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ABSTRACT

PEIXOTO, C.S . Modeling, Simulation and Control of Hybrid Power Systems for Vessels.
2022. 182 p. Dissertation (Master of Science in Mechanical Engineering) – Escola Politécnica
da Universidade de São Paulo. São Paulo, 2022.

Climate concerns, regulations, and fuel costs are driving higher efficiency designs in the shipping
industry. Research works suggest that hybrid power systems can be a viable option to reduce
fuel consumption and emissions. However, more studies are required to analyze its net gains
in different applications. In this work, we perform numerical simulations of powertrains for a
diesel-electric Platform Supply Vessel (PSV) in a causal approach using MATLAB. To study
such systems, we developed dynamical and static models for the power source representation
and optimization, including models of diesel generator sets (gensets), a lithium-ion battery, and
electric motors integrated with drivetrains and models that represent the vessel physics. All these
models were combined using a static AC electrical network. The genset model was validated
with errors below 2% for fuel consumption, and the engine speed results were kept within
acceptable ranges, considering measured data from a project partner from the shipping industry.
The battery cell model has shown errors below 1% for system states compared to literature
results. We performed simulations considering hybrid and non-hybrid topologies, static models
for optimization, and static and dynamical models for power source representation, comparing
different energy management strategies. Also, we developed a representative response surface
to model fuel consumption reductions using the software R to help in the hybrid power system
design and selection of operation parameters. Through simulation experiments, it was possible
to reduce fuel consumption, emissions, and genset running hours through strategic loading and
hybridization using real operating profiles or a profile based on actual operations, considering
different operational parameters. Through optimization, we observed the following reductions for
the non-hybrid configuration: 5%-8% for fuel, 7%-8% for CO2, 23%-30% for genset operating
time, and 27%-32% for particulate matter (PM). The NOx emissions varied, decreasing in 10%
or increasing in 10%; however, an after-treatment system was not considered in any simulation.
The genset redundancy had a negative and significant impact on all quantities of interest. The
introduction of a battery brought additional benefits to the vessel’s power system compared to
the non-hybrid topology, except for the NOx, which depended on the case. We compared the
optimized non-hybrid operation with a hybrid configuration testing different energy management
strategies, including ECMS formulations and a rule-based implementation. The comparisons
indicate additional reductions that vary on the power profile but can be put into the ranges:
5%-10% for fuel, 5%-10% for CO2, 23%-49% for genset operating time, 26%-47% for PM.
The NOx emissions decreased up to 11% and increased up to 9% depending on the simulation
case. Most battery benefits were achieved in Dynamic Positioning (DP) or operating near the
port. Energy efficiency increases above 3% were observed depending on the operating profile.
Simulations that focused on the dynamic behaviour of the system showed that a 10% increase
in the power system efficiency can be achieved by using a hybrid solution in a vessel typical
acceleration ramp. The dynamic simulations also allowed the assessment of battery degradation,
and the results indicated that a battery bank can last for around eight years of uninterrupted use,
for a typical operating profile of a PSV.



Keywords: hybrid power systems. marine vessels. multi-level control. energy efficiency and
emissions. lithium-ion batteries.
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1 INTRODUCTION

Concerns about the impacts of greenhouse gas (GHG) emissions on climate change have

been rising in recent years, pressing governments and other institutions around the world to dis-

cuss and implement strategies to reduce atmospheric pollution. Hence, international agreements

have taken place to prevent negative changes in the climate system by human action.

On the 4th of November 2016, the Paris Agreement entered into force with the central

objective to endorse a stronger and comprehensive response to keep global temperature increase

below 2 degrees Celsius, preferably 1.5 degrees Celsius, regarding pre-industrial levels [1].

Potential negative consequences of an increase of 1.5 degrees Celsius are presented in the 2018

report provided by the International Panel on Climate Change (IPCC) [2]. In addition to the

global warming concerns, air pollutants such as NOx, SOx and PM represent a threat to human

life and ecosystems in general.

The international shipping industry represents the carriage of 90% of the world trade,

with a projected growth in the following years [3]. Vessel operation is responsible for an

expressive amount of emissions, around 1.8% of the total 37.9 Gt of CO2, being comparable the

8th nation on the ranking of top-emitting countries [4]. Vessels also emit approximately 12% and

13% of the global NOx and SOx, respectively. If no action takes place, the future projections

indicate increases in emissions. A study published in 2014 estimated a CO2 increase of 50-250%

from 2012 to 2050 [5].

Diesel engines are still the main prime movers for most marine vessels, providing

propulsion power or being a part of generator sets to produce electricity used for propulsion.

Although the combustion process is responsible for the power generation, it is also the cause

for emissions of GHG and other components, including carbon monoxide and dioxide (CO and

CO2), water vapour (H2O), nitrogen and sulphur oxides (NOx and SOx), unburned hydrocarbons

(HC), as well as particulate matter (PM) [6].

The International Maritime Organization (IMO) was addressed with the responsibility to

regulate emissions from the shipping industry. To cover the pollution of the marine environment,

the International Convention for the Prevention of Pollution from Ships (MARPOL) was adopted.

Annex VI of the convention addresses air pollution from ocean-going vessels, specifying limits

on NOx, SOx and PM, as well as measures to increase energy efficiency and reduce GHG
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emissions. Besides, the IMO established the protection of sensitive regions through the definition

of emission control areas (ECAs) [7].

The restrictions are becoming more stringent, and to be consistent with the Paris

Agreement, the IMO’s strategy to reduce GHG emissions from vessels include strengthen the

energy efficiency design requirements; cut CO2 emissions by at least 40% by 2030 and up to

70% by 2050 as well as reducing the total annual GHG by at least 50% by 2050, compared to

2008. Moreover, the long-term aim is to pursue efforts towards the eradication of emissions [8].

Besides climate concerns and regulations, fuel costs represent another driver for change

in the shipping industry. Fuel costs can account for as much as 50% to 60% of total operating

costs in maritime operations [9], depending on the type of vessel and service, and can fluctuate

depending on the global context and regulations. With the recent IMO decision to limit the sulfur

content of vessel fuel to 0.5% (from 3.5%) which entered into force in January 2020, the price

of very low-sulfur fuel oil (VLSFO) is expected to rise, affecting more than 50,000 merchant

vessels worldwide [10].

The importance of the shipping industry activities for the global economy, the fuel cost,

and the necessity to substantially reduce GHG emissions and other air pollutants over the next

decades require techno-economic and political efforts among all stakeholders in the shipbuilding

industry. In this scenario, there is a demand for power system frameworks that can improve

energy efficiency and reduce emissions.

In a short-term context, for existing vessels, reciprocating engines with improvements

in emission attenuation and alternative low sulfur fuels are the main option to reduce emissions.

In particular, Liquefied Natural Gas (LNG) is the most likely fuel in the short to medium term,

due to the available engine and system technology, class regulations, operational experience, fuel

cost, and availability of Natural Gas (NG) [9].

Recently, technology advancements in power electronics and power devices, including

batteries, ultra-capacitors, and fuel cells have created possibilities for hybridization in maritime

applications [11]. Specifically, the increase of energy and power density of lithium-ion batteries

opened up new markets in recent years, with prices falling through the years [12].

In the medium-term time horizon, the option to include hybrid propulsion systems with

conventional power modes offers the potential to cut emissions and cost, but the actual gain

depends on the vessel size and operational power profile [9]. Hybrid technology allows the

flexibility to combine different power modes meeting the operational demands strategically. The



18

automotive industry has already been exploring hybrid options through the use of fuel cells, ultra-

capacitors, and batteries to improve performance, reduce emissions, and fuel consumption [13].

In the shipping industry, hybrid power systems also look promising. Research works suggest

reductions in fuel consumption and emissions of up to 10-35%, with results that strongly depend

on the vessel power profile, previous and later system configuration and operation. Besides that,

it is possible to minimize noise and improve maintainability, maneuverability, and comfort [14].

Hybridization in vessels is characterized by a plant with (1) hybrid propulsion: com-

prising mechanical and electrical propulsion, and (2) hybrid power supply: a combination of

different power modes, such as Diesel generators and batteries (mostly used with electric pro-

pulsion) [3, 14]. For vessels with significant power demand peaks, followed by long periods of

low loading (compared to optimal loading), and highly dynamical loads, hybrid technology can

reduce fuel consumption and emissions significantly [3]. However, to achieve the full potential

of the hybridization, adequate sizing and advanced control strategies are required [14].

Offshore support vessels (OSVs) such as Platform Supply Vessels (PSVs) are among

the options to receive power supply hybridization due to their operation profile, constraints,

and importance to the offshore oil and gas industry. They require a highly dynamical response,

including Dynamic Positioning (DP) with high levels of reliability and safety [15], which is

generally associated with power source redundancy and operation in low loads (compared

to optimal loads). Also, OSVs have large variations in their power demand, with different

operational modes, making it hard to keep the engines operating within desired optimal ranges [6].

According to [16], in 2019, there were more than 300 hybrid vessels with batteries

installed or on order. The current numbers from the Maritime Battery Forum are of more than

400 vessels with batteries installed or on order for 2021. Recently, in later 2020, the CBO Group,

one of Brazil’s main operators of offshore support vessels, and the Wärtsilä Group, a global

leader in marine technology, signed an agreement to adapt a PSV with a battery system, leading

to the first hybrid vessel in Latin America [17]. The literature results, cases of success, and

industry trends show that hybridization is a promising technology framework for the near future

of vessels.

Research projects have an essential role in producing knowledge to support decisions

towards more efficient and greener designs. This work was developed within the scope of hybrid

power systems for vessels as a part of Project 7, which is an initiative that started in the Research

Centre for Greenhouse Gas Innovation (RCGI) to analyze hybrid power systems for vessels,



19

including risk assessment, dynamical modeling, simulation, and integration with maneuvering

simulators (from the Offshore Numerical Tank Laboratory, TPN), electrical analysis and energy

dispatch.

In Project 7, there are also partnerships with players from the maritime industry inte-

rested in powertrain solutions for vessels. This way, it is possible to reduce the gap between

academia and industry, promoting innovation and positive transformation. In this work, we use

sensitive data from companies to perform simulations. Therefore, some of the data and results

will be omitted due to non-disclosure agreements.

1.1 OBJECTIVE

1.1.1 General objective

The objective of this project is to develop models of hybrid and non-hybrid power

systems for Diesel-electric PSVs, perform simulations to predict the performance of these

systems, and propose control strategies to improve the performance of the hybrid solutions. With

this, we intend to contribute to the understanding of the hybridization of vessels, including the

behavior of the powertrain components and improvements in energy efficiency, which can lead

to fuel economy, and emission reduction.

1.1.2 Specific goals

• To improve the current vessel powertrain simulator of Project 7 through parameter identifi-

cation, modeling and control;

• To develop models which can be integrated with the Numeric Offshore Tank (TPN)

maneuvering simulator, allowing vessel dynamics evaluation in different environmental

situations;

• To propose control strategies for hybrid power systems used in vessels to better exploit

their potential and improve performance.

• To design optimal energy management strategies for hybrid and non-hybrid vessel systems

to improve energy efficiency and reduce emissions;
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• To define the load demand inputs for simulation based on the literature and real data from

a vessel fleet operator;

• To propose a methodology to help in the hybrid power system design and parameter

selection;

• To perform real-time numerical simulations of individual and associated components of

powertrains;

• To compare hybrid and non-hybrid power system topologies, quantifying and analyzing

important information for the understanding of the feasibility and benefits of the hybrid

systems on vessels, such as energy efficiency, fuel savings, genset running hours, battery

degradation, and emission reduction.

1.2 JUSTIFICATION

Despite its advantages, the implementation of hybrid power systems offers new challen-

ges. The net gains of the hybrid solutions depend on several variables such as the type of vessel

and its operational profile, energy and power density of the device (batteries, for example), the

energy management strategy, reliability and safety risks, costs, as well as infrastructure [3,14,18].

The emerging technologies in power systems for vessels require substantial studies to

evaluate their feasibility. Vessels are complex, expensive, and can have a large scale. Physical

tests of various powertrain topologies and energy management strategies in different scenarios,

mainly in the early stages of development, are not practical, therefore, model-based simulations

are essential for research.

Different powertrain models are available in the literature. It is important to consider

a balance between the complexity and accuracy of models to select the proper ones. A vessel

power system comprehends a significant number of complex components, thus assumptions

are necessary. Still, it is important to preserve the central aspects to be evaluated depending on

the objectives of study. While the dynamic modeling approach is not strictly required for fuel

consumption estimation, it is interesting because it allows the investigation of other aspects of

performance [3], such as the loading of the generators and the synchronization, fuel injection,

and engine speed control, battery electrical, thermal and degradation dynamics etc.

The hybridization of power systems allows the flexibility to combine different power

modes to meet the operational demands. However, this increase in the number of power sources
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and possibilities to dispatch power often increase the control complexity. Designing an energy

management system (EMS) strategy capable of handling every combination of power dispatch,

considering the restrictions of the devices and the different objectives, can be a very challenging

task.

When the models are implemented using a causal approach, the system outputs depend

only on past and current inputs, but not on future inputs. Such an approach allows real-time

representation. However, the EMS cannot predict the future power demands, not always being

able to manage the power modes to achieve the global optimum [3]. This is what happens

in real power systems. Such modeling methodology is important to increase the accuracy of

representation and to better understand the hybrid solution benefits.

An optimized EMS strategy is essential to improve energy efficiency. It allows better

regulation of generation, distribution, storage, and power split between the power modes [14].

Combining the insights from island microgrids, hybrid vehicles and strategies in research for

vessels, several EMS control approaches can be found, including heuristic, based on rules or

fuzzy logic, optimal, predictive, intelligent, among others [14, 19].

According to [6], until recently, the majority of energy management control in the

industry was based on rules/heuristic techniques. Rule-based techniques require the knowledge

of the system and experience to exploit the potential of hybrid systems. Furthermore, the number

and complexity of the rules increase considerably when more power sources are integrated into

the vessel powertrain.

In [11], a hybrid topology for a tug, with two generators and a battery pack, required 12

sets of rules for the power split determination, with several parameters depending on the arbitrary

choice of the strategy developer. Considering the same methodology for four generators and a

battery pack, the number of rules could easily increase to 18 rules, or even more. Due to the

complexity and number of rules, it becomes much harder to achieve optimality.

The energy management objectives depend on the vessel type, priorities, and load

profiles, requiring specific control policies given the application. For example, navy vessels

require a system able to supply power to balance short-pulsed loads related to weapons, ferries

for passengers require low emissions and noise, while tugboats have multiple operational modes,

with a requirement of full bollard pull during vessel assistance [6].

For a generic mission, PSVs require low power when the vessel is being loaded with

goods in the port or in standby near the port, waiting for available space. When the vessel is
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traveling to a platform loaded, or traveling back to the port half-loaded, there are high power

requirements with small variations. When the vessel is keeping its position near the platform,

in Dynamical Positioning (DP) mode, highly dynamical loads are expected, and a certain level

of redundancy of power modes is required to assure reliability [15, 20]. The diversity of power

profiles, even for one class of vessels, control objectives, and the number of power sources,

makes it difficult to optimize power systems, especially hybrid ones.

In several works such as [3, 11, 18, 20], the main focus was to evaluate Diesel fuel

consumption or CO2 emissions. It seems implicit in some works that fuel savings are directly

proportional to emission reductions in general. However, this is not true for all components. As

mentioned in [6], the NOx emissions and fuel consumption can be conflicting goals. Some of the

more efficient operation regions of engines also increase the emissions of NOx. Therefore, the

energy management system has to be able to ensure fuel-efficient operation while assuring NOx

limits.

Another issue is the determination of power profiles that represent real operational

conditions. We could not find an equivalent to the standard driving cycles used in hybrid vehicles.

Driving cycles consist of speed versus time points that can be used as input for vehicles models

or experiments. These temporal series are produced by different institutions in the world to assess

the vehicle performance, considering several aspects as fuel consumption and emissions [21]. For

vessels, we generally, find generic power profiles or speed profiles. Since there are no standard

inputs for vessels, having representative inputs for each case is fundamental to achieve more

reliable results.

In the literature, all powertrain simulation approaches that integrate vessel physics, con-

sidering thruster models, vessel dynamics, and kinematics, for example, contemplate simplified

models as in [3, 13, 22]. For powertrain performance evaluation under complex vessel operations,

more accurate models can be required. The Project 7 framework integrates the power system

simulator with the TPN accurate maritime simulator allowing vessel physics evaluation and

propulsion load estimation if the propeller velocity inputs are given. From the TPN perspec-

tive, the powertrain models add value allowing fuel consumption and emission estimation for

maneuvering simulators.

According to [14], advanced control strategies are required to tackle the challenges

that hybrid power systems impose and to harvest all of their potential. Given the challenges, it

is important to analyze hybrid solutions to justify the increase in cost and complexity. In this
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context, representative model-based simulations are essential for research, decision making, and

project design.

1.3 MATERIALS AND METHODS

A power system simulator was developed to model hybrid and non-hybrid architectures,

predict the behavior, and propose control strategies to improve the performance of such systems.

The power system simulator from Project 7 was used as the initial point to understand how

the powertrains of vessels work, the modeling, simulation, and code implementation approach,

including the main individual components, the integration of models, supervisory controllers, and

the main inputs and outputs. Next, models and controllers were developed or changed to improve

the power system simulator and to perform simulations that provide valuable information

for understanding powertrain solutions and vessel hybridization. Moreover, a second-order

hypersurface was developed through the response surface analysis to help in the hybrid power

system design and parameter selection with a focus on fuel savings.

1.3.1 Project 7

The hybrid powertrain model from Project 7 was implemented using the MATLAB

language and environment, similar to most of the simulators reported in the literature, such

as [3,11,13,18,23], which use and develop models in MATLAB/Simulink. The Project 7 simulator

considers discrete-time and causal approaches. It contains model parameters, algebraic equations

(AE), and ordinary differential equations (ODEs) numerically integrated using MATLAB.

There is a graphical user interface, which provides real-time information about several

components and overall control of the simulation. The software was built in a modular way,

allowing flexibility to add functionalities, new models, and adaptation for new vessels and

missions. Moreover, for the integration with the maneuvering simulators of TPN, an interface

was already implemented. The powertrain simulator and the TPN vessel models are executed

alongside with a run time actualization frequency of 10 Hz [24].
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1.3.2 Modeling, simulation, control and optimization

Initially, a literature review was required to better understand hybrid power systems for

vessels and comprehend the Project 7 framework and its dynamical systems. This study was

essential to enable the further development and use of the existing tools. The contributions were

produced following promising works in the literature, with a good balance between complexity

and accuracy. The mathematical analysis, simulation, and algorithm implementations were

performed using MATLAB and CasADi.

The algorithms and numerical strategies implemented in Project 7 were reviewed.

The methods being used included curve fitting and interpolation, numerical differentiation,

integration, numerical solution of ODEs using Runge-Kutta methods, etc. Besides, the manual in

numerical methods for engineers and scientists using MATLAB [25], was used to aid the code

implementation.

After reviewing the models from Project 7 and the scientific literature, some models

were changed, and others were implemented in a modular way to allow individual simulation and

integration for more comprehensive simulations. Some models were validated with measured

data, literature results, or Simulink models. For the powertrain simulation, the global runtime

frequency is 10 Hz, as in Project 7. This means that the individual models exchange information

at the mentioned frequency, although they can be simulated at higher frequencies.

The individual component models were integrated to allow the electrical power system

simulation. A multilevel power management strategy is proposed with energy management

strategies to control the power generation and distribution for hybrid and non-hybrid systems to

improve energy efficiency and reduce emissions. The gensets and batteries are connected through

a static electrical network, which accounts only for power balance, considering electrical energy

conservation.

The implemented models combine static and dynamic formulations, described by

algebraic equations (AE) and ordinary differential equations (ODEs). The ODEs are solved

using Runge-Kutta methods. The models and energy management strategies were implemented

and simulated in MATLAB following the causal approach. For the numerical optimizations

performed in this work, we used CasADi, an open-source tool for nonlinear optimization and

algorithmic differentiation.
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The complete dynamical system can be computationally expensive for real-time decisi-

ons regarding optimization techniques. For this purpose, model reductions were performed. As

described in [3, 26], quasi-static efficiency maps of each power mode suffice for fuel economy

estimation in some optimization formulations. The complete and transient model runs to provide

global powertrain information, and an inner quasi-static loop runs with the reduced models for

optimization of energy management.

Initially, we considered two approaches for nonlinear optimization, the interior-point

method through the algorithm IPOPT and sequential quadratic programming (SQP) through the

algorithm qpOASES. Due to better performance, SQP was selected as the standard approach for

optimization. The optimizations follow the powertrain simulation frequency.

To produce information about the sensitivity of the hybrid power system fuel savings

to the variation of different parameters and give us a tool for optimal sizing and operation, we

considered the Response Surface Methodology (RSM) methodology. A second-order regression

was performed using the rsm package of the R software to produce the hypersurface. Then,

some analysis of parameter significance, parameter trade-offs and operational requirements were

carried out.

We performed simulations using mission profiles from or based on real operations and

compared hybrid and non-hybrid topologies for a PSV, quantifying and analyzing quantities

of interest. In some analyses, we used real operating profiles from the maritime industry to

produce and validate models and generate results that optimize the powertrain’s operation

through strategic loading and hybridization.

1.4 STRUCTURE OVERVIEW

The structure of the remainder of this text is as follows:

Chapter 2: presents a review on propulsion systems for vessels comprising mechanical pro-

pulsion and electrical propulsion. For electric propulsion systems, Diesel-electrical propulsion

with a hybrid power supply is discussed, focusing on adding lithium-ion batteries to the power

system, considering the energy storage functional roles, benefits, and main challenges. The

different levels of control strategies are explained, and we overview the different energy manage-

ment control approaches. More detailed explanations of rule-based and equivalent consumption

minimization control strategies are also provided.
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Chapter 3: describes Project 7 and discusses the main models used before this work to model

Diesel-electric hybrid power systems with the addition of lithium-ion batteries, the powertrain

model integration, information flux with inputs and outputs, and the integration with the TPN

manouvering simulators. The component models explained are the engine generator sets (gensets),

electric motors and drivetrain, battery pack, the electrical architecture, and a simplified vessel

motion and propeller model. At the end of each model description, we bring to light some

information about the state of the art in modeling powertrain components.

Chapter 4: presents the main contributions related to powertrain modeling for an Ulstein

platform supply vessel (PSV). We present the description of the original powertrain and discuss

about the battery integration for a hybrid solution. Then, we define the models required to

model the propulsion system. A dynamic model for the engine-generator set oriented to fuel

consumption and emissions is described and speed control is discussed. The model is tested in

some simulations and is validated with data measured from real vessel operations. In sequence,

through parameter identification, the efficiency of the DC motor, previously implemented in

Project 7, is increased to more acceptable values based on the references. Additionally, a three-

phase induction motor model integrated with a drivetrain and a simplified vessel physics is

presented with a sliding mode control for speed and flux. Besides, we present a lithium iron

phosphate cell model considering electro-thermal and aging effects. We discuss the models for

the battery pack and the electrical architecture. Finally, we derive a global efficiency index to

evaluate the overall energy efficiency of a hybrid power system, even if the battery state of charge

is different from the initial.

Chapter 5: presents a multilevel power management framework for the modeling and control

of the electrical power system of a vessel. The EMS supervisory control is discussed, consi-

dering its inputs and outputs. Various methods and models are considered. Subsequently, we

present the model reduction methodology for gensets and the battery. Besides that, the energy

management strategies are discussed, including a genset optimization using static models for the

non-hybrid configuration and, for the hybrid topologies, a rule-based strategy and equivalent fuel

consumption minimization strategies (ECMS).

Chapter 6: reports the simulation experiments performed combining different models to repre-

sent the power system of the Ulstein PSV and hybrid solutions to evaluate several powertrain

aspects. The analyses carried out are based on operational data (power profiles) from a Platform

Supply Vessel provided by the maritime industry. Through case studies, we discuss energy



27

efficiency, fuel consumption, emissions, genset running hours, battery capacity fading, and

energy management strategies exploring the model set built in this work and different operational

parameters for hybrid and non-hybrid configurations. Also, we provide a tool to help in the

hybrid power system design and parameter choice.

Chapter 7: highlights the major contributions and results of this work and suggests paths for

future works.
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2 PROPULSION SYSTEMS FOR VESSELS

The operational profile of vessels has become diverse, with vessels being designed to

perform a variety of tasks. Due to the different operating profiles and regulations, marine

propulsion systems have to meet many performance criteria, including: fuel consumption,

emissions, radiated noise, propulsion availability, maneuverability, comfort due to minimal

noise, vibrations and smell, maintenance costs due to engine thermal and mechanical loading,

and purchase cost [14, 15].

The number of performance criteria makes it difficult to optimize the power and propul-

sion systems of vessels. In addition, it can be noted that some objectives are conflicting, which

adds to the complexity of the optimization problem [6]. This has been leading to a variety of

power and propulsion architectures, including mechanical propulsion, electrical propulsion, or a

hybrid combination; power generation by internal combustion engines, turbines, energy storage

systems, fuel cells, or a hybrid configuration; with AC or DC electrical distribution [9, 14].

2.1 MECHANICAL PROPULSION

Due to high fuel efficiency, most vessels use Diesel engines as prime movers [14]. A

typical Diesel-mechanical propulsion can be seen in Fig. 1. The plant comprises main engines

(1) that can be coupled with propellers (3) directly or through a gearbox (2). Additionally, there

are auxiliary engine generator sets (7) connected through an AC electrical network (6) to supply

power to auxiliary systems (5) for lighting, heating, ventilation, and air conditioning (HVAC),

variable-speed motors (4) etc.

The main advantage of mechanical propulsion is its high efficiency near the vessel’s

design speed. In this range, Diesel engines operate efficiently and the transmission losses are

minimal. The main disadvantages include low fuel efficiency and high emissions at low loads, as

well as the lack of redundancy, which leads to poor availability [14].

The power management control for a vessel with mechanical propulsion can be rela-

tively simple or more complex, depending on the application. The main engines can operate

simultaneously with fixed pitch propellers (FPP), regardless of the power load, while the auxiliary

loads are supplied by generator sets [6]. However, more complex power management approaches
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Figure 1 – Typical mechanical propulsion system [14].

are required when a controllable pitch propeller (CPP) is used to improve fuel efficiency, engine

loading and cavitation, for example [14].

