 replaced by r2/1. Now if for each configuration the sum of the weights is taken, the
results is a factor, expressing the total energy capacity of that configuration in terms of
the capacity of a type 1 battery. For the example shown in Table 4.1 this is also done, and
this can be seen in Table 4.2.

Number
of

Batteries
Configuration

1 2 3 4 5 6 7
1 1 1+(r2/1-1) - - - - -
2 2 2+(r2/1 −1) 2+2(r2/1 −1) - - - -
3 3 3+(r2/1 −1) 3+2(r2/1 −1) 3+3(r2/1 −1) - - -
4 4 4+(r2/1 −1) 4+2(r2/1 −1) 4+3(r2/1 −1) 4+4(r2/1 −1) - -
5 5 5+(r2/1 −1) 5+2(r2/1 −1) 5+3(r2/1 −1) 5+4(r2/1 −1) 5+5(r2/1 −1) -
6 6 6+(r2/1 −1) 6+2(r2/1 −1) 6+3(r2/1 −1) 6+4(r2/1 −1) 6+5(r2/1 −1) 6+6(r2/1 −1)

Table 4.2: Total capacity of battery configurations

In order to decide which configuration is selected for a certain EB ,pl ant , it is assumed
that the configuration with the least amount of batteries is prefered, since this reduces
the amount of equipment, reducing the total weight of the vessel, and therefore reduces
the resistance of the vessel during the mission. As the remaining steps to determine
the required batteries for the power plant are purely mathematical, this is shown in in
Algorithm 3, together with the steps taken to estimate the required battery capacity, and
this algorithm can be used to determine the required battery configuration for any two
types of batteries, as long as the ratio of their capacities is an integer. Finally, with the
found batteries, the capacity in ampere-seconds, required as input for the primary level
battery constraint modules, can be computed. This is based on the work of [145] and
Equation 4.40, and can be seen in Equation 4.96 to 4.98:

C 0 = E 0

Vav g
(4.96)

Vav g = aB ,1 ·SOCav g +aB ,0 (4.97)

SOCav g = SOCmax +SOCmi n

2
(4.98)
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where C 0 contains the capacity in ampere-seconds for each battery in the desired battery
configuration, and Vav g and SOCav g are the average voltage and SOC, respectively.

Algorithm 3: Selection algorithm for the optimal battery configuration

Input: Battery and Power Plant Specifics
1 Kmax ← Maximum number of batteries in the power plant
2 E0,1 ← Capacity of battery type 1
3 E0,2 ← Capacity of battery type 2
4 EB ,pl ant ← Required battery capacity

5 rE = E0,2 −E0,1

E0,1
Express difference in capacity in

terms of E0,1

6 EK = zeros(Kmax ,Kmax +1)
7 for i = 1 : Kmax do
8 for j = 1 : i +1 do
9 EK (i , j ) = ( j · rE + (i − rE )) ·E0,1 Capacity of configurations

10 end
11 end
12 [I , J ] = find(EK >= EB ,pl ant ) Find suitable configurations
13 Kpl ant = min(I ) Select minimum of batteries
14 Jmi n = min(J (I (:) == Kpl ant )) Select closest to required capacity
15 E 0 = ones(1,Kpl ant ) ·E0,1 Fill configuration with battery type 1

16 if Jmi n ≥ 2 then
17 for j = 1 : Jmi n −1 do
18 E0(Kpl ant − j +1) = E0,2 Replace type 1 with type 2 if necessary
19 end
20 end

Output: Battery Configuration
21 Kpl ant ← Number of batteries in the power plant required for the mission
22 E 0 ← Battery configuration closest to EB ,pl ant with minimum number of Kpl ant

batteries
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4.4.2. DECISION LOGIC
Opposed to the section before, where the power profile is used to give an estimate of
the required batteries for the mission before the mission starts, during the mission the
decision logic is more important. This logic receives as inputs how many batteries are
installed in the power plant, the required battery power assigned by the ECMS, and the
battery constraints provided by the constraint modules. During normal operation, the
decision logic will not intervene, but when a battery fault is detected by the fault diagno-
sis module, the latter gives a signal to the decision logic, such that it switch between the
secondary level controllers in the bank of controllers. Furthermore, the decision logic
will rearrange the battery power and constraints, such that the malfunctioning battery is
not used during remainder of the mission, or until the battery is fixed. To illustrate this,
in Figure 4.18 and 4.19 a power plant with three batteries can be seen, where in Figure
4.18 the batteries are working correctly, and in Figure 4.19 battery 2 is malfunctioning.
In the figures it can be seen how the signals from and towards the batteries must be re-
arranged in order to give the proper inputs to the secondary level controllers and to the
batteries, indicating the role of the supervisor.

Figure 4.18: Simplified scenario for a power plant with three batteries
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Figure 4.19: Simplified scenario with a battery fault

From this example it can be seen that the supervisor receives the battery constraints
from the constraint modules, reassigns them (if necessary), and distributes them to the
secondary level. In order to give a more compact view of this, the battery constraints as
provided by the battery modules are listed in PB ,con , and the battery constraints assigned
to the secondary level are listed in PB ,con,assi g n , and regarding the above example this
lead to the following notation:

No faults:

PB ,con =

P mi n
B ,1 P max

B ,1
P mi n

B ,2 P max
B ,2

P mi n
B ,3 P max

B ,3

 PB ,con,assi g n =

P mi n
B ,1 P max

B ,1
P mi n

B ,2 P max
B ,2

P mi n
B ,3 P max

B ,3


Fault for Battery 2:

PB ,con =

P mi n
B ,1 P max

B ,1
P mi n

B ,2 P max
B ,2

P mi n
B ,3 P max

B ,3

 PB ,con,assi g n =
[

P mi n
B ,1 P max

B ,1
P mi n

B ,3 P max
B ,3

]
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The same can be done for the battery power. If the power fed to the batteries in the
power plant is denoted as P B ,assi g n and the power for the batteries received from the
power split as P B , they can be described as:

No faults:

P B =
PB ,1

PB ,2

PB ,3

 P B ,assi g n =
PB ,1

PB ,2

PB ,3


Fault for Battery 2:

P B =
[

PB ,1

PB ,2

]
P B ,assi g n =

PB ,1

−
PB ,2


Note that for both PB ,con and P B ,assi g n the number of elements does not change, while
the size of PB ,con,assi g n and P B depends on the amount of working batteries in the power
plant. This is because PB ,con and P B ,assi g n are directly connected to the batteries in the
power plant, hence this number does not change if one of the batteries fails. However,
as PB ,con,assi g n and P B are connected to the secondary level control, the selected sec-
ondary level controller (which on its turn depends on the amount of working batteries
in the power plant plant), determines the size of these signals.

At last, it is assumed that the supervisor contains a well-designed and well-functioning
fault diagnosis scheme, that can adequately communicate to the supervisor which bat-
tery is malfunctioning, if a fault is detected, such that K can be determined and the de-
scribed rearrangements of above can be performed. An example of the output y f aul t of
such a fault diagnosis scheme for the example shown above can be seen in Equation 4.99
and 4.100:

No faults:

y f aul t = [0; 0; 0] (4.99)

Fault for Battery 2:

y f aul t = [0; 1; 0] (4.100)

Thus, y f aul t is a vector filled with zeros when all batteries are properly functioning.
When a battery fault is detected, a ’1’ is written at the position of which the index in
y f aul t corresponds to the battery at fault. Using this, the decision logic can be designed
as shown in Algorithm 4.
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Algorithm 4: Decision Logic of the Supervisor

Input: Signals from the required batteries, fault diagnosis and secondary level
1 Kpl ant ← Required number of batteries in the power plant
2 y f aul t ← Signal of the fault diagnosis
3 P B ← Battery power provided by the secondary level
4 PB ,con ← Battery constraints from the constraint modules

5 K = Kpl ant − sum(y f aul t ) Determine working batteries in power plant
6 P B ,assi g n = zeros(Kpl ant ,1) Empty vector to be filled
7 PB ,con,assi g n = zeros(K ,2) Empty matrix to be filled
8 I = find(y f aul t == 0) Find indices of working batteries
9 for j = 1 : Kpl ant do

10 for i = 1 : K do
11 if j == I (i ) then
12 PB ,assi g n( j ) = PB (i )
13 PB ,con,assi g n(i , :) = PB ,con( j , :)
14 end
15 end
16 end

Output: Power for the batteries and power constraints for the secondary level
17 P B ,assi g n ← Battery power for the working batteries in the power plant
18 PB ,con,assi g n ← Power constraints of the working batteries for the secondary level
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4.5. FINAL DESIGN OF MODULAR POWER PLANT CONTROL AR-
CHITECTURE

Figure 4.20: Schematic view of the designed modular power plant control architecture

In Figure 4.20 the final design of the modular control architecture can be seen. At
the top the supervisor is shown, which uses the power profile to determine the required
batteries for the power plant Kpl ant , and provides the required battery capacity C0 of
each battery to the primary level, in order to initialize the constraints modules of the
batteries. Furthermore, the proposed fault diagnosis module can be seen, which tells
the decision logic whether there is a battery at fault or not with a certain signal y f aul t .
This decision logic first uses Kpl ant to select the required secondary level controller from
the bank of controllers. Furthermore, if a fault signal y f aul t is received, the decision logic
is responsible for the following three tasks:

• Update K , such that the secondary level controller corresponding to the still work-
ing batteries in the power plant is selected
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• Assign the required battery power P B as provided by the secondary level controller
to the remaining working batteries PB ,assi g n

• Rearrange the battery power constraints PB ,con to PB ,con,assi g n such that it can be
used by the secondary level controller

Regardless of the batteries in the power plant, the fixed equipment in the power plant,
being the diesel engines, induction motor, and diesel generator sets, are controlled by
their primary level controllers. From the power plant, the shaft speed of the diesel en-
gine is fed directly to the (selected) secondary level controller, and also the batteries are
monitored by the fault diagnosis module, in order to detect and act on battery faults.

4.6. PROPOSED KEY PERFORMANCE INDICATORS
In the next chapter, the modular power plant control architecture will be verified, by
showing the stability and robustness of the designed control architecture. However, in
order to assess the performance in a more quantitative manner, Key Performance In-
dicators (KPI’s) are required. The main goal of this thesis is to present a methodology
that can be used to design a modular control system, in order to allow modular use of
the power plant components. Since the modular use of the power plant components is
based on the power profile, dictated by the mission, a good performance indicator would
be the error with respect to the power profile. To this end, using the root-mean-square
error (RMSE) and the scatter index (SI) with respect to the propulsion power and the
auxiliary power, but also of the individual power plant components, the performance is
measured. How these can be determined is seen in Equation 4.101 and 4.102:

RMSE =
√

mean
((

yr e f − y
)2

)
(4.101)

SI = RMSE

mean(y)
(4.102)

where y is the measured data, and yr e f is the corresponding reference-signal.

4.7. CONCLUDING REMARKS
In this chapter, the fourth subquestion: "How can a modular control architecture be de-
signed to meet the proposed automation and power plant modifications?" is answered.

A modular control architecture is designed, allowing modular use of the batteries.
The control system consists of three levels: a supervisory, a secondary, and a primary
level. In the supervisory level, a supervisor determines the required batteries for the
mission, using the power profile. Then, it selects the required controller from the bank
of the secondary level controllers, and the mission can be executed. Furthermore, bat-
tery constraint modules are proposed, which provide a limit for the power that can be
assigned to/requested of the battery during the mission. Regular PI controllers are used
for the rest of the (fixed) power plant equipment. Furthermore, if a fault diagnosis is
included (not designed or presented in this thesis), the supervisor is able to cope with
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battery faults. At last, KPI’s are presented to measure the performance of the modular
control system:

• RMSE:
Root-mean-square error between measured data and the corresponding reference-
signal

• SI:
Scatter-index, which is the normalized RMSE, to give a more insightfull measure
of the performance

In the next chapter, multiple power profiles are used to simulate the behavior of the
modular control architecture in a Simulink/MATLAB environment, and with the afore-
mention KPI’s and plotted data, the performance (stability and robustness) of the pre-
sented modular control architecture is verified.



5
VERIFICATION OF THE MODULAR

POWER PLANT CONTROL

ARCHITECTURE

In this chapter the research question: "How to verify the performance (stability and ro-
bustness) of the developed modular control scheme?" will be addressed. To this end,
four scenarios will be examined, based on a typical mission of a tugboat and the vari-
ations of the power profile discussed in this report. For each scenario, the mission of
the tugboat is translated to a power profile, which is given as input to the supervisor.
The latter uses the power profile to determine the amount of batteries, and their capac-
ities, such that it can initialize the battery constraint modules, and select the required
secondary controller from the bank of controllers. Using these scenarios, multiple sim-
ulations in a Simulink/MATLAB environment are executed, and in order to verify the
performance of the modular control scheme and the behavior of the components in the
power plant, the proposed KPI’s are used. Furthermore, it will be shown that the de-
signed modular control architecture can also be used for missions where a battery fails
during operation will be shown, if the fault diagnosis is properly designed.
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5.1. SCENARIOS
The baseline for the different scenarios is the typical mission of the tugboat, described
by e.g. the authors of [7]. At the start of the mission, the tugboat travels to the specific
location in the harbour, where the cargo vessel will arrive. It waits there for the cargo
vessel to arrive, where after the tugboat assists the cargo vessel - either with relatively low
or high bollard pull - and afterwards it travels back to a specified location in the harbour.
To summarize this, this typical mission can be described by the following sequence of
operational modes:

Transit-Standby-Assist-low-Assist-high-Transit

How the power profile correlates with the different operational modes is described
in Chapter 3.1. Furthermore, Equation 3.41 and 3.42 describe the quantitative relation
between the mission and the power profile, but these are not yet validated. Still, the
found correlation can be used to indicate changes of the power profile for changes in
the mission, and hence four missions are constructed. For each of these missions, the
auxiliary power is assumed to be constant and fixed to 100 kW. The first mission is the
baseline mission, and for this mission the environmental conditions such as wave, wind,
and water currents are average. The second mission requires a higher towing force dur-
ing the modes Assist-low and Assist-high, due to a larger cargo vessel, and therefore these
modes have a higher propulsion power demand. For the third mission, not only a higher
towing force is required, but also the environmental conditions change. The wave, wind,
and currents increase for the whole mission, and this leads to an increase in the propul-
sion power demand. The last mission is similar to mission 3, but now the tugboat has
to travel longer to the cargo vessel, and during the last part of the transit it has to sail
faster, increasing the propulsion power demand. Also the vessel spends less time in the
mode Assist-low, and more time in the mode Assist-high compared to mission 1, 2, and
3. These changes and variations are summarized in Table 5.1, and the resulting power
profiles can be seen in Figure 5.1. Note that instead fixed slopes, exponential slopes are
used to construct the power profile, as this generally leads to better performance, which
is shown Appendix C.

Figure 5.1: Power profile of missions

For each mission, the supervisor uses the power profile to estimate the required bat-
teries for the mission. As discussed, it is assumed that at any time, two batteries are



5.2. SIMULATION RESULTS REGULAR MISSIONS

5

103

Change with respect to
mission 1

Change with respect to power profile 1
Transit Standby Assist-low Assist-high

Mission 2 Larger cargo ship to assist - -
Increase of Ftow

→ PD increases
Increase of Ftow

→ PD increases

Mission 3
Larger cargo ship to assist - -

Increase of Ftow

→ PD increases
Increase of Ftow

→ PD increases
Increase of wave, wind,

and currents
Increase of ss , ws ,cs

→ PD increases
Increase of ss , ws ,cs

→ PD increases
Increase of ss , ws ,cs

→ PD increases
Increase of ss , ws ,cs

→ PD increases

Mission 4

Larger cargo ship to assist - -
Increase of Ftow

→ PD increases
Increase of Ftow

→ PD increases
Increase of wave, wind,

and currents
Increase of ss , ws ,cs

→ PD increases
Increase of ss , ws ,cs

→ PD increases
Increase of ss , ws ,cs

→ PD increases
Increase of ss , ws ,cs

→ PD increases

Cargo ship arrives further
from starting point of

tugboat, but total mission
time remains the same

Longer duration
of mode*

Shorter duration
of mode

Shorter duration
of mode

Longer duration
of mode

Speed increase halfway
during mode*

→ PD increases*

Table 5.1: Changes in mission and power profile

*: Only applies for the first use of this mode. For the second use of this mode, at the end
of the mission, this is not applicable.

available, which can be characterized by their capacity. Now, while there are already
quite large batteries with a lot of capacity, such as the modular battery packs of Wärtsilä
[159], since the missions are based on a tugboat, the battery capacity is also chosen such
that it represents the average tugboat battery as seen in literature. As a result, the char-
acteristics of the available batteries for the scenarios in this report are shown Table 5.2.
(Note that the capacity C0 is derived using E0 and Equation 4.96 to 4.98.)

Battery
Capacity Voltage

E0 [kWh] E0 [MJ] C0 [kAs] Vav g [V ]
Type 1 150 540 1200 450
Type 2 300 1080 2400 450

Table 5.2: Characteristics of available batteries for the missions

5.2. SIMULATION RESULTS REGULAR MISSIONS
The power plant of the tugboat is designed conform Figure 4.1, together with the con-
trol architecture of Figure 4.20. The required parameters the describe the behavior of
(the components in) the power plant, the primary level controllers and the parameters
to constructs the bank of controllers are shown in Table 5.3. With respect to the param-
eters of the power plant equipment, these are mostly based on the literature mentioned
in Chapter 4.2. The controller gains are found by trial and error, although data of the
work mentioned in Chapter 4.2 was used as an initial guess. The bank of controllers is
build using Equation 4.73 up to Equation 4.82, in which an secondary level controller is
included for each K ∈ [0,1,2,3,4]. At last, the supervisor is constructed using the formu-
lation of section 4.4, such that the shown modular control architecture of Figure 4.20 is
build in a Simulink/Matlab environment, using MATLAB R2021b and a PC with an Intel
Core i7 processor and 24 GB memory.
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Diesel Engine Diesel Generator Sets
Model Parameters Model Parameters

kDE 3000 m2

s2 kDG 4000 m2

s2

JDE 4167 kgm2 JDG 4167 kgm2

DDE 1000 kgm2/s Ri nt 0.150 Ω

L 0.0021 H

Controller Gains aG ,1 3.34 kgm2

As2

KP,DE 20 [-] aG ,0 0.57 kgm2

A2s2

K I ,DE 2 [-]
Controller Gains

SFOC and ECMS Parameters KP,DG ,DE 200 [-]

aDE
1 5.48 ·10−5 kg

GW3h
K I ,DG ,DE 30 [-]

aDE
2 -0.206 kg

MW2h
KP,DG ,G 30 [-]

aDE
3 5.545 ·10−4 kgs2

kWh K I ,DG ,G 12 [-]

aDE
4 -0.271 kgs

kWh

aDE
5 -3.55 ·10−5 kgs

MW2h
SFOC and ECMS Parameters

aDE
6 600 kg

kWh aDG
1 5.55 ·10−4 kg

GW3h

P max
DE 1200 ·103 W aDG

2 -0.580 kg
MW2h

aDG
3 2.15 ·102 kg

kWh
ηDG 0.95 [-]

Induction Motor P max
DG 665 ·103 W

Model Parameters P opt
DG 524 ·103 W

kI M 1000 [-]
Rr 0.01 Ω Batteries
JDE 4167 kgm2 Model Parameters

DDE 1000 kgm2

s SOC (t0) 1 [-]
aB ,1 111 V

Controller Gains aB ,0 389 V
KP,I M 10 [-] RB 0.0225 Ω

K I ,I M 10 [-]

CV / f 2 kgm2

As3 Constraint Module Parameters
∆t 1000 s

ECMS Parameters SOCmi n 0.1 [-]
ηI M 0.95 [-] SOCmax 1 [-]
P max

I M 800 ·103 W VB ,mi n 300 V
VB ,max 600 V

Shaft and Gearbox SFOC and ECMS Parameters
Jtot 12500 kgm2 ηB 0.97 [-]

iDE 7.5 [-] SFOCDE ,nom 72.1 kg
kWh

i I M 24 [-]
ηT 0.95 [-] Electric Grid

Vg r i d 3300 V
Propeller fg r i d 50 1

s
Cp 670 kgm2 ηFC 0.99 [-]

Table 5.3: Parameters of the power plant components, primary and secondary level controllers
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5.2.1. RESULTS OF THE SUPERVISOR
The required batteries for the mission are determined at the start of the mission, hence
this will be discussed first. Following the same steps as shown in section 4.4.1, the re-
quired batteries for each mission are determined by using the power profile. In Figure
5.2 this is visualized, and for each mission, the output of the supervisor, the required
batteries and their capacity, is shown in Table 5.4. As can be seen from the supervisor

(a) Required battery energy for mission 1 (b) Required battery energy for mission 2

(c) Required battery energy for mission 3 (d) Required battery energy for mission 4

Figure 5.2: Required battery energy for the missions

results, mission 1 requires a single battery, mission 2 requires two batteries of different
capacity, mission 3 also requires requires two batteries, but now of the same capacity,
and mission 4 requires three batteries; one of type 1 and two of type 2. Next, the sim-
ulations results are shown for each mission, and it can be seen that for each mission
the modular control architecture yields stable behavior. Since the power demand varies
during the mission, but also between the missions, it can be concluded that the modular
control architecture is also robust. Additionally, it will be shown that indeed, modelling
batteries with different capacities as one (as is the approach of the authors of [12]) may
result in wrong results regarding the tracking of the SOC.
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Required
Battery

Capacity
(EB ,max )

Required Batteries

K Type
Capacity

E0 C0

Mission 1 904 MJ 1 2 1080 MJ 2.4 MAs
Mission 2 1294 MJ 2 [1,2] [540 1080] MJ [1.2 2.4] MAs
Mission 3 1625 MJ 2 [2,2] [1080 1080] MJ [2.4 2.4] MAs
Mission 4 2404 MJ 3 [1,2,2] [540 1080 1080] MJ [1.2 2.4 2.4] MAs

Table 5.4: Supervisor results for different missions

5.2.2. RESULTS MISSION 1
As the supervisor stated that only one battery is used for this mission, the corresponding
secondary level controller is, automatically, selected from the bank of controllers. The
power profile, also shown in Figure 5.3a, is used by the secondary level to determine the
power split throughout the mission, and this can be seen in Figure 5.3b and 5.3c, for the
fixed equipment and the battery, respectively. The found power split is then converted
to reference signals, and fed to the primary level. In order to check if the power demand
of the power profile is being met, the propulsion power tracking error (PD,er r or ) and the
auxiliary power tracking error (Paux,er r or ) are required. First, as the propulsion power
demand has to be delivered by the propeller, and the propeller speed ωp is simulated,
this can be used to find the propulsion power tracking error as follows:

PD,er r or =
PD −Pp

PD
·100% (5.1)

Pp =Cp ·ωp (5.2)

where Cp is a vessel dependent constant, and the used value can be found in Table 5.3.
The auxiliary power error can be determined by taking the simulated power of each com-
ponent in the power plant as follows:

Paux,er r or =
Paux −Paux,pl ant

Paux
·100% (5.3)

Paux,pl ant =
2∑

j=1
VDG , j · I∗DG , j +

K∑
k=1

VB ,k · IB ,k −
QI M ·ωI M

ηI M ·ηFC
(5.4)

where Paux,pl ant is the auxiliary power provided by the power plant, and ∗ is noted for
the complex conjugate. (For this mission, K = 1.) The resulting tracking errors of the
propulsion and the auxiliary power can be seen in Figure 5.4a and 5.4b, respectively. Ev-
idently, the tracking of the power profile is affected by the performance of the primary
level, which can be seen in Figure 5.4c up to 5.4f. The tracking errors for the power plant
components are obtained at the PI controllers, and expressed in terms of the reference
signals. For each of the tracking errors the same behavior can be seen. When the power
demand changes, an error is introduced, which recedes withing a few minutes. With re-
spect to the magnitude of the tracking errors, for the physical components the errors are
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negligible, for the propulsion power the errors are significant, but quickly receding, while
for the auxiliary power the observed errors can be quite large (although also quickly re-
ceding). This behavior is mainly caused by the modelling and simulation approach of
this thesis. As the electrical stability of the grid is outside the scope of this thesis no at-
tention is paid to the inductive and reactive loading of components. However, these type
of loads tend to dampen out electrical power peaks and surges, hence by not including
this in the design, the errors as shown for the electrical loads can be expected.

Furthermore, as the power constraint modules attached to the batteries are, to the
best knowledge of the authors, not used in literature, the battery results are discussed in
more detail. The SOC of the battery can be found in Figure 5.3d, the output current is
shown in Figure 5.3e, and finally the batteries terminal voltage can be seen in Figure 5.3f.
The used battery model, as described in section 4.9, dictates that the terminal voltage of
the battery VB follows the SOC, and as a consequence, for a constant power demand,
the batteries output current IB should increase over time, since the SOC decreases when
the battery is discharged. The results confirm this behavior, and it is best visible for the
high power demand during the mode Assist-high. To conclude, the results of the baseline
mission show good performance, both for the fixed equipment in the power plant and
the battery, and it also shows good tracking of the power profile.

5.2.3. RESULTS MISSION 2
For the second mission, the supervisor states that two batteries of different capacity are
used, while the fixed components, as the name already indicates, do not change. The re-
sults are shown in a similar fashion as the results for the baseline mission, only now with
two batteries. The performance of the fixed components can be seen in Figures 5.6c to
5.6f, and also for this mission the tracking errors are negligible. Similar to the baseline
mission, the propulsion tracking error is significant, but quickly receding to zero each
time the power profile changes, and the same holds for the auxiliary power tracking er-
ror. Both can be seen in Figure 5.6a and Figure 5.6b.