Mechanical propulsion can be a good option for vessels that sail at a single cruise

speed most of the time, such as cargo ships. However, for tugs, which only use 20% of the

maximum capacity during transit, and PSVs, which operate at very low power during DP due

to safety requirements, mechanical propulsion would lead to low operational efficiency and

high emissions. Therefore, electric or hybrid propulsion can be a good option to improve the

performance of such vessels [14].

2.2 ELECTRIC PROPULSION

A proven solution to many mechanical propulsion challenges is the use of an electric

propulsion system. Such a propulsion architecture has been used extensively in various marine

applications, including cruise vessels, ferries, platform supply vessels (PSV), pipe-laying vessels,

Dynamic Positioning (DP) drilling vessels, warships and more [6, 27].

Figure 2 shows a typical architecture of an electrical propulsion system. Multiple Diesel

engine generator sets, or simply gensets (1), feed a high voltage electrical bus with a fixed

frequency (2). The bus feeds the electric motors (5) for propulsion, as well as the auxiliary loads
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Figure 2 – Typical electric propulsion system [14].

(6), often using a transformer (3). The electric motors receive the power from a power electronic

converter (4), which allows propeller speed control.

The arrangement of the electric propulsion system may vary, leading to three main

classifications. When the gensets are separated, with one group of generators being used for

propulsion loads and another for hotel and service loads, we have the separated electric pro-

pulsion system. Another option is having all generators supplying all the electrical loads. This

arrangement is referred as the integrated propulsion system (IPS). Finally, when all hydraulic and

pneumatic loads are converted to electric loads, we have the so-called all-electric vessels [27], as

shown in Fig. 2. Considering the mechanical propulsion system as the base case, the advantages

and disadvantages of electric propulsion can be listed as in Table 1.

To achieve fuel-efficient propulsion, the electrical architecture uses a power management

system (PMS) that matches the number of generators to the power load. This power management

is often described as the power station concept. The main control strategies for electric propulsion

vessels consist of controlling the electrical network to assure robust power supply, guarantying

voltage and frequency stability, load sharing among the power generation units, and protection,

as well as controlling the propulsion system to allow vessel maneuvering [6, 14].
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Table 1 – Advantages and disadvantages of the electric propulsion system [14, 27].
Advantages

With multiple available engines, it is possible to optimize power generation.
The generated power can be used for propulsion and to supply power for hotel and service loads. Especially
when the hotel and service loads are a significant fraction of the propulsion power required, and the operating
profile is diverse, electric propulsion is an efficient solution.
Reduced vulnerability and high reliability due to redundancy of power generation units.
Improved life cycle cost, consumption, emissions, and maintenance reduction 1, even when operating with low
demand.
The use of lighter engines can reduce the weight and space necessary for the entire system 2.
Flexibility to position devices such as thrusters, gensets, and converters, since the energy is transmitted through
cables. With this, the use of space can be improved.
Better maneuverability due to the use of azimuth thrusters or podded propulsion.
Despite the energy conversion losses due to the addition of devices to the powertrain, there are overall
improvements in energy efficiency.
The use of electrical motors allows efficient vessel speed variation.

Disadvantages
Increased initial investment cost.
The addition of components to the power and propulsion plant increases the transmission losses at the full vessel
speed.
Electronic converters produce harmonic distortion in the electrical power system.
When running generators with redundancy to achieve high availability for propulsion in DP operations,
for example, the engines tend to run at low loads. This leads to an increase in fuel consumption and high
emissions.

2.2.1 Voltage and frequency control

Electric AC networks used for electric propulsion usually operate at a fixed frequency

controlled by the engine governor. The governor comes in the form of a hydro-mechanical

or an electronic controller to adjust the engine speed via fuel injection. An automatic voltage

regulator (AVR) is used to control the genset output voltage. The AVR is an electronic controller

that adjusts the current supply to the field winding of the generator to regulate the voltage,

considering, for example, a synchronous generator [6, 31].

The electrical network regulation is driven by the genset power generation control, given

the load requirements. Figure 3 shows the isochronous control approach. In this control, the

setpoints of engine speed and voltage are kept constant regardless of the power load. Although

this method works well for a single generator, for multiple generators connected to the same
1 If power generation is optimized, as mentioned in the table, we can decrease unnecessary machine use. However,

with more components in electric propulsion, the overall cost of machinery maintenance may increase.
2 With more components in electric propulsion, the overall weight may increase, as mentioned in [28]. However,

the weight of mechanical equipment decreases due to less space between the Diesel engine and propeller shafts
and rudders [29]. Also, in electric propulsion, engines are generally medium to high-speed, lighter than lower
speed engines commonly used in mechanical propulsion [30].
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Figure 3 – Engine-generator control system: (a) Isochronous speed controller; (b) automatic voltage regulator
[31].

Figure 4 – Engine-generator control system: (a) speed droop; (b) voltage droop [31].

power bus, it can be a problem to share the loads. To solve this problem, communication between

the governor controllers is usually required, and this brings technical challenges [31].

On the other hand, droop control is a popular choice for load sharing among multiple

generators. It does not require communication among governor controllers and allows the

frequency and voltage setpoints to change within narrow limits, in proportion to the active (P),

and reactive power (Q) demands. Therefore, to control the load sharing of active power, it is

necessary to define the speed droop setting of each engine. For reactive power, the voltage droop

setting has to be determined. The amount of droop is a percentage variation of speed and voltage,

considering these quantities at no load and full load [6, 31]. Figure 4 shows a simplified droop

control diagram.
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Figure 5 – Typical control strategy for fixed frequency AC networks [14].

2.2.2 Power management control

Figure 5 shows a power management system (PMS) control block diagram for a typical

AC network equipped with droop control. The PMS is responsible for defining the voltage and

frequency set-points and maintaining them within operating limits. Besides that, it manages the

number of running gensets, synchronization, protection control, and blackout prevention. It can

limit the propulsion drives and other loads to ensure the power demands are met. For vessels

that execute sensitive operations such as DP, the PMS is also responsible to assure the spinning

reserve [6, 14, 32].

2.2.3 Propulsion control

The propulsion control has to provide the necessary thrust to propel the vessel. Electrical

motors are capable to work at every speed moving forward or backward, as well as delivering

nominal torque at almost every speed. Therefore, most electric propulsion architectures use fixed

pitch propellers. In general, the strategy is to control the speed of the electrical motor and the

flux to assure constant torque switching signals of the electronic converter [14, 33, 34]. Other

propulsion strategies can explore torque and power control directly, as mentioned in [14, 33].
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2.3 DIESEL-ELECTRIC PROPULSION WITH HYBRID POWER SUPPLY

For vessels, propulsion hybridization typically refers to a plant with (1) hybrid propul-

sion and (2) hybrid power supply. The first case consists of a combination of mechanical and

electrical propulsion. It can be an interesting solution for cases where the auxiliary loads are only

a fraction of the required propulsion power. The second case is associated with vessels whose

power generation uses a combination of different power sources, such as Diesel generators and

batteries [3, 14], for example. For vessels with significant power demand peaks followed by long

periods of low load, and highly dynamic loads, such as PSVs, hybrid technologies can reduce

fuel consumption and emissions by 10% to 35%, according to [3].

A hybrid power supply system is a technological framework that combines the advanta-

ges of different power modes separately or in an integrated manner. Moreover, such hybridization

can be used as a bridge to support the energy transition. The research in hybrid power sources

can be truly comprehensive, from the use of primary power generation options, such as engines

powered by Diesel, biofuels, or liquified natural gas (LNG), and gas turbines, to other propulsion

technologies such as nuclear, batteries, fuel cells, renewable energy sources, among others [9].

In this work, we will focus on hybrid topologies that combine electric propulsion systems driven

by Diesel engines (Diesel-electric propulsion) with lithium-ion batteries.

Figure 6 shows a scheme of an example of an electric propulsion system with a hybrid

power supply. The system comprises the components that would be used in a typical electric

propulsion system, with the addition of an energy storage system (ESS), which can be a battery,

for example. The battery can be connected to the AC electrical system through a power inverter.

It is common to classify the hybrid vehicle architectures in the automotive field in

series, parallel, and series-parallel or power-split. According to [14], this classification does not

apply to vessel propulsion schemes because they can have multiple propulsion engines, electric

motors, diesel generators, energy storage systems, and fuel cells. However, as in [35, 36], some

authors combine the concepts of hybrid propulsion and hybrid power supply to classify vessel

powertrains into series, parallel and series-parallel types.

According to [35], a serial configuration for a vessel consists of all power sources and

consumers connected to a main electrical grid, as shown in Fig. 6. In the parallel configuration,

there is also a direct mechanical connection between the internal combustion engines and the

propellers, as shown in Fig. 7(a). Also, the mechanical propulsion can be assisted by an electric
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Figure 6 – Typical electrical propulsion system with hybrid power supply [14].

motor connected to the main electrical grid. The series-parallel configuration, shown in Fig. 7(b),

combines both concepts. Having an engine that can generate electrical power for the main grid

and run a propeller with a mechanical connection allows a variety of operational modes, e.g.,

directly mechanical, fully electric, series hybrid, only parallel hybrid, or both.

Hybrid power systems using batteries have recently become a feasible option for many

maritime applications, thanks to advancements in power electronics and the development of high

energy and power density batteries, which was driven mainly by the automotive industry. Hybrid

power supply has been applied in various types of vessels, including tugs, yachts, ferries, and

PSVs [3, 11].

2.3.1 Energy Storage System (ESS): lithium-ion batteries

A battery is not a power source like Diesel engines or gas turbines, but it is a device

that can store and convert energy. As such, it enables a new approach to the design and operation

of power systems. The battery can be used strategically to optimize the power systems based on

different objectives, having a growing and promising impact on maritime applications [16].

Lithium-ion batteries, or simply Li-ion batteries, are energy storage systems (ESS)

that use lithium ions as key components in the fundamental electrochemical reactions that

enable the conversion of chemical energy to electrical energy and vice-versa [37]. Such batteries
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(a) Parallel hybrid power topology [35].

(b) Series-parallel hybrid power topology [35].
Figure 7 – Hybrid power propulsion topologies for vessels.

have the highest specific energy and energy density of commercially available batteries, with

a relatively high life cycle. Disadvantages include cost, flammable electrolytes, and potential

material shortages [16, 37].

In general, batteries have electrodes, the anode and the cathode, through which the

electrons flow during operation. Most lithium-ion batteries use carbon graphite anodes with

different cathode chemistry. The most suitable and commercially available battery technologies

for marine applications are depicted in Fig. 8, considering several aspects, including power

density, energy density, cost, and safety.

The application of lithium-ion batteries for hybrid-powered vessels can be diverse. The

battery functional roles include spinning reserve, peak shaving, strategic loading (optimizing

load sharing), enhanced dynamic support (immediate power delivery), harvesting energy, and
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Figure 8 – Promising commercially available batteries [16].

Figure 9 – Functional roles of battery systems onboard vessels [16].

providing backup power, as depicted in the Fig. 9. A list of functions and benefits of batteries for

hybrid vessels is presented below, based on [6, 13, 14, 16, 38]:

• Spinning reserve and backup power: Recent developments in marine regulations allow

the use of batteries as a spinning reserve. This function ensures the battery has sufficient

energy to be used in case of a sudden loss of power generation capacity, such as a generator

loss. Therefore, the battery can be used for redundancy, acting as a backup for running

generators, requiring fewer engines online, reducing fuel consumption, emissions, and

engine running hours.

• Enhanced ride through and UPS: similar to spinning reserve, but for a local sub-system

like a thruster or other device. The battery can function as an uninterrupted power supply

(UPS), ensuring the power system’s availability.
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• Peak shaving: the energy storage system can absorb the power load variations such that

the engines operate with constant loads. In general, transient fuel consumption is higher

than steady-state fuel consumption. With this, we can avoid the need to start engines to

supply power for short periods or turn off engines and have the need to switch them on

again. Hence, significant reductions in fuel consumption, CO2, and NOx emissions can be

achieved.

• Enhanced dynamic support: the battery absorbs sudden load changes such that the

generator sees a gradual increase or decrease in load. Enhancing dynamic support allows

instant power delivering, improving the system’s response to fast load variations. This

function is automatically included if the peak shaving function is enabled.

• Strategic loading: the battery charging and discharging can maintain the engines operating

within the most fuel-efficient operating range. With this, it is possible to increase the

overall energy efficiency of the power system, hence reducing fuel consumption and CO2

emissions. In addition, by switching off generators, it can reduce noise, vibration and

increase comfort.

• Harvest energy: batteries can store the energy regenerated in vessels when breaking the

electric motors. Such power is generally dissipated through resistors. Vessels with heavy

crane installations, offshore and drilling vessels, with heave compensation can regenerate

a significant amount of energy.

• Zero emissions operation: batteries can provide zero-emissions operation under specific

conditions. For example, near the port, while loading PSVs, or when the Vessels are on

standby, the loads are relatively low. In such situations, a battery pack can completely

power the vessel so the generators can be switched off.

Despite the benefits, the addition of a battery for hybrid power supply leads to the

following challenges based on [6, 14, 16]:

• System’s and control complexity: the increase in the number of power sources and power

dispatch possibilities increases the control and system’s complexity. The control needs to

use the battery strategically to improve energy efficiency considerably.
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• Cost: the battery addition implies a considerable investment that needs to be justified. In

this context, the reduction of installed power from Diesel engines can be evaluated to

minimize the cost of installing batteries.

• Regulations: there are specific requirements for using batteries for spinning reserve,

especially in sensitive operations like dynamic positioning. Some regulations do not allow

batteries for spinning reserve in retrofits unless significant changes in various systems are

performed.

Some research works have shown performance improvements by adding lithium-ion

batteries to vessels. However, more studies are required to understand the power supply hybridi-

zation feasibility better. A recent technical report from the European Maritime Safety Agency

shows fuel savings potential for several vessels, as shown in Fig. 10. However, as clearly stated,

the results vary depending on the vessel’s type and operational profile.

In [13], the authors proposed a power system model to calculate the fuel savings and

emission reduction potential of a generic vessel hybrid powertrain with a battery module. A fuel

consumption reduction of approximately 45% and a NOx emission reduction of 85.6% were

achieved. Nonetheless, neither the load demand nor the CO2 were described. The work by [13]

was extended in [23] to present an experimental validation of the mentioned hybrid power system

models. However, the considered ranges of battery efficiency were not appropriate as pointed out

in [20].

In [20], the authors analyzed the reduction of CO2 emissions using a hybrid power

system for a PSV and performed a sensitivity analysis. The energy dispatch was optimized,

considering the cost of the energy sources. Reductions in CO2 emissions of up to 8.7% were

obtained with the addition of auxiliary Diesel engines and batteries. For a combination of

generators and a battery, a reduction in emissions of 7.4% was achieved. The optimization

methodology and the models were not discussed in detail. Besides, the global optimization

requires the complete load profile, which is interesting for setting benchmarks. However, in a

real situation, a causal approach is necessary.
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Figure 10 – Summary table with typical values regarding application feasibility and benefit [16].
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2.4 CONTROL STRATEGIES FOR ELECTRIC PROPULSION WITH HYBRID POWER

SUPPLY

At sea, the vessel power system is often compared to island microgrids because both

have to produce their energy to supply local demands and both are disconnected from a main

and larger grid. However, significant differences associated with load characteristics and energy

distribution exist. Despite the differences, terrestrial microgrid control strategies can provide

important insights for hybrid power supply on vessels [14]. A typical control approach for hybrid

systems in islands consists of three hierarchical levels. Such control can also be adopted for

vessel microgrids [31].

The three-level hierarchical control framework can be seen in Fig. 11. The primary level

is responsible for achieving the load sharing among the power sources, previously defined from

upper control levels, and control voltage and frequency for stability, including generator speed

and voltage control, battery converter voltage control, and electric motor speed control [14, 31].

The secondary control strategies, performed by the power management system (PMS),

comprise the start/stop generator control and power quality management to correct fluctuations in

voltage and frequency. Additionally, the PMS is responsible for guarantying the power demand

supply. The tertiary control level manages dispatching and optimization, microgrid supervision,

and generation plan [14, 31].

2.4.1 Energy Management control

An optimized Energy Management System (EMS) is essential to solve the power flow

problem in tertiary control, improve energy efficiency, and harness the hybrid power supply

potential. The EMS control allows to regulate the generation, distribution, storage, and power

split between generators and the battery module to supply the necessary power, matching the

loads with the existing constraints [3, 14, 31, 39].

It is important to mention that some authors in the scientific literature use the EMS

and PMS terms interchangeably sometimes [3, 6, 14]. Such classification may happen because

some control functions of the EMS can be available in a PMS, for example, or due to the relation

between energy and power determination. Some works even use the term PEMS referring to

the integration of an EMS and a PMS [39]. In this work, the term EMS will be used for tertiary

control as explained, using Fig. 11 as reference.
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Figure 11 – Three-level hierarchical control framework.

There is an extensive research field driven by road vehicle applications concerning EMS

control applied to hybrid power supply, as shown in Fig. 12. Combining the insights given by

island microgrids, hybrid vehicles, and strategies in research for vessels, the EMS control can

generally be classified into heuristic/rule-based (RB) or optimization-based [19, 31, 40, 41].

The heuristic strategies comprise several options, such as using simple rules or fuzzy

logic control (FLC). Heuristic EMS strategies have been considered for vessels in [11, 42, 43].

Regarding optimization methods, there are offline optimization strategies, which can allow

global optimization, and online or real-time optimization approaches. The last option includes

strategies that can be used for causal systems, such as equivalent consumption minimization

strategy (ECMS) and model predictive control (MPC). ECMS strategies are discussed for vessels

in [3, 6, 11, 41], while MPC approaches are studied in works such as [18, 44, 45]. Besides,

some works integrate the EMS strategy with a power demand estimation using optimization

methods [46] or not [3,47]. Artificial intelligence approaches are also considered for hybrid vessel

systems in the literature, including FLC, which is a heuristic method, and optimization-based

methods such as reinforcement learning [19, 41].

In the following subsections, we will briefly describe and discuss rule-based and ECMS

control strategies to be used as a foundation for the EMS approaches proposed in chapter 5. The
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Figure 12 – Classification of energy management strategies [40].

EMS formulation review focuses on Diesel-electric propulsion systems with lithium-ion batteries

that consider causal systems.

2.4.2 Rule-based (RB) strategy

Heuristic or rule-based (RB) control strategies consist of determining the plant power

dispatch through logical rules. The rules can be implemented using if-then statements, for

example, or more sophisticated methods, as mentioned above. The power follower approach

is a common RB strategy that relies on the definition of different control cases taking into

consideration the available power and the state of charge (SOC) of the battery [39].

The power follower control strategy has been implemented for vessels in [11, 42] to

increase energy efficiency. Figure 13 shows the set of rules used in [11] to determine which

power mode is selected based on the battery SOC and the magnitude of the power load 𝑃𝑙𝑜𝑎𝑑,

with the main objective of avoiding the use of generators in low loads (less efficient regions).

The first line of the table in Fig. 13 considers the low load demands of the mission. If the

SOC is below the limit SOCmin , one generator is switched on with optimal power 𝑃𝐺1 = 𝑃𝐺1,opt .

The excess of power can be used to charge the battery, considering the power limits of both

battery and generator. If the battery is above the SOCmin , the battery takes the entire power load.

If the battery power is not sufficient, a generator runs with the power difference.

In the second line of the table, the load demand is within the lower limit 𝑃𝐺1,𝑜𝑛 to

switch at least one generator and the optimum power reference 𝑃𝐺1,𝑜𝑝𝑡. In this regime, if the

SOC is below the maximum, generator 1 is switched on at the optimal power set 𝑃𝐺1,𝑜𝑝𝑡, while

genset 2 is kept off, 𝑃𝐺2=0. If there is any extra power from the generators, such energy is used

to charge the battery. If the SOC is above the maximum limit SOCmax , genset 1 takes on all the

load 𝑃𝐺1 = 𝑃𝑙𝑜𝑎𝑑.
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Figure 13 – Rule based strategy for a case of all-electric hybrid power system consisting of two gensets and a
battery. The variables are described as 𝑃𝐺1: Power reference of genset 1 from supervisory level
(kW), 𝑃𝐺2 Power reference of genset 2 from supervisory level (kW), 𝑃𝐺1,𝑜𝑛: Power setpoint to
switch on genset 1 (kW), 𝑃𝐺1,𝑜𝑝𝑡: Optimal operating power setpoint for genset 1 (kW), 𝑃𝐺2,𝑜𝑝𝑡:
Optimal operating power setpoint for genset 2 (kW), 𝑃𝑙𝑜𝑎𝑑: Load demand (kW), 𝑃𝑐ℎ𝑎𝑟𝑔𝑒,𝑚𝑎𝑥:
Maximum battery charging limit (kW), 𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒,𝑚𝑎𝑥: Maximum battery discharging limit
(KW) [11].

In the third line, the situation is similar to the second one, but with a higher power load,

although within the optimal power reference of the first generator, 𝑃𝐺1,𝑜𝑝𝑡, and the optimal power

combination of both generators, 𝑃𝐺1,𝑜𝑝𝑡 + 𝑃𝐺2,𝑜𝑝𝑡. The generators run with optimal load, and the

battery is below the maximum SOC. The power split is readjusted, if necessary, to consider the

power limits of the gensets and the battery. If the battery SOC reaches its maximum value, both

generators share the load equally.

The fourth line considers the case in which the power load is above the optimal combi-

nation of both generators. The load is shared equally for a battery SOC below the minimum limit.

The battery is used to shave peaks higher than the optimal power combination of the gensets,

being discharged if its SOC is above the minimum limit.

The power follower rule-based strategies are a common control approach applied in

hybrid power systems because they are easier to design and implement. However, the complexity

can increase with a higher number of power sources. For the mentioned case, in Fig. 13, 12 rules

were required. Following the same approach for a PSV with four generators and a battery pack,

the number of rules could easily increase to 18 rules, or even more. RB approaches generally
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rely on human expertise and intuition. Therefore, it can be hard to optimize the power dispatch,

particularly if there is a high number of rules [11, 39].

Fuzzy logic control (FLC) is another option for managing power modes using a heuristic

approach. The FLC is a branch of intelligent control based on fuzzy logic and on an inference

system [43, 48]. The logical variables in a fuzzy system can take continuous values between

0 and 1, not strictly 0 or 1. The FLC is based on fuzzy sets which are groups of objects with

intersections, a transition from a membership of one set to another. Through an inference

process is possible to estimate values of interest based on rules and produce decisions, or control

inputs [48].

This strategy allows smoother transition regions between the different operating modes

and control robustness. For automotive applications, research works show promising results

that outperform the basic rule-based strategies [39]. In [42], fuel economy was achieved by

comparing a basic RB strategy and a fuzzy logic control (FLC) approach for a generic vessel

power system topology. Good performance has been achieved for the management of multiple

power sources in [43], including photovoltaic panels, a wind turbine, a battery pack, and a proton

exchange membrane fuel cell (PEMFC).

2.4.3 Equivalent consumption minimization strategy (ECMS)

EMS optimization strategies rely on the minimization or maximization of some perfor-

mance index to determine the power dispatch. Although global optimization control strategies

are essential for determining benchmarks, they require the knowledge of the complete mission.

Therefore, real-time strategies are necessary for representation accuracy and the development of

an EMS that can actually be implemented in real systems.

The equivalent consumption minimization strategy (ECMS) concept was first introduced

in automotive applications but has also been applied for hybrid power systems in vessels.

This approach is an optimal control strategy, in which a cost function is defined for the fuel

consumption of each power mode. The arguments that minimize the cost function are the control

inputs. Regarding all electric hybrid power systems such as Diesel-electric systems with a battery,

the cost associated with the battery is determined through the equivalent fuel that would be used

to recharge the device, using the engines [3, 11, 26].

The most well-known ECMS formulations are derived from Pontryagin’s Minimum

Principle (PMP) [21, 49]. To describe the minimum principle for a general optimal control



46

problem, we can consider the system dynamics

ẋ = 𝑓(x,u,𝑡), (1)

where x is the state vector, u the control vector, and 𝑡 the time. The control problem consists of

finding the sequence of control inputs u0(𝑡) that minimize the cost function:

𝐽 =

∫︁ 𝑡𝑓

0

𝐿(x,u,𝑡)𝑑𝑡, (2)

given the constraints in control inputs and states [50]. For this problem, we can define the

Hamiltonian function

𝐻(x,u,𝑡) = 𝐿(x,u,𝑡) + 𝜆𝑇 (𝑡) · 𝑓(x,u,𝑡), (3)

with 𝜆 being the problem co-state vector. Assuming the optimal control u0(𝑡) exists and is

unique, the control problem solution is

u0(𝑡) = arg min
u

𝐻(x,u,𝑡) (4)

and the co-state vector is determined through

�̇�(𝑡) = −𝜕𝐻

𝜕x
. (5)

The standard and simpler ECMS formulation considers static models for the powertrain

[26, 49], with the dynamics being governed by the battery state of charge as

˙𝑆𝑂𝐶 = 𝑔𝑆𝑂𝐶(𝑆𝑂𝐶,u,𝑡), (6)

where 𝑔𝑆𝑂𝐶 can be a function of the SOC, control inputs u, and time. According to [49], for the

hybrid electric vehicle (HEV) case, in which only one engine is considered, the cost function can

be defined in the following manner:

𝐿 = 𝑃𝑓𝑢𝑒𝑙(u,𝑡) = 𝑄𝑙ℎ𝑣�̇�𝑓 (u,𝑡), (7)

where 𝑃𝑓𝑢𝑒𝑙(u,𝑡) is a measure of the power generated by the engine, 𝑄𝑙ℎ𝑣 is the low heat value of

the fuel, and �̇�𝑓 is the fuel consumption, while u is the power allocation vector, which includes

the engine and the battery power, u = [𝑃𝑓𝑢𝑒𝑙, 𝑃𝑏𝑎𝑡]
𝑇 . The Hamiltonian,

𝐻(SOC,u,𝑡) = 𝑃𝑓𝑢𝑒𝑙(u,𝑡)− 𝜆(𝑡) · 𝑔SOC(SOC,u,𝑡), (8)

can be rewritten as

𝐻(SOC,𝑢,𝑡) = 𝑃𝑓𝑢𝑒𝑙(u,𝑡) + 𝑠(𝑡) · 𝑃𝑏𝑎𝑡(SOC,u,𝑡), (9)
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with 𝑠(𝑡) being the equivalence factor.