As stated in this report, no literature has considered modeling of multiple batteries
in a vessels power plant, hence the results for the batteries can be quite insightful. Just as
for the baseline mission, for a constant power demand, the terminal voltage decreases,
along with the SOC, and the output current increases. However, from the results it can
also be concluded that batteries with different capacities can not be approximated as
one, single battery with a single capacity. Using Figure 5.5c to Figure 5.5e, it can be seen
that during the mission, both batteries are discharged to approximately the same SOC,
but the power demand, and hence the output current, of battery 2 is nearly twice as high
(regardless of the power demand, since their SOC behaves similar for the discharging
part, their terminal voltage should behave similar too, and this is confirmed in Figure
5.5f). Even more, for charging the batteries with approximately the same power, battery 1
charges much faster. This shows that, for batteries of different capacity, wrongful results
would be obtained if they were treated as one.
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(a) Power profile (b) Power split for the fixed equipment

(c) Power split for the batteries (d) SOC of the batteries

(e) Output current of the batteries (f) Terminal voltage of the batteries

Figure 5.3: Power profile, power split, and battery performance for mission 1
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(a) Propulsion power demand error (b) Auxiliary power demand error

(c) Diesel engine torque error
(d) Induction motor shaft speed error

(e) Diesel generator set 1 shaft speed error (f) Diesel generator set 1 voltage error

Figure 5.4: Tracking errors for mission 1
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(a) Power profile (b) Power split for the fixed equipment

(c) Power split for the batteries (d) SOC of the batteries

(e) Output current of the batteries (f) Terminal voltage of the batteries

Figure 5.5: Power profile, power split, and battery performance for mission 2
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(a) Propulsion power demand error (b) Auxiliary power demand error

(c) Diesel engine torque error
(d) Induction motor shaft speed error

(e) Diesel generator set 1 shaft speed error (f) Diesel generator set 1 voltage error

Figure 5.6: Tracking errors for mission 2
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5.2.4. RESULTS MISSION 3
This mission also requires two batteries, but now of the same capacity. The results are
shown in Figure 5.7 and 5.8, and since the performance of the fixed power plant is simi-
lar to that of the previous missions, the emphasis will be on the behavior of the batteries.
With respect to the latter, as the batteries have the same capacity, the power is also split
equally between them, and this is also seen in the SOC of the batteries. As a result, the
aforementioned approach to treat two batteries as one, could yield similar performance.
However, as also stated in this report, batteries could fail during the mission. Therefore
it is still better to model the batteries separately, as the bank of controllers can then be
used to work around battery faults. It can also be noted that there is more activity in
the error tracking signal of the auxiliary power, around 25 minutes. This is due to the
batteries, which, after a short period of discharging, are charged to their maximum SOC.
Around 25 minutes, they are both fully charged, and the secondary level has to recalcu-
late the power split, resulting in a short period of indecisiveness of the secondary level
regarding power from/to the batteries and power from the diesel generator set. However,
this is quickly resolved, and the remaining peaks and surges of the auxiliary power can
be explained by the ’regular’ changing of the power profile.

5.2.5. RESULTS MISSION 4
For the last mission, three batteries are required; two of type 2 and one of type 1. With
respect to the batteries, it can be argued that this mission combines features of mission
2: two batteries with different capacity, with features of mission 3: two batteries with the
same capacity, and the results can be found in Figure 5.9 and 5.10. It can, again, be seen
that the fixed power plant shows the same, stable and robust, behavior as for the previous
mission, indicating the variety of conditions in which the power plant can operate. Also,
the batteries show similar results as for the previous missions. In fact, a combination of
behavior can be found when a closer look is taken at Figure 5.9c and 5.9d. From the start
of the mission to approximately 50 minutes, battery 2 and 3 are equally loaded, and since
their capacity is the same, the SOC of both batteries is also similar. Now between 70 and
110 minutes, battery 1 and 2 are equally loaded, and resulting, battery 1 is drained twice
as fast as battery 2. This shows that the system is well able to use multiple batteries in
the power plant, either of the same or of different capacity.
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(a) Power profile (b) Power split for the fixed equipment

(c) Power split for the batteries (d) SOC of the batteries

(e) Output current of the batteries (f) Terminal voltage of the batteries

Figure 5.7: Power profile, power split, and battery performance for mission 3
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(a) Propulsion power demand error (b) Auxiliary power demand error

(c) Diesel engine torque error (d) Induction motor shaft speed error

(e) Diesel generator set 1 shaft speed error (f) Diesel generator set 1 voltage error

Figure 5.8: Tracking errors for mission 3
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(a) Power profile (b) Power split for the fixed equipment

(c) Power split for the batteries (d) SOC of the batteries

(e) Output current of the batteries (f) Terminal voltage of the batteries

Figure 5.9: Power profile, power split, and battery performance for mission 4
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(a) Propulsion power demand error (b) Auxiliary power demand error

(c) Diesel engine torque error
(d) Induction motor shaft speed error

(e) Diesel generator set 1 shaft speed error (f) Diesel generator set 1 voltage error

Figure 5.10: Tracking errors for mission 4
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5.3. SIMULATION RESULTS BATTERY FAULTS
As illustrated in Chapter 4.4, the supervisor is designed to cope with battery faults. There-
fore, mission 1 and mission 4 are used to illustrate the behavior of the power plant and
the modular control system for a battery fault, resulting in mission 5 and mission 6, re-
spectively, and these missions are discussed in this section. It has to be highlighted that
the required fault diagnosis is not included in the design of the supervisor, only the pro-
posed fault signal y f aul t is manually set at a certain time t f aul t . Both for mission 5 and
6, a battery fails at t f aul t = 5500 seconds, approximately 92 minutes.

5.3.1. RESULTS MISSION 5
This mission is similar to mission 1, but now battery 1 fails at t f aul t . In Figures 5.11,
5.12 and 5.13 the results for this mission can be seen, where the fault is highlighted with
vertical lines. From Figure 5.11b and 5.11c, is can be noted that diesel generator set 2
is switched on when the battery fails, and also that no more power is requested from
the battery. Since the battery has ’failed’, the SOC, voltage, and current are no longer
monitored, as the battery could be short-fused, malfunctioning, or something else, but
that is not known in this report. Furthermore, using Figure 5.12a and 5.12b, the tracking
errors of the propulsion and auxiliary power during the mission are seen, and it can be
noted that next to the errors introduced by the changes in the power profile, an extra
error at t f aul t is observed. This error can be explained by the switching from battery
power to diesel generator set power, as this is not an immediate switch but takes some
time. Although the error is significant, the results still show stable behavior, as this error
is only present for a few seconds. At last, since this mission uses diesel generator set 2,
the tracking errors with respect to the shaft speedωDG ,2 and output voltage VDG ,2 can be
found in Figure 5.13c and 5.13d, respectively.

5.3.2. RESULTS MISSION 6
Mission 6 is the same as mission 4, but now battery 2 fails at t f aul t . The results show
an almost perfectly stable power split for the fixed equipment, as seen in Figure 5.14b,
and using Figure 5.14c, it is observed that instead of switching on another diesel gen-
erator set when a battery fails, as is the case for mission 5, the two remaining batteries
are used to cover for the faulty battery. Since batteries do not have the starting time the
diesel generator set has, the error introduced with respect to the auxiliary power is con-
siderably smaller than for mission 5, as can be concluded using Figure 5.12b and 5.15b.
Also, it can be noted from Figure 5.14c and 5.14d that battery 1 reaches its minimum
SOC level before the high power demand of the mode Assist-high ends, hence battery 3
is discharged with a very high rate, for the remaining duration of this mode.
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(a) Power profile (b) Power split for the fixed equipment

(c) Power split for the batteries (d) SOC of the batteries

(e) Output current of the batteries (f) Terminal voltage of the batteries

Figure 5.11: Power profile, power split, and battery performance for mission 5
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(a) Propulsion power demand error (b) Auxiliary power demand error

(c) Diesel engine torque error (d) Induction motor shaft speed error

Figure 5.12: Tracking errors propulsion, auxiliary, diesel engine and induction motor for mission 5
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(a) Diesel generator set 1 shaft speed error (b) Diesel generator set 1 voltage error

(c) Diesel generator set 2 shaft speed error (d) Diesel generator set 2 voltage error

Figure 5.13: Tracking errors of diesel generator sets for mission 5
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(a) Power profile (b) Power split for the fixed equipment

(c) Power split for the batteries (d) SOC of the batteries

(e) Output current of the batteries (f) Terminal voltage of the batteries

Figure 5.14: Power profile, power split, and battery performance for mission 6
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(a) Propulsion power demand error (b) Auxiliary power demand error

(c) Diesel engine torque error
(d) Induction motor shaft speed error

(e) Diesel generator set 1 shaft speed error (f) Diesel generator set 1 voltage error

Figure 5.15: Tracking errors for mission 6
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5.4. EVALUATION OF KPI’S
Next to visual inspection as shown with the simulation results, the KPI’s can be used to
measure the performance, and for each mission the tracking error of the propulsion and
auxiliary power is determined, and can be found in Table 5.5. Note that these results in-
clude the performance of the whole control architecture, including the models used for
the components of the power plant, as the measured error is constructed using the input
for the supervisor, and output data of the power plant. To this end, it can be concluded
that the propulsion power is tracked with a very good accuracy, and that the auxiliary
power is also tracked to a good extent. This difference is mainly explained due to the ab-
sence of inductive and reactive loads, which tend to dampen the electric power surges
that can now be seen in the simulation results, potentially decreasing the errors. There-
fore, in order to improve the results with respect to the auxiliary power, a proper electric
grid analysis should be included, and loads should not be assumed to be purely resistive.
At last, in order to improve the performance with respect to the propulsion power, com-

Propulsion Power Error Auxiliary Power Error
RMSE [kW] SI [%] RMSE [kW] SI [%]

Mission 1 8.23 2.16 10.26 10.39
Mission 2 10.88 2.34 10.02 10.15
Mission 3 10.99 1.90 10.54 10.68
Mission 4 11.27 1.58 10.50 10.64
Mission 5 9.12 2.39 21.96 22.52
Mission 6 11.27 1.58 11.19 12.04

Table 5.5: Performance of modular power plant controller

munication between the controllers for the diesel engine and induction machine might
reduce the errors introduced when switching off one of the components, as now a large
error is introduced (although for a short moment) when this occurs.

Furthermore, the KPI’s can be used to measure the performance of the primary level
controllers and the models for the power plant components, and this is shown in Table
5.6. Since the batteries are not modelled with respect to dynamic behavior, they are not

Diesel Engine Induction Motor Diesel Generator Set 1 Diesel Generator Set 2
Torque Rotor Speed Shaft Speed Voltage Shaft Speed Voltage

RMSE
[Nm]

SI
[%]

RMSE
[rad/s]

SI
[%]

RMSE
[rad/s]

SI
[%]

RMSE
[V]

SI
[%]

RMSE
[rad/s]

SI
[%]

RMSE
[V]

SI
[%]

Mission 1 0.0761 0.0149 6.16e-4 3.29e-4 0.0573 0.0369 96.95 2.97 - - - -
Mission 2 0.123 0.0115 6.71e-4 3.41e-4 0.0578 0.0372 95.01 2.91 - - - -
Mission 3 0.132 0.0106 6.67e-4 2.98e-4 0.0635 0.0409 101.95 3.12 - - - -
Mission 4 0.128 0.0064 6.59e-4 2.82e-4 0.0632 0.0407 100.82 3.08 - - - -
Mission 5 0.0714 0.0139 6.31e-4 3.37e-4 0.6386 0.0344 107.80 3.30 0.639 0.419 111.29 3.43
Mission 6 0.1363 0.0068 6.38e-4 2.73e-4 0.0632 0.0407 99.47 3.04 - - - -

Table 5.6: Performance of the primary level and power plant components

included in this analysis. It can be noted that for the induction motor, very small errors
are measured, and this is mainly due to the algebraic model for this component, allow-
ing instant changes of the induction motor torque and hence the rotor speed, where the
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diesel engine connected to the shaft, and the diesel engines of the diesel generator sets
are modeled using a first-order differential equation, resulting in a slower response and
a larger error. However, algebraic equations are also used to model the generator of the
diesel generator sets, but here a quite large error is measured. This could be explained by
the interconnection between the generator and the diesel engine in the diesel generator
set, as the voltage equations also include the shaft speed, where the latter affected by
the first-order differential equation of the diesel engine model. Furthermore, due to this
interconnection, the PI shaft speed controller and the PI voltage controller affect each
other, while they have no communication. This could introduce some difficulties, and
it could be that the approach of this thesis results in a preference of shaft speed stabil-
ity over voltage stability. Also, simple models and PI controllers are used, where the fuel
intake of the diesel engines is modelled as instantaneous, resulting in very fast torque
response of the engines. Then, if for example the gains of PI controller of the generators
voltage controller are too low, this could also explain the difference in errors the mea-
sured error signals. However, as a proper stability analysis is missing in this thesis, this
has to be investigated in future research.

At last, the impact of the battery faults can also be seen from this analysis. Using
Table 5.5, it can be seen that indeed for mission 5, where diesel generator set 2 is used
to generate the power when the battery fails, a quite large error regarding the auxiliary
power is present, while the propulsion power is not much affected. As for mission 6 the
second diesel generator set is not used, but the remaining batteries provide the power
for the failed battery, this error is much smaller, and for the propulsion power this error
is almost similar to the error of a mission with no failing batteries. Now, using Table 5.6,
it can be noted that failing batteries do not, or very little, affect the remaining equipment
with respect to tracking their reference-signals.

5.5. CONCLUDING REMARKS
In this chapter, the fifth and last subquestion "How to verify the performance (stability
and robustness) of the developed modular control scheme?" is answered.

Using the simulations results of four missions, data from the supervisor, secondary
level, and the primary level is plotted and the KPI’s are used to measure the performance.
Stable behavior of the control system is shown, with a relative tracking error of only 3%
for the propulsion power, and 11% for the auxiliary power. Furthermore, for two of the
four missions battery faults are introduced, and also in these scenarios stable behavior
is seen, with the same relative tracking error for the propulsion power (3%). Regarding
the auxiliary power, if a second diesel generator set has to be switched on, the relative
error of the auxiliary power increases up to 22%, while for a scenario where the remain-
ing batteries are able to supply the power when a battery fails, the error of the auxiliary
power is less than 12%, which is only a slight increase with respect to a regular mission.
At last, since the designed modular control architecture shows stable behavior for mul-
tiple power power profiles and multiple power plant layouts, it can be concluded to be
robust.
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CONCLUSIONS AND

RECOMMENDATIONS

This chapter presents the research conclusion by answering the main research question:
"How can mission-oriented modular control of marine vessels be designed?", using the
concluding remarks of each chapter, where the five subquestions are discussed. This
is following by the recommendations, which will for example provide insight in how the
design of a mission-oriented modular control system can be improved, but also how this
can be used for future vessel design.