In Eq. (9), the Hamiltonian represents an equivalent fuel power. Dividing Eq. (9) by

𝑄𝑙ℎ𝑣, the Hamiltonian can account for an equivalent fuel consumption. The variable 𝑠(𝑡) can be

interpreted as a weighting factor of the battery power delivery [21, 26, 49]. The power allocation

vector that minimizes the equivalent power/fuel in Eq. (9) defines the optimal control inputs, and

the equivalence factor can be determined through

�̇�(𝑡) =
𝜕𝐻(SOC,u,𝑡)

𝜕SOC
. (10)

Under the assumption that the battery power does not depend on the battery SOC, the

equivalence factor 𝑠 can be considered constant, and this allows to prove the existence and

uniqueness of an optimal solution defined by the ECMS, as mentioned in [49]. Then, the problem

becomes finding the optimal 𝑠 value to get closer to the global optimum solution. The ECMS

with the appropriate tuning can be identical or very close to the global optimum, with errors

within 1%-2%, for vehicle applications. For vessels, in [3] ECMS formulations also achieved

small errors in comparison with the optimal global approaches.

The equivalence factor is a critical control parameter for the ECMS, dictating its

performance. For non-causal systems, offline optimization methods can be used to find the best

𝑠 for specific operational conditions, as in [47]. For online or real-time approaches, various

strategies can be used, including the definition of 𝑠 through trial and error or some physical

interpretation of the meaning of the equivalence factor, a PID controller for regulating 𝑠 to achieve

battery charge sustaining, mission estimation to predict load demands, pattern recognition using

neural networks, among others [3, 11, 21, 26, 41, 49]. When the value of 𝑠 is constantly adapted,

the authors often refer to the control strategy as adaptive ECMS (A-ECMS).

The ECMS is a flexible approach because other effects can be added by changing the

cost function. In [49], different objectives were added to the Hamiltonian, allowing multiobjective

optimization for a HEV. The authors consider the minimization of cost functions that combine

fuel consumption and emissions such as CO, HC, NOx, or battery aging, battery temperature,

engine temperature, using static maps or lumped dynamics in the modeling process. The work

shows good results; however, makes it clear that controller robustness and adding state constraints

can be an issue. In [51], the authors also consider multiple objectives for a HEV, including fuel

consumption minimization and limitation of NOx emissions, as well as avoiding too many engine

starts and stops.
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In the automotive field, comparative studies have demonstrated that for EMS, ECMS

can outperform several heuristic strategies [26]. However, works like [49] explain that rules

can be added using a hybrid approach to handle numerical issues caused by state constraints in

ECMS. Furthermore, effective rules can be derived from offline ECMS optimizations.

The power system of vessels often has multiple generators, which increases the ECMS

formulation complexity. The standard formulations found in the literature for vessels deal

directly with the fuel consumption minimization as in [11]. A case study involving a tug with two

generators and a battery was considered in the mentioned work and the optimization problem is

defined as

u0(𝑡) = arg min
u

�̇�𝑓,eqv(u,w). (11)

The vector u represents the control inputs, while w are the exogenous inputs. The cost function

is expressed as

�̇�𝑓,eqv(𝑡) =
𝑁∑︁

𝑖=1

�̇�𝑓,dgi + �̇�bat ,eqv . (12)

In this equation, the expression
∑︀𝑁

𝑖=1 �̇�𝑓,dgi is the combination of the fuel consumption rate of

each genset 𝑖, of the total 𝑁 generators, and �̇�bat ,eqv is the equivalent fuel consumption of the

battery. In [3], another tugboat was studied comprising hybrid propulsion and a hybrid power

supply system. A cost function similar to Eq. (12) was build, but it considered the system’s

architecture, which comprised two main Diesel engines, one Diesel generator, and a battery pack.

ECMS approaches considering fuel cell, batteries, and super-capacitors for vessels have been

studied in [41], as well as other objectives such as battery and fuel cell degradation. In [6], a

multi-objective ECMS includes the trade-off between fuel consumption minimization and NOx

emissions.

To respect the limits of the power sources, the mentioned ECMS approaches for EMS

control generally consider the upper and lower limits for the battery state of charge and the power

limits of the energy sources. The latter includes the operating power of Diesel generators, fuel-

cells, super-capacitors, engine torque, and the power balance constraint, which guarantees that

the load demands are met by combining the power sources. Various formulations are described in

the literature, but we could not find either causal EMS strategies or ECMS approaches specifically

for PSVs.

The ECMS resulting optimization problems are usually nonlinear and are generally

solved numerically, with the formulations involving only continuous variables or both continuous

and integer variables. The last cases are classified as mixed-integer nonlinear optimizations.
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Various numerical methods can be applied for solving such nonlinear problems through different

algorithms, including the interior-point method, sequential quadratic programming (SQP), the

augmented Lagrange multiplier method, Branch & Bound (B&B) methods for dealing with

integers, among others [3, 11, 41].

For vessels, ECMS approaches look promising. In [11], an ECMS and a rule-based

strategy were compared for a Diesel-electric hybrid tugboat. The simulation and the experimental

results have demonstrated that the ECMS achieved higher savings, up to 24.4%, compared to

the rule-based strategy, considering shore charging. In [3], simulation results for a tugboat have

shown that, with an unknown load profile, 6% of additional fuel economy can be achieved by

ECMS in comparison with rule-based strategies. [41] also compared heuristic strategies and

ECMS, an obtained an increase of up to 6.47% in energy efficiency with the latter.

Different EMS options, considering ECMS for vessel power systems, were compared

in some of the mentioned works [3, 6, 11, 41]. However, non-hybrid cases were not considered.

Such cases can help us to understand the benefits of hybridization. In addition, the authors did

not study the combination of rule-based strategies and the optimization of generators. The latter

approach could improve the energy efficiency gains of rule-based strategies for hybrid power

systems.

To overcome the limitations of an EMS strategy applied in real-time (ECMS, for

example), predictive approaches can be considered. In [3], an adaptative ECMS, statistically

predicting the load demand based on past missions is presented. However, the mean performance

was similar to a regular ECMS, depending on the load and time horizon. [18] also studied a

tugboat and presented a comparison between an ECMS strategy and a Model Predictive Control

(MPC) for a specific powertrain and power profile. The last controller has shown a fuel saving

increase of 2.36% in comparison with ECMS. In addition, intelligent controllers which employ

techniques such as Reinforcement Learning (RL) have also been reported [19], showing good

results and dealing with the sensitivity of EMS to different load profiles.

The hybrid powertrain and EMS design research field is extensive and is still in deve-

lopment. The ECMS has been showing a good balance between complexity and performance,

based on the literature. The majority of works found in the literature define EMS to improve the

power dispatch of tugs and ferries [3, 11, 18, 41]. In general, PSVs have more power sources and

demand more power than tugs and ferries, increasing the EMS design complexity. Therefore,
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studies are required to evaluate the performance and robustness of such energy management

strategies in PSVs, with different load profiles and configurations.
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3 REVIEW OF HYBRID PROPULSION SYSTEM MODELS

Project 7 is advancing due to the contributions of this work and efforts from other

members, with improvements in models and control strategies. In this chapter, some of the

main developments of Project 7 on the dynamical modeling of power systems will be presented,

focusing on how the models were previous to this work. Also, we will discuss the modeling

process of each component, taking into account the state of the art, important effects to be

considered depending on the target analysis, and the balance between complexity and accuracy.

The set of dynamical models in Project 7 include two generator sets (gensets) with

two different engines, Diesel and dual-fuel (Diesel and LNG). The ESS model represents a

lithium-ion battery module. The propulsion system contains electric motors and drivetrains

(gearboxes and propellers). To distribute the power, a static electrical architecture is considered.

In addition, models of Solid Oxide Fuel Cell (SOFC) and Proton-Exchange Membrane Fuel Cell

(PEMFC), with a steam methane reformer for hydrogen production are implemented, but still

require integration to the main system.

In Fig. 14, a block diagram shows the information flux and interaction between the

hybrid power system components mentioned above and the vessel. The TPN maritime simulator is

responsible for providing valuable information about the physics of the vessel motion (dynamics

and kinematics) and interaction with the sea, such as propulsion forces, propeller torques, current

velocity and position. Besides the TPN model, a simplified vessel physics model is implemented

in the Project 7 model set for fast solution prototyping.

The user defines a required shaft velocity on the thrusters (main, tunnel bow or tunnel

stern). Then, the velocity controllers of the propellers set voltages 𝑈𝑀 , which also induce currents

𝐼𝑀 , in the electric motors, providing power in terms of angular speed 𝜔𝑒 and torque 𝑇red. The

gearboxes provide velocity and torque conversion, 𝜔red and 𝑇prop/𝑇red, respectively. The load

torques 𝑇prop arise from propellers operation. The TPN simulator receives 𝜔red and calculates the

resultant load torques, the propulsion forces and the current vessel velocity 𝑣sh.

To achieve the required angular speeds of the propellers, the controllers set adequate

voltages to the motors 𝑈𝑀 , draining power from the grid. Two transformers are responsible to

regulate the voltage and current and to connect the battery to the grid, as well as the service loads

to the battery module. In Fig. 14, the mentioned fluxes of information in terms of current and
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Figure 14 – Hybrid power system block diagram [24].

voltage can be seen. The electrical demand of power is shared among the generators connected

to the AC power grid which runs at a constant voltage 𝑈𝐺, with current 𝐼𝐺.

The power demand is transferred to the combustion engines. Thermodynamic models

account for the mass, energy and exergy balances and produce output information such as fuel

consumption, CO2 emissions, thermal efficiency, exergy efficiency etc. For the EMS, a rule-based

algorithm is implemented for the Hybrid Supervisory Control (HSC). The HSC objective is to

reduce CO2 emissions operating the internal combustion engines close to maximum efficiency

regions and managing the state of charge (SOC) of the battery.

3.1 ENGINE GENERATOR SETS (GENSETS)

Constant voltage and frequency are assumed for the generator, with the internal com-

bustion engine (ICE) shaft running at nominal speed. The bus voltage is considered constant,

and given the required power in the electrical network, the genset current is determined. The

power demand of the generator is transferred to the ICE.

The models for a dual-fuel (Diesel/LNG) Wärtsilä 6L34DF and a Diesel CAT 3512C

generator consist of two parts [24]. First, the start-up time and load ramps are considered from

technical catalogs. In a second part of the ICE model, conservation equations are applied to a

control volume (CV) considering a steady operation, and the thermodynamics is evaluated [52].
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Figure 15 – Control volume considered for the ICE analysis [52].

The CV in which the analysis is performed comprehends the engine, the turbocharger,

and the water cooling system (comprising the heat exchangers). The cooling system is divided

into a high temperature (HT) and a low temperature (LT) circuit. An illustration of the CV for

the dual-fuel Wärtsilä 6L34DF can be seen in Fig. 15.

The mass and energy conservation equations over the control volume are

�̇�𝑔𝑎𝑠𝑒𝑠 = �̇�wet air + �̇�fuel, (13)
∑︁

𝑖

�̇�𝑖 = �̇� + �̇�𝑃 − �̇�𝑅. (14)

In Eq. (13), the mass flow rate of the exhaust gases �̇�gases is equal to the mass flow rate of

components entering the CV, which are the wet air �̇�wet air and the fuel (Diesel or Natural Gas)

�̇�fuel. It is important to note that the same mass flow rates that enter the CV through the heat

exchangers in the HT and LT circuits leave the device, thus such rates are not represented in

Eq. (13).

The energy conservation is considered in Eq. (14). The reagents (wet air and fuel)

enter the CV with an enthalpy �̇�𝑅, while the products (the exhaust gases) leave the CV with an

enthalpy �̇�𝑃 . The engine produces mechanical power �̇� and heat
∑︀

𝑖 �̇�𝑖 is lost to the exchangers

at high temperature, at low temperature, and to the environment, with heat fluxes of �̇�𝐻𝑇 , �̇�𝐿𝑇 ,

and �̇�𝑟𝑎𝑑, respectively.

The exergy balance in the CV, from Fig. 15, is given by

�̇�𝑅 +
∑︁

𝑖

�̇�𝑖

(︂
1− 𝑇0

𝑇𝑖

)︂
= �̇� + �̇�𝑃 + �̇�dest. (15)
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In Eq. (15), the symbols �̇�𝑅 and �̇�𝑃 represent the inlet and outlet exergy fluxes, respectively. The

term �̇� represents pure exergy, while �̇�dest accounts for the destroyed exergy, and the remaining

term is associated to the exergy change rate by heat transfer. The reference state considered is

ambient temperature 𝑇0 and pressure 𝑃0, while 𝑇𝑖 represents the temperature of the heat sources.

The exergy fluxes of the reagents and the products, necessary in Eq. (15), are determined by

�̇�𝑅 = �̇�𝑅 − �̇�𝑅0 − 𝑇0(�̇�𝑅 − �̇�𝑅0), (16)

�̇�𝑃 = �̇�𝑃 − �̇�𝑃0 − 𝑇0(�̇�𝑃 − �̇�𝑃0). (17)

The variables �̇�𝑅, �̇�𝑅,�̇�𝑅0, �̇�𝑅0 and �̇�𝑃 , �̇�𝑃 ,�̇�𝑃0, �̇�𝑃0 are the enthalpy and entropy fluxes

considered in the exergy calculation, with �̇� being the rate of entropy generation. The subscripts

𝑅, 𝑃 , and 0 are associated with reagents, products, and the reference state, respectively. The

enthalpy and entropy fluxes, required in Eq. (16) and Eq. (17), are evaluated using the specific

quantities (in the lower case) of the reagents and products

�̇�𝑅 =
∑︁

𝑅

�̇�𝑅ℎ𝑅, (18)

�̇�𝑃 =
∑︁

𝑃

�̇�𝑃ℎ𝑃 , (19)

�̇�𝑅 =
∑︁

𝑅

�̇�𝑅𝑆𝑅, (20)

�̇�𝑃 =
∑︁

𝑃

�̇�𝑃𝑆𝑃 . (21)

With an averaged chemical composition of the fuel, setting a standard value for relative

humidity, and considering complete combustion, it is possible to determine the composition of

the reaction products. The performance curves of the engines provide information about the

efficiency of the engine, the temperature of the exhaust gases, and other variables in terms of

the supplied power. Considering the thermodynamic balance and the technical information, the

engine model can be completed.

The combustion reactions with stoichiometric air for natural gas (NG) and Diesel with

averaged compositions are described in Eq. (22) and Eq. (23), below:

1 kg NG + 3.90 kg O2 + 12.84 kg N2 → 2.77 kg CO2 + 2.12 kg H2O+ 12.84 kg N2, (22)

1 kg Diesel + 3.46 kg O2 + 11.39 kg N2 → 3.11 kg CO2 + 1.35 kg H2O+ 11.39 kg N2. (23)

From the technical catalog, the fuel consumption, the exhaust temperature of the gases, and the

mass flow rate of the products were determined given the power input. With this information
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together with the mass balance in Eq. (13), as well as the stoichiometric coefficients from the

combustion reactions in Eq. (22) and Eq. (23), we can calculate the mass flow rates of all

components.

Considering that the only useful effect is the mechanical power produced, the thermal

and exergy efficiencies can be defined, respectively, as

𝜂𝑡 =
�̇�

�̇�𝑅ℎ𝑅 − �̇�𝑃ℎ𝑝

, (24)

𝜂𝑏 =
�̇�

�̇�𝑅

. (25)

Thermodynamic proprieties, compositions and other data were extracted from the

libraries Coolprop [53] and HOT [54]. To improve runtime efficiency, maps of variables of

interest were produced with mechanical power as input. The model comprises: thermal and

exergy efficiencies, heat balance, temperature of exhaust gases, mass flow rates of the water at

HT and LT, fuel, CO2, vapor, O2 and N2. The final model is described by

variable𝑘 = 𝐺𝑘(�̇� ) (26)

for 𝑘 = 1, 2, . . . , 14, where 𝐺𝑘 are polynomials.

The thermodynamic modeling for the engines, presented above is essential for exergy

analyses and to allow the determination of important quantities such as thermal and exergetic

efficiencies. However, the engine and generator models are completely static, hence the dynamics

of the system is not considered, making some analyses inaccessible. Once the start-up time of the

generator is reached, electrical power can be delivered instantaneously. Voltage and frequency

are assumed to be constant throughout the simulation.

In general, the power generation plant in a Diesel-electric marine system comprises a

generator set, which is a synchronous generator powered by a Diesel engine. In such systems,

two fundamental controllers are the speed governor, which regulates the engine speed, and the

automatic voltage regulator (AVR), which controls the terminal voltage. The engine speed and

the genset voltage are directly related to the vessel microgrid operation, adjusting quantities such

as the frequency, voltage, active and reactive power [55].

Models of different complexity and objectives are described in the literature [3, 55, 56].

For simulations including engine speed and torque dynamics, with assumptions regarding the

combustion, and a two-axis-dq-model for the synchronous generator, the model can be as complex
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Figure 16 – Electric motor circuit diagram [57].

as a 7th order nonlinear dynamical system. With stronger assumptions, a 3rd order nonlinear

control model can be developed, as pointed out in [55].

For studies focusing on fuel consumption and emissions, equivalent and static circuits

are considered in some works to reduce the complexity of the models [3,56]. In such approaches,

first-order dynamics can be assumed for the engine dynamics and for the exciter system, which

is responsible for feeding the field voltage input for the synchronous generator voltage control.

One advantage of simpler models, which still preserve important core dynamics of the genset, is

the reduced amount of parameters to be estimated.

If measured data regarding the engine performance is available, static models with

polynomial maps, for example, can be built to evaluate fuel consumption and emissions based on

the requested electrical or mechanical power without considering the thermodynamics modeling

and specific dynamic restrictions. However, these models cannot produce information such as

grid frequency and voltage.

3.2 ELECTRIC MOTORS AND DRIVETRAINS

In Project 7, a linear, separately excited DC motor is modeled [24]. As depicted in

Fig. 16, this machine is composed of two equivalent circuits: the armature circuit (on the left)

and the field circuit (on the right). The armature circuit contains a total ohmic resistance 𝑅𝐴 and

an inductance 𝐿𝐴. The field circuit is a winding with inductance 𝐿𝐹 and ohmic resistance 𝑅𝐹 .

When a voltage 𝑢𝐴 is applied to the armature, a current 𝑖𝑆 flows through the circuit and

the motor (M) starts to rotate. As a consequence, a counter-induced voltage (or back emf) arises

due to the rotating rotor field [57]. Considering only voltage control, the flux can be maintained

constant, thus only the dynamics of the right-hand side of Fig. 16 will be considered. Applying

Kirchhoff’s voltage law on the armature circuit in Fig. 16, and considering that the back emf is
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M

Figure 17 – Drivetrain scheme.

proportional to the angular velocity of the motor, it is possible to obtain the following equation:

𝐿𝐴
𝑑𝑖𝐴(𝑡)

𝑑𝑡
+𝑅𝐴𝑖𝐴(𝑡) +𝐾𝑒𝜔𝑚(𝑡) = 𝑢𝐴(𝑡). (27)

The constant 𝐾𝑒 is the back emf constant, which is considered equal to the motor torque constant

𝐾𝑡. The motor torque is considered linear with respect to the current (𝑇𝑚 = 𝐾𝑡𝑖𝐴(𝑡)). The DC

electrical motor contains a stator (fixed) and the rotor, which can rotate and produce torque. The

model of the mechanical part consists of the rotor and the drivetrain (gearbox and propeller)

dynamics. In Fig. 17, a schematic view of the drivetrain coupled with the motor is shown.

When a voltage is applied to the armature of the electrical motor, an electrical current

runs through the circuit. The electrical power is converted to mechanical power (in terms of

motor angular velocity 𝜔𝑚 and torque 𝑇𝑚). However, due to devices such as bearings and brushes,

a mechanical damping 𝐵𝑚 is present in the motor. The rotor, with the moment of inertia 𝐽𝑚, is

connected to the gearbox, in which only a single reduction 𝑟𝑒𝑑 is available.

The shaft linked to the propeller develops velocity 𝜔𝑟𝑒𝑑. Damping also arises in the

shaft/propeller, being described by 𝐵𝑃 . The torque applied to the shaft has to be able to overcome

the mechanical losses and to move its equivalent inertia 𝐽𝑝, mainly determined by the propeller.

The term 𝑇prop is the resistance applied to the thruster due to hydrodynamic interaction.

Assuming an ideal gearbox, the torque and speed relations are defined as:

𝑇𝑙𝑠

𝑇ℎ𝑠

=
𝜔m

𝜔red
= red.

In the equation above, 𝑇ℎ𝑠 and 𝑇𝑙𝑠 are the torques between the high-speed side and the low-

speed side of the gearbox, respectively. Applying Newton’s second law and considering an ideal

gearbox, the mechanical motor drivetrain model can be defined as

𝐽𝑒𝑞
𝑑𝜔𝑚(𝑡)

𝑑𝑡
+𝐵𝑒𝑞𝜔𝑚(𝑡)−𝐾𝑡𝑖𝑎(𝑡) = −𝑇𝑝𝑟𝑜𝑝(𝑡)

𝑟𝑒𝑑
. (28)
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The equivalent moment of inertia and damping of the mechanical model are given by

𝐽𝑒𝑞 = 𝐽𝑚 +
𝐽𝑝
𝑟𝑒𝑑2

+ 𝐽𝐺𝐵 (29)

and

𝐵𝑒𝑞 = 𝐵𝑚 +
𝐵𝑝

𝑟𝑒𝑑2
+𝐵𝐺𝐵 (30)

respectively. The constants 𝐽𝐺𝐵 and 𝐵𝐺𝐵 refer to the moment of inertia and damping related to

the gearbox.

The complete electrical motor model can be written in the state-space form as:

ẋ(𝑡) = Ax(𝑡) +Bu(𝑡) + Fd(𝑡),

y(𝑡) = Cx(𝑡).
(31)

The state vector is defined as x = [𝑖𝐴, 𝜔𝑚]
𝑇 , while the controlled input is u. The propeller

torque enters as an exogenous input d = 𝑇𝑝𝑟𝑜𝑝. The output and controlled variable is the angular

speed of the motor y = 𝜔𝑚. The current 𝑖𝐴 is also observed, since it is an important quantity for

the calculation of the electrical energy consumption. The matrices A, B, C and F are:

A =

⎡
⎢⎣
−𝑅𝐴

𝐿𝐴
−𝐾𝑒

𝐿𝐴

𝐾𝑡

𝐽𝑒𝑞
−𝐵𝑒𝑞

𝐽𝑒𝑞

⎤
⎥⎦; B =

⎡
⎢⎣

1
𝐿𝐴

0

⎤
⎥⎦; C =

[︂
1 0

]︂
; F =

⎡
⎢⎣

0

− 1
𝐽𝑒𝑞𝑟𝑒𝑑

⎤
⎥⎦. (32)

An armature voltage PID control is implemented to control the velocity of the electric

motor and to balance the torque demands. A reference angular velocity is set to the motor. After

the measurement of the current velocity, the error is evaluated as (𝑒 = 𝜔𝑚 𝑟𝑒𝑓 − 𝜔𝑚). Then, the

voltage input is calculated as:

𝑢𝐴 = 𝑘𝑝𝑒(𝑡) + 𝑘𝑖

∫︁ 𝑡

0

𝑒(𝜏)𝑑𝜏 + 𝑘𝑑
𝑑𝑒(𝑡)

𝑑𝑡
. (33)

In equation (33), 𝑘𝑝, 𝑘𝑖 and 𝑘𝑑 are the controller gains. Test simulations have shown that better

results can be achieved using a PI controller (with 𝑘𝑑 = 0). The voltage 𝑢𝐴 is equal to 𝑈𝑀 , which

is the notation used for the voltage of the electrical motors in Fig. 14.

The electrical motor model above have been evaluated. In the simulations, the model

was showing a low maximum efficiency, up to 75-80%, while an electric motor of that kind

would run at efficiencies around 80-90%, with higher efficiencies for more powerful motors.

Additionally, the electric motors generally used for vessel propulsion are of the alternating

current (AC) type, being more efficient [58].
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DC motors can be used in marine propulsion, examples include icebreaker vessels. They

are especially interesting for their use in a DC distribution system. A DC machine architecture,

similar to the one currently implemented in project 7, is presented in [59]. Nevertheless, for real

applications, DC motors have some disadvantages, such as being quite large for the same rated

power, and requiring more maintenance compared with AC machines.

The propulsion loads on vessels follow the propeller’s law, with the propeller torque

being approximately proportional to the square of the rotational speed of the propeller [60]. For

this type of load, the technical specifications in [61] recommend the use of DC motors working

with armature control; this includes the separately excited DC motor currently implemented in

Project 7. Also, DC motor equivalent circuits are used in the literature to model core aspects of

AC motors [56].

The model in the Project 7 framework represents a separately excited machine controlled

by the armature. Therefore, according to the technical specifications and examples described in

the literature review, the DC motor in use is suitable for electromechanical conversion in vessels,

and its model is appropriate for carrying out simulations.

3.2.1 Three-phase induction motor

As already mentioned, the most used electric motors for propulsion are of AC type,

including the most found during the literature review: the three-phase induction motor (IM), as

can be seen in [3, 58, 62]. Therefore, the IM is an important model to be added to the model set

for powertrain simulation, increasing the accuracy of component representation. Such machine

is widely applied in practical systems due to simple mechanical construction, low maintenance,

robustness, high efficiency, compactness, and low cost [34, 63].

From a modeling and control perspective, induction motors are considerably more

complex, being nonlinear, high-order dynamical systems. Different models are mentioned in

the literature [34, 64]. However, the most complete models are based on the study of equivalent

circuits of the reference systems 𝑑𝑞 and 𝛼 − 𝛽. The most widely used approaches to control

induction machines consist of v/f scalar control, field-oriented control (FOC), and direct torque

control (DTC). The last two are the most sophisticated ones. Thus, they have been extensively

explored for vessel electric propulsion [33].

The FOC strategy, also known as vector control, is a cascaded control based on rotor,

stator or main flux oriented models. The individual controllers can be of the PID type, usually
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with gain scheduling to account for non-linearities. It offers the advantage of constant switching

frequencies and enables simple current limiting. However, it is necessary to determine, with

accuracy, the flux angle and to have precise knowledge of the induction machine parameters.

Otherwise, the control performance is reduced [34].

On the other hand, DTC is a very robust and precise cascade control with quick torque

response, besides being simpler than FOC. The main controller can also be decoupled into

individual PID controllers. However, in steady-state operation, consistent torque pulsation and

current ripples can appear. In addition, the DTC requires fast sampling frequencies, performing

worse than the FOC if the same average switching frequencies are used [34].

The control of induction machines is a current field of research, including a variety

of strategies and algorithms. One efficient option to control complex high-order systems and

increase robustness in terms of both disturbances and plant parametric deviations is to apply

the sliding mode control (SMC). This strategy has been presented with excellent performance

for three-phase induction motors in [34, 63]. Two disadvantages of SMC include full state

measurement and the appearance of chattering.

3.3 BATTERY MODULE

The battery module model considers operation with a constant voltage. Coulomb

counting is used to evaluate the amount of energy remaining in the energy storage system, i.e.,

the state of charge (SOC) [24]. This estimate is performed integrating the current over time,

𝑑𝑆𝑂𝐶

𝑑𝑡
=

𝑖(𝑡)

𝐶𝑏𝑎𝑡

. (34)

The charge flowing through the battery in time is given by

it =

∫︁ 𝑡

0

𝑖(𝜏)𝑑𝜏. (35)

The model of lithium-ion battery above consists of the state of charge (SOC) counting,

a constant voltage in the terminals of the device, and power delivery, without considering

some other important dynamical behavior of the battery which includes electrical, thermal and

chemical degradation (aging) effects. The benefits of the storage system in the hybrid topology,

its management strategy, and safety depend on such information. Therefore, a more complete

model was required.

Two fundamentally different types of battery cell models are common in the scientific

literature. One is based on the governing physics of the cell, including how internal physical
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chemistry dynamics produce macroscopic effects. These models provide more detailed informa-

tion, being generally based on complex phenomena and modeled by partial differential equations

(PDEs) [65].

On the other side, empirical equivalent circuit models are defined by ordinary differential

equations (ODEs), which are simpler and computationally less expensive. Moreover, these last

class of models can be tuned through parameter identification to evaluate electrical, thermal and

aging effects accurately, being easily incorporated in control and state estimation analysis, as

in [66]. The equivalent circuit model does not describe the construction of the cell, rather, it

represents the battery macroscopic effects with electrical components such as resistors, sources

and capacitors, whose behavior fits the actual dynamics.

It is important to understand the required accuracy and aspects that need to be taken into

consideration to produce an appropriate simulation model. Regarding equivalent circuit models,

the most trivial one has only a constant voltage source that represents the open-circuit voltage

(OCV) of the battery cell. This model is quite limited, failing when a load is applied to the battery

and when its remaining charge changes. The OCV is not constant even when the battery is at

rest, being a function of the state of charge (SOC), which is a charge status (in percentage), a

description of the remaining energy in the battery concerning its nominal capacity [65].

To improve the model, one may introduce an equivalent internal resistance to the circuit,

which will make the terminal voltage drop below the OCV when the battery is discharging and

will give a higher terminal voltage than the OCV while charging. The model containing a voltage

source to represent the OCV and internal resistance is known as the internal resistance model.

By decomposing the internal resistance in two parallel resistances for charge and discharge, and

adding diodes to limit the current flow in required directions, the simpler modified Thévenin

model is produced [67].

Another important aspect of a lithium-ion battery cell is the voltage polarization. This

phenomenon is identified by a slow change in voltage when a cell is subjected to a discharge

pulse followed by a rest, for example. This effect can be approximated by adding a resistor and a

capacitor in parallel to the internal resistance model [65].

Several other effects such as hysteresis, for example, can be added by changing the

topology of the equivalent circuit as described in [65, 67]. Impedance-based models are also

an option. However, they also require a characterization of the frequency response of the

cell. Moreover, some generic battery models including equivalent circuits and mathematical
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transformations such as low pass filters, such as the Shepherd modified battery model, are

described in other works, for instance [67, 68].

The Thévenin models can be accurate, simple, and have a considerable amount of

experimental data available. Such models consist of a variable voltage source, which is a function

of the SOC with a small dependence on the temperature of the cell, an internal resistance, and

pairs of resistors and capacitors in parallel (RC pairs), which depend on the temperature and

SOC. The number of RC pairs defines the so-called order of the system. The Thévenin models

can be coupled with thermal balance equations and empirical electrochemical models to fit data

and handle heat transfer and dissipation, as well as cell degradation [65–67].

3.4 ELECTRICAL ARCHITECTURE

The power flow is accounted by taking into consideration a steady-state electric system,

see Fig. 14. Besides tracking the power flow, the transformers contain a static model [24]. We

assume electrical power conservation without loss. The relation between currents 𝐼𝑖𝑛, 𝐼𝑜𝑢𝑡 and

voltages 𝑉𝑖𝑛, 𝑉𝑜𝑢𝑡 are described by the transformers ratio 𝑎, as in

𝑎 =
𝑉𝑖𝑛

𝑉𝑜𝑢𝑡

=
𝐼𝑜𝑢𝑡
𝐼𝑖𝑛

. (36)

According to [3], static electrical networks suffice for fuel consumption evaluation,

which is one of the main focuses of this work along with emission analyses. However, it is

important to consider at least the efficiencies of the equipment used in the electrical system, such

as converters, for example. In works such as [69], the authors use a more complete equivalent

static AC network model which accounts for the frequency, active and reactive power of the grid.

3.5 VESSEL AND PROPELLERS

The vessel propeller model in Project 7 [24], used when the powertrain is not integrated

with the TPN simulator, consists of a thrust estimation for the marine propellers in four-quadrant

and vessel velocity evaluation based mainly on the work by [70]. The model allows the determi-

nation of simplified vessel dynamics to study maneuverability. The parameters used for model

fitting are validated with experimental data. A block diagram that represents the model scheme

is depicted in Fig. 18.
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The parameters screw pitch ratio, propeller diameter 𝐷, density of water 𝜌, total re-

sistance coefficient of the vessel 𝑟, mass of the vessel 𝑚 and added mass ∆𝑚 are required as

inputs. The model takes the angular velocity 𝜔𝑟𝑒𝑑 and the advance speed of the propeller relative

to water 𝑣𝑝 to calculate the bounded advance ratio 𝐽 ′. With 𝜔𝑟𝑒𝑑 and 𝐽 ′, the thrust 𝐾 ′
𝑇 and torque

𝐾 ′
𝑄 coefficients can be evaluated through the following polynomial equations:

𝐾 ′
𝑇 = 𝑏0𝑇 + 𝑏1𝑇𝐽

′ + ...+ 𝑏𝜇𝑇 (𝐽
′)𝜇, (37)

𝐾 ′
𝑄 = 𝑏0𝑄 + 𝑏1𝑄𝐽

′ + ...+ 𝑏𝜇𝑄(𝐽
′)𝜇. (38)

It is important to mention that the coefficients 𝑏 of the polynomials above depend on

the sign of the angular speed 𝜔𝑟𝑒𝑑. With the knowledge of 𝐽 ′, 𝐾 ′
𝑇 , 𝐾 ′

𝑄, 𝑣𝑝, the wake fraction

number 𝑤, and the reduction coefficient 𝑡, it is possible to calculate the torque on the propeller

𝑇𝑝𝑟𝑜𝑝 and the thrust 𝐹𝑝𝑟𝑜𝑝. To obtain the velocity of the vessel, 𝑣𝑠ℎ, the acceleration of the vessel

is integrated over time, where 𝐹𝑟 is the total resistive force. With the vessel velocity, the value of

𝑣𝑝 can be determined and fed back to the model again through the time steps of the simulation.

Figure 18 – Block diagram Vessel-Propeller model [24].
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4 MODELING OF A DIESEL-ELECTRIC HYBRID VESSEL

In this work, we will study the propulsion system of an Ulstein Platform Supply Vessel

(PSV), proposing the hybridization of the mentioned vessel and improvements in the operation

of the original power system to increase energy efficiency and reduce emissions. A PSV example

is depicted in Fig. 21. Also, two main power system topologies are considered for the mentioned

PSV: a base case, which is the original design (non-hybrid), and a hybrid power system, which is

characterized by the addition of a Li-ion battery to the base case.

Figure 19 shows a diagram of the main components of the original propulsion system

of the Ulstein, with some information about the capacity of the power sources and consumers,

and Fig. 20 shows the main hybrid configuration proposed in this work. The propulsion topology

in Fig. 20 can be classified as a series configuration, according to the discussion presented in

section 2.3.

Regarding Fig. 19 and Fig. 20, the terms ICE represent the Diesel internal combustion

engines and G represents electrical generators. The energy storage system (ESS) comprising bat-

tery and converter are described by ESS. The propulsion system comprises frequency converters

or motor drives, MD, electric motors, EM, gearboxes, GB, main thrusters, MT, and the tunnel

thrusters T, with B for bow and S for stern. The electrical network includes a high voltage (HV)

and low voltage bus (LV), transformers T1 and T2. The auxiliary systems are described by the

term AUX. The ellipse in pink is the main bus tie breaker, which is a circuit breaker connecting

the two sections of the electrical bus serving different power sources and consumers.

A Tie Breaker is a type of circuit breaker that connects two sections of electrical bus

serving different power sources.

The power system of the base case comprises four equal Diesel generator sets (gensets),

with 1700 kW of electrical power each, resulting in 6800 kW of combined power. For the hybrid

case, the same number of gensets was considered, and we included an ESS with a battery pack

of Lithium Iron Phosphate (LiFePO4 or simply LFP). The rated power and energy of the battery

will defined in the following chapters.

In the following sections, the models required for the PSV propulsion system simu-

lation will be presented, with discussions about the modeling process and the performance of

models, including comparisons using data from real operations and data from the literature and a

MATLAB/Simulink model.
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Figure 19 – Ulstein project propulsion system: original configuration (base case).

4.1 ENGINE GENERATOR SET (GENSET) MODEL

A Diesel genset dynamical model oriented to fuel consumption and GHG emissions has

been developed, adapting the methodology presented in the work of [3]. A steady-state electrical

model based on a simplified per-phase circuit, shown in figure (22), was considered for the

synchronous generator, omitting the Automatic Voltage Generator (AVR) feedback control, but

preserving the engine speed dynamics, for frequency and active power control. As shown in the

mentioned work, simplified electrical models are suited for analyzing quantities such as fuel

consumption and emissions.

The generator per-phase voltage 𝑢𝑔 was defined as proportional to the engine speed 𝜔𝑑𝑔,

𝑢𝑔(𝑡) = 𝑢𝑔,𝑛𝑜𝑚
𝜔𝑑𝑔(𝑡)

𝜔𝑑𝑔,𝑛𝑜𝑚(𝑡)
, (39)
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Figure 20 – Ulstein project propulsion system: hybrid configuration.
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Figure 21 – Platform Supply Vessel (PSV) [71]

Figure 22 – Synchronous generator per-phase equivalent circuit [3].

using the nominal per-phase voltage 𝑢𝑔,𝑛𝑜𝑚 and the nominal engine speed 𝜔𝑑𝑔,𝑛𝑜𝑚. Equation 39

considers the approach described in [3]; however, the same authors mention that another way

to define 𝑢𝑔, omitting the AVR, would be considering 𝑢𝑔 = 𝑢𝑔,𝑛𝑜𝑚. The electrical frequency

𝑓 is determined through the relation between the engine speed and the number of poles of the

electrical motor 𝑃𝑝,

𝑓 = 𝜔𝑑𝑔
𝑃𝑝

4𝜋
. (40)

The electrical power demand 𝑃𝑔,𝑒𝑙 is translated into a current demand in the terminals of the

generator 𝑖𝑔. The active power is defined as

𝑃𝑔,𝑒𝑙 = 3𝑢𝑔(𝑡)𝑖𝑔(𝑡) cos(𝜑𝑝), (41)
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in which cos(𝜑𝑝) is the power factor. Considering only friction and copper losses, the generator

losses can be written as

𝑃𝑔,𝑙𝑜𝑠𝑠(𝑡) = 𝑃𝑔,𝑛𝑜𝑚𝑐𝑓 + 𝑖𝑔(𝑡)
2𝑟𝑔, (42)

where 𝑐𝑓 is the friction rate and 𝑟𝑔 is the resistance of the electrical motor per-phase. The

mechanical load 𝑃𝑔 due to the electrical demand can be defined as

𝑃𝑔(𝑡) = 𝑃𝑔,𝑒𝑙(𝑡) + 𝑃𝑔,𝑙𝑜𝑠𝑠(𝑡), (43)

while the torque load is determined through the power and rotational speed of the engine, as in

𝑀𝑔(𝑡) =
𝑃𝑔(𝑡)

𝜔𝑑𝑔(𝑡)
. (44)

A governor is required for the generator to regulate the fuel injection and control its

angular speed. The rotation dynamics is described by

𝑑𝜔𝑑𝑔

𝑑𝑡
=

𝑀𝑑𝑔 −𝑀𝑔

𝐽𝑑𝑔
. (45)

The variable 𝑀𝑑𝑔 is the engine torque obtained through the fuel combustion, and 𝐽𝑑𝑔 represents

the generator moment of inertia. A polynomial fit was produced to represent the relation between

the fuel consumption of the generator and the torque,

𝑀𝑑𝑔 = 𝑎0 + 𝑎1�̇�𝑓,𝑑𝑔 + 𝑎2�̇�
2
𝑓,𝑑𝑔 + 𝑎3�̇�

3
𝑓,𝑑𝑔 + 𝑎4�̇�

4
𝑓,𝑑𝑔, (46)

in which the values 𝑎𝑖, with 𝑖 = 1, . . . , 4, are polynomial coefficients. To control the engine speed,

a clamping anti-windup PI control was implemented. The fuel to be injected was determined

through

�̇�𝑓,𝑑𝑔 = 𝑘𝑝(𝜔𝑑𝑔,𝑟𝑒𝑓 − 𝜔𝑑𝑔(𝑡)) + 𝑘𝑖

∫︁ 𝑡

0

(𝜔𝑑𝑔,𝑟𝑒𝑓 − 𝜔𝑑𝑔(𝑡))𝑑𝑡, (47)

where the proportional and integral gains of the controller are 𝑘𝑝 and 𝑘𝑖, respectively, and 𝜔𝑑𝑔,𝑟𝑒𝑓

is the reference velocity.

When a torque load 𝑀𝑔 is applied to the engine, an unbalance occurs in the engine

speed, according to Eq. (45). Then, the PI controller adjusts the amount of fuel to be injected into

the combustion chamber. Due to the speed dynamics, neither mechanical nor electrical power

can be delivered instantaneously. The engine output mechanical power is characterized by the

product between the engine torque and its speed as

𝑃𝑏𝑘𝑊 (𝑡) = 𝑀𝑑𝑔𝜔𝑑𝑔. (48)
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After synchronization, the electrical output power can be defined as the combination of the power

loss effects and the engine mechanical power as

𝑃𝑒𝑘𝑊 (𝑡) = 𝑃𝑏𝑘𝑊 − 𝑃𝑔,𝑙𝑜𝑠𝑠(𝑡). (49)

The model was produced using data provided by industry partners for the CAT 3512C

generator set. To account for thermal and global genset efficiencies, a different approach from

that in chapter 3 was considered, since data such as the specific fuel consumption (SFC) curve,

mechanical and electrical output power were available for the rated engine speed. Applying the

formulation described in [72], the thermal efficiency can be defined for the power rate as

𝜂𝑡 =
𝑃𝑚

𝜂𝑐𝑏�̇�𝑓𝑄𝑙ℎ𝑣

. (50)

Such an approach could also be used for defining a global genset efficiency,

𝜂𝑔𝑒𝑛𝑠𝑒𝑡 =
𝑃𝑒

𝜂𝑐𝑏�̇�𝑓𝑄𝑙ℎ𝑣

. (51)

The symbols 𝑃𝑒, 𝑃𝑚, 𝜂𝑐𝑏, �̇�𝑓 and 𝑄𝑙ℎ𝑣 represent electrical and mechanical power delivered, the

combustion efficiency, the fuel consumption and the low heat value of the Diesel, respectively.

According to [72], for Diesel engines operating lean, the combustion efficiency is about 98%.

Considering the mentioned 𝜂𝑐𝑏, and the data available, two 6th order polynomials (𝑝) were

produced for the evaluation of the efficiencies in equations (52) and (53):

𝜂𝑡 = 𝑝1(𝑃𝑏𝑘𝑊 ), (52)

𝜂𝑔𝑒𝑛𝑠𝑒𝑡 = 𝑝2(𝑃𝑒𝑘𝑊 ). (53)

To consider emissions, static models were developed through polynomial fits, using

tables of the mass flow rates of the substances and the mechanical power delivered by the

engine. The equations below are used to calculate the emissions of carbon dioxide (CO2), carbon

monoxide (CO), nitrogen oxides (NOx as NO2), unburned hydrocarbons (HC) and particulate

matter (PM):

�̇�CO2 = 𝑝3(𝑃𝑏𝑘𝑊 ), (54)

�̇�CO = 𝑝4(𝑃𝑏𝑘𝑊 ), (55)

�̇�NOx = 𝑝5(𝑃𝑏𝑘𝑊 ), (56)

�̇�HC = 𝑝6(𝑃𝑏𝑘𝑊 ), (57)

�̇�PM = 𝑝7(𝑃𝑏𝑘𝑊 ), (58)
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with 𝑝3, 𝑝4, 𝑝5, 𝑝6, 𝑝7, being polynomials of orders 4, 2, 4, 3, 4, respectively.

The emission models receive the mechanical output of the engine 𝑃𝑏𝑘𝑊 as input and

give as output the mass flow of the pollutants. It is important to mention that the models assume

nominal speed and consider only the power as input. In this work, variable speed gensets are

not being considered, so it is necessary to keep the engine speed within certain limits for grid

frequency control.

The grid frequency is set at 60 Hz, hence the engine speed reference is set to be 1800 rpm

or roughly this value if a droop control is considered, for example. Either way, the engine speed

will be regulated through the governor to seek the speed reference. Therefore, a constant engine

speed is a reasonable assumption.

In Fig. 23, a block diagram of the genset model is presented. In the diagram, it is

possible to see the information flux and coupling of the different variables. The letter 𝑒 represents

the error (𝑒 = 𝜔𝑑𝑔,𝑟𝑒𝑓 − 𝜔𝑑𝑔), and PI represents the anti-windup PI control. The engine block is

defined by the engine speed dynamics from Eq. (45) and the torque from Eq. (46).

4.1.1 Comparison with operational data

The proposed model was validated for fuel consumption and engine speed using field

data measured by an industry partner of Project 7. The engine speed was obtained directly

through measurements. The electrical power demand of each generator was estimated based

on fuel consumption rate measurements and fuel-to-power maps. The four generators were

simulated separately considering nominal speed.

In Fig. 24, the engine speeds of the four generator sets are depicted throughout appro-

ximately 740 hours for a PSV in mission. It can be seen that the model matches the generator

behavior, being turned on and off in accordance with the measured data. In addition, the lines

and dots seem to be almost overlapping for the simulations in the four cases considered.

The reference engine speed, 𝜔𝑑𝑔,𝑟𝑒𝑓 , was set to 1800 RPM, following a 15 s ramp if the

genset is on, for synchronization. If the genset is disconnected, the speed reference is set to 0. In

Fig. 25, a closer look at the engine speed of genset 1 is available. In this image, it is possible to

evaluate with more precision the results when the generator is connected to the grid, keeping its

speed closer to the nominal value.

The observed differences were below 5%, comparing the speed results from the model

with the measured data for all cases. The model has shown good performance given the number of
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Figure 23 – Block diagram of the genset model.
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(a) Genset 1 engine speed.
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(b) Genset 2 engine speed.
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(c) Genset 3 engine speed.
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Figure 24 – Engine speed validation for four generator sets with measurements from an industry partner.
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Figure 25 – Genset 1 engine speed in a closer view.
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Figure 26 – Fragment of fuel consumption rate for the genset 1.

uncertainties in modeling and data measurements. Also, in this simulation, the engine speeds were

set to the nominal value, thus frequency settings such as in droop control were not considered.

The droop frequency control alone can account for up to 3% or 5% of difference in frequency [6].

It is important to mention that the data had to be interpolated for the simulation. The

model receives power inputs at every 0.1 s, while the measured data was a mean of samples

whose period was of the order of minutes. The nearest neighbor interpolation was performed,

to maintain the same energy required in the mission. Therefore, the power inputs exhibited a

step-like behavior, followed by a constant behavior. Such power steps change the instantaneous

speed considerably. The higher peaks were within acceptable limits, according to most technical

standards in [73], which allow up to 10% of deviation in grid frequency for the transient state.

The complete curves cannot be shown due to a non-disclosure agreement. However, a

fragment of the fuel consumption rate in L/h for the genset 1 is depicted in Fig. 26. Due to the

amount of time, the bigger picture seems to have a complete transient behavior, but it can be

seen by zooming in that the transient behavior occurs in a small fraction of the simulation time,

while the steady state dominates most of the time.
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Table 2 – Coefficients of the polynomial fuel consumption map
Parameter Symbol Value Unit Reference

Coefficients for the polynomial
fuel consumption map (�̇�𝑓,𝑑𝑔) ⋆

𝛿0 2.23× 10−3 kNm E
𝛿1 7.65× 10−5 kNm/kg E
𝛿2 −1.95× 10−8 kNms2/kg2 E
𝛿3 1.03× 1012 kNms3/kg3 E
𝛿4 2.32× 10−15 kNms4/kg4 E

⋆ - We consider the standard polynomial form
∑︀𝑁𝑃

𝑗=0 𝛿𝑗𝑥
𝑗 , where 𝑁𝑃 represents the polynomial order, 𝑥 is

the input variable and 𝛿𝑗 are generic coefficients
E - estimated

For the fuel consumption simulations, the observed differences were smaller than 2%

for each of the four generators. It is a small error given all uncertainties and the complexity of

the machine. This result can be explained since the model has been constructed to fit the data

provided by the industry partner. Besides, the steady behavior dominates the simulation most of

the time, due to the mentioned interpolation. The parameters that have the greatest associated

uncertainties are those related to the transient behavior.

As mentioned in section 3.1, in general, for the purpose of estimating the fuel consump-

tion of the generators, quasi-static maps suffice. Mainly for low-frequency simulations, we will

define the following polynomial fit that returns the fuel consumption given electrical power

demands,

�̇�𝑓,𝑑𝑔 = 𝑝8(𝑃𝑒𝑘𝑊 ),. (59)

This model shows a very similar steady-state response to the dynamic model described above,

and runs particularly faster. The coefficients are described in Tab. 2.

4.1.2 Dynamic performance

In this subsection, the genset model will be tested in some situations to have its dynamic

performance analyzed. Initially, an electrical power load 𝑃𝑔,𝑒𝑙 was considered. This load consists

of several steps, with power changes varying from 20% to 50% of the generator rated power

(1700 kW). The power demand was smoothed using a first-order pre-filter with a time constant of

1 s. The power tracking performance of the genset model can be seen in Fig. 27. Despite fast load

variations, the results have shown good agreement between the power demand and the electrical

power delivered.

In Fig. 28, the engine speed is depicted. Small overshoots and undershoots can be seen

in the image. To be precise, the maximum variation observed was of 2.6% in the maximum

smoothed power step. In general, when the load increased, the speed dropped, and the governor
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Figure 27 – Genset power tracking.
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Figure 28 – Engine speed control.

was responsible for regulating the speed to the reference. The inverse happens if the load

decreases. Larger and faster power changes produced larger variations in the engine speed.

The power management system (PMS) defines the genset loading. In general, there are

loading ramps for the generators, as well as maximum instant load steps the machine needs to

operate with. For the dual-fuel engine in [74], the maximum instant load step is about 33% of

the rated power of that of the Diesel engine, depending on the available power.

In Fig. 29, an instantaneous load step of 40% of the rated power is applied. A 2.8%

overshoot and a 3.5% undershoot were observed in the power delivery, considering the rated

power. Specifically, the undershoot happens due to the abrupt and large power variation, causing

a drop in engine speed of almost 4%, considering the rated speed.

When the smoothed step load with a time constant of 1 s is applied, the engine has more

time to deliver power in a smoother way, as shown in Fig. 30. The differences in power were

smaller than 1%, considering the rated power. No considerable undershoot in the power response

was observed. In addition, the speed drop was smaller, about 2%, concerning the rated speed.

To analyze the robustness of the model, a noisy power demand profile with larger

smoothed steps, with a first-order pre-filter and a time constant of 40 s was produced. The results
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Figure 29 – Genset dynamic response to step load.
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Figure 30 – Genset dynamic response to smoothed step load.

for several variables of interest are shown in Fig. 31. It can be seen that, even for the noisy signal,

the speed and power response is adequate, with small overshoots and undershoots, as well as the

voltage and frequency of grid.

The parameters used for the genset models, shown in Tab. 3, and for some of the other

models throughout this work, were found in the literature, estimated based on the literature

results (E), were directly obtained (D) or estimated (E) using data shared with Project 7 through

communication with the naval industry.

4.2 DC MOTOR

Although the AC motor is generally used in vessel propulsion, the DC motor model

presented in chapter 3 has been considered adequate for simulation based on the literature review

analysis in section 3.2. However, the efficiency of the DC motor is below the acceptable ranges

found in the literature. Therefore, identification of parameters took place to increase the efficiency

of the motor model.