6.1. CONCLUSION
This thesis presented a methodology to design a mission-oriented, modular power plant
for a retrofittable power plant. First, in Chapter 1 the background and motivation was
stated, and it was shown that current marine vessels use a fixed power plant and fixed
control system, while their missions introduced variability in the loading of their power
plants. This introduced the need for a mission-oriented power plant design, where equip-
ment modifications are allowed, and consequently, a control system that allows for equip-
ment modification had to be designed. Then, the methodology was presented, by show-
ing the main research question, the subquestions, and also the outline of this thesis and
how the research questions would be addressed. To this end, the state-of-the-art was
discussed in the second chapter.

In Chapter 2 the first subquestion: "What is the state-of-the art in marine power plant
control?", is answered, by means of a literature review. It is seen that there are many con-
trol strategies used for marine vessels, each with their own characteristics. Most ships
have a control system consisting of multiple levels, resulting in a multi-level control ar-
chitecture, as was already shown in Figure 1.5. The highest level is the guidance and
navigation system, which measures the position and motion of the ship, and determines
the course and the heading. This is fed to a general secondary level controller, which uses
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this input to optimize the voyage and follow the desired path. This creates set-points for
the rudder angle, which is then applied by the primary level rudder controller, but also
set-points for the total power needed for propulsion of the ship. The latter is used by
the secondary level plant control, which converts this input to settings for the primary
level controllers for the engines, generator sets, electric machines, and batteries, using
a cost function and constraints, based on the specific equipment in the power plant.
The primary level control and the secondary level plant control are responsible for the
power plant of the ship, and are therefore refered to as the power plant control system.
There are various control strategies for this system, and the specific strategy depends
on the type of vessel. Service ships often have hybrid propulsion and a hybrid power
supply, hence they often use ECMS, power management, or coordinated control, but a
simple rule-based controller of dynamic programming is also seen. Cargo ships have
more simple power plants, consisting mainly of mechanical propulsion and a mechani-
cal power supply, and therefore the control system focuses on maintaining the required
shaft speed. However, ECMS or power management is also seen on bulk carriers and
tankers with a hybrid power supply. Passenger ships, such as ferries and cruise ships,
often have mechanical or hybrid propulsion, combined with a hybrid power supply, and
hence the control system often uses strategies to provide the optimal power split be-
tween the equipment. Furthermore, it is seen that although there are multiple batteries
installed in the power plant, they are described by a single model, hence from the per-
spective of the vessels control system, only one battery is present. At last, this chapter
showed a taxonomy, presented in Table 2.1, which includes information such as the type
of vessel, type of propulsion, type of power supply, and the control strategy. Next, the
different vessels discussed in this chapter were used to discuss the correlation between
the mission, power profile, and the automation modifications.

Chapter 3 answered the second and third subquestions: "How to model the correla-
tion between the mission and the power profile of the vessel?" and "How to model the
correlation between the power profile for a mission and the needed modifications in au-
tomation of the control systems and the power plant?". First, in Chapter 3.1, power pro-
files and missions of different vessels were analyzed, and using this a general definition
of a mission was given, providing the type of cargo, the locations the vessel has to visit,
and the available mission time. By combining the information given in the mission def-
inition, the type of vessel and its characteristics, the operational modes, the operational
environment, and the speed of the vessel throughout the mission could be derived, re-
sulting in the power profile for the mission. Furthermore, a relation-graph showing this
correlation and a pseudo-algorithm to construct the power profile were presented in
Figure 3.7 and Algorithm 1, respectively. Next, in Chapter 3.2 different power profiles of
a container ship and tugboats were used to specify equipment modifications required
between the mission, indicating the correlation between the power profile (dictated by
the mission) and the equipment modifications. Using this, and the multi-level control
system of a marine vessel described in the previous chapter, automation modifications
of the control system were proposed, as presented in Figure 3.17, and summarizing this
resulted in the following. Based on the power profile, it can be decided whether or not
equipment modifications, such as additions, removals, or replacements of equipment,
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are required, and if so, which equipment modifications. If this is determined, the cost
function and the constraints included in the secondary level control, required to deter-
mine the power split and reference signals for the primary level, have to be updated, to-
gether with the controllers in the primary level, such that each component in the power
plant is included in the secondary and primary level. Next, using the found equipment
and automation modifications, a modular control system was designed.

In Chapter 4 the fourth subquestion: "How can a modular control architecture be
designed to meet the proposed automation and power plant modifications?" was an-
swered. The first step was to identify the power plant for which the control system would
be designed. In this thesis, a hybrid power plant, shown in Figure 4.1, was selected. With
respect to the propulsion, a single shaft line, where a propeller is connected to a diesel
engine and an induction motor through a gearbox is used. The power supply consists of
two diesel generator sets and a variable amount of batteries, where batteries can be re-
placed, added, or removed, inspired by the ZESPacks of Wärtsilä, and hence the primary
level control and the models used to describe the power plant equipment was discussed
next. For each component and its primary level controller, a relatively simple model and
PI control is used, as found in literature. Only for the batteries, a different approach was
used, and this thesis proposed the use of a so called battery constraint module, which
measures the output current of the battery, and using the (known) battery characteristics
the module provides a window for the power that can be supplied to or requested of the
battery. Using this, the secondary level control was designed, where an ECMS structure
is used to provide the power split for each possible layout of the power plant, resulting in
a bank of controllers (inspired by the concept of supervisory switching control). In order
to select the required controller from this bank a supervisor was designed, which deter-
mines the required batteries for the mission, based on the power profile, and selects the
corresponding secondary level controller. Furthermore, the supervisor was designed to
handle battery faults, assuming proper fault diagnosis (not designed nor presented) was
available. The designed modular control architecture was shown in Figure 4.20. Next,
different missions were simulated, in order to verify the performance of the designed
control architecture with respect to the stability and robustness.

Finally, in Chapter 5 the fifth and last subquestion "How to verify the performance
(stability and robustness) of the developed modular control scheme?" was answered.
First a baseline mission for a tugboat was established, as found in literature. Second,
variations in the mission were used to manually alter the power profile, using the found
correlation between the mission and the power profile of Chapter 3.1, to create a total of
four different missions with corresponding power profiles, as presented in Table 5.1 and
Figure 5.1. Using these profiles, a MATLAB/Simulink environment was used to simulate
the missions. First, the supervisor determined the required batteries for the missions,
where after it automatically selected the required secondary level controller from the
bank, and initialized the battery constraint modules. Then, each mission was simulated,
and the output of the power plant equipment was used to derive the delivered propul-
sion power and auxiliary power, such that a tracking error could be determined. It is
found that the designed modular control system is able to follow the required propul-
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sion power with an RMSE less than 3% of the nominal propulsion power, and the aux-
iliary power was tracked with an RMSE less than 11% of the nominal auxiliary power,
and therefore stability was verified. Furthermore, as both during each mission as be-
tween the missions the power demand varied, and each mission is executed with differ-
ent batteries in the power plant, it can be concluded that the designed modular control
architecture is also robust. After these four missions were simulated, two more missions
where considered: mission 5 and mission 6, which where similar to mission 1 and 4, re-
spectively, but now including battery faults. For these missions a battery was assumed
to fail at a certain time, and it was also assumed that there was a fault diagnosis that
could detect and identify which battery was at fault. It has to be noted that no design
was included for the fault diagnosis, and only the proposed output of this fault diagnosis
as discussed in section 4.4 was used in the simulations. Using this, the simulation re-
sults showed that for multiple batteries in the power plant, the remaining batteries took
over when a battery failed, and for a power plant with a single battery, the redundant
diesel generator set was turned on when the battery failed. As a diesel generator set has
a certain starting time in order to reach the desired power output, a larger tracking error
for the auxiliary power was observed here (23% versus 14% when multiple batteries can
take over), but the propulsion tracking error remained less than 3% for both fault sce-
narios. This showed that next to stable and robust behavior for a variable power plant
layout (different batteries in the power plant), battery faults can be handled, under the
assumption of properly designed fault diagnosis.

In conclusion, this thesis presented a methodology to design a mission-oriented
modular control architecture for retrofittable power plants. First, the correlation be-
tween the mission and the power profile, and also how variations in the power profile
lead to needed automation modifications of the control system and the power plant were
discussed. Based on the concept of supervisory switching control, a modular control ar-
chitecture for a hybrid power plant which allows modular use of batteries is designed.
The modular control architecture consists of a supervisory level, a secondary level, and
a primary level, and for a given mission, the control system is able to select the required
batteries and corresponding secondary level controller. By means of simulating multiple
missions, the designed modular control architecture is found stable and robust, while
switching between secondary level controllers when batteries are added, removed, or
replaced. Even more, it was found that the designed modular architecture can accom-
modate battery faults, provided that a (not designed nor presented in this thesis) fault
diagnosis is included.
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6.2. RECOMMENDATIONS
In this thesis, the correlation between the mission and the power profile is modeled,
and an algorithm is proposed to determine the power profile from the inputs defined
by the mission. However, future research could improve this model, by including more
specifics related to the auxiliary power, and by validating the proposed algorithm. Re-
garding the correlation between the power profile and the automation modifications,
the decision logic to determine the required equipment modification is limited to bat-
teries in this thesis, and future work could include multiple power plant components to
allow for a more optimal solution for the power plant layout, given a power profile.

A modular control architecture for a retrofittable power plant was designed, allowing
batteries to be added, replaced, or removed, and the performance is verified using sim-
ulations based on different missions for a tugboat. While the results regarding the per-
formance showed stable and robust behavior, the architecture still has to be validated.
Also, using the proposed architecture, future research could include modular use of dif-
ferent power plant components, such as the diesel generator sets or induction motors,
or the addition of for example fuel cells as energy source. Furthermore, the induction
motor could be used as shaft generator, which would have to be adequately included in
the control system. With respect to the secondary level, two additional constraints were
proposed for the ECMS structure, in order to keep batteries for charging each other. Fu-
ture research could focus on this problem, to determine if there are more solutions to
this problem, and which is best. Regarding the battery fault scenario’s, a proper fault
diagnosis was only assumed, not designed. Hence, future research could include this
in the supervisor. The primary level control of this thesis includes non-communicating
PI controllers, but it could be beneficial to have communication between some of these
controllers, for example between the diesel engine and the induction motor, or between
the two controllers for the diesel generator set. Future research could therefore inves-
tigate the added value of communication between the primary level controllers. Also,
this thesis proposed the use of battery constraint modules, shifting the required battery
constraints from the secondary level to the primary level. The exact design of such mod-
ules can be investigated in future research, and possibly this concept can be expanded to
other components of the power plant to enhance modularity, just as the authors of [155]
proposed. At last, the stability of the electric grid is not included in the design, and also
only resistive loads are assumed. Future research could therefore focus on including re-
active and inductive loads, and e.g. connecting the power input of the induction motor
to the power output of the diesel generator sets and batteries, to get a more closed-loop
power analysis.





A
RELATION BETWEEN EFFECTIVE

POWER AND VESSEL SPEED
In Figure A.1 the relation between the effective power and the speed of the chemical
tanker can be seen, for both trial condition (very calm sea) and 15% sea margin (’rough-
ness’ of the sea increases with 15%) [64]. As shown in Chapter 3, the required effective
power of each vessel can be described by the vessel speed and two parameters [99–101]:

P = c ∗V a (A.1)

where P is the required effective power, V is the vessel speed, c is a scaling factor, and a
determines the proportionality between the power and the speed. For a tanker, normally
a ≈ 3.2 [103] for low vessel speeds, and a > 3.2 for high vessel speeds. Furthermore, c can
be assumed constant for low vessel speeds, but not for high vessel speeds. This section
will approximate a and c, to verify if this theory can be used for a chemical tanker.

Figure A.1: Effective power versus ship speed [64]
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Since the shown relation between the speed of the vessel and the effective power (in
this section also refered to as power curve) of Figure A.1 is only graphical, to be able to
find a proper approximation of a and c, first the effective power for all integer values of
the vessel speed for both the trial condition and 15% sea margin are measured from the
figure. These measurements are shown in Tables A.1 and A.2 respectively, and used to
plot discrete power curves on top of the graphical data, which can be seen in Figure A.2.
It can be noted that the discrete power curves aligns almost perfectly with the original
power curves.

Ptc [kW] 0 0∗ 0∗ 15 44 88 147 221 338 500 706 941 1235 1662 2324 3324
V [kn] 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Table A.1: Effective power (Ptc ) versus vessel speed (V) for the trial condition

Psm [kW] 0 0∗ 0∗ 15 44 88 162 265 412 588 809 1088 1441 1926 2706 3853
V[kn] 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Table A.2: Effective power (Psm ) versus vessel speed (V) for 15% sea margin

∗: For these vessel speeds a proper reading of the effective power could not be made,
and since the real values would be relatively very small, they are assumed to be zero.

Figure A.2: Discrete power curves (blue) based on the original power curves (black)

The next step is to use the discrete power curves to approximate a and c. Since the
curves are discrete, each interval of Pk+1 −Pk has a unique ak . Furthermore, since c can
be assumed constant for low vessel speeds, it can also be assumed that ck+1 ≈ ck . Using
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this, the following relations for ak and ck are found:

Pk = ck ∗V ak
k

Pk+1 = ck+1 ∗V ak
k+1 = ck ∗V ak
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(A.2)

With these relations and the data from Table A.1 and A.2, MATLAB is used to derive first
approximations for ak and ck , and the results can be seen in Table A.3. They show that

Interval
(Vessel speed)

0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8

Trial Condition
ak - - - 3.74 3.10 2.81 2.65 3.18
ck - - - 0.24 0.59 0.94 1.29 0.45

15% Sea State
ak - - - 3.74 3.10 3.35 3.19 3.03
ck - - - 0.24 0.59 0.40 0.53 0.73

Interval
(Vessel speed)

8-9 9-10 10-11 11-12 12-13 13-14 14-15

Trial Condition
ak 3.32 3.07 3.07 3.18 3.74 4.47 5.24
ck 0.34 0.59 0.59 0.45 0.11 0.02 0.02

15% Sea State
ak 3.13 2.90 3.22 3.31 3.69 4.42 5.41
ck 0.59 0.98 0.47 0.38 0.15 0.02 0.02

Table A.3: Approximations for ak and ck
ak fluctuates around the expected value of 3.2 for vessel speeds up till 12 knots for the
trial conditions, and up till 11 knots for the 15% sea state, indicating the upper bound
for ’low vessel speed’. However, the assumption that ck is constant for these low vessel
speeds seems to be invalidated by the results, as it ranges from 0.24 to 1.29. Therefore, a
new approach is chosen. Based on the results shown in Table A.3, ak will range from 2
to 4, and ck from 0 to 2, and these are used to calculate a new set of effective (discrete)
power curves. For each power curve, the method of the least square error will be used to
find the best fit to the data of Table A.1 and A.2. In Table A.4 the required variables are
shown, and in Equation A.3 the used approach can be seen.

*An important note is that since the power for vessel speeds 0-2 knots are manually
set to zero, and the upper bound for low vessel speed is between 11-12 knots, only vessel
speeds from 3 to 12 knots will be used compute the square errors and find the best fit.
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Variable Description Size
a Row vector of candidates for a 1x1000

atc Approximation of a, trial condition 1x1
asm Approximation of a, 15% sea margin 1x1

c Row vector of candidates for c 1x1000
ctc Approximation of c, trial condition 1x1
csm Approximation of c, 15% sea margin 1x1

a Row vector of candidates for a 1x1000
V Row vector of vessel speed 1x16

V f i t Row vector of vessel speed for plot of best fit 1x100
Ptc Row vector of effective power, trial condition 1x16
Psm Row vector of effective power, 15% sea margin 1x16

P Matrix of effective power for all a,c and V 1000x16x1000
P f i t ,tc Row vector of best fit effective power, trial condition 1x100
P f i t ,sm Row vector of best fit effective power, 15% sea margin 1x100

etc Matrix of squared errors, trial condition 1000x9x1000
esm Matrix of squared errors, 15% sea margin 1000x9x1000

esum,tc Matrix of squared errors summed over vessel speed, trial condition 1000x1000
esum,sm Matrix of squared errors summed over vessel speed, 15% sea margin 1000x1000

ec,tc Row vector of minimum errors for each a, trial condition 1x1000
ec,sm Row vector of minimum errors for each a, 15% sea margin 1x1000
ea,tc Smallest squared error, trial condition 1x1
ea,sm Smallest squared error,15% sea margin 1x1

P f i t ,sm Best fit to power curve,15% sea margin 1x100

Table A.4: Required variables for approximation of power curves

Variable Approximation
atc 3.10
asm 3.09
ctc 0.55
csm 0.64

Table A.5: Approximations of a and c
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for i = 1 : 1000

for j = 1 : 16

for z = 1 : 1000

P (i , j , z) = c(i )∗V ( j )a(z)

end

end

end

for i = 1 : 1000

for j = 1 : 9

for z = 1 : 1000

etc (i , j , z) = (
P (i , j +3, z)−Ptc (i , j +3, z)

)2

esm(i , j , z) = (
P (i , j +3, z)−Psm(i , j +3, z)

)2

end

end

end

for i = 1 : 1000

for z = 1 : 1000

esum,tc (i , j , z) = sum(etc (i , :, z))

esum,sm(i , j , z) = sum(esm(i , :, z)) (A.3)

end

end

ec,tc = min(es,tc )

ea,tc = min(ec,tc )

[Ic,tc Ia,tc ] = find(es,tc == ea,tc )

ec,sm = min(es,sm)

ea,sm = min(ec,sm)

[Ic,sm Ia,sm] = find(es,sm == ea,sm)

ctc = c(Ic,tc )

atc = c(Ia,tc )

ccm = c(Ic,sm)

asm = c(Ia,sm)

P f i t ,tc = ctc ∗V atc
f i t

P f i t ,sm = csm ∗V asm
f i t
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In Table A.5 the final approximations of a and c can be seen, for both the trial con-
dition as for the 15% sea margin. It can be seen that the approximated value for a =
3.09−3.10 is close to the theoretical value of 3.2 for a tanker, with an error of 3%. Fur-
thermore, it can be seen from Figure A.3 that the found (constant) approximations of c
lead to a very good approximation of the power curves. Chapter 3 also states that to find
the required power for the 15% sea margin, the required power for calm sea conditions
(in this case trial conditions), can just be multiplied by this sea margin. This implies that
csm
ctc

has to be equal to the sea margin (since atc ≈ asm). Using the found approxima-

tions for these parameters, it is found that csm
ctc

= 1.16, which means a sea margin of 16%.
Therefore, it is concluded that these results verify the described theory about the relation
between the required effective power and the vessel speed, and for the sea margin.

Figure A.3: Result of the best fit approximations using the method of the least square error
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OPERATIONAL MODES

This appendix shows the analysis of the different operational modes of multiple vessels.
Since each mode has different power requirements, it also affects the relative importance
of the propulsion and auxiliary power, and this is shown in Tables B.1, B.2, and B.3 below.
The required propulsion and auxiliary power for each mode is indicated with a share (%)
of the total power, where this total power is based on maximum required total power.
Furthermore, based on the work of [33, 76, 85], for passenger and service ships it is as-
sumed that the required auxiliary power is constant during the mission, unless stated
otherwise.

For the analysis on tugboats, data from [4, 6–8, 12, 32, 33, 160] is used, the work of [9,
36, 41, 43, 107, 161] is used for OSVs, and for cruise ships the work of [76, 77, 79, 80, 162] is
used. They all provide clear information on the used operational modes, the propulsion
power and auxiliary power, and also the total required power. Ferries are also analyzed,
but only the authors of [33, 107] provided useful data. Research vessels also have been
found, and limited information for the power requirements for each operational mode
is provided by [49], but no useful data for a clear division between propulsion power and
auxiliary power has been found.

For the analysis on cargo vessels, a slightly different approach was used. On the con-
trary with the other vessels, large data sets were available for a part of the required infor-
mation, but this had to be combined with other work to be able to display it as shown
below. The authors of [113] is used for the required auxiliary power for each mode and
propulsion power from thrusters for the maneuvering mode. They describe four distinct
modes: anchorage, at berth, maneuvering, and transit. These modes for cargo vessels
seem different than the ones described in this thesis (standby, loading/unloading, ma-
neuvering, transit), but are actually the same. During ’anchorage’, the vessel is at rest
(standby) at the quay, while auxiliary systems are still running, and ’at berth’ also in-
cludes the loading and unloading of the vessel. Furthermore, while it is stated in Chap-
ter 3 that maneuvering of cargo vessels is realized with tugboats, the authors state that
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some vessels use bow thrusters to maneuver alongside, which means that the resulting
propulsion power for this mode is an upper bound, where zero propulsion power is the
lower bound. To further analyse the data, it is assumed that the only difference between
’at berth’ and ’anchorage’ is the required auxiliary power for loading and unloading, the
difference between ’maneuvering’ and ’at berth’ is the required propulsion power for the
thrusters, and that the main engines are only active for transit. The propulsion power
required for ’transit’ is found in the work of [112, 163, 164]. Furthermore, the duration
and share of each operational modes with respect to the mission is found using other
sources. The authors of [165] discuss how much time each cargo vessel spends in the
port, and the authors of [166, 167] discuss the average travel time at sea for a cargo ves-
sel. Since most seagoing cargo vessels travel (transit) at approximately the same speed
(container ships a bit faster) [168, 169], this average travel time will be used for the analy-
sis of container ships, bulk carriers, and tankers. It is assumed that cargo vessels require
at least half of the time in the port to load/unload the cargo [18, 107], and the rest of the
time is spend in other operational modes, such as ’maneuvering’ or ’standby’. To this
end, Tables B.4, B.5, B.6, B.7, and B.8 contain the data used to compose the data in Table
B.3
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Passenger ships

Type Mode
Share [%]
of mission

Typical
Characteristics

Description

Cruise
ships

Standby

27-46%

V = 0 kn
PD = 0%

Paux = 24-32%

At quay or at water,
waiting for instructions

Boarding/
Unboarding*

V = 0 kn
PD = 0%

Paux = 24-32%
Boarding or unboarding passengers

Maneuvering 3-47%
V = 2-5 kn
PD = 2-9%

Paux = 29-42%
Sailing in or out of the harbour

Transit low

7-55%

V = 4-15 kn
PD = 2-20%

Paux = 29-42%
Sailing at open sea with low speed

Transit high
V > 15 kn

PD = 17-66%
Paux = 34-42%

Sailing at open sea with high speed

Ferries

Standby

40%

V = 0 kn
PD = 0%

Paux = 3-4%

At quay or at water,
waiting for instructions

Loading/
Unloading*

V = 0 kn
PD = 0%

Paux = 3-4%

Boarding or unboarding passengers
and loading/unloading cargo

Maneuvering 10-14%
V = 3-6 kn

PD = 30-53%
Paux = 4-9%

Sailing in or out of the harbour

Transit 47-50%
V = 7-8 kn

PD = 87-96%
Paux = 4%

Sailing at open water

Table B.1: Overview of the main operational modes of passenger ships

*The Boarding/unboarding and Loading/unloading mode is assumed to be the same as
the standby mode (only for passenger ships)
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Service ships

Type Mode
Share [%]
of mission

Typical
Characteristics

Description

Tugboats

Standby 21-40%
V = 0 kn
PD = 0%

Paux = 2-20%

At quay or at water,
waiting for instructions

Transit 27-70%
V < 15 kn

PD = 5-36%
Paux = 2-20%

Sailing towards or back
from a cargo ship

Assist low 14-30%
V < 6 kn

PD = 30-71%
Paux = 2-20%

Towing the cargo ship
with low to modest power

Assist high 3-14%
V = 0-2 kn

PD = 80-98%
Paux = 2-20%

Towing the cargo ship
with modest to high power

OSV

Standby 4-20%
V = 0 kn
PD = 0%

Paux = 1-25%

At quay or at water,
waiting for instructions

Transit 23-47%
V = 10-18 kn
PD = 13-85%
Paux = 6-20%

Sailing towards a platform,
or another destination

Assist* 10-16%
V → no clear data

PD = 15-89%
Paux = 10-47%

Towing a vessel

Dynamic
positioning

15-55%
V = 0 kn

PD = 2-90%
Paux = 10-33%

Maintaining a fixed position at sea,
e.g. to transfer provisions or

personnel from OSV to platform

Research
vessels

Standby -
V = 0 kn

Ptot al < 3%
At quay or at water,

waiting for instructions

Transit -
V = 8-12 kn

Ptot al = 18-100%
Sailing towards or back

from destination, often high speed

Maneuvering -
V = 3-6 kn

Ptot al = 3-14%
Sailing at destination,

often low speed

Other** -
V → no clear data

Ptot al → no clear data

Table B.2: Overview of the main operational modes of service ships

*The assist mode of OSVs also contains a fire fighting mode, for which a lot of auxiliary
power is required. Without this mode, the required auxiliary power would remain less
than 33%
**Each research vessel has a mission dependent mode, such as a fishing mode for a
fishing research vessel, and hence this is not included here
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Cargo ships

Type Mode
Share [%]
of mission

Typical
Characteristics

Description

Container
ships

Standby 1%
V = 0 kn
PD = 0%

Paux = 1-11%

At quay or at water,
waiting for instructions

Loading/
Unloading

2%
V = 0 kn
PD = 0%

Paux = 1-11%

Loading or unloading of the cargo,
realized with quay cranes

Maneuvering 1%
V < 6 kn

PD = 1-7%
Paux = 1-11%

Sailing in or out of the harbour,
assisted by tugboats

Transit 96%
V = 12-19 kn
PD = 93-99%
Paux = 1-7%

Sailing at open sea

Bulk
carriers

Standby 2%
V = 0 kn
PD = 0%

Paux = 3-12%

At quay or at water,
waiting for instructions

Loading/
Unloading

5%
V = 0 kn
PD = 0%

Paux = 4-17%

Loading or unloading of the cargo,
realized with quay cranes or deck cranes

Maneuvering 2%
V < 6 kn

PD = 1-6%
Paux = 3-12%

Sailing in or out of the harbour,
assisted by tugboats

Transit 91%
V = 13-15 kn
PD = 90-98%
Paux = 2-10%

Sailing at open sea

Tankers

Standby 1%
V = 0 kn
PD = 0%

Paux = 8-21%

At quay or at water,
waiting for instructions

Loading/
Unloading

2%
V = 0 kn
PD = 0%

Paux = 8-25%

Loading or unloading of the cargo,
realized with piping systems

Maneuvering 1%
V = < 6 kn
PD = 3-7%

Paux = 8-21%

Sailing in or out of the harbour,
assisted by tugboats

Transit 96%
V = 13-17 kn
PD = 82-94%
Paux = 6-18%

Sailing at open sea

Table B.3: Overview of the main operational modes of (seagoing) cargo ships
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Aux Power [kW] Aux Power [kW] Prop Power [kW] Aux Power [kW] Prop Power [kW] Aux Power [kW]
Standby Loading/unloading Maneuvering Transit