Considering the difficulties to find the electrical motor parameters in the literature, a

sizing approach was adopted for parameter identification to improve the efficiency of the machine.
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Figure 31 – Important genset operating variables responding to noisy power demand profile.
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Table 3 – Parameters of the genset model.
Parameter Symbol Value Unit Reference
Number of poles 𝑃𝑝 4 - D
Nominal frequency 𝑓 60 hz D
Power factor 𝑐𝑜𝑠(𝑓𝑝) 0.9 - E
Nominal electrical power 𝑃𝑛𝑜𝑚 1700 kW D
Friction rate 𝑐𝑓 0.005 - E
Generator internal resistance 𝑟𝑔 0.032 Ω E
Moment of inertia 𝐽𝑔 69.21 kgm2 [75]
Nominal grid voltage 𝑢𝑔,𝑛𝑜𝑚 690 V D
Diesel low heat value 𝑄𝑙ℎ𝑣 42780 kJ/kg D

Coefficients for the engine
torque fit (𝑀𝑑𝑔) ⋆

𝛿0 −6.7× 10−2 kNm E
𝛿1 6.58× 10 kNm/kg E
𝛿2 3.22× 102 kNms2/kg2 E
𝛿3 2.56× 103 kNms3/kg3 E
𝛿4 −2.84× 104 kNms4/kg4 E

Nominal grid voltage 𝑢𝑔,𝑛𝑜𝑚 690 V D

Coefficients for the thermal
efficiency fit (𝜂𝑡) ⋆

𝛿0 3.18× 10−4 kg/s E
𝛿1 2.2× 10−3 kg/(skW) E
𝛿2 −6.18× 10−6 kg/(skW2) E
𝛿3 8.54× 10−9 kg/(skW3) E
𝛿4 −6.28× 10−12 kg/(skW4) E
𝛿5 2.35× 10−15 kg/(skW5) E
𝛿6 −3.54× 10−19 kg/(skW6) E

Coefficients the for genset
efficiency fit (𝜂𝑔𝑒𝑛𝑠𝑒𝑡) ⋆

𝛿0 4.08× 10−4 kg/s E
𝛿1 2.28× 10−3 kg/(skW) E
𝛿2 −6.45× 10−6 kg/(skW2) E
𝛿3 9.52× 10−9 kg/(skW3) E
𝛿4 −7.48× 10−12 kg/(skW4) E
𝛿5 2.99× 10−15 kg/(skW5) E
𝛿6 −4.79× 10−19 kg/(skW6) E

Coefficients for the CO2 fit (�̇�CO2
) ⋆ 𝛿0 1.63× 10−3 kg/s E

𝛿1 2.77× 10−4 kg/(skW) E
𝛿2 −1.60× 10−7 kg/(skW2) E
𝛿3 8.62× 10−11 kg/(skW3) E
𝛿4 −1.46× 10−14 kg/(skW4) E

Coefficients for the CO fit (�̇�CO) ⋆

𝛿0 2.16× 10−4 kg/s E
𝛿1 −1.36× 10−7 kg/(skW) E
𝛿2 −1.235× 10−10 kg/(skW2) E
𝛿3 1.38× 10−13 kg/(skW3) E

Coefficients for the PM fit (�̇�PM) ⋆
𝛿0 1.53× 10−5 kg/s E
𝛿1 4.89× 10−8 kg/(skW) E
𝛿2 −8.76× 10−11 kg/(skW2) E
𝛿3 4.63× 10−14 kg/(skW3) E
𝛿4 −4.45× 10−18 kg/(skW4) E

Coefficients for the HC fit (�̇�HC) ⋆

𝛿0 6.36× 10−5 kg/s E
𝛿1 −9.84× 10−8 kg/(skW) E
𝛿2 −2.94× 10−10 kg/(skW2) E
𝛿3 −2.53× 10−13 kg/(skW3) E
𝛿4 6.93× 10−17 kg/(skW4) E

Coefficients for the NOx fit (�̇�NOx) ⋆

𝛿0 3.01× 10−6 kg/s E
𝛿1 5.04× 10−6 kg/(skW) E
𝛿2 −1.17× 10−8 kg/(skW2) E
𝛿3 1.11× 10−11 kg/(skW3) E
𝛿4 −3.07× 10−15 kg/(skW4) E

⋆ - We consider the standard polynomial form
∑︀𝑁𝑃

𝑗=0 𝛿𝑗𝑥
𝑗

E - estimated / D - directly obtained
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(a) Efficiency map after modifications. (b) Efficiency map before modifications.
Figure 32 – Efficiency maps of a DC motor connected to the drivetrain.

The work by [61] presents a method for parameter identification for different electric motor types

based on desired operation conditions. Given information about the desired operation, all the

other electrical parameters of the motor can be determined by an algorithm.

Following the mentioned work and giving operational parameters such as nominal

armature voltage, speed, mechanical power, efficiency, mechanical and electrical time constants,

all other required parameters could be found through a simple algorithm, with the main ones

in Tab. 4. Some parameters as the mechanical and electrical time constants had to be estimated

based on the expected motor response.

In Fig. 32, a comparison between the efficiency maps of the DC motor connected to the

drivetrain before and after the modifications is presented. It is clear that the efficiency is higher

after the modification of the parameters, in Fig. 32(a), in comparison with 32(b). The maximum

value increased by approximately 10% (from 80% to 90%). Besides, there was a general increase

in efficiency.

No changes in the PID controller were necessary. In terms of the motor drive, it was

considered that a DC buck and boost converter is capable of providing the required voltage input

signal. This way, both lower and higher voltage than that supplied from the line is possible. The

parameters were changed to reduce the current to acceptable values according to technical advice

provided by industry partners.

Regarding the dynamical behavior, the methodology used has shown consistent results.

The DC motor model was decoupled from the hybrid power system simulator, described in

chapter 3. Then, simulations of the DC motor were performed considering the drivetrain and the

vessel-propeller model, also discussed in chapter 3.
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Figure 33 – Dynamic behavior of the DC motor.

Table 4 – Parameters of the DC motor: before and after changes.
Parameter Symbol Value Unit Reference
Nominal output power 𝑃𝑜𝑢𝑡 2.5 MW D
Nominal voltage 𝑢𝐴,𝑛𝑜𝑚 690/3300 V D
Nominal motor speed 𝜔𝑚 1200 RPM D
Armature resistance 𝑅𝐴 0.0127/0.2990 Ω E
Armature inductance 𝐿𝐴 8.98× 10−4/0.002 H E
Torque constant 𝐾𝑡 4.82/24.21 Nm/A E
Equivalent inertia 𝐽𝑒𝑞 39.1/59.1 kgm2 E
Equivalent damping 𝐵𝑒𝑞 24.74/7.56 kgm2/s E
Gearbox reduction 𝑟𝑒𝑑 6.86 - E
/ - separates values before (first ones) and after (second ones) changes
E - estimated
D - directly obtained

In Fig. 33(a) and 33(b), the shaft speed and the power input and output are shown. The

nominal motor speed was considered to be 1200 RPM and the rated mechanical power delivered

was 2.5 MW, with a gear ratio of 6.85. Results show consistency between the nominal operation

point and the expected behavior; the shaft velocity of 175 RPM was achieved with the nominal

power of approximately 2.5 MW in transient operation. Moreover, the velocity controller was

adequate, reaching the desired references according to the control objectives

4.3 THREE-PHASE INDUCTION MOTOR

The induction motor (IM) model described in [34, 63] was implemented here, conside-

ring the equivalent circuit dynamics in the orthogonal stator coordinate frame, 𝛼− 𝛽 coordinates,

with stator current components 𝑖𝛼 and 𝑖𝛽 , and rotor flux components 𝜆𝛼 and 𝜆𝛽 as state variables,

as well as the angular speed of the rotor 𝜔𝑚. The power electronics of the inverter are assumed

to be able to supply the required inputs to the IM.



81

Figure 34 – Two-pole, three-phase, wye-connected symmetrical induction motor [76].

In Fig. 34, the stator and rotor windings for a two-pole, three-phase, wye-connected

symmetrical induction motor are shown for illustration. The stator consists of three inductors,

wye connected, oriented by 120∘. Each inductor is fed with an AC current, which generates

a rotating magnetic field (RMF). The RMF induces a current in the rotor, producing itself a

magnetic field that interacts with the RMF. As a result, torque is generated according to the Lenz

law [34]. The dynamical equations are:

𝑑𝑖𝛼
𝑑𝑡

= 𝛽𝜂𝜆𝛼 + 𝛽𝑁𝑟𝜔𝑚𝜆𝛽 − 𝛾𝑖𝛼⏟  ⏞  
𝑓1

+
1

𝜎𝐿𝑠

𝑢𝛼, (60)

𝑑𝑖𝛽
𝑑𝑡

= 𝛽𝜂𝜆𝛽 − 𝛽𝑁𝑟𝜔𝑚𝜆𝛼 − 𝛾𝑖𝛽⏟  ⏞  
𝑓2

+
1

𝜎𝐿𝑠

𝑢𝛽, (61)

𝑑𝜆𝛼

𝑑𝑡
= −𝜂𝜆𝛼 −𝑁𝑟𝜔𝑚𝜆𝛽 + 𝜂𝐿ℎ𝑖𝛼⏟  ⏞  

𝑓3

, (62)

𝑑𝜆𝛽

𝑑𝑡
= −𝜂𝜆𝛽 +𝑁𝑟𝜔𝑚𝜆𝛼 + 𝜂𝐿ℎ𝑖𝛽⏟  ⏞  

𝑓4

, (63)

𝑑𝜔𝑚

𝑑𝑡
=

1

𝐽
(𝑇 −𝐵𝜔𝑚 − 𝑇𝐿)

⏟  ⏞  
𝑓5

, (64)

with

𝜂 =
𝑅𝑟

𝐿𝑟

, 𝜎 = 1− 𝐿2
ℎ

𝐿𝑠𝐿𝑟

, 𝛽 =
𝐿ℎ

𝜎𝐿𝑠𝐿𝑟

, 𝛾 =
1

𝜎𝐿𝑠

(︃
𝑅𝑠 +

𝐿2
ℎ

𝐿2
𝑟

𝑅𝑟

)︃
. (65)

The state-space vector is x = [𝑖𝛼, 𝑖𝛽, 𝜆𝛼, 𝜆𝛽, 𝜔𝑚]
𝑇 , and the control inputs are the volta-

ges u = [𝑢𝛼, 𝑢𝛽]. The parameters 𝐿𝑟, 𝐿𝑠 and 𝐿ℎ represent rotor, stator, and mutual inductance,

respectively, while 𝑅𝑟 and 𝑅𝑠 represent the rotor and stator resistances. The number of pole pairs
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is defined by 𝑁𝑟. The moment of inertia of the motor is described by 𝐽 , and the damping is 𝐵.

The load torque is defined as 𝑇𝐿. The electromagnetic torque can be written as

𝑇 = 𝜇(𝑖𝛽𝜆𝛼 − 𝑖𝛼𝜆𝛽), (66)

where

𝜇 =
3

2
𝑁𝑟

𝐿ℎ

𝐿𝑟

. (67)

To integrate the electromechamical model described above to the drivetrain (with

gearbox and propeller) described in section 3.2, we can change the equation responsible for

the mechanical behavior of the motor, Eq. (64). The moment of inertia 𝐽 and the damping 𝐵

are replaced by the equivalent quantities 𝐽𝑒𝑞 and 𝐵𝑒𝑞, following the approach mentioned in

section 3.2, and the load torque 𝑇𝐿 is equal to the reduced propeller torque 𝑇𝑝𝑟𝑜𝑝/𝑟𝑒𝑑. This way,

Eq. (64) becomes Eq. (68), as below

𝑑𝜔𝑚

𝑑𝑡
=

1

𝐽𝑒𝑞

(︂
𝑇 −𝐵𝑒𝑞𝜔𝑚 − 𝑇𝑝𝑟𝑜𝑝

𝑟𝑒𝑑

)︂

⏟  ⏞  
𝑓5

. (68)

The sliding mode control (SMC) technique has been applied to control the IM, following

the methodology described in Appendix A. In summary, the voltages 𝑢𝛼 and 𝑢𝛽 are changed to

regulate the angular velocity of the motor 𝜔𝑚 and consequently the propeller velocity to produce

thrust. For torque control, the flux is also regulated.

Some simulations were executed to analyze electric propulsion performance with the

induction motor and drivetrain models, considering data from an AC motor of 2.5 MW, in Tab. 5

and the vessel-propeller model from section 3.5. Therefore, for the following simulations, we

considered the simplified ship dynamics and the propulsion components from the propeller to

the electric motors focusing on the operation of the two main thrusters.

The results in Fig. 36 show excellent tracking performance for the propeller angular

velocity, Fig. 36(a), and square flux, Fig. 36(b). The voltage inputs in the (𝛼, 𝛽) frame are shown

in Fig. 36(c) and 36(d), respectively. The rotor fluxes and stator currents are depicted in Fig. 36(e)

and 36(f), and Fig. 36(g) and 36(h). The three-phase currents, voltages, and fluxes can be easily

found through Clarke matrix transformations.

The electromagnetic torque is shown in Fig. 37(a), while the input and the output power

are illustrated in Fig. 37(b). From the numerical data, it was possible to verify an efficiency of

92.5% in the nominal operating point considering the AC motor coupled with the drivetrain,
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Figure 35 – Vessel velocity.

with a propeller speed of 175 RPM and a motor torque below the maximum of 20 kN ·m. The

velocity of the vessel is shown in Fig. 35. It can be seen that the cruise velocity is about 13 knots,

which is identical to the real cruise velocity of the Ulstein PSV.

4.3.1 Comparison with model from MATLAB/Simulink library

The presented IM model has gone through experimental validation, as reported in the

literature [34]. Therefore, it is considered suited for application given the right parameters.

Additionally, the implementation of the model in this work was compared with the asynchronous

squirrel-cage model from the MATLAB/Simulink library, with the parameters in Tab. 5.

The results, shown in Fig. 38, were produced for the input load torque depicted in

Fig. 38(a), with a line voltage of 690 V, a frequency of 50 Hz, and not considering the control

of angular speed and flux. The angular velocity of the rotor is shown in Fig. 38(b), while the

electrical power input and the electromagnetic torque are shown in Fig. 38(c) and in Fig. 38(d),

respectively. In general, good agreement was achieved between the models in comparison. Some

differences appeared in the electrical power in the first seconds of operation, but this difference

faded quickly.

4.4 BATTERY MODEL FOR A LITHIUM IRON PHOSPHATE CELL

The lithium iron phosphate (LiFePO4/LFP) ANR26650M1 cell model was chosen for

implementation due to the LFP battery applications in both automotive and maritime applications

[3] and by the availability of experimental data and models described in the literature. A complete

second-order Thévenin equivalent circuit, validated with experimental results from the literature,

was developed.
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(a) Angular velocity: 𝜔𝑟 - step reference, 𝜔𝑑 - pre-
filtered desired trajectory, 𝜔 - propeller speed.
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(b) Square flux: 𝜆𝑟 - step reference, 𝜆𝑑 - pre-filtered
desired trajectory, 𝜆 - square flux.
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(c) Stator voltage in 𝛼 axis.
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(d) Stator voltage in 𝛽 axis.
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(e) Rotor flux in 𝛼 axis.
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(f) Rotor flux in 𝛽 axis.
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(g) Stator current in 𝛼 axis.
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(h) Stator current in 𝛽 axis.
Figure 36 – Sliding mode control of three-phase induction machine with 𝑘1 = 24, 𝑘2 = 13.3, 𝜏1 = 𝜏2 = 5,

𝜑1 = 0.08, 𝜑2 = 0.03.
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(a) Electromagnetic torque.
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Figure 37 – Sliding mode control of three-phase induction machine with 𝑘1 = 24, 𝑘2 = 13.3, 𝜏1 = 𝜏2 = 5,

𝜑1 = 0.08, 𝜑2 = 0.03.
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(a) Load torque input. (b) Rotor speed.

(c) Electrical power input. (d) Electromagnetic torque.
Figure 38 – Comparison: implemented IM model and Simulink model for the same parameters.
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Table 5 – Parameters used for the induction machine model [77].

The structure of the developed model was mainly based on [66], in which the authors

built a complete LFP battery cell model to evaluate the optimal charging, including minimum-

time, aging and balanced charge scenarios. The works of [78] and [79] were used as references,

besides their measurements, to extract experimental data including electrical, thermal, and

degradation effects. In this work, the thermal and electrical parameters were taken from [78], due

to easier parameter extraction from the graphics. The aging parameters were taken from [66].

4.4.1 Electrical Model

The electrical model was represented by the second-order Thévenin equivalent circuit

model in Fig. 39(a). The circuit comprises an OCV source, 𝑉𝑜𝑐, which is a function of the SOC,

a series ohmic resistor 𝑅0, and two RC pairs, (𝑅1, 𝐶1) and (𝑅2, 𝐶2), which are functions of

the SOC and the temperature. The variable 𝐼(𝑡) defines the current running through the battery

(positive for discharging and negative for charging) and 𝐶𝑏𝑎𝑡 is the nominal capacity. The voltages

across the two RC pairs are 𝑉1 and 𝑉2.

The 𝑉𝑜𝑐 and 𝐶𝑏𝑎𝑡 values were obtained in [78] through the 𝐶/20 CC-CV test with high

and low voltage limits of 3.6V and 2V, and cutoff current of 50mA. To parametrize the RC

pairs, a pulse relaxation test was executed, varying temperatures from 5 °C to 45 °C with a 10 °C

interval. The set of differential equations below evaluates the voltage dynamics and the state of



87

Figure 39 – Schematic of the thermo-electric model [80].

charge variation of the cell:

𝑑SOC(𝑡)

𝑑𝑡
= − 𝐼

𝐶𝑏𝑎𝑡

, (69)

𝑑𝑉1(𝑡)

𝑑𝑡
=

−𝑉1(𝑡)

𝑅1𝐶1

+
𝐼(𝑡)

𝐶1

, (70)

𝑑𝑉2(𝑡)

𝑑𝑡
=

−𝑉2(𝑡)

𝑅2𝐶2

+
𝐼(𝑡)

𝐶2

. (71)

The voltage observed in the terminals of the battery cell is

𝑉𝑡(𝑡) = 𝑉𝑜𝑐(SOC)− 𝑉1(𝑡)− 𝑉2(𝑡)−𝑅0𝐼(𝑡). (72)

4.4.2 Thermal Model

The thermal model, depicted in Fig. 39(b), describes the heat transfer of a cylindrical

battery considering as the state an array with the temperatures at the core 𝑇𝑐 and at the surface

𝑇𝑠. The dynamics is expressed as

𝑑𝑇𝑐(𝑡)

𝑑𝑡
=

𝑇𝑠(𝑡)− 𝑇𝑐(𝑡)

𝑅𝑐𝐶𝑠

+
𝑄(𝑡)

𝐶𝑐

, (73)

𝑑𝑇𝑠(𝑡)

𝑑𝑡
=

𝑇𝑓 (𝑡)− 𝑇𝑠(𝑡)

𝑅𝑢𝐶𝑠

− 𝑇𝑠(𝑡)− 𝑇𝑐(𝑡)

𝑅𝑐𝐶𝑠

, (74)

where 𝑄(𝑡) =
⃒⃒
𝐼(𝑉𝑜𝑐 − 𝑉𝑡)

⃒⃒
is a heat generation product of the joule effect and the energy

dissipated in the electrode over-potentials. The constants 𝑅𝑐, 𝑅𝑢, 𝐶𝑐, 𝐶𝑠 represent the heat

conduction resistance, convection resistance, core heat capacity, and surface heat capacity

respectively. Two assumptions are made: the ambient temperature 𝑇𝑓 is considered constant,
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although it can be set for different conditions; and the battery cell is cooled with constant air flow

rate. The scaled urban assault cycle (UAC) was used used to generate a battery current profile,

and the battery was tested in a flow chamber, as described in [78].

4.4.3 Aging Model

The aging model presented in [66] was based on the studies of [79]. The data used to

produce the empirical model was obtained from a matrix of cycling tests ranging from different

C-rates (discharge normalized currents), varying from 𝐶/2 to 10𝐶, and temperatures from

−30 °C to +60 °C, and depths of discharge (DOD), which are defined as 1− SOC, in the span

of 10% to 90%. The experimental results of [79] have demonstrated for the ANR26650M1 that

the capacity fade is strongly dependent on C-rate and temperature, while the DOD effect is less

important.

The following semi-empirical model describes the capacity fading of the battery cell:

𝑑SOH(𝑡)

𝑑𝑡
= −

⃒⃒
𝐼(𝑡)

⃒⃒

2𝑁(𝑐,𝑇𝑐)𝐶𝑏𝑎𝑡

. (75)

The symbol SOH defines the state of health of the cell, a SOH = 1 defines a fresh battery, while

a SOH = 0, represents the end of life (EOL). The symbol 𝑁 represents the number of cycles of

the battery, defined as

𝑁(𝑐,𝑇𝑐) =
3600𝐴𝑡𝑜𝑙(𝑐,𝑇𝑐)

𝐶𝑏𝑎𝑡

, (76)

where each cycle corresponds to the complete charge and discharge or 2𝐶𝑏𝑎𝑡 of charge throughput.

The term 𝐴𝑡𝑜𝑙 is the discharged Ah throughput used, defined as

𝐴𝑡𝑜𝑙(𝑐,𝑇𝑐) =

⎡
⎢⎣ 20

𝑀(𝑐)𝑒𝑥𝑝
(︁
−𝐸𝑎(𝑐)

𝑅𝑇𝑐

)︁

⎤
⎥⎦

1
𝑧

. (77)

𝐴𝑡𝑜𝑙 should be doubled due to the charge and discharge in a cycle. In Eq. (77), the term 𝑀(𝑐) is

the pre-exponential factor, a function of the C-rate. The Arrhenius correlation accounts for the

core temperature 𝑇𝑐 effect in the reaction kinematics. The activation energy 𝐸𝑎, is a function of

the C-rate, as below,

𝐸𝑎(𝑐) = 31700− 370.3𝑐, (78)

while 𝑅 is the ideal gas constant and 𝑧 is the power-law factor.
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Figure 40 – Electro-thermal-aging model coupling [66].

Table 6 – Battery cell constant parameters.
Parameter Symbol Value Unit Reference
Conduction resistance 𝑅𝑐 1.94 kW-1 [66, 78]
Convection resistance 𝑅𝑢 3.08 kW-1 [66]
Core heat capacity 𝐶𝑐 62.7 JK-1 [66, 78]
Surface heat capacity 𝐶𝑠 4.5 JK-1 [66, 78]
Cell capacity 𝐶𝑏𝑎𝑡 2.2 Ah [66]
Ambient temperature 𝑇𝑓 298.15 K A
Power law factor 𝑧 0.55 kgm2 [66]
A - assumption

4.4.4 Coupled electro-thermal-aging model and validation

In Fig. 40, a block diagram summarizes the coupling of the models described in the

sections above. The complete model receives an input current 𝐼(𝑡), which enters directly into the

electrical and aging models. Based on 𝐼(𝑡) and the core temperature 𝑇𝑐(𝑡), the electrical model

outputs the terminal voltage 𝑉𝑡(𝑡) and the generation of heat 𝑄(𝑡).

The term 𝑄(𝑡) is an input to the thermal model, which also takes into consideration

the ambient temperature 𝑇𝑓 (𝑡). The outputs of the thermal model are the core and surface

temperatures, 𝑇𝑐(𝑡) and 𝑇𝑠(𝑡) respectively. The core temperature affects the parameters of the

Thévenin electrical circuit and the aging model. The core temperature and the current influence

the aging model, whose output represents the chemical degradation of the battery over the

simulation through the SOH.

The parametric data used to implement the model was taken from [66, 78, 79]. Besides

the constant values, in Tab. 6, a total of 12 polynomial fits with small regression errors were

produced, including surfaces and curves to account for the required parameters for charge and

discharge. The graphics with data points and model fits are depicted in Fig. 41 and 42.
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(b) Pre-exponential factor.
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(c) Series resistance – discharge.
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(d) Series resistance – charge.
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(e) First RC pair resistance – discharge.
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(f) First RC pair resistance – charge.
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(g) Second RC pair resistance – discharge.
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(h) Second RC pair resistance – charge.
Figure 41 – Battery cell parameters: 𝑂𝐶𝑉 , pre-exponential factor; and resistance.
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(a) First RC pair capacitance – discharge.
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(b) First RC pair capacitance – charge.
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(c) Second RC pair capacitance – discharge.
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(d) Second RC pair capacitance – charge.
Figure 42 – Battery cell parameters: capacitance.

Figure 43 shows the relation of the EOL cycle and SOH decay rate with the C-rate for

different core temperatures. The results obtained with the implemented model are also compared

to data found in the literature. The SOH decay rate increases with increments in C-rate. It is

interesting to note that more EOL cycles can be reached by this battery at medium C-rates (2-5C)

than at lower C-rates. According to 66, the aging model also includes calendar-life effects, when

there is a current applied, as the Ah throughput calculation is directly proportional to time in [79].

One cycle at a very low C-rate has a long duration, therefore, producing considerable degradation.

Generally, it can be seen that the results are in accordance. It was possible to verify numerically

that the maximum differences for the EOL and SOH decay rate were limited to 8% and 10%,

respectively.

The implemented model was also compared with other literature data, including simu-

lation and experiments. The input current of the cell, Fig. 44(a), was extracted from [66]. The

terminal voltages are compared in Fig. 44(b). The temperatures of the core (𝑇𝑐) and the surface

(𝑇𝑠) are compared in Fig. 44(c), as well as the SOC and SOH, in Fig. 44(d). Despite the visual

discrepancies, the results have shown errors below 1% for all comparisons in Fig. 44.
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(a) EOL number of cycles defined in Eq. (76).
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(b) SOH decay rate defined in Eq. (75).
Figure 43 – Cell degradation comparison with literature results [66].
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Figure 44 – Comparison of the implemented model and results from the literature [66].
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4.5 BATTERY PACK MODEL

The battery pack model considers several cell circuits combined in series and parallel,

all with uniform behavior, in a way that the variable states are considered the same among all

cells. With the mentioned hypothesis, the total capacity 𝐶𝑝𝑎𝑐𝑘, resultant voltage 𝑉𝑝𝑎𝑐𝑘, current

𝐼𝑝𝑎𝑐𝑘, stored energy 𝐸𝑝𝑎𝑐𝑘, and power in the terminals 𝑃𝑝𝑎𝑐𝑘 of the battery become

𝐶𝑝𝑎𝑐𝑘 = 𝑁𝑃 × 𝐶𝑏𝑎𝑡, (79)

𝑉𝑝𝑎𝑐𝑘 = 𝑁𝑆 × 𝑉𝑡, (80)

𝐼𝑝𝑎𝑐𝑘 = 𝑁𝑃 × 𝐼, (81)

𝐸𝑝𝑎𝑐𝑘 = 𝐶𝑝𝑎𝑐𝑘 × 𝑉𝑝𝑎𝑐𝑘, (82)

𝑃𝑝𝑎𝑐𝑘 = 𝑉𝑝𝑎𝑐𝑘 × 𝐼𝑝𝑎𝑐𝑘. (83)

The number of cells in parallel and series are 𝑁𝑃 and 𝑁𝑆, respectively. The values of 𝑁𝑃 and

𝑁𝑆 can be determined considering the total energy, nominal power of the battery, and C-rate,

for example, as well as other constraints.

4.6 ELECTRICAL ARCHITECTURE

The power sources, consisting of gensets and batteries, are connected through a static

electrical network which accounts only for power balance, considering the conservation of

energy. The battery converter model considers only a constant efficiency, whose symbol is

𝜂𝑐. Furthermore, constant auxiliary loads are considered in this work. Regarding the electrical

motors, static models account for converter efficiencies.