Bulk carrier
MIN 3% 4% 1% 3% 90% 2%
MAX 12% 17% 6% 12% 98% 10%

Container
ship

MIN 0% 0% 0% 0% 93% 0%
MAX 11% 11% 7% 11% 100% 7%

Crude oil
tanker

MIN 8% 17% 3% 8% 91% 6%
MAX 12% 25% 4% 12% 94% 9%

Products/gas/
chemical tanker

MIN 8% 8% 3% 8% 92% 6%
MAX 19% 19% 4% 19% 94% 8%

Table B.7: Minimum and maximum propulsion and auxiliary power with respect to the maximum power of
cargo ships

Aux Power [kW] Aux Power [kW] Prop Power [kW] Aux Power [kW] Prop Power [kW] Aux Power [kW]
Standby Loading/unloading Maneuvering Transit

Bulk carrier
MIN 3% 4% 1% 3% 90% 2%
MAX 12% 17% 6% 12% 98% 10%

Container
MIN 0% 0% 0% 0% 93% 0%
MAX 11% 11% 7% 11% 100% 7%

Tanker
MIN 8% 8% 3% 8% 91% 6%
MAX 19% 25% 4% 19% 94% 9%

Table B.8: Final minimum and maximum propulsion and auxiliary power with respect to the maximum
power of cargo ships
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SIMULATION RESULTS FOR

DIFFERENT POWER PROFILES

As mentioned in Chapter 5.1, instead of building the power profile with exponential
slopes, the power profile can also be constructed with fixed slopes. Therefore, in this
appendix multiple exponential and fixed slopes will be discussed, and the performance
of the modular control architecture will be shown. It is expected that for a very steep
increase in the power profile, the introduced errors also increase, and the smoother the
power profile evolves, the lower the errors.

For both exponential and fixed slopes, two different rates are considered, resulting in
four different power profiles. Each power profile is similar to the power profile required
for Mission 1 in Chapter 5. For the exponential slopes, two different rates are considered,
indicated with ’tau’. The higher the value of ’tau’, the less steep the change. For the fixed
slope also two rates are considered, indicated with the time it takes to reach a new power
demand. An example of the four different slopes can be found in Figure C.1. The total
power profiles can be found in Figures C.2, C.3, and C.4, together with the simulation
results for the propulsion tracking error and the auxiliary tracking error. The measured
KPI’s for the propulsion and auxiliary power are shown in Table C.1.

Propulsion Auxiliary
RMSE [kW] SI [%] RMSE [kW] SI [%]

Exponential
Rates

tau = 45 6.19 1.63 8.66 8.79
tau = 20 8.23 2.16 10.26 10.39

Fixed Rates
60 s 7.61 2.00 9.54 9.67
6s 21.92 5.75 20.00 20.19

Table C.1: Comparison of performance of different power profiles for mission 1
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Figure C.1: Comparison of exponential and fixed rates

From the results it can be concluded that the steeper the changes in the power pro-
file, the larger the errors. When comparing the results of the steepest exponential rate
(tau=20) and the least steep fixed rate (60s), it can be noted that the latter outperforms
the former. This is due to the fact that even for the exponential slopes, only the last part
of a slope change is gradual, but the first part is similar to a fixed slope increase. Even
more, for ’tau=20’ a steeper increase of the power profile can be seen than for ’60s’, at
the first instance of a change in the power profile, see Figure C.1, hence larger errors are
present. Also, by comparing ’tau=20’ to ’6s’ and ’tau=45’ to ’60s’, where for each pair
the first part of a power increase is similar, but for the last part the exponential profile is
more smooth, smaller errors are observed for the exponential profiles. To this end, it can
be concluded that performance of the modular control architecture can be improved by
using exponential slopes for the power profile, rather than fixed slopes.
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(a) Power profile exponential (tau=20) (b) Power profile exponential (tau=45)

(c) Propulsion power tracking error exponential (tau=20) (d) Propulsion power tracking error exponential (tau=45)

(e) Auxiliary power tracking error exponential (tau=20) (f) Auxiliary power tracking error exponential (tau=45)

Figure C.2: Comparison of performance between exponential increases of the power profile
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(a) Power profile exponential (tau=20) (b) Power profile fixed slope (60s)

(c) Propulsion power tracking error exponential (tau=20) (d) Propulsion power tracking error fixed slope (60s)

(e) Auxiliary power tracking error exponential (tau=20) (f) Auxiliary power tracking error fixed slope (60s)

Figure C.3: Comparison of performance between exponential increases and fixed slope increases of the power
profile
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(a) Power profile exponential (tau=20) (b) Power profile fixed slope (6s)

(c) Propulsion power tracking error exponential (tau=20) (d) Propulsion power tracking error fixed slope (6s)

(e) Auxiliary power tracking error exponential (tau=20) (f) Auxiliary power tracking error fixed slope (6s)

Figure C.4: Comparison of performance between exponential increases and fixed slope (6s) increases of the
power profile
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Synopsis

Marine vessels execute many missions during their life cycle, each associated with a different required power
profile. The required power is to be provided by the power plant, which has a fixed set of equipment such as diesel
engines, generator sets, electric machines, and batteries. Typically, the control of vessel’s power plants consist of
two levels; a primary level with local controllers for the power plant components, and a secondary level that de-
termines the distribution of the required power to the various components in the power plant. The state-of-the-art
only considers a multi-level power plant control architecture assuming a fixed power plant layout, but in practice,
the fixed power plant layout may not suffice for generating the power demand dictated by a new mission. This
may lead to inefficient use of components, risk of overloading components, or the inability to deliver the required
power. To handle this issue, equipment modifications such as additions, removals or replacements would proba-
bly be necessary, along with modifications in the multi-level control scheme. To enable the seamless operation
of the multi-level plant control system after the modifications is essential for guaranteeing safety and reducing
the downtime, which could be achieved by a control architecture that allows for modular use of the power plant
components.

This paper presents the design methodology of a mission-oriented modular control system for marine power
plants. To this end, first power profiles, power plant layouts and control systems of multiple vessels such as
tugboats, offshore support vessels, cargo ships and cruise ships are analyzed. By decomposing the power profile
in two components, the propulsion and auxiliary power demand, the correlation between the power profile of a
vessel and its mission is derived, and an algorithm that computes the power profile using mission and vessel data
is proposed. Furthermore, the correlation between the power profile and the layout of the power plant is also
investigated, with emphasis on how changes in the power profile result in power plant automation modifications.
A modular secondary control level is then designed to cope with the required power plant automation modifi-
cations, by combining the Equivalent Consumption Minimization Strategy (ECMS) with Supervisory Switching
Control (SSC). In this paper we consider battery modifications, following the example of Wärtsilä’s ZESPacks.
Simulation results are used to show the performance of the proposed switching control methodology, in relation
to the stability of the components in the power plant after automation modifications occur.

The main contribution of this paper is the novel approach for the secondary level power plant control system,
introducing modularity to the otherwise assumed fixed layout of the power plant. Furthermore, the proposed al-
gorithm can be used to determine the expected power profile for a new mission, to identify required modifications
of the power plant equipment.

Keywords: Marine control systems, Modular control architecture, Hybrid power plant, Battery modifications

1 Introduction
1.1 Motivation

Marine vessels are used for many purposes, such as shipping cargo, (supporting) offshore operations, transport-
ing passengers, or even to tow other marine vessels. During their lifetime they execute many missions, and each
mission requires power, either for propulsion or for other tasks. The power required for a mission can be used to
construct the power profile, and is generated by the power plant. How the power plant is designed is partly based
on the mission statement which includes the expected missions the vessel will execute (Hanbidge, 2001), resulting
in a fixed power plant, and therefore a fixed control system. However, each mission results in a different power
profile, since for each mission there are different environmental conditions (such as wind, waves and currents)
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and operational conditions (e.g. the frequency of the required actions of the vessel, such as loading or unloading
cargo, sail across open sea or towing another vessel). Therefore, each mission implies a certain required amount
of equipment in the power plant. By using only a fixed set of equipment, this could result in situations where the
power plant is not able to suffice for generating the power demand dictated by a new mission, which may lead to to
inefficient use of the power plant components, risk of overloading the components, or even the inability to execute
the mission properly. To handle this issue, equipment modification such as additions, removals, or replacements
would probably be necessary, along with modifications of the control architecture.

1.2 Literature review
Many different power layouts seen in literature, and both for the propulsion plant and the power supply there are

three main configurations; mechanical, electric, and hybrid. In this paper, a hybrid propulsion plant with a hybrid
power supply is considered, and an example is shown in Figure 1. The control system of the power plant is part of

Figure 1: Hybrid propulsion and hybrid power supply

the marine control system, and the latter is more and more developed in a hierarchical, distributed architecture, and
combining the work of (Geertsma et al., 2017; Smogeli et al., 2005; Smogeli, 2006; Smogeli et al., 2008; Smogeli
and Sørensen, 2009), most of these systems can be divided into three levels:

• Local optimizer/tertiary level

• Secondary level

• Primary level

The local optimizer is also known as the guidance and navigation system, and is actually not a controller, and the
main task of this system is to determine the desired path for the ship, and to provide the reference signals for the
general secondary level control (Wang et al., 2018). This level includes a path-following controller, which uses
the reference signal and the generated path from the guidance and navigation system to determine the reference
signals for the secondary level plant control and other controllers, for example the rudder control. The secondary
level plant control determines the distribution of power to the components in the power plant, from now on this
will be refered to as the power split, and based on the found power split the set-points for the primary level control
are generated, where the latter consists of the controllers of all the components in the power plant (Geertsma et al.,
2017). Combining this with the general control architectures presented in (Negenborn and Hellendoorn, 2010), a
schematic of the ship control architecture is made and can be seen in Figure 2. For this example, hybrid propulsion
with hybrid power supply, as shown in Figure 1, is used. As each vessel is designed with a certain power plant
layout, the multi-level control system shown above is designed to control a specific set of power plant equipment,
and often Equivalent Consumption Minimization Strategy (ECMS) is used in the secondary level plant control.
This strategy requires a cost function, that expresses the power of each component in terms of fuel use, and de-
termines the power split by minimizing the cost function at each instance, while meeting several constraints that
limit the power of each component and ensure the power demand is being met. However, it is seen in literature
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Figure 2: General marine vessel control system

that vessels often have a fixed power plant, and a fixed control system while their missions lead to different power
requirements. This could introduce inefficient use, or overloading of the power plant equipment, or even the in-
ability to carry out future missions, and therefore it could be beneficial to be able to change the power plant of
the vessel between or during mission. Unfortunately, with the state-of-the-art marine vessels, the control system
would have to be manually tuned to be able to control the new power plant. To this end, this paper presents a design
for a modular control system for a retrofittable power plant, allowing modular use of the power plant equipment,
without the need to manually tune the control system.

1.3 Approach
In order to design a control system for a retrofittable power plant, first the correlation between the mission and

the power profile of the vessel should be investigated, in order to find the impact of varying missions on the power
demand during and between missions. Then, to connect changes in the power profile to changes in the power plant
and the control system, the correlation between the power profile and the needed modifications in automation of the
control system and the power plant is discussed. Using this, a modular power plant architecture can be proposed
to meet these automation modifications. At last, the designed architecture is verified, with respect to stability and
robustness.

1.4 Structure
This paper is structured as follows. In Section 2 the problem formulation is presented, which discusses the used

models for the design of the power plant and control system. In Section 3 a model for the correlation between the
mission and the power profile is shown, but also the correlation between the power profile and the needed automa-
tion modifications in the control system and power plant is discussed. Then, in Section 4 a design for a modular
control architecture is proposed, to meet the required automation modifications. In Section 5 the performance of
the proposed design is verified, showing the stability and robustness of the modular control architecture. At last,
in Section 6 a conclusion is formulated, and recommendations for further research are given.

2 Problem formulation
The main goal of this paper is to present the design of a modular control architecture, where the main contribu-

tions are in the supervisory and the secondary level. To this end, the used models for the power plant components
are directly taken from literature, and for each component, except for the batteries, a PI controller is used as primary
level controller. For the batteries, a constraint module is used instead of a regular controller.
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2.1 Diesel engine
For the diesel engine, a first-order differential equation as found in the work of Haseltalab and Negenborn

(2019) is used:

Q̇DE(t) =−
QDE(t)
τDE(t)

+ kDE ·m f ,DE(t) (1)

where kDE is the torque constant, m f ,DE is the fuel index (regulated by a PI controller), and τDE is the torque
buildup constant which determines the response speed of the diesel engine, as a function of the shaft speed ωDE :

τDE(t) =
0.9

ωDE(t)
(2)

2.2 Induction motor
For the induction motor, instead of a first-order differential equation, an algebraic equation is used, derived

from the work of (Eijkhout and Jovanova, 2021; Wildi et al., 2002):

QIM(t) =
ωIM,s(t)−ωIM(t)

ωIM,s(t)
· V 2

IM(t)
Rr,IM · kIM

(3)

where QIM is the generated torque, ωIM is the rotor speed, ωIM,s is the rotational speed of the magnetic field in the
stator windings, also refered to as the stator speed, VIM is the input voltage (in literature often refered to as phase
voltage), Rr,IM is the rotor resistance, and kIM is a constant that depends on the motor characteristics. As ωIM,s is
regulated by a PI controller, the input voltage VIM is proportional to ωIM,s (Vahedpour et al., 2015):

VIM(t) =CV/ f ·ωIM,s(t) (4)

where CV/ f is a motor dependent constant.

2.3 Gearbox, shaft, and propeller
To model the shaft dynamics of the gearbox, shaft and propeller, the work of (Kalikatzarakis et al., 2018; Woud

and Stapersma, 2019; Haseltalab and Negenborn, 2019) is used, resulting in the following relation:

ω̇p(t) =
ηT (iDE ·QDE(t)+ iIM ·QIM(t))−Qp(t)

Jtot
(5)

where ωp is the propeller speed, Qp is the propeller torque, Jtot is the total inertia of the gearbox, induction machine
and the diesel engine together, iDE and iIM the gear ratios of the diesel engine and the induction motor, respectively,
and ηT is the transmission efficiency. The propeller torque Qp is found using the work of (Izadi-Zamanabadi and
Blanke, 1999; Smogeli, 2006):

Qp(t) =Cp · |ωp(t)| ·ωp(t) (6)

Cp =
KQ ·ρ ·D5

4π2 (7)

where ρ is the density of the seawater, D is the diameter of the propeller, and KT and KQ are the thrust and torque
coefficients. Since the diesel engine, the induction machine, and the propeller are rigidly coupled, ωDE and ωIM
can be expressed in terms of ωp:

ωIM(t) = iIM ·ωp(t) (8)
ωDE(t) = iDE ·ωp(t) (9)

2.4 Diesel generator sets
The engine of the diesel generator set is modeled using the work of (Haseltalab and Negenborn, 2019):

Q̇DG,DE(t) =−
QDG,DE(t)

τDG(t)
+ kDG ·m f ,DG(t) (10)
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where QDG,DE is the torque of the diesel engine connected to the generator, kDG the torque constant, m f ,DG the fuel
index (regulated by a PI controller), and τDG is the torque buildup constant which determines the response speed
of the diesel engine, as a function of the shaft speed ωDG:

τDG(t) =
0.9

ωDG(t)
(11)

The dynamics of the generator are described with a set of algebraic equations, as found in (Cheong et al., 2010):

QDG,G(t) =
(aG,1 · IX (t)+aG,0) ·Re(IDG(t))

2π
(12)

IDG(t) =
(aG,1 · IX (t)+aG,0) ·ωDG(t)

2π(RDG,int + j ·LDG ·ωDG(t)+RDG(t)
(13)

ω̇DG(t) =
QDG,DE(t)−QDG,G(t)

JDG
(14)

where QDG,G is the generator torque, IX the excitation current (regulated by a PI controller), aG,1 and aG,0 are con-
stants, IDG the generator output current, RDG,int the internal resistance, L the inductance, j the imaginary number,
JDG the generator inertia, and RDG the load resistance, in this paper assumed to be purely resistive, and determined
with the assigned power PDG and the reference-voltage VDG,re f as follows:

RDG(t) =
V 2

DG,re f (t)

PDG(t)
(15)

2.5 Batteries and constraint modules
Batteries are described with a set of algebraic equation, as found in (Sun and Shu, 2011; Kularatna and Gu-

nawardane, 2021; Chang, 2013; Haseltalab et al., 2020):

PB(t) =VB(t) · IB(t) (16)
VB(t) =VOC(t)−RB · IB(t) (17)

VOC(t) = aB,1 ·SOC(t)+aB,0 (18)

SOC(t) = SOC(t0)−
1

C0

∫ t

t=0
IB(t)dt (19)

where PB and IB are the battery power and the battery current, respectively (both positive for discharging), VB the
battery output voltage, VOC the open-circuit voltage, aB,0 and aB,1 are constants, C0 the capacity, and SOC(t0) the
initial SOC. The main goal of the constraint module is to provide a window [Pmin

B Pmax
B ] for PB to the secondary

level, such that the SOC and VB are kept within their predescribed limits, and based on the work of (Kalikatzarakis
et al., 2018) this leads to the following constraints:

Pmax
B,V =

VOC ·VB,min−V 2
B,min

RB
(20)

Pmin
B,V =

V 2
B,max−VOC ·VB,max

RB
(21)

Pmax
B,SOC =

SOC−SOCmin

∆t
·C0 ·VOC (22)

Pmin
B,SOC =

SOC−SOCmax

∆t
·C0 ·VOC (23)

Pmin
B = max

(
Pmin

B,SOC,P
min
B,V
)

(24)

Pmax
B = min

(
Pmax

B,SOC,P
max
B,V
)

(25)

Here, VB,min, VB,max, SOCmin, and SOCmax are the minimum and maximum terminal voltage VB and minimum and
maximum SOC of the battery, respectively, provided by the battery manufacturer, and ∆t is a discrete timestep,
which can be tuned to alter the power constraints related to the SOC of the battery.

3 Correlation between the mission, power profile, and the required automation modifications
The correlation between the mission, the power profile and the required automation modifications is discussed

in twofold. First, to answer the second research question, a model for the correlation between the mission and
the power profile is discussed. Second, the answer to the third research question is formulated by describing the
correlation between the power profile and the required automation modifications, using the power plant equipment
modifications implied by variations of the power profile.
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Figure 3: Correlation between the mission and the power profile

3.1 Mission and power profile
In literature, there is no consensus of a general definition for a mission, hence this paper proposes the following

mission definition:

”Transport X from A to B (optionally via C, D, etc.), leaving at t0 (time and date), arriving at destination at
tend (time and date).”

where X denotes the cargo (amount/size and type), and A ∈ R2 and B ∈ R2 the locations visited. Using this def-
inition, three important aspects can be derived: the type of vessel and its characteristics (L), the operational modes
required throughout the mission (P), and other mission parameters (Z) such as travelled route, the environment
(waves, currents, wind, temperature, water depth, and waterway width) along this route, the speed of the vessel,
and also details such as the displacement, and the towing force during the mode assist, if applicable. Together,
these aspects determine the power required during the mission, hence they determine the power profile (Y). A
graph-model of the correlation between the mission, power profile, and the different aspects can be seen in Figure
3.

Now, using a mission with two locations (A and B) to be visited, cargo X , starting time t0 and total mission
time tm = tend− t0, an algorithm that determines the required power profile for a given mission can be proposed, as
shown in Algorithm 1.

Algorithm 1: Correlation between mission and power profile
Input: U = {A, B, t0, tm, X}← Derived from mission definition or historic data

1 L= f (U) = {Xv, a, D , fh, KQ, KT , ηD}← Type of vessel Xv and vessel parameters
2 P = f (U ,L) = {OM ,1, ..., OM ,end} ← List of operational modes used during the mission
3 Z = f (U ,P) = {z1, ..., zend} ←Mission dependent parameters , where:
4 zt = { Sm, Ftow(t), Oe(t), ∇(t), VOm(t), c0(t)} ← Route Sm, towing force Ftow, displacement ∇,

operational environment Oe, vessel speed VOm ,
and a speed dependent parameter c0

5 Oe(t) = {ss(t), cs(t), ws(t), h(t), Ta(t), ww(t)}← seas state ss, current cs, wind ws, water depth h,
ambient temperature Ta, and waterway width ww

Output: Y = f (L,Z) = {y1, ..., yend}← Power demands to construct the power profile, where:
6 yt = {Ptot(t), PD(t), Paux(t)} ← Total power Ptot , propulsion power PD, and auxiliary power Paux

7 Paux = Paux,c(Xv)+∆Paux(Om,Ta,Xv)← A constant auxiliary power demand based on the type of vessel,
with fluctuations due to the operational modes and temperature

8 PD =
f (ss,ws,cs,h,ww, fh,∇)∗ c0 ∗Vs

a

ηD
+ |Ftow|

3
2

2πKQ
√ρDK

3
2

T
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3.2 Power profile and automation modifications
If multiple diesel-electric tugboats, found in the works of (Vu et al., 2015), (Kumar et al., 2020), and (Yuan

et al., 2016) are compared, it can be found that although their operations are alike, the power profile differs, and
also the installed equipment is different. To this end, the three power profiles are shown in Figure 4.

Figure 4: Comparison of different tugboats

By comparing the shown power profiles and the power plants of the corresponding tugboats, it is noted that
for missions with more power demand, the capacity of the generator sets and the batteries increase. Now, if for
example tugboat 1 has to carry out the mission associated with tugboat 2, both a generator set and a battery has
to be added or replaced. Vice versa, tugboat 2 could execute the mission associated with tugboat 1 with less
equipment, reducing the weight of the ship. This leads to the following equipment modifications:

• Add components

• Replace components

• Remove components

As described in the introduction, state-of-the-art power plant control systems consist of two levels: a secondary
level to compute the power split and reference signals, and a primary level that controls the equipment in the power
plant, using the derived reference signals. Since a primary level controller for each component in the power plant
has to be included, and the secondary level determines the required power of each component, these two levels
depend on the current layout of the power plant. Therefore, if equipment is added or removed, the layout definitely
changes, but also for replacements, the characteristics of the equipment may change, hence for all three equipment
modifications the control system needs to be updated. To be able to automate this process, a control system that
can determine the required equipment modifications based on the power profile is proposed, where after it can use
these modifications to update the secondary and primary level, and a schematic can be seen in Figure 5.

4 Design of a modular control architecture
In this section, a modular control architecture is proposed, and a schematic view of the design can be found

in Figure 7. The architecture is designed for the retrofittable power plant shown in Figure 6, and the control
system consist of a supervisory level, a secondary level, and a primary level, and allows for modular use of the
batteries in the power plant.The modular controller presented in this paper is mainly based on SSC, first introduced
by Hespanha (Hespanha, 1998), which he later improved (Hespanha and Morse, 1999; Hespanha et al., 1999;
Hespanha, 2001; Hespanha and Morse, 2002), and is for example used by (Nguyen et al., 2007) to handle changing
environmental conditions. SSC has two characteristics; a supervisor and a bank of controllers. At any moment,
the supervisor can decide to switch between the controllers in the bank, and in this paper, the supervisor switches
based on the power profile for the mission, where the bank of controllers contains controllers which use ECMS to
determine the power split for the power plant equipment.

4.1 Supervisor
In this paper, only batteries can be added, replaced, or removed, and therefore the main task of the supervisor

is to determine the amount of batteries required for a given power profile, dictated by the mission. As this process
can be quite complicated, due to the charging and discharging of the batteries during the mission, in this paper an
upper bound for the required batteries (PB,ub) will be determined. Therefore, it is assumed that diesel generator set
2 is only used for emergencies, and that the batteries are only discharged when the total electric power demand
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Figure 5: Correlation between the mission, power
profile and the automation modifications Figure 6: Modular power plant layout

is higher than the optimal working point of diesel generator set 1 (Popt
DG,1). Furthermore, it is assumed that the

induction motor is used for propulsion, and only assisted by the diesel engine for high loads, and that there are two
available batteries for the power plant: type 1 and type 2, where the capacity of type 2 is is twice the capacity of
type 1. At last, it is assumed that each battery is charged to SOCmax at the beginning of the mission, such that:

PB,ub(t) = max
{

0, Paux(t)+min
{

PD,elec(t),Pmax
IM,grid

}
−Popt

DG,1

}
(26)

PD,elec(t) =
PD(t)

ηT ·ηIM ·ηFC
(27)

Pmax
IM,grid =

Pmax
IM,mec

ηIM ·ηFC
(28)

where Pmax
IM,mec and Pmax

IM,grid denote the maximum mechanical power output of the induction motor, and the cor-
responding electric input power required from the grid, respectively, PD,elec is the propulsion power in terms of
electric power of the induction motor, and ηFC and ηIM are the efficiency of the frequency converter and the in-
duction motor, respectively. The required battery capacity (EB,plant ) can be found by integrating the found PB,ub,
and using the batteries SOC limits and a safety factor SF as follows:

EB,plant =

∫ tm
t=0 PB,ub(t)dt

SOCmax−SOCmin
·SF (29)

with SF (1.1 - 1.2), as often in literature extra battery capacity is installed. It is assumed that the configuration with
the least amount of batteries that satisfies EB,plant is selected, and also the capacity of each battery C0,1 and C0,2 in
ampere-seconds (As) is known, such that the configuration can be found with Algorithm 2.