4.7 EFFICIENCY INDEX

A global efficiency index 𝜂𝑝𝑠 is proposed in this work to study how the hybrid power

system can increase the overall efficiency of the vessel. In addition, it can help in comparisons to

avoid false interpretations of results. In some situations, mainly when the mission simulation

time is small, a fuel consumption reduction can be achieved along with a decrease in the SOC.

Looking only at the fuel savings, the energy spent by the battery is not considered.

To consider the power modes in the same base, the methodology is based on the total

energy input and output. In the base case, the input energy is given by the energy stored in the
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fuel, 𝐸𝑖𝑛 = 𝑚𝑓𝑄𝑙ℎ𝑣, where 𝑚𝑓 considers the total mass of fuel consumed during the mission

and 𝑄𝑙ℎ𝑣 is the low heat value of the Diesel. Since a power balance is achieved, the output energy

along the mission is determined as 𝐸𝑜𝑢𝑡 =
∫︀ 𝑡𝑓
0

𝑃𝑑 𝑑𝑡, where 𝑃𝑑 is the power demand. For the

base case, the efficiency is given by

𝜂𝑝𝑠 =

∫︀ 𝑡𝑓
0

𝑃𝑑 𝑑𝑡

𝑚𝑓𝑄𝑙ℎ𝑣

. (84)

For the hybrid case, the energy input of the gensets are the same as well as the output

due to the power demand. However, it is necessary to consider the energy flow associated with

the battery SOC. In general, the final state of charge of the battery can be different from the

initial. Therefore, we consider the amount of energy that would be required to restore the initial

SOC, defined as 𝐸𝑏𝑎𝑡 =
∫︀ 𝑡𝑏
𝑡𝑓
𝑉𝑝𝑎𝑐𝑘𝐼𝑝𝑎𝑐𝑘 𝑑𝑡. The integration goes from the final time 𝑡𝑓 until the

time 𝑡𝑏 in which the battery restores its SOCi. If the SOCf is greater than the initial, the excess of

energy could be used to supply some demand of the vessel. Thus, the efficiency is:

𝜂𝑝𝑠 =

∫︀ 𝑡𝑓
0

𝑃𝑑 𝑑𝑡+ |
∫︀ 𝑡𝑏
𝑡𝑓
𝑉𝑝𝑎𝑐𝑘𝐼𝑝𝑎𝑐𝑘 𝑑𝑡|

𝑚𝑓𝑄𝑙ℎ𝑣

. (85)

When the SOCf is smaller than SOCi, it means that energy would be required for recharging the

battery to its initial state. In that case, an input of energy would be necessary, so the efficiency

becomes:

𝜂𝑝𝑠 =

∫︀ 𝑡𝑓
0

𝑃𝑑 𝑑𝑡

𝑚𝑓𝑄𝑙ℎ𝑣 + |
∫︀ 𝑡𝑏
𝑡𝑓
𝑉𝑝𝑎𝑐𝑘𝐼𝑝𝑎𝑐𝑘 𝑑𝑡|

. (86)
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5 ENERGY AND POWER MANAGEMENT STRATEGIES

In chapter 2, we have discussed electric propulsion topologies and controls, and in

chapter 3, we have described the hybrid power system modeling and the integration of individual

component models in Project 7, using Fig. 14. In chapter 4 we presented the modeling of the

powertrain components used for the Ulstein PSV (original system and the hybrid solution). With

the information from these chapters, the modeling approach can be divided into the electrical

power system, propulsion system, auxiliary and service loads, and vessel physics.

5.1 MULTILEVEL POWER MANAGEMENT FRAMEWORK

Figure 45 summarises the model division structure. Reference speeds 𝜔𝑟𝑒𝑓 are given to

the propulsion system to propel the vessel, considering fixed pitch propellers. The shafts develop

effective speeds 𝜔𝑒, and due to the vessel physics, effective torques 𝜏𝑒 are required. The electrical

power system supplies the power 𝑃𝑒𝑘𝑊 necessary for the propulsion system and the auxiliary

systems.

This work will focus on the electrical power system, which comprises the power sources

connected through the electrical network, the energy, and power management strategies, as

shown in Fig. 45. To simulate the electrical power system of a vessel for hybrid and non-hybrid

configurations, we will consider a multilevel power management framework inspired by the

three-level hierarchical control mentioned in [14], which has been discussed in chapter 2, and

the multilevel control approaches described in [3, 6].

EMS

Propulsion system

Electrical motors
Drivetrain

Propulsion system

AUX loads

Motion
Hydrodynamics
Environmental 

ωe

τe

Electrical power system

Power sources
Static electrical network
EMS/PMS

PekW

PekW

ωref
Vessel physics

TPN / simplified model

Figure 45 – Powertrain modeling block diagram for an electric propulsion vessel.
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In Fig. 46, the Diesel-electric multilevel power system control is considered, and a block

diagram shows the system topology, some control, and physical signals. The framework consists

of three levels, namely, the tertiary, secondary, and primary control illustrated with numbers. The

electricity consumers require the power 𝑃𝐿. With the power load demand and the measurements

of the battery and generator states, M, the tertiary control, through an EMS, decides the best

way to use the power sources, defining power references for the gensets 𝑃1,𝑟𝑒𝑓 ;𝑃2,𝑟𝑒𝑓 ; ...;𝑃𝑛,𝑟𝑒𝑓 ,

and for the battery 𝑃𝑏𝑎𝑡,𝑟𝑒𝑓 .

The secondary control, defined by the PMS control block, receives the power references

set by the EMS, the power demand, and the states of the battery and generators. In this work, the

modeling considered that the secondary control (PMS) controls the genset start/stop, and defines

the speed references for the generators 𝜔1,𝑟𝑒𝑓 ; 𝜔2,𝑟𝑒𝑓 ; . . . ; 𝜔𝑛,𝑟𝑒𝑓 . When we start or stop the

generators, speed ramps can take the speed from zero to the nominal value and vice versa. The

generator can be synchronized when the engine speeds achieve at least 95% of the rated speed.

The power allocation vector Palloc delivers the resulting active power references to the sources.

The governors in Fig. 46 are a part of the primary control and are responsible for

regulating the engine speeds through the fuel injections �̇�𝑓1, �̇�𝑓2, . . . , �̇�𝑓𝑛. The engine speeds

achieved are 𝜔𝑑𝑔1, 𝜔𝑑𝑔2, . . . , 𝜔𝑑𝑔𝑛. The power converter model is static, and only a constant

efficiency (𝜂rec) is considered. Therefore, the battery power 𝑃bat is different from the actual power

delivered or absorbed from the electrical network 𝑃ebat = 𝜂rec𝑃bat. Given the three-level control

strategy, the sources can deliver or absorb, in the case of the battery, active power through a static

electrical network that considers constant frequency and voltage, as well as the electrical energy

conservation. Therefore,
∑︀𝑛

𝑗=1 𝑃𝑗,𝑒𝑘𝑊 + 𝑃𝑒𝑏𝑎𝑡 = 𝑃𝑜𝑢𝑡, where 𝑃𝑜𝑢𝑡 represents the consumers’

power, and 𝑛 the number or gensets with 𝑗 = 1, 2, . . . , 𝑛.

In Fig. 47, we can have a closer view of the EMS supervisory control system. The

measurement vector M, which contains the battery converter and gensets output power, the SOC

of the battery, and the battery voltage, are input to the EMS controller. Besides M, the EMS also

receives the power load demand 𝑃𝐿. With those inputs, the control decides the power references

based on an optimizer or a rule set. The optimizer uses the measurements, system constraints,

and reduced-order models to make decisions, while the rule set is model-free.

The advantage of implementing the EMS control at the supervisory level instead of

directly at the primary level is the possibility to integrate the solution to an existent industrial

power system topology and management control system without changing lower-level controllers
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Figure 46 – Multilevel control strategy for hybrid power supply.
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Figure 47 – Energy management system supervisory control.

and systems, as pointed out in [6]. Thus the power references can be generated considering the

PMS functionality, and the power allocation reaches the primary level.

5.2 MODEL REDUCTION

As mentioned in [3,26], quasi-static maps for the power sources suffice for fuel economy

estimation in an optimization process, allowing computationally fast optimization with acceptable

accuracy. In some specific cases, such as engine cold-start operation, this hypothesis may not

hold, and the solutions provided can be sub-optimal [49].

To build such maps, model reduction or experimental measurements are required. If

the maps consist of functions, it is important to look for expressions that result in a convex
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Table 7 – Parameters used for the genset reduced-order model.
Parameter Symbol Value Unit

Coefficients for fuel
power relation

𝑏0 4× 10−3 kg/s
𝑏1 6.4× 10−5 kg/(skW)
𝑏2 −5.1× 10−9 kg/(skW2)

optimization problem to simplify the solving process. The complete and transient model runs

to provide global powertrain information, and an inner quasi-static loop runs with the reduced

models for optimization, as described in Fig. 47.

5.2.1 Gensets

For the genset optimization, a quadratic relation between the fuel consumption �̇�𝑓,𝑑𝑔,

and the electrical power output 𝑃𝑒𝑘𝑊 is established,

�̇�𝑓,𝑑𝑔 = 𝑏0 + 𝑏1𝑃𝑒𝑘𝑊 + 𝑏2𝑃
2
𝑒𝑘𝑊 , (87)

where 𝑏0, 𝑏1, 𝑏2 are the polynomial coefficients, defined in Tab. 7

In general, the fuel consumption of Diesel generator sets is a quadratic relationship

comprehending rotational speed and power output. As we considered a fixed frequency AC

network, only small deviations of engine speed are allowed. Therefore, the second-order poly-

nomial can be a good approximation for fuel consumption [3] in optimization formulations.

However, to model the genset fuel consumption in long periods, we found through simulations

that the fourth-order model from Eq. (59) is more indicated for the considered engine due to

better precision.

Figure 48 shows a comparison between the reduced-order model using the polynomial

fit from Eq. (87), and the complete model presented in chapter 4. The power inputs, defined in

Fig. 27, consider several operational points in the generator power envelope, from 0 to 1700 kW.

In Fig. 48(a), we can see the fuel consumption comparison, while Fig. 48(b) shows the fuel

consumption percentage error.

At the beginning of the simulation, the genset is not synchronized with the electrical

grid and needs to achieve the rated speed. The engine speed is controlled to follow a velocity

ramp, as shown in Fig. 28, and this causes the initial fuel consumption. Then the machine waits

for the signal to supply power to the grid. The reduced-order generator model considers some

fuel consumption for small and zero power output to penalize the system operation at low loads.



99

0 100 200 300 400 500 600 700 800 900 1000

Time (s)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

m
f 

(k
g

/s
)

Complete

Reduced

(a) Fuel consumption comparison.
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(b) Fuel consumption error in operation: (𝑚𝑟𝑒𝑑𝑢𝑐𝑒𝑑 −𝑚𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒)/𝑚𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒 × 100.
Figure 48 – Comparison between the reduced-order model from Eq. (87) and the complete model presented

in chapter 4.

When the genset is in operation supplying power to the grid, we can see that the fit is accurate,

with differences below 4% considering the transient behavior and below 2.5% for steady-state.

5.2.2 Battery

Following the methodology presented in [3], we will reduce the second-order Thévenin

circuit model presented in chapter 4 to an internal resistance model, as in Fig. 49. To be consistent

with chapter 4, we will use 𝑉𝑡 for the terminal voltage, 𝑉𝑜𝑐 for the open-circuit voltage, and 𝐼 for

the battery current.

For the reduced model we can determine the terminal voltage as

𝑉𝑡(𝑡) = 𝑉𝑜𝑐(SOC(𝑡))− 𝑟𝑒𝑞𝐼(𝑡). (88)

where 𝑟𝑒𝑞 is the equivalent internal resistance. The battery power for both the complete and the

reduced model is defined by

𝑃𝑏𝑎𝑡 = 𝑉𝑡(𝑡)× 𝐼(𝑡). (89)
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Figure 49 – Battery internal resistance equivalent circuit representation.

The same approach described in chapter 4 can be applied to extend the internal resistance model

from cells to a pack, with the pack resistance defined as

𝑟𝑝𝑎𝑐𝑘 = 𝑟𝑒𝑞
𝑁𝑆

𝑁𝑃
. (90)

Rearranging Eq. (88), we have a 𝑟𝑒𝑞 that depends on the battery’s terminal voltage,

current, and open-circuit voltage. Thus, it is possible to calculate a mean value for the equivalent

resistance, given current inputs, and a variable battery state of charge, considering the complete

battery model from chapter 4.

Figure 50 shows results of a simulation considering a square wave input with 5 A of

amplitude, and a period of 40 min, which is enough for a battery depth of discharge (DOD) of

80%, with an initial state of charge of 90%. The results show that the differences are small when

the current is constant, with errors smaller than 2%. However, when there are fast load variations,

the differences can increase to 8%. Looking at the data, the results for power have shown smaller

percentage errors, but with similar behavior.

Tests with different currents have shown that, with smaller current amplitudes, the

results are better, but the quality of the results decreases with the increase of the current. The

results, of course, depend on how the internal resistance was determined, including the current

used to determine the value of 𝑟𝑒𝑞, and the operational ranges considered. Despite the errors, the

internal resistance models have been successfully used for EMS control strategies in [3, 26, 49].

If the optimization is performed with high frequency, measurements of the complete model can

be used to avoid the modeling errors from the reduced-order battery model.

Considering the battery SOC between 20% and 80%, or in smaller sub-intervals, the

open-circuit voltage is approximately constant, and a current expression as a function of the
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(b) Terminal voltage.
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(c) Battery cell power.
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(d) Battery cell power error:
(𝑃𝑟𝑒𝑑𝑢𝑐𝑒𝑑 − 𝑃𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒)/𝑃𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒 × 100.

Figure 50 – Battery cell model comparison.

battery power can be established as in

𝐼 =
𝑉𝑜𝑐

2𝑟𝑒𝑞
−
√︃

𝑉 2
𝑜𝑐 − 4𝑟𝑒𝑞𝑃𝑏𝑎𝑡

4𝑟2𝑒𝑞
. (91)

Such expression can be important for the EMS to determine the currents for each battery power

and keep the current under pre-defined limits.

The Ragone power-efficiency plots are important for determining the battery efficiency

given the power input or outputs. If the currents are too high, the battery dissipates a considerable

amount of energy as heat, making the operation inefficient. Considering the methodology

described in [81] and the internal resistance model, a second-order polynomial fit has been

produced to model the Ragone power-efficiency relation, as below,

𝜂𝑏𝑎𝑡 = 1 + 𝛾1𝑃𝑏𝑎𝑡(𝑡) + 𝛾2𝑃
2
𝑏𝑎𝑡(𝑡). (92)

5.3 STATIC OPTIMIZATION FOR GENSETS

To achieve fuel savings, we can define the operation of the generators based on opti-

mization methods. For this, a cost function is assigned to the system, considering the total fuel
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Table 8 – Parameters used for the battery reduced-order model.
Parameter Symbol Value Unit
Approximate cell OCV (20%-80% SOC) 𝑂𝐶𝑉 3.3 V
Internal resistance 𝑟𝑒𝑞 0.027 Ω
Coefficients for battery
power-efficiency

𝛾1 −4.19× 10−5 kW-1

𝛾2 −1.99× 10−5 kW-2

consumption for 𝑁 generators, �̇�𝑓,𝑜𝑝𝑡,

�̇�𝑓,𝑜𝑝𝑡(𝑡) =
𝑁∑︁

𝑖

𝑤𝑖�̇�𝑓,𝑑𝑔𝑖(𝑡). (93)

Index 𝑖 represents each of the 𝑁 generators, and their instantaneous fuel consumption rate are

�̇�𝑓,𝑑𝑔𝑖(𝑡). The genset fuel consumption is determined using the reduced-order model described

in subsection 5.2.1. The variable 𝑤𝑖 is a weight greater than or equal to zero, defined for each

generator to allow customizing the cost function with rules, if necessary. Some constraints are

imposed to the optimization formulation, such as the power balance equality,

𝑁∑︁

𝑖

𝑃𝑖 = 𝑃𝐿. (94)

In this constraint, the load assigned to the gensets 𝑃𝐿 must be supplied, considering each of the

power output of the individual generators, 𝑃𝑖. Moreover, the power operation envelope must be

satisfied as well,

0 ≤ 𝑃𝑖 ≤ 𝑃𝐺,𝑚𝑎𝑥, (95)

where 𝑃𝐺,𝑚𝑎𝑥 is the genset loading limit used for the generators (assumed equal). The resulting

optimization problem consists in finding the power assigned to each generator u0, minimizing

the fuel consumption, and satisfying the mentioned constraints. That is,

u0(𝑡) = arg min
u

�̇�𝑓,𝑜𝑝𝑡(𝑃𝑖,𝑃𝐿). (96)

It is important to explain that there are two fundamental problem formulations for the

optimization in a real operation: the economic dispatch and the unit commitment. The economic

dispatch assumes that 𝑘 generators are already connected to the grid, then the optimization

consists in finding the best power allocation vector. The generators require some time to be

connected and disconnected from the electrical network due to start and stop procedures and

machine limitations. Therefore, it is essential to plan how many generators are required online,

given the load demands, and considering the availability of the system. This latter problem

refers to the short-term unit commitment optimization [32]. The fuel consumption optimization
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proposed in this work, described in the equations above, does not consider the unit commitment

problem, only the power split between the generators, assuming they can be used at anytime,

without turning on/off delay.

5.4 RULE-BASED ENERGY MANAGEMENT STRATEGY

For the non-hybrid case, rule-based strategies can be simple. We can turn one generator

up to some predefined power limit and then switch another on to supply the extra power required,

for example, or share equal loads. For equally rated generators, sharing equal loads at high power

demands can produce nearly minimum fuel consumption operation [32]. However, more complex

rules can also be implemented, considering several operational constraints such as spinning

reserve, power ramps, and efficiency ranges.

For hybrid cases, the complexity of the heuristic control increases, and the power

split has to account for the battery, including its limitations and functional role. In works such

as [11], the authors consider power-follower rule-based strategies, and the methods tend to

perform considerably worse than optimization methods like ECMS, for example. However, the

performance of such heuristic EMS methods can be increased if the optimization of generators is

included, with the rules defining only the power share between the groups of generators and the

battery.

In [11], the simulation time was relatively short; therefore, the SOC limits of the battery

were not achieved. After performing different simulations, it was possible to observe that, for

longer times, such rule-based strategies generate undesirable fast power dispatch oscillations

(switching on and off generators and the battery system), depending on the power load, the SOC,

and how long the vessel is operating under such power demand.

In this section, we will define a rule-based EMS for the hybrid power system, considering

a combination of rule-based strategies that define the power split between the gensets and the

battery and an optimization process for power dispatch of the generators. The set of rules are

based on the work of [11], where a rule-based strategy was presented for two generators and a

battery, as described in chapter 2. However, we implement a hysteresis approach over the rules

to avoid the fast power dispatch oscillations and undesirable switching of power sources.

Figure 51 describes the implemented heuristic control considered for managing the

power modes. The SOC of the battery and the load demand PL are taken as inputs and, through
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Figure 51 – Table with rule-Based strategy for an all-electric hybrid power system with 𝑁 gensets and a
battery.

Figure 52 – Hysteresis approach over the rule-based strategy.

the decision table, the power references for the 𝑁 generators and battery are determined. Then,

the optimization occurs, according to section 5.3, to assign the power dispatch of each generator.

Between the SOCmin and SOCmax, in the second column of the table of rules in Fig. 51,

we see the regions where the hysteresis occurs. The hysteresis approach adopted can be illustrated

using Fig. 52. The rules R1 are defined in the first column of the table of rules, while R2 represents

the rules in the third column. Thus, if the system starts with the battery fully charged (SOCmax),

the set of rules R2 is applied (green line). When SOCmin is achieved, the rules R1 are used

(blue line), and the system keeps operating in this loop. This helps to avoid switching fast and

repeatedly between rules, which can lead to the mentioned power dispatch oscillations.

It is important to avoid the use of the generators in the less efficient regions, which are,

in general, when the generators are working with low loads. The first line of Fig. 51 considers the
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low load demands of the mission. For 𝑅1, one generator is switched on with the optimal power

𝑃𝐺𝑇 = 𝑃opt . The excess of power is used to charge the battery, given the maximum charging

power of the battery 𝑃cmax . If necessary, the generator power reference can be readjusted in a

way that only the demand is supplied. For 𝑅2, the battery will supply the power, limited to its

maximum discharging power 𝑃𝑑𝑚𝑎𝑥, while the generator is kept off.

In the second line of Fig. 51, the load demand is above a lower limit to switch at least

one generator on and below an upper bound. The value of 𝑓𝑝, which is between 0 and 1, can

be used to customize the mentioned upper power bound. In the 𝑅1 regime, the power set to the

generators is optimal, given the power range and the least number of generators 𝑛𝑔 required to

balance the load. The excess power assigned to the generators is used to charge the battery. If

necessary, the power of the gensets can be readjusted to supply the required power. When the

battery reaches the maximum SOC, the operational condition switches to 𝑅2. In 𝑅2, we evaluate

if the battery can be used to generate power, so the least number of generators are used near

optimum operational points. If the required power from the battery is too much, the generators

take all the load.

In the third line of Fig. 51, the generators take all the load or all power systems are used

to supply the high power demands, depending on 𝑅1 and 𝑅2. If necessary, the function min is

applied to keep the power set to the generators within nominal bounds. Like the other lines, the

operation of the generators is optimized following the methodology described in section 5.3.

5.5 EQUIVALENT CONSUMPTION MINIMIZATION STRATEGY

The standard ECMS objective is to increase the overall energy efficiency, which is not

different from the rule-based strategy presented in section 5.4. However, the process relies on

equivalent consumption concepts and optimization techniques. The ECMS adds an equivalent

fuel cost to the use of the battery, considering its average fuel consumption along the energy path

between the storage system, the generators, and electrical consumers [3, 11, 26].

By charging or discharging, the battery allows generator load optimization. In the

discharging mode, the battery delivers power, which allows the generators to be disconnected,

avoiding their use at low loads. Regarding the charging mode, the generators running at low

loads can increase their load and hence its efficiency, and the extra energy can be supplied to

the battery, as mentioned in chapter 2. Besides, for energy storage systems, real-time decisions

have future implications. If we use the battery effectively, charging the device means that energy
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can be saved for future use in situations where the power system would run inefficiently, and

discharging the battery can ensure the storage device will be recharged at a more efficient state.

The causal ECMS strategy formulation considered for PSVs in this work follows the

fuel consumption minimization methodologies applied for tugs in [3, 11]. We start by defining a

cost function for the equivalent fuel consumption, as described in chapter 2,

�̇�𝑓,𝑒𝑞𝑣(𝑡) =
𝑁∑︁

𝑖=1

�̇�𝑓,𝑑𝑔𝑖 + �̇�𝑏𝑎𝑡,𝑒𝑞𝑣, (97)

where
∑︀𝑁

𝑖=1 �̇�𝑓,𝑑𝑔𝑖 is the combination of the fuel consumption rate of each genset 𝑖, of the total

𝑁 generators. Equation 97 extends the formulation presented in section 5.3, with the genset

fuel consumption being determined the same way, but with the addition of the equivalent fuel

consumption of the battery �̇�𝑏𝑎𝑡,𝑒𝑞𝑣, following the approach in [3],

�̇�𝑏𝑎𝑡,𝑒𝑞𝑣 =
𝜇𝑠(𝑡)

𝜂𝑏𝑎𝑡(𝑃𝑏𝑎𝑡(𝑡))
𝑠𝑔𝑛(𝑃𝑏𝑎𝑡(𝑡))

𝑃𝑏𝑎𝑡(𝑡)

𝑄𝑙ℎ𝑣

. (98)

The equivalence factor, battery efficiency-power relation, Diesel low heat value, and battery

power are 𝑠(𝑡), 𝜂𝑏𝑎𝑡, 𝑄𝑙ℎ𝑣 and 𝑃𝑏𝑎𝑡, respectively, with constant 𝑠 or not. In Eq. (98), the artificial

battery consumption is proportional to the equivalence factor, considering the Ragone power-

efficiency relation from section 5.2.2, and whether the battery is charging or discharging, through

the signal function 𝑠𝑔𝑛. The symbol 𝜇 represents a penalty function, illustrated in Fig. 53, used

to keep the SOC within admissible limits. Near the SOCmin, the penalty function increases

equivalent fuel consumption of the battery, favoring battery charging. The opposite occurs

approaching the SOCmax.
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The equations that describe the penalty function are below:

𝜇(𝑆𝑂𝐶) =

⎧
⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

1 +
(︁

𝑆𝑂𝐶𝑎−𝑆𝑂𝐶(𝑡)
𝜎

)︁𝑎
for 𝑆𝑂𝐶(𝑡) ≤ 𝑆𝑂𝐶𝑎,

1 for 𝑆𝑂𝐶𝑎 ≤ 𝑆𝑂𝐶(𝑡) ≤ 𝑆𝑂𝐶𝑏,

1−
(︁

𝑆𝑂𝐶(𝑡)−𝑆𝑂𝐶𝑏

𝜎

)︁𝑎
for 𝑆𝑂𝐶(𝑡) ≥ 𝑆𝑂𝐶𝑏,

(99)

with

𝜎 =
𝑆𝑂𝐶𝑚𝑎𝑥 − 𝑆𝑂𝐶𝑚𝑖𝑛

2
(100)

and

𝑆𝑂𝐶𝑚𝑖𝑛 ≤ 𝑆𝑂𝐶𝑎 ≤ 𝑆𝑂𝐶𝑏 ≤ 𝑆𝑂𝐶𝑚𝑎𝑥. (101)

Here the symbol 𝑎 is a power factor, while SOCa and SOCb represent, respectively, the lower

and upper limits from which the power relations in Eq. (99) have an effect.

In [3], using the Pontryagin’s Minimum Principle (PMP), the authors have demonstrated,

for a tug with hybrid propulsion and power supply, that a constant equivalence factor leads to a

nearly global optimum solution, regardless of the state of charge of the battery. Therefore, one

of the approaches used in this work assumes a constant equivalence factor (named ECMSconst),

determined to reflect the battery as a system that operates at the minimum specific fuel consump-

tion (SFC) of the gensets, corrected by the efficiency along the path the energy takes from the

battery to the propulsion system,

𝑠 = SFC𝑚𝑖𝑛 𝜂𝑟𝑒𝑐 𝜂𝑖𝑚+𝑓𝑐 𝑄𝑙ℎ𝑣. (102)

Considering equally rated gensets, the SFC𝑚𝑖𝑛 is the minimum SFC of the Diesel generators.

According to [11], using the minimum SFC to determine the equivalence factor can help to

ensure the operation of the engines around the optimal region. The term 𝜂𝑟𝑒𝑐 represents the

battery power converter efficiency, and 𝜂𝑖𝑚+𝑓𝑐 is an average induction machine and motor drive

efficiency combination used for the propulsion system.

A proportional controller will be explored to add a charge sustaining capability to the

ECMS strategy, or at least to help to keep the SOC within the predefined ranges without using

the penalty function 𝜇,

𝑠𝑎 = 𝑠+ 𝑘𝑝(SOC𝑟𝑒𝑓 − 𝑆𝑂𝐶), (103)

where 𝑠 is the equivalence factor as defined in Eq. (102), 𝑘𝑝 is the proportional gain, SOC𝑟𝑒𝑓

is the reference state of charge, SOC is the measured state of charge, and 𝑠𝑎 is the adapted
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equivalence factor. Such an adaptation of 𝑠 is often called adaptative ECMS, or A-ECMS, as

already mentioned in chapter 2. Another strategy considered in this work is the optimization of 𝑠

within some pre-defined range (named ECMSopt).

The resulting optimization problem can be expressed by

u0(𝑡) = arg min
u

�̇�𝑓,𝑒𝑞𝑣(u,w), (104)

with the cost function defined in Eq. (97). The vector u0 = [𝑃1, 𝑃2, . . . , 𝑃𝑛, 𝑃𝑏𝑎𝑡]
𝑇 represents

the control inputs, which are also the power references set by the EMS in Fig. 46. The power

load 𝑃𝐿, the state of charge SOC and the battery voltage are exogenous inputs that compose the

vector w = [𝑃𝐿, SOC, 𝑉𝑡]
𝑇 .

For the EMS control, it is essential to consider the power source limitations. The gensets

and batteries have to operate within the power limits. Also, it is not interesting to operate the

storage system at SOC extremes or with too high absolute currents to reduce battery degradation.

Such currents directly impact LFP battery temperature and capacity fading, as shown in Fig. 40.

In this work, the constraints used for the optimization problem are

𝑁∑︁

𝑖=1

𝑃𝑖 + 𝑃𝑏𝑎𝑡 = 𝑃𝐿, (105)

0 ≤ 𝑃𝑖 ≤ 𝑃𝐺,𝑚𝑎𝑥, (106)

𝑆𝑂𝐶𝑚𝑖𝑛 ≤ 𝑆𝑂𝐶 ≤ 𝑆𝑂𝐶𝑚𝑎𝑥, (107)

𝐼𝑚𝑖𝑛 ≤ 𝐼 ≤ 𝐼𝑚𝑎𝑥, (108)

𝑠𝑚𝑖𝑛 ≤ 𝑠 ≤ 𝑠𝑚𝑎𝑥. (109)

They include the power balance equality, in Eq. (105), and the inequalities that keep the power

of the gensets, the SOC, and the battery current of each cell within the predefined minimum

(min) and maximum (max) limits, in Eq. (106), Eq. (107), and Eq. (108), respectively. When the

equivalence factor is optimized, the inequalities also include the value of 𝑠, as in Eq (109). The

battery pack power limits can vary with the state of charge, as can be seen in the expressions

derived in [3]. With proper sizing and current limitation, the power will be kept within acceptable

ranges.

The state of charge follows the dynamics in Eq. (69), which can be discretized, for

optimization purposes as

SOC(𝑘) = SOC(𝑘 − 1)− 𝐼(𝑘)∆𝑡

𝐶𝑏𝑎𝑡

, (110)
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where ∆𝑡 represents the optimization time step, 𝑘 represents the current step, and 𝑘 − 1 the

previous one (measured by the sensor). The states of the battery cells are considered uniform

for the pack, so SOC in Eq. (110) is determined using the cell current 𝐼 , and the nominal cell

capacity 𝐶𝑏𝑎𝑡. The cell current can be calculated as

𝐼(𝑘) =
1

𝜂
𝑠𝑔𝑛(𝑃bat (𝑘))
𝑟𝑒𝑐

𝑃𝑏𝑎𝑡(𝑘)

𝑉𝑡(𝑘 − 1) NS NP
, (111)

considering measures of the terminal voltage 𝑉𝑡 given by the complete model, the battery

converter efficiency 𝜂𝑟𝑒𝑐, the number of cells in series and in parallel NS and NP , as well as

the battery pack power 𝑃bat . In this work we will follow the mentioned approach to determine

the current, unless stated otherwise. For offline optimizations, for example, it can be interesting

to use Eq. (91) to calculate the current, adding the converter efficiency. The latter method can

reduce computational costs.

5.6 OPTIMIZATION PROBLEM

Once the optimization problems are formulated, it is important to analyze how to solve

them. In general, to achieve the best results, we look for global minima or maxima. In our case,

we want to minimize fuel consumption. When the optimization problem is convex, the solution

becomes easier because any local minimum is also the global one [82]. However, the problem is

often non-convex, making this search more difficult.

We evaluate the objective function of the gensets optimization defined in Eq. (93) and

the equivalent fuel consumption defined in the ECMS approach in Eq. (97). First, it can be

noted that the mentioned objective functions are non-linear, and there are no integer variables.

Therefore, the optimization problem can be classified as a non-linear programming (NLP)

problem. Taking the Hessian of Eq. (93) with weights 𝑤𝑖 = 1 (without loss of generality due to

the problem formulation and because 𝑤𝑖 ≥ 0), we have the following matrix:

𝐻 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

−1.02× 10−8 0 0 0

0 −1.02× 10−8 0 0

0 0 −1.02× 10−8 0

0 0 0 −1.02× 10−8

⎤
⎥⎥⎥⎥⎥⎥⎥⎦
, (112)

which is clearly negative definite for the entire domain of the objective function. According

to [82], a function of 𝑛 variables 𝑓(𝑥1,𝑥2,...,𝑥𝑛) defined on a convex set 𝑆 is convex if and only
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Figure 54 – Efficiency and specific fuel consumption of genset based on the power load.

if the Hessian matrix of 𝑓 is positive semidefinite or positive definite at all points in the set

𝑆. Consequently, the objective functions used for the genset optimization and for the ECMS

approach are non-convex. The ECMS formulation consists of a sum of the genset and the

equivalent battery fuel consumption, so its objective function is non-convex, according to the

convexity preservation theorem in [3].

To solve the non-convex NLP, we will consider some methods used in similar ap-

plications, as mentioned in section 2.4.3. The interior-point method and sequential quadratic

programming (SQP) will be evaluated to solve the optimization problem. For the first method,

we use the algorithm IPOPT, and for SQP, we apply qpOASES.

5.6.1 Genset optimization: the interior-point method and Sequential Quadratic Programming

(SQP)

The PX 105 has four equally rated generators with 1700 kW of power each. To unders-

tand how the engine load affects the generator efficiency and fuel consumption, we can look

at the genset efficiency and the Brake Specific Fuel Consumption (BSFC), in Fig. 54(a) and

Fig 54(b), respectively. The efficiency was determined through Eq. (53) and the BSFC curve was

extracted from the engine performance data obtained through communication with the shipping

industry. In these figures, we can see that the engine efficiency drastically decreases for power

loads under 500 kW, which increases the fuel consumption per energy generated in the BSFC

curve. The most efficient region, having the smallest BSFC, is between 1500 kW and 1700 kW.

Therefore, it is important to keep the generator sets running at high loads, preferably in the most

efficient regions, to minimize fuel consumption and maximize energy efficiency.
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Applying the optimization formulation from section 5.3, the most frequent IPOPT

solutions generated an equal load sharing among the generators at all loads. As mentioned before,

according to [32], in high loads, equal load sharing can be nearly optimal. However, an inefficient

operation is achieved by such power split at low loads, as it will be shown later.

To try to find better results for the IPOPT algorithm, we set the power of the fourth

generator as

𝑃4 = 𝑃𝐿 −
3∑︁

𝑖

𝑃𝑖, (113)

using the power balance equality, in Eq. (94), to remove one optimization variable. The IPOPT

method has shown sensitivity to this change of formulation and to the change of initial conditions.

In our tests, the qpOASES algorithm has not shown considerable fuel consumption differences

with different initial conditions, nor comparing the standard optimization formulation defined in

section 5.3 with that in Eq. (113). Also, the qpOASES method was faster than IPOPT.

For the following simulations, we considered a power load demand increasing from

zero to 6800 kW, which is the total genset combined capacity. Figures 55(a) and 55(b) show the

best power dispatch achieved for the generators considering both algorithms, IPOPT and SQP.

The IPOPT lets the genset (DG4) assume the entire load if the demand is below 1700 kW. Above

this value, DG4 is loaded with the rated power, while the other gensets share equal loads. The

SQP algorithm uses the same strategy for loads under 1700 kW. However, it always tries to run

with the minimum number of generators, increasing the load of each genset until it reaches the

rated power. When the nominal value is achieved, another generator is switched on to supply the

extra required power.

According to the static optimization studies in [83], for lower power demands, the

optimal solution to the fuel minimization problem for equally rated diesel generators is to run as

many units at their maximum, while one unit takes the extra load. For some load demand points,

the optimal solution is equal load sharing. In [32], the same results were mentioned for small

loads. These solutions and the meaning of low load demands depend on the generators.

In Fig. 56 we compare the total instantaneous fuel consumption of the cost function

for the power demands in Fig. 56(a), considering the interior-point method (IPOPT), sequential

quadratic programming (SQP), and equal load sharing (Equal). For loads bellow 1700 kW, the

IPOPT and SPQ have very similar performances, and for high loads, near the maximum genset

combined capacity, the three cases show very similar results. However, for medium loads, the

SQP approach outperforms the other methods, reducing the fuel consumed. In Fig. 56(b) the
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(a) Genset optimization using the interior-point method through IPOPT, with 𝑤𝑖 = 1.
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(b) Genset optimization using sequential quadratic programming (SQP) through qpOASES, with 𝑤𝑖 = 1.
Figure 55 – Genset optimization: comparing algorithms IPOPT and qpOASES.

percentage errors show that the best results are obtained for the SQP algorithm, with less fuel

consumption for all loads. Therefore, this method will be used as standard in the next analysis

and in the fuel consumption optimizations for hybrid power systems.

5.6.2 Hybrid power system optimization using ECMS

For the optimization with the ECMS approach, we have applied the SQP algorithm

qpOASES due to the better performance shown in the genset optimization problem. As mentioned

before in section 2.4.3, the equivalence factor (𝑠) is a critical control parameter for the ECMS.
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(a) Instantaneous fuel consumption calculated by cost function in Eq. (93), with 𝑤𝑖 = 1, for different load
sharing strategies.
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(b) Fuel consumption differences for different load sharing strategies: IPOPT-Equal = 𝐼𝑃𝑂𝑃𝑇−𝐸𝑞𝑢𝑎𝑙
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SQP-Equal = 𝑆𝑄𝑃−𝐸𝑞𝑢𝑎𝑙
𝐸𝑞𝑢𝑎𝑙 × 100; SQP-IPOPT = 𝑆𝑄𝑃−𝐼𝑃𝑂𝑃𝑇

𝐼𝑃𝑂𝑃𝑇 × 100.

Figure 56 – Genset optimization comparing IPOPT, SQP and equal load sharing.
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Figure 57 – Power demand profile used in the simulations.

Therefore, it is important to understand the effect of this parameter in the optimization solution

to improve results. Due to the capacity of the battery to store energy for future use, just looking

into the instantaneous fuel consumption for different power loads in a causal simulation, as

in section 5.6.1, may not be the best way to analyze the optimization performance. We will

evaluate how the equivalence factor affects the optimization performance considering the total

fuel consumption of the power system on a standard mission based on the literature, and using

data provided by the maritime industry from a vessel in operation.

The standard mission profile is illustrated in Fig. 57. To obtain this curve, we adapted

the power demand in [20], normalizing the load demand based on the nominal installed power of

the four equal gensets used by the authors (total of 7400 kW) and then multiplied by 94% of the

nominal power installed of the four gensets studied in this work (total of 6800 kW). Next, white

noise with a small amplitude was added to represent fast oscillations of the load demand.

The mission in Fig. 57 is divided into five parts, starting with the loading in port, where

the ship is loaded with goods. In the laden voyage, the ship travels fully loaded heading to the

platform. When it stops, given appropriate conditions, the ship starts the dynamical positioning

(DP) operation, in which the forces acting on the vessel are counterbalanced by the thrusters to

keep the ship at a defined position. After the DP, the ship travels back to the port with only part

of the load, defining the partial load voyage. When the ship arrives near the port area, it must

wait for a docking space to be available (standby).

Also, we considered a power profile with around 120 hours of operational data from the

Ulstein PSV. As power demands can change considerably depending on vessel operation and

environmental conditions, variations of the missions were produced to account for uncertainty.

Besides two basic power profiles, the standard mission in Fig. 57 and a real mission, more
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Figure 58 – ECMS performance dependence on the equivalence factor.

profiles were generated, varying the power demand of the missions by ±10% and ±5%, totaling

ten profiles.

For the simulations, we considered the power system configuration in Fig. 20, with

the multilevel control strategy for hybrid power supply in Fig. 46. However, we considered

only static models for the entire system, the EMS optimizer, in Fig. 47, the generators, and the

battery system, to perform faster simulations. The battery parameters were the same used in the

following sections, described in Tab. 11. To define the equivalence factor (𝑠) range, we used

Eq. (102), with a low heat value of 42.78 MJ/kg, the minimum specific fuel consumption from

the curve in Fig. 54(b), a battery converter efficiency of 97 % and a combined efficiency of the

electric motors and its drive system of 93 %. With this information, we found an 𝑠 of 2.14. Then,

results varying the value of 𝑠 from 2.1 to 2.5, divided into 20 units, were produced.

The percentage results of fuel consumption reduction for different values of 𝑠 compared

to an 𝑠 of 2.1 are presented in Fig.58. The comparison was made to put the reductions of the ten

mission profiles in the same base. In general, there is a tendency of reducing fuel consumption

when the value of the equivalence factor is increased, but with some peaks and valleys in the path.

However, based on our simulations, it is important not to increase the value of 𝑠 too much because

that favors battery charging, and at a certain point it can increase the battery usage considerably

or generate oscillations in the power dispatch. Due to the good performance, equivalence factor

values around 2.25, 2.35 and 2.43 will be considered for further simulations.
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6 SIMULATION EXPERIMENTS FOR A PLATFORM SUPPLY VESSEL

Now that we have the tools for modeling the complete propulsion system of the Ulstein

PSV, developed in chapters 4 and 5, we will perform several simulation experiments, combining

different models to represent the vessel’s power system and hybrid solutions to evaluate several

powertrain aspects. The analyses carried out are based on operational data (power profiles)

from a Platform Supply Vessel provided by the maritime industry. Through case studies, we

discuss energy efficiency, fuel consumption, emissions, genset running hours, battery capacity

fading, and energy management strategies exploring the model set built in this work and different

operational parameters for hybrid and non-hybrid configurations. Also, we provide a tool to help

in the hybrid power system design and parameter choice.

6.1 STRATEGIC LOADING AND HYBRIDIZATION TO INCREASE VESSEL ENERGY

EFFICIENCY USING REAL POWER DEMAND PROFILES AND STATIC MODELS

This section will describe some simulations performed with actual power demand

profiles provided by the maritime industry. The objective of the simulations is to show how we

could reduce the total fuel consumption, improving the vessel energy efficiency with strategic

loading, i.e., optimizing the power dispatch, the amount of power that each power source

component delivers to the powertrain, considering the original topology of the Ulstein PSV,

and using the hybridization concept through the addition of Li-ion batteries. In addition, we

will analyze the effects of changing different operational parameters and understand how these

changes impact not only fuel consumption but also the number of genset running hours and

pollutant emissions.

The data comprehends time series with the power load on each generator, which

combined represent the total demand on the power system. The load demands were measured

over five months, including around 2900 h of data with the vessel operating in conditions such as

transit, Dynamic Positioning (DP), activities at the port, and standby. The DP condition accounts

for around 20% of the total operation time. Figure 59 shows the complete power demand profile

used for the simulations, with some information omitted due to a confidentiality agreement.

Due to the number of vessel’s running hours and the low sampling rate (around 5

minutes), it is adequate to apply static models for such simulations due to the high computational



117

0 500 1000 1500 2000 2500 3000

Time (h)

0

1000

2000

3000

4000

5000
P

L
(k

W
)

Figure 59 – Power demand data

cost of dynamic models and the inability to represent the transient behavior with the low-

frequency inputs. Therefore, we applied the models defined in sections 5.2.1 and 5.2.2, with the

power and energy management structure presented in Fig. 46 and Fig. 47, modeling the electrical

power system, i.e., the power sources (generators and battery), electrical network, converter,

and the EMS/PMS, of the Ulstein PSV topologies in Fig. 19 and Fig. 20. For the original

topology (non-hybrid), we considered the dispatch optimization presented in section 5.3. For

the hybrid configuration, we applied the ECMS with a constant equivalence factor (ECMSconst)

described in section 5.5, due to a better performance shown in our tests. For the power system

fuel consumption, we applied the static genset model from Eq. (59), and for the emissions, we

considered the polynomial fits defined in Eq. (54), Eq. (56) and Eq. (58). The models and the

optimizations ran on a time step of 5 minutes.

To represent real conditions, we considered some technical constraints in vessel operati-

ons. Spinning reserve is often necessary due to safety requirements and diesel engine generators’

start/stop procedures, which take time to be executed. Generally, the generator loading is res-

tricted to run below rated power under normal conditions. To consider the loading limits, we

limited the generator power in Eq. (95) to a fraction of the nominal power. Also, it is essential

to understand the Dynamic Positioning requirements for station keeping, to maintain position

and heading under fault conditions because safety requirements on DP often have considerable

impacts on fuel consumption and emissions.
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6.1.1 Static optimization of gensets with constraints on genset loading limit and Dynamic

Positioning (DP).

Before the hybridization, we will evaluate if it is possible to optimize the operation

of the original system, topology described in Fig. 19. The base case (non-hybrid) used for

comparison represents the measured data in the real vessel operation, with a genset loading

limit of around 60%. Besides changing the genset load limit, we will consider the Dynamic

Positioning (DP) restrictions to generate the results.

Different aspects can be used to measure the benefits of modifications in a vessel’s power

topology or operation. It is essential to analyze fuel consumption savings and CO2 emissions to

achieve a more cost-effective and cleaner operation. A more comprehensive emissions analysis

also includes the quantification of other pollutant emissions under regulations, not only CO2.

The MARPOL Annex VI for vessel emission defines limits for NOx, SOx, particulate matter

(PM), and other substances [7].

The Ulstein PSV is a vessel with DPS-2 notation. This notation requires the power

system to be sized and arranged for Worst Case Failure of any bus section. The vessel must

be designed to supply sufficient power to the thrusters to maintain position and heading within

the operation envelope, supplying the service loads. In the case of a single fault in any active

component or system, there must be enough power to maintain essential vessel functions, as

defined in the IMO MSC/Circ. 645 [84]. However, it is worth noting that no specific operation is

required, such as with closed or open bus-tie breakers (main bus tie-breaker). The IMO allows

the vessel owner, client, and coastal authorities to assess which level of equipment redundancy

achieves the reliability given the operation [85].

We performed simulations with the main bus-tie closed for the non-DP parts of the

mission and considered two DP operation modes. In the first case (DPC), a closed bus-tie

operation is assumed in DP, as shown in Fig. 60, with no redundancy as safety requirement. This

means that the least number of generators must be online to supply the power demand. In case of

a generator fault, for example, no power would be available for the essential systems until the

connection of a generator. For the second case (DPO), which comprises the current DP operation

mode of the PSV under analysis (the base case), we assumed an open bus tie operation in DP,

illustrated in Fig. 61, with all gensets running at equal loads, which assures plenty of spinning

reserve to guarantee redundancy and, therefore, high availability for the DPO case. However,
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Figure 60 – Illustration of the power generation set with a closed main bus-tie breaker in DP (DPC)
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Figure 61 – Illustration of the power generation set with an open main bus-tie breaker in DP (DPO)

having a high impact on fuel consumption. Given the often required reliability and availability

of power systems under DP operation, we consider the DPC more in the light of a benchmark

condition and a measure of the impact of safety requirements on the vessel’s performance, and

not precisely as a viable solution.

With the simulations, we can analyze the effect of the genset optimization on fuel

consumption, running hours, and pollutant emissions, looking at the percentage reduction or

increase of quantities compared to the base case. The percentage quantities were calculated using

the equation below

Percentage quantity =
(quantity (optimization) - quantity (base case))

quantity (base case)
× 100. (114)

The graphics from Fig. 62 to Fig. 67 follow the pattern: percentage quantity reduction on the

Y-axis and genset loading limits on the X-axis, with two bars for each genset load, one in blue,

representing the DPO case, and one in orange, for the DPC case. The mean value reductions for

the five months of data are depicted over the bars, close to a symbol representing the standard

deviation (when applicable). The mean values and standard deviations for the DPO and DPC

cases are also arranged in tables 9, and 10, respectively.
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Figure 62 – Fuel consumption reductions for the base case (non-hybrid) with genset loading limits and DP
constraints.

Figure 62 shows the fuel savings percentage considering the DPC and DPO cases with

genset loading limits from 60% to 100%. Even at a genset loading limit of 60%, equal to the

base case, there are fuel savings of 5.5% in the DPO case. The reductions increase proportionally

to the loading limits reaching a plateau at 90%, with a decrease of 8.4%, which is reasonable

since the minimum BSFC of the generator sets occurs at a 90% load, as shown in Fig. 54(b),

and does not change much at 100% load. However, it needs to be mentioned that a more viable

solution would consider genset loading limits in the range of 60%-80%, given the spinning

reserve necessity and the start/stop generator procedures. In this scenario, the maximum and

viable fuel savings would be close to 8% for the DPO case with the 80% limit.

The same consumption pattern happens with the DPC case; however, the reductions are

3.0%-4.5% larger than those in the DPO case (60%-100% load range), with maximum savings of

12.9% (90% load). The latter result illustrates how the genset redundancy significantly impacts

the fuel consumption on DP. In a scenario where it is not possible to increase the genset loading

limit from 60% due to safety requirements, the addition of a battery for backup power, being

used solely in fault cases, could allow the gensets to run on higher loads. A change from 60% to

90% would lead to approximately 3% of additional fuel savings in the DPO case.

The CO2 emission reductions, in Fig. 63, follow the fuel savings behavior, being

proportional and almost equal to the fuel reductions in percentage, mainly in higher loads from

80% to 100%. The CO2 emissions could be decreased from 6.6% to 8.3% for the DPO case in

the genset power limit range from 60% to 80%; Then, in a more viable solution, with the genset
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Figure 63 – CO2 emission reductions for the base case (non-hybrid) with genset loading limits and DP
constraints.

optimization and a genset loading limit of 80%, we could decrease the PSV CO2 emissions in

approximately 8%, against the maximum CO2 decrease of 8.5% in 90% of genset load. The

DPC results show that additional 3.6% to 4.6% (60% to 100% load range) reductions could be

achieved, with a maximum of 13.1% (90% load), without the safety restrictions on DP.

The genset running hours were calculated as a sum of the operating hours of each

generator. As mentioned in section 5.6.1, the optimization formulation for the gensets tends

to switch on the least possible number of engines, which has a significant effect on the genset

running hours, as shown in Fig. 64. The running hours decreased proportionally with the increase

of loading limits, achieving the maximum reductions under 100% loads because, in this case,

allowing the engines to run at higher loads reduced the necessity to switch on another genset.

For the DPO case, the decrease in running hours went from 23% to 30% (60% to 80% load

range), with a maximum of 33.6% (100% load). An additional reduction in the operating time of

14%-19% would be achievable considering the DPC case in the 60%-100% limits.

The PM reductions, in Fig. 65, were significant, going from 27.3% to 32.5% considering

all the genset loading limits for the DPO case, with the maximum value of 32.5% at 80% and

90% loads. After reaching a maximum value, the reductions decrease at the 100% load limit.

The same reduction behavior can be noted for the DPC case; but with a 16% to 20% additional

decrement and a maximum PM decrease of 52.4% at a 90% load. Considering the standard

deviation in the DPC, there is no significant difference between the means at loads of 80% and

90%. The same happens in the DPO case.
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Figure 64 – Genset running hours reductions for the base case (non-hybrid) with genset loading limits and
DP constraints.
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Figure 65 – PM emission reductions for the base case (non-hybrid) with genset loading limits and DP cons-
traints.
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The NOx emissions were separated into the first month(month 1), Fig. 66, and the

rest(months 2-5), Fig. 67, given significant differences. The general behavior of the NOx is

similar for both charts. The major reductions occur at lower loads such as 60% and 70% and

the reductions tend to decrease until the emissions increase. Here, we did not consider the

after-treatment modeling. An exhaust gas recirculation (EGR) or a selective catalytic reduction

(SCR) system, for example, could be used to deal with the NOx emission increase. However, it

must be noted that the after-treatment system can have an impact on the engine operation, and

involve implementation and operational costs with consumables [86].

The maximum reductions for DPO and DPC happened at 60% loads for month 1,

Fig. 66, with 3% and 11% means, respectively. At the 80% load limit, where the highest viable

reductions in fuel consumption, genset running hours, CO2 and PM emissions occur, the NOx

increases approximately 10% for the DPO case, and around 2% for the DPC, reaching the

maximum values of 16% and 9% for the DPO and DPC cases (100% load), respectively. The

NOx emissions could be around 7% to 8% smaller, with the DPC operation instead of DPO, if

redundancy were not necessary.

For months 2-5, the results are depicted in Fig. 67. The mean NOx reductions were

positive from 60% to 80% of load for DPO and DPC. Although the means at 80% load are 0.8%

and 5.4%, for the DPO and DPC, respectively, the DPO reductions could be negative due to the

standard deviation, representing a slight increase. The maximum decreases were observed for a

60% loading limit, with 10% for the DPO case and 17% for the DPC case, reaching a maximum

increase of 4% for DPO and around zero for DPC (100% load). The DPC case would allow 4%

to 7% of extra reductions.

The results in this section show that reductions in fuel consumption, genset running

hours, and emissions of CO2, PM, and NOx can be achieved through strategic loading in compa-

rison with the base case even keeping the current genset load limit of 60%. In general, increasing

the genset loading limits brought benefits with maximum reductions for different loads, with

some exceptions to NOx emissions. With strategic loading, for the DPO case, increasing the

generator load limit from 60% to 80% lead to a 2.5% fuel-saving, for example. Significant

differences were observed in the DPO and DPC cases, with the DPC case being more beneficial

in the quantities under analysis, highlighting the impacts of dealing with the safety operation

requirements with genset redundancy.
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Figure 66 – NOx emission reductions for the base case (non-hybrid) with genset loading limits and DP
constraints for month 1.
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Figure 67 – NOx emission reductions for the base case (non-hybrid) with genset loading limits and DP
constraints for months 2-5.
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Table 9 – Compilation of percentage reductions comparing the optimized (non-hybrid DPO) and original
operation with mean and standard deviation

Reductions non-hybrid case DPO (%)
Genset loading (%)Quantity 60 70 80 90 100

Fuel consumption 5.48 ± 0.57 6.91 ± 0.57 7.93 ± 0.53 8.43 ± 0.52 8.38 ± 0.48
Genset running hours 22.93 ± 2.26 26.86 ± 2.21 30.12 ± 2.26 32.44 ± 2.36 33.57 ± 1.93
CO2 emission 6.63 ± 0.79 7.7 ± 0.93 8.32 ± 0.96 8.55 ± 0.89 8.55 ± 0.81
PM emission 27.29 ± 2.67 30.78 ± 2.89 32.47 ± 3.23 32.46 ± 3.55 30.87 ± 3.54
NOx emission month 1 2.85 -1.93 -9.81 -15.39 -16.26
NOx emission months 2-5 9.79 ± 0.93 5.13 ± 1.12 0.83 ± 1.61 -2.37 ± 2.02 -3.90 ± 1.93

Table 10 – Compilation of percentage reductions comparing the optimized (non-hybrid DPC) and original
operation with mean and standard deviation

Reductions non-hybrid case DPC (%)
Genset loading (%)Quantity 60 70 80 90 100

Fuel consumption 8.54 ± 0.34 10.51 ± 0.54 12.18 ± 0.58 12.87 ± 0.52 12.85 ± 0.5
Genset running hours 36.61 ± 1.69 41.58 ± 2.54 47.58 ± 2.52 51.02 ± 2.54 52.47 ± 2.6
CO2 emission 10.15 ± 0.64 11.74 ± 0.79 12.79 ± 0.86 13.14 ± 0.84 13.16 ± 0.78
PM emission 43.04 ± 2.14 47.83 ± 2.93 51.68 ± 2.78 52.37 ± 2.85 50.9 ± 2.76
NOx emission month 1 11.19 5.97 -2.35 -8.13 -9.04
NOx emission months 2-5 17.24 ± 1.31 10.62 ± 1.47 5.4 ± 1.46 1.94 ± 1.59 0.41 ± 1.64

The highest viable fuel savings, reductions in generator operating time, emissions of

CO2 and PM occur at higher load limits such as 80%; however, at this setting, the NOx emissions

increase for the DPO. We can indicate two main competing effects influencing the NOx yield:

running the gensets at higher and more efficient loads, in general, requires the engines to operate at

higher temperatures emitting more NOx [72]; the strategic loading procedure reduces the number

of gensets running unnecessarily, which reduce the NOx emissions. An after-treatment system

could be used to approach the NOx emission increase. For a more comprehensive optimization,

it would be necessary to consider the after-treatment model and establish an energy efficiency

and NOx emission increase trade-off.

6.1.2 Static optimization of a hybrid power system with constraints on genset loading limit and

Dynamic Positioning (DP)

In the last section, we showed how to optimize the operation of the original system

through optimal scheduling of the Diesel generators. This section will evaluate the impacts of

the power system hybridization by adding a Li-ion battery (ESS) and performing power dispatch

optimization, varying the genset loading limits and considering DP restrictions. The battery will

have two main functions: strategic loading and spinning reserve.
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Table 11 – Parameters used for the hybrid power system simulation considering static models.
Parameter Symbol Value Unit

Max discharging power 𝑃𝑑𝑚𝑎𝑥 1700 kW
Max charging power 𝑃𝑐𝑚𝑎𝑥 -1700 kW
Min state of charge 𝑆𝑂𝐶𝑚𝑖𝑛 20% -
Max state of charge 𝑆𝑂𝐶𝑚𝑎𝑥 80% -
Battery DOD DOD 60% -
Number of cells in parallel 𝑁𝑃 703 -
Number of cells in series 𝑁𝑆 333 -
Battery converter efficiency 𝜂𝑟𝑒𝑐 97% -
Equivalence factor 𝑠 2.2 -
Min cell current 𝐼𝑚𝑖𝑛 -2.2 (1C) A
Max cell current 𝐼𝑚𝑎𝑥 2.2 (1C) A
Capacity of each cell 𝐶𝑏𝑎𝑡 1.129 Ah
Battery rated energy 𝐸 870 kWh
Battery rated power 𝑃 1700 kW
Time step ∆𝑡 5 minutes

In non-DP parts of the missions, the battery will allow the gensets to run at the most

fuel-efficient operating ranges, enabling a more strategic loading of the generators. The battery

response time is short, providing almost instantaneous power. Therefore, it can be used as

a spinning reserve without fuel consumption, which is impossible for generators. In the DP

operations, we consider the open bus-tie operation already being used in the original system

(base case), represented as DPO in the last section, and we turn off two generators. So the power

system will run with two generators sharing equal loads, one on each side of the main bus tie

and a battery system that can supply power on each side of the main bus tie, as shown in Fig. 68,

keeping safety and improving energy efficiency.

The parameters used for the simulations can be found in Tab. 11. The battery sizing

considered the power profile, cell efficiency, and safety requirements. The rated current was

considered low to allow higher cell efficiency. The battery rated power is equivalent to one

generator and the rated energy was calculated so the battery can supply power for enough time

to connect other gensets to the grid in case of a power system single fault.

The same quantities analyzed on section 6.1.1 will be evaluated in this section, calcu-

lating the percentages using Eq. (114), but the information will be presented in a format that

indicates additional benefits of the ESS and the strategic loading. The hybrid power system

results are compared with the base case (the original operation) and the genset optimization

results with the DPO case.

The graphics from Fig. 69 to Fig. 72 follow the pattern: percentage quantity reduction on

the Y-axis and genset loading limits on the X-axis, with two stacked bars, a blue bar representing
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ESS
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Main bus-tie breaker

1.7 MW / 0.87 MWh / 1C / 60% DOD

Figure 68 – Illustration of the power generation set with an open main bus-tie breaker representing the DPO
case.

the reduction achieved with the optimization for the DPO case (from section 6.1.1), and an orange

bar showing the additional reductions with optimization and an ESS for the hybrid topology.

Figures 73 and 74 were plotted using grouped bars instead of stacked because the signal changes

can make stacked bars confusing. The mean values are over the top of the bars and inside bars

on the charts. The absolute reductions for the hybrid power system are illustrated over the bars in

the charts. All the mean reduction values and standard deviations for the hybrid topology are

arranged in Tab. 12.

Figure 69 shows the fuel savings percentage for the non-hybrid and hybrid cases with

optimization and genset loading limits from 60% to 100%. Even at a genset loading limit of

60%, equal to the base case, there are fuel savings of 10% for the hybrid topology, representing

additional savings of 4.7%. The reduction behavior follows a similar pattern recognized in

section 6.1.1, increasing with the load, with a maximum value at the 90% limit, but decreasing

for a 100% load. Keeping more viable solutions in mind, we can consider the 60%-80% load
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Figure 69 – Fuel consumption reductions for the hybrid case with genset loading limits and DP constraints,
including the additional reductions provided by the battery (ESS) and system optimization
compared to the genset optimization in the non-hybrid configuration.

limit range or even stretch it to 60%-90%, having in mind that with the battery onboard more

spinning reserve would be available for the vessel even at non-DP operations. Then, the hybrid

system could enable 14% fuel reductions, which represents additional savings of around 6%

compared to the non-hybrid case.

For the hybrid configuration, in Fig. 70 the CO2 emission reductions follow the fuel

savings pattern, mainly in higher loads from 80% to 100%, as previously noted in section 6.1.1.

The CO2 emissions could be decreased from 12% to 14% using the battery system, with an

additional decrease of around 5% in comparison with the non-hybrid case.

The performance of the power system is substantially affected by the new operational

modes enabled by the ESS. The battery is used to perform the strategic loading in the non-DP

parts of the missions, avoiding unnecessary genset connections. In DP operations, having the

battery system ready to maintain essential services allows the operation with two generators

instead of four simultaneously. In Fig. 71, we can see the genset running hours reductions.

In the load limit of 60%-100%, the operating time is reduced from 46% to 62%, decreasing

proportionally with the load limits. As in section 6.1.1, the higher the limit, the higher the

reductions in genset running hours. In a limit of 90%, the reductions achieve 60%, with an

additional decrease of 27.4% for the hybrid system. In general, the battery almost doubled the

reductions in generator operating time for all loading limits.

The particulate matter (PM) reductions, in Fig. 72 were significant, going from 53.4%

to 59.5% considering all the genset loading limits for the hybrid case, with the maximum at the
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Figure 70 – CO2 emission reductions for the hybrid case with genset loading limits and DP constraints,
including the additional reductions provided by the battery (ESS) and system optimization
compared to the genset optimization in the non-hybrid configuration.
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Figure 71 – Genset running hours reductions for the hybrid case with genset loading limits and DP constraints,
including the additional reductions provided by the battery (ESS) and system optimization
compared to the genset optimization in the non-hybrid configuration.
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Figure 72 – PM emission reductions for the hybrid case with genset loading limits and DP constraints,
including the additional reductions provided by the battery (ESS) and system optimization
compared to the genset optimization in the non-hybrid configuration.

80% limit. The reductions increase with the load, reaching the maximum at the load of 80%

and then decrease for higher loads. The battery system enabled additional reductions that went

from approximately 21% to 28%, with a peak at the 70% limit, closely followed by the reduction

at 80%. Also, the battery enabled an operational mode that almost doubled reductions in PM

emissions compared to the DPO case.

In sequence, we have the NOx emissions divided into the first month(month 1), Fig. 73,

and the rest (months 2-5), Fig. 74, given the significant differences. The general behavior of the

NOx emissions is similar, considering the hybrid and non-hybrid cases in both charts. At lower

loads, mainly at 60%, the NOx emissions can be reduced. However, at loads such as 80% to 90%,

where the vessel operation would be more energy-efficient, the NOx emissions tend to increase.

At loads of 60% and 70%, the hybrid system performed better than the original configuration,

achieving emission reductions of 6.1%-14.4% for month 1 and 9.6% to 20.7% for months 2-5.

The additional reductions enabled by the battery use are considerable for the 60% to 70%, almost

doubling the reductions for months 2-5, and bringing decrements of NOx emissions from 8% to

11% for month 1. From the 80% limit on, the NOx generally increases for both cases, hybrid and

non-hybrid, with battery performing worst, except on the punctual 80% load condition for month

1. For the hybrid, the NOx can achieve up to 16%, considering month 1 and months 2-5, at a

viable operating load of 90%. As in section 6.1.1, the after-treatment system was not included in

the modeling.
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Figure 73 – NOx emission reductions considering the hybrid case with genset loading limits and DP cons-
traints for month 1, including the additional reductions provided by the battery (ESS) and system
optimization compared to the genset optimization in the non-hybrid configuration.
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Figure 74 – NOx emission reductions considering the hybrid case with genset loading limits and DP cons-
traints for months 2-5, including the additional reductions provided by the battery (ESS) and
system optimization compared to the genset optimization in the non-hybrid configuration.
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The results in this section show that, in general, additional reductions in fuel consump-

tion, genset running hours, and emissions of CO2, PM and NOx can be achieved through strategic

loading with the use of a battery system, in comparison with both the original and the optimized

operations with non-hybrid configurations in different genset loading limits. As in the non-hybrid

system results, in the last section, increasing the genset loads enabled benefits for the hybrid

case, with the best results near 80% and 90% loads, which are reasonable limits for the hybrid

power system operation. The NOx emissions had the best results for loads near 60% to 70%. In

the most energy-efficient regions, the NOx emissions have increased for the hybrid powertrain.

The power system could operate more efficiently and cleaner with an after-treatment system and

the right parameter trade-off.

In the 90% genset loading limit, fuel savings of 14.3% and 5.9% were achieved in

comparison with the original and optimized power dispatch strategies, respectively. The CO2

was reduced in 13.8% and 5.3% compared to the original and optimized operations. The fuel

consumption and CO2 emission reductions vary in the literature for hybrid power systems using

batteries. A recent technical report from the European Maritime Safety Agency mentions the

fuel savings potential for OSVs (which includes PSVs) is expected to be between 5-20% [16].

In the work of [20], the authors have reported a 7.4% reduction in CO2 emissions, considering

the addition of a 1000 kW/1000 kWh battery to a PSV power system, which comprised initially

four gensets with 1850 kW each unit. Based on the mentioned literature, the results obtained in

this work are within an acceptable range of what has been expected for fuel savings and CO2

emission reductions for a PSV.

For the hybrid power system, the NOx emissions varied depeding on the genset loading

limit and month of analysis, being reduced in almost 21% (60% load) and increased in 16%

(90% load). In [13], which compared a hybrid and a non-hybrid plant, NOx reductions up to 85%

were observed for the hybrid plant. Of course, this depends on the case, not only on the hybrid

system’s performance but also on the original topology and control. In [6], the authors suggest,

considering their studies for tugs and literature results for engines, that a trade-off between fuel

consumption minimization and NOx emissions have to be established to reduce both fuel and

NOx emissions. In their work, the fuel consumption minimization using ECMS also leads to an

increase of NOx emissions considering higher loads.

The particulate matter and genset running hours dropped considerably for the hybrid

power system, almost doubling the reductions compared to the non-hybrid system with dispatch
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Table 12 – Compilation of percentage reductions comparing the hybrid case with strategic loading and
original operation with mean and standard deviation

Reductions hybrid case (%)
Genset loading (%)Quantity 60 70 80 90 100

Fuel consumption 10.15 ± 0.36 12.23 ± 0.48 13.61 ± 0.55 14.31 ± 0.51 13.56 ± 0.47
Genset running hours 45.92 ± 1.2 52.69 ± 1.34 56.83 ± 1.49 59.84 ± 1.42 62.04 ± 1.35
CO2 emission 11.82 ± 0.84 13.02 ± 0.98 13.77 ± 1.03 13.86 ± 0.97 13.54 ± 0.97
PM emission 53.35 ± 1.54 58.72 ± 1.84 59.45 ± 2.06 56.99 ± 2.19 51.96 ± 2.35
NOx emission month1 14.39 6.06 -6.87 -15.94 -17.63
NOx emission months 2-5 20.7 ± 1.17 9.64 ± 1.22 -2.7 ± 1.57 -11.48 ± 1.79 -13.37 ± 1.89

optimization. At 90% of load limit, the PM decreased in 57% and 24.5%, compared to the

original and optimized dispatch strategies, respectively. The reduction in PM is essential for

improving air quality. At 90% load, the operating time was reduced by almost 60% compared to

the original operation and 27% considering the non-hybrid case with strategic loading. A lower

number of running hours reduces maintenance and expenses for spare parts.

6.2 RESPONSE SURFACE METHODOLOGY (RSM) APPLIED TO HYBRID POWER

SYSTEM DESIGN

There are several parameters to be considered when designing a hybrid solution, given

the objectives. Deciding how to size an optimal ESS, including battery and converter settings, as

well as determining the best genset loading limit for operation can be a challenge. As seen in the

previous sections, power system settings as the genset load significantly impact several interest

quantities, such as fuel consumption and emissions. A multi-response optimization can be even

more challenging, considering the number of parameters that affect the vessel’s performance.

To produce information about the sensitivity of the hybrid power system performance

to the variation of different parameters and give us a tool for optimal sizing and operation, we

will consider the Response Surface Methodology (RSM) methodology. The RSM comprehends

statistical and mathematical techniques that are useful for developing, improving and optimizing

processes, design and development of products. With this methodology, we can select input vari-

ables over a particular region of interest, design experiments and measure one or more responses.

Then, we produce models that can be used for mapping a response surface, optimization, and

selection of operating conditions to achieve desired objectives [87].

The input variables selected for the following analysis are battery DOD, genset loading

limits, battery converter efficiency, battery energy, and power, described by the symbols x1, x2, x3,
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x4, and x5, respectively. The simulation experiments were planned using the Central Composite

Design (CCD) approach to produce a second-order hypersurface with fuel savings as the response.

The input variables were defined using five levels equally spaced. The ranges considered were:

10%-60% for DOD, 60%-100% for the genset loading limits, 95%-98% for the battery converter

efficiency, 800 kW-2000 kW for the battery rated power, and 800 kWh-2000 kWh for the battery

rated energy. The design of experiments (DOE) with the input variable values and the fuel

consumption reductions are shown in Tab. 13.

It is worth mentioning that with the CCD, the number of simulation experiments was

36, which is small compared to the full factorial that would require 3125 experiments, but also

would allow higher-order regressions. The simulations were carried out for one month of vessel

operation, using the input values in Tab. 13 and using an ECMSconst (constant equivalence factor)

strategy and static models. With the battery enabling strategic loading on non-DP operations and

being used as a spinning reserve in DP with an open bus-tie, the same methodology was used in

section 6.1.2, but with changes in the five mentioned parameters. The fuel savings described in

this section consider the original topology and operation of the vessel for comparison.

The values of the first five columns in Tab. 13 were standardized following equation

standardized value =
(value - mean value)

value step
, (115)

where the quantities are reduced by the mean within the region in analysis and the delta in each

level. Considering the genset loading limit, for example, we would have a mean value of 80%

and value step of 10%.

A second-order regression was performed using the rsm package of the R software,

whose output is shown in Fig. 75. This regression is complete, including linear, interaction, and

quadratic terms. Some results are highlighted in different colors. In the first lines of the output

table, the R software gives us the significance of each term used to build the regression. To define

which are and which are not important, we can use the probability value (p-value) in the column

Pr(>|t|).

The most significant terms are indicated in the green boxes, considering a p-value of

1%, with the significant codes underlined in orange. The variables with the strongest influence in

the fuel consumption reductions are the genset loading limit (x2), with a significant linear and

quadratic term, the battery DOD, rated power, and converter efficiency (x1, x5, and x3), with a

linear effect on the outcome. The battery rated energy (x4) had a p-value close to 5%, which is

still large considering the other input variables.
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Table 13 – Design of experiments (DOE) following a Central Composite Design (CCD) used for simulations
with the fuel consumption reductions. The symbols x1, x2, x3, x4, and x5, stand for battery DOD,
genset loading limits, battery converter efficiency, battery energy and power, respectively.

x1 (%) x2 (%) x3 (%) x4 (kW) x5 (kWh) Fuel red.(%)
22.5 70 95.8 1100 1700 12.4
22.5 70 95.8 1700 1100 12.8
22.5 70 97.2 1100 1100 13.3
22.5 70 97.2 1700 1700 13.5
22.5 90 95.8 1100 1100 15.4
22.5 90 95.8 1700 1700 14.9
22.5 90 97.2 1100 1700 16
22.5 90 97.2 1700 1100 16.7
47.5 70 95.8 1100 1100 13.6
47.5 70 95.8 1700 1700 13.3
47.5 70 97.2 1100 1700 14.2
47.5 70 97.2 1700 1100 14.2
47.5 90 95.8 1100 1700 15.7
47.5 90 95.8 1700 1100 16.9
47.5 90 97.2 1100 1100 17.2
47.5 90 97.2 1700 1700 17.1
10 80 96.5 1400 1400 13.6
60 80 96.5 1400 1400 17.1
35 60 96.5 1400 1400 10.6
35 100 96.5 1400 1400 15.8
35 80 95 1400 1400 14.6
35 80 98 1400 1400 16.3
35 80 96.5 800 1400 14.9
35 80 96.5 2000 1400 15.5
35 80 96.5 1400 800 16.1
35 80 96.5 1400 2000 15
35 80 96.5 1400 1400 15.4
35 80 96.5 1400 1400 15.7
35 80 96.5 1400 1400 15.5
35 80 96.5 1400 1400 15.4
35 80 96.5 1400 1400 15.7
35 80 96.5 1400 1400 15.5
35 80 96.5 1400 1400 15.4
35 80 96.5 1400 1400 15.7
35 80 96.5 1400 1400 15.5
35 80 96.5 1400 1400 15.4
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In this analysis, the battery energy does not directly impact fuel consumption reduction.

However, it must be noted that ESS energy plays an essential role in battery sizing. To assure

the battery will work appropriately for strategic loading and spinning reserve, the designer has

to select an energy setting that provides, for example, operation autonomy to supply power

for certain amounts of time. Also, battery energy correlates with its chemical degradation. The

battery SOH is inversely proportional to the number of cycles, as defined in Eq. (75); therefore,

a high-energy battery will have fewer cycles for the same battery use and, hence, a smaller

degradation.

As the independent variables are standardized, the estimate coefficients give us a sense

of the importance of each input, with x2, x1 and x3 having the most considerable effects on fuel

consumption reduction. No interaction term was significant; this means the inputs combined in

pairs do not have a more substantial impact on the outcome than the sum of the individual effects

alone.

We can see a high R-squared value (98%) in the blue box, which indicates a good fit.

The analysis of variance table is shown in the black box, with the green boxes highlighting that

the first-order (FO) and second-order (SO) terms have significance, contrary to the interactions

(TWI). Nevertheless, the lack of fit, which measures how good the regression model is, has a

very small p-value, indicating the model is not as good as expected. The lack of fit may be small

due to the poor choice of variables, for example.

Rewriting the model using only the significant terms, in Fig. 76, we can see that all

terms are significant in the green boxes and the p-value for the lack of fit is around 7.7%. Then,

with a significance level of 5%, we can say that the model represents the data well. The R-squared

still is high, being approximately 97%. The final model is described in Eq. (116), as bellow

fuel red.(%) = 15.4353− 0.5823𝑥2
2 + 0.5882𝑥1 + 1.3727𝑥2 + 0.4415𝑥3 − 0.2122𝑥5. (116)

We executed nine more simulations with random input values to check the model accuracy within

the region being analyzed and for the same month. The fuel consumption errors were below

0.5% comparing the model fit and the results generated directly by the system simulation.

The purple line highlights the stationary point in the original units. The optimization

has shown a maximum fuel consumption reduction value for a 35% DOD, 91.78% of genset

loading limit, 96.5% converter efficiency, and 1400 1400 kW of battery rated power. However,

this result has to be treated carefully because a near-stationary-ridge situation was observed. The

ridge systems occur when an approximate maximum is found on a region instead of a point. This
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Figure 75 – Response surface analysis for the fuel consumption reduction including linear, interactions, and
quadratic terms.

provides an interesting opportunity to optimize the response, giving more freedom to select the

input values and having a near maximum performance.

Figure 77 shows fuel consumption contour plots representing the hypersurface fit slices.

Figures 77(a), 77(d), and 77(e) show contour plots of the genset loading limit by the battery

DOD, converter efficiency (𝜂𝑟𝑒𝑐), and battery rated power. The largest fuel savings occur near

90% load, as observed in previous sections, with the maximum DOD and 𝜂𝑟𝑒𝑐, but with the

smaller battery rated power. Differences up to 7% can be observed, varying mainly the generator

limits, with the other variables slightly impacting the fuel response. Even with minor effects,

some trade-offs can be made. We could, for example, reduce the genset loading from 90% to

80% and increase the 𝜂𝑟𝑒𝑐 from 96% to 97.5%, keeping the fuel savings at 16%.

In Fig. 77(b), the converter efficiency and DOD are on the same plot. Varying the DOD

and the efficiency would allow changes of approximately 3% in fuel consumption, with the
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Figure 76 – Response surface analysis for the fuel consumption reduction including only significant terms.

highest reductions for the maximum DOD and 𝜂𝑟𝑒𝑐. The lines show that we could increase the

converter efficiency and reduce the DOD or vice versa, maintaining almost the same fuel savings.

For example, we could size the system to have a 95% converter efficiency operating with a 50%

DOD, and that would be equal to using a converter of 97% efficiency with a 23% DOD, giving

the designer the option to choose between configurations considering other constraints such as

component price.

Figure 77(c) shows the rated battery power by the DOD. Fuel consumption changes

of around 2% can be achieved by changing the parameters inside the experiment region. The

highest savings can be found using the maximum DOD and the minimum power, and a balance

between power and DOD can also be made. For the same DOD, the power dispatch did not

present significant differences considering the dispatch optimization. However, it makes quite a

difference in the DP part because the battery acts as a spinning reserve. Then, an 800 kW battery

probably would not be enough to switch off the two gensets as we are currently doing due to

safety constraints. We could, however, size the battery for high power but set a dispatch limit to

run the battery with an 800 kW during the power dispatch in non-DP operations.
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In Fig. 77(f), changing the battery power and converter efficiency did not significantly

impact the fuel savings within the region of analysis. Finally, the contour plots and regression

coefficients gave us a general perspective of how the input variables or the system parameters

affect fuel reductions. Besides evaluating one outcome, balancing multiple responses would

also be possible. Having a tool as this model fit would allow the designer to rapidly try several

configurations to achieve the best performance given the selected objectives and budget.

6.3 ENERGY MANAGEMENT STRATEGIES FOR HYBRID POWER SYSTEMS CONSI-

DERING DYNAMICAL MODELS FOR THE ELECTRICAL POWER SYSTEM

In this section, we will discuss higher frequency simulations, running on a time step of

0.1 s, so the dynamical models explained in chapter 4 can be explored. The following results will

consider a modeling approach similar to that presented in the previous sections, but the use of

dynamical models will enable new analyses, such as battery aging evaluation. We will compare

the fuel consumption, emissions, genset running hours, overall power system efficiency, and

battery aspects, considering the non-hybrid and hybrid cases with different EMS approaches.

The presented results do not imply that one EMS strategy is necessarily better than the other,

they only compare the performances of the implementations for this specific case based on the

quantities of interest.

For a more complete perspective, besides analyzing the genset responses such as fuel

savings, it is essential to look at the battery capacity fading or chemical degradation. The

battery degradation depends on factors such as current and temperature, and there is also a

correlation with how much the battery is used, charged, and discharged, quantified as the number

of cycles [20, 66]. The battery can improve the power system’s fuel efficiency and provide other

benefits, but a fast energy storage degradation is generally undesirable.

The power and energy management follow the structure presented in Fig. 46 and Fig. 47,

modeling the electrical power system, i.e., the power sources (generators and battery), electrical

network, converter, and the EMS/PMS, of