4.2 Bank of secondary level controllers
The supervisor determines the required batteries for the power plant, while the rest of the equipment is fixed,

and since there is a certain physical limit of batteries (Kmax) in the power plant, due to limited space, this results
in Kmax different layouts for the power plant. Also, if for example no batteries are required at all, the vessel also
needs to be able to operate, hence the amount of different power plant layouts is equal to Kmax + 1. This can be
represented as shown in Figure 7, where each controller in the bank uses ECMS to determine the power split for
the installed equipment in the power plant. To this end, the next section will discuss the required ECMS structure
to find the power split for each layout, where after the found power split can be converted to reference-signals for
the primary level.
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Algorithm 2: Selection algorithm for the optimal battery configuration
Input: Battery and Power Plant Specifics

1 Kmax←Maximum number of batteries in the power plant
2 E0,1← Capacity of battery type 1 (J)
3 C0,1← Capacity of battery type 1 (As)
4 E0,2← Capacity of battery type 2 (J)
5 C0,2← Capacity of battery type 2 (As)
6 EB,plant ← Required battery capacity (J)

7 rE =
E0,2−E0,1

E0,1
← Express difference in capacity in terms of E0,1

8 EK = zeros(Kmax,Kmax +1)
9 for i = 1 : Kmax do

10 for j = 1 : i+1 do
11 EK(i, j) = ( j · rE +(i− rE)) ·E0,1 ← Compute capacity (J) of battery configurations
12 end
13 end
14 [I,J] = find(EK >= EB,req) ← Find indices of suitable configurations
15 Kplant = min(I) ← Select configuration with minimum of batteries
16 Jmin = min(J(I(:) == Kplant)) ← Select configuration closest to required capacity
17 C0 = ones(1,Kplant) ·C0,1 ← Fill configuration with battery type 1
18 if Jmin ≥ 2 then
19 for j = 1 : Jmin−1 do
20 C0(Kplant − j+1) =C0,2 ← Replace type 1 with type 2 if necessary
21 end
22 end

Output: Battery Configuration
23 Kplant ← Amount of batteries in the power plant
24 C0← Capacity of each battery

Figure 7: Modular power plant control architecture
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4.3 ECMS and reference-signals
The secondary level control used for the modular control system is mainly based on the work of (Kalikatzarakis

et al., 2018; Yuan et al., 2016; Vu et al., 2015), and consists of an ECMS with cost function and constraints, and a
conversion of the power split to the reference signals. The cost function expresses the power of each components
in terms of fuel use, while the constraints limit the power of each component to their capabilities, and ensure the
required power, as specified by the power profile, is met. Opposed to the work of Kalikatzarakis et al. (2018);
Yuan et al. (2016); Vu et al. (2015), the constraint that keeps the SOC of a battery between its limits is replaced by
a constraint for the power of the battery (Eq. 37), and furthermore, during simulations it was found that in order
to use ECMS for multiple batteries, additional constraints are required. To the best knowledge of the authors, no
literature exists on this problem, and therefore two additional constraints (presented in Eq. 38 and Eq. 39) are
proposed. The constraints are experimentally found sufficient for this problem, and the final ECMS formulation
for any number of batteries K can be found below.

minimize{ṁT,K} (30)
where:

ṁT,K = aDE
1 ·PDE

3 +aDE
2 ·PDE

2 +aDE
3 ·ω2

DE ·PDE +aDE
4 ·ωDE ·PDE +aDE

5 ·PDE
2 ·ωDE +aDE

6 ·PDE

+
2

∑
j=1

(
aDG, j

1 ·
(

PDG, j

ηDG, j

)3

+aDG, j
2 ·

(
PDG, j

ηDG, j

)2

+aDG, j
3 · PDG, j

ηDG, j

)
(31)

+
K

∑
k=1

(
SFOCDE,nom ·ηFC ·ηIM ·ηB,k

sign(PB,k) ·PB,k

)

subject to:

PDE ≥
PD

ηT
−PIM,mec (32)

2

∑
j=1

PDG, j ≥ Paux−
K

∑
k=1

PB,k +
PIM,mec

ηIM ·ηFC
(33)

0≤ PDE ≤ Pmax
DE (34)

0≤ PIM,mec ≤ Pmax
IM,mec (35)

0≤ PDG, j ≤ Pmax
DG, j for j ∈ [1,2] (36)

Pmin
B,k ≤ PB,k ≤ Pmax

B,k for k ∈ [1, ...,K] (37)

PB,k ≥ PB,k−1 for k ∈ [2, ...,K] (38)
PB,K ·PB,1 ≥ 0 for K ≥ 2 (39)

Here, ṁT,K is the fuel consumption rate for a power plant with K batteries, PDE ,PIM,mec,PDG, j, and PB,k denote
the power split regarding the diesel engine, induction motor, diesel generator set j ∈ 1,2, and battery k ∈ [1, ...K],
respectively, with limits Pmax

DE , Pmax
IM,mec, Pmax

DG, j, Pmin
B,k , and Pmax

B,k . Furthermore, aDE
i for i = [1,2,3,4,5,6], aDG, j

i for
i = [1,2,3] are constants to characterize the fuel consumption, SFOCDE,nom is the nominal diesel engine fuel
consumption, ηB,k is the efficiency of battery k, and ηDG, j the j-th diesel generator sets efficiency.

5 Simulation results
This paper aims to investigate the behaviour of the modular power plant control architecture when used for a

tugboat such as the Smith Elbe (Kalikatzarakis et al., 2018). A typical mission consists of: Transit to the arrival
location of the cargo vessel, remain standby at position until cargo vessel arrives, assist-low, following by assist-
high, in order to guide the cargo vessel into the harbour, and transit back to a specific location in the harbour when
finished. Each operational mode dictates a certain power demand, but also the operational environment and the
time spend in each mode has an impact. To this end, four missions are composed, where for the baseline, mission
1, the power profile found in (Yuan et al., 2016) is assumed. As mission 2, 3, and 4 are all variations on mission 1,
the described correlation between the mission and the power profile can be used to indicate changes in the power
profile, based on the changes in the mission, and this is shown in Table 1. Note that only the propulsion power is
affected, and for the auxiliary power a constant load of 100 kW is assumed for each mission.

The described variation in the mission and the power profile, as shown in Table 1, are used to construct the four
different power profiles shown in Figure 8. For each mission, at t = 0 the supervisor determines the required bat-
teries for the mission, selects the corresponding secondary level controller from the bank, automatically initializes
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Figure 8: Power profiles of different scenarios

Change with respect to
mission 1

Change with respect to power profile 1
Transit Standby Assit-low Assist-high

Mission 2 Larger cargo ship to assist - -
Increase of Ftow
→ PD increases

Increase of Ftow
→ PD increases

Mission 3
Larger cargo ship to assist - -

Increase of Ftow
→ PD increases

Increase of Ftow
→ PD increases

Increase of wave, wind,
and currents

Increase of ss,ws,cs
→ PD increases

Increase of ss,ws,cs
→ PD increases

Increase of ss,ws,cs
→ PD increases

Increase of ss,ws,cs
→ PD increases

Mission 4

Larger cargo ship to assist - -
Increase of Ftow
→ PD increases

Increase of Ftow
→ PD increases

Increase of wave, wind,
and currents

Increase of ss,ws,cs
→ PD increases

Increase of ss,ws,cs
→ PD increases

Increase of ss,ws,cs
→ PD increases

Increase of ss,ws,cs
→ PD increases

Cargo ship arrives further
from starting point of

tugboat, but total mission
time remains the same

Longer duration
of mode*

Shorter duration
of mode

Shorter duration
of mode

Longer duration
of mode

Speed increase halfway
during mode*
→ PD increases*

Table 1: Changes in mission and power profile
*: Only applies for the first use of this mode. For the second use of this mode, at the end of the mission, this is not
applicable.

the primary level battery constraint modules, and also selects the required battery models in the power plant model,
and in Table 2 the required batteries and their capacity for each mission can be found. During the simulations, the
behavior of the secondary level, the primary level, and also of the power plant components is monitored. The
parameters used for the simulations are shown in Table 4, and the simulation results are presented in Figure 9. In
Figure 9a, 9d, 9g, and 9j the power split for the fixed equipment can be seen, in Figure 9b, 9e, 9h, and 9k the power
split for the batteries is shown, and in Figure 9c, 9f, 9i, and 9l the batteries SOC levels are presented. Note that the
power split is provided by the secondary level, while the SOC levels are given by the battery constraint modules
in the primary level. From the results it can be seen that the modular control architecture performs well for each
mission, as the power split for all the components appears stable, and the SOC of the batteries is kept within its
limits. The robustness of the modular control architecture follows from the stable behavior for both different power
profiles, as different power plant layouts.

Furthermore, using the shown power split and the SOC of the batteries, it can be noted that either the battery

EB,max

Selected Batteries

K Type Capacity
E0 C0

Mission 1 904 MJ 1 2 1080 MJ 2.4 MAs
Mission 2 1294 MJ 2 [1,2] [540 1080] MJ [1.2 2.4] MAs
Mission 3 1625 MJ 2 [2,2] [1080 1080] MJ [2.4 2.4] MAs
Mission 4 2404 MJ 3 [1,2,2] [540 1080 1080] MJ [1.2 2.4 2.4] MAs

Table 2: Supervisor results for different missions
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(a) Mission 1: Fixed equipment power (b) Mission 1: Battery power (c) Mission 1: Battery SOC

(d) Mission 2: Fixed equipment power (e) Mission 2: Battery power (f) Mission 2: Battery SOC

(g) Mission 3: Fixed equipment power (h) Mission 3: Battery power (i) Mission 3: Battery SOC

(j) Mission 4:Fixed equipment power (k) Mission 4: Battery power (l) Mission 4: Battery SOC

Figure 9: Simulation results

power or the SOC behaves proportional to the ratio of the batteries capacities. An example of this is seen using
Figure 9e and 9f, where a battery of type 2 shows similar SOC decrease for a discharging power twice as much
as for a battery of type 1. Even more, for the same charging rate, a battery of type 1 charges much faster than a
battery of type 2, as it has a smaller capacity. At last, it can be noted that although batteries in the power plant have
the same capacity, the secondary level could decide to discharge or charge them with different rates, as can be seen
in Figure 9h and 9k.
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Propulsion Power Error Auxiliary Power Error
RMSE [kW] SI [%] RMSE [kW] SI [%]

Mission 1 9.12 2.39 10.43 10.55
Mission 2 10.88 2.34 10.02 10.15
Mission 3 10.99 1.90 10.54 10.68
Mission 4 11.27 1.58 10.50 10.64

Table 3: Performance of modular power plant controller

In order to give quantitative results, for each mission the output of the power plant components is measured and
used to determine the delivered propulsion PD,plant and auxiliary power Paux,plant , as shown in Equation 40 and 41.

PD,plant = Qp ·ωp (40)

Paux,plant =
2

∑
j=1

VDG, j · I∗DG, j +
K

∑
k=1

VB,k · IB,k−
QIM ·ωIM

ηIM ·ηFC
(41)

where ∗ denotes the complex conjugate. Using this, the RMSE and the scatter index (SI) with respect to the
requested propulsion PD and auxiliary power Paux, as stated by the power profile, can be determined, and the
results are presented in Table 3.

Propulsion





RMSE =

√
mean

((
PD−PD,plant

)2
)

SI =
RMSE

mean(PD,plant)

(42)

Auxiliary :





RMSE =

√
mean

((
Paux−Paux,plant

)2
)

SI =
RMSE

mean(Paux,plant)

(43)

(44)

Induction Motor Batteries Diesel Engine Diesel Generator Sets
Model Parameters Model Parameters Model Parameters Model Parameters
kIM 1000 - SOC(t0) 1 [-] kDE 3000 m2

s2 kDG 4000 m2

s2

R2 0.01 Ω aB,1 111 V JDE 4167 kgm2 JDG 4167 kgm2

JDE 4167 kgm2 aB,0 389 V DDE 1000 kgm2

s RDG,int 0.150 Ω
DDE 1000 kgm2

s RB 0.0225 Ω LDG 0.0021 H

Controller Gains aG,1 3.34 kgm2

A2s2

Controller Gains Constraint Module Parameters KP,DE 20 [-] aG,0 0.57 kgm2

As2

KP,IM 10 [-] ∆t 1000 s KI,DE 2 [-]
KI,IM 10 [-] SOCmin 0.1 [-] Controller Gains

CV/ f 2 kgm2

As3 SOCmax 1 [-] ECMS Parameters KP,DG,DE 200 [-]
VB,min 300 V aDE

1 5.48 ·10−5 kg
GW3h

KI,DG,DE 30 [-]
ECMS Parameters VB,max 600 V aDE

2 -0.206 kg
MW2h

KP,DG,G 30 [-]

ηIM 0.95 [-] aDE
3 5.545 ·10−4 kgs2

kWh KI,DG,G 12 [-]
Pmax

IM 800 ·103 W ECMS Parameters aDE
4 -0.271 kgs

kWh
ηB 0.97 [-] aDE

5 -3.55 ·10−5 kgs
MW2h

ECMS Parameters
SFOCDE,nom 72.1 kg

kWh aDE
6 600 kg

kWh aDG
1 5.55 ·10−4 kg

GW3h
Shaft and Gearbox Pmax

DE 1200 ·103 W aDG
1 -0.580 kg

MW2h
Jtot 12500 kgm2 Electric Grid aDG

3 2.15 ·102 kg
kWh

iDE 7.5 [-] Vgrid 3300 V ηDG 0.95 [-]
iIM 24 [-] fgrid 50 1

s Propeller Pmax
DG 665 ·103 W

ηT 0.95 [-] ηFC 0.99 [-] Cp 670 kgm2 Popt
DG 524 ·103 W

Table 4: Parameters of the power plant components
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6 Conclusions
In this paper, a graph-model for the correlation between the mission and the power profile is presented, and

the correlation between the power profile and the automation modifications of the control system is discussed.
Using this, a modular control architecture for a retrofittable power plant is proposed, which allows modular use
of the batteries. Simulations showed the performance of the modular control architecture, regarding the stability
and robustness. The results indicate a tracking error less than 3% and 11% of the propulsion and auxiliary power
requested by the power profile, respectively.
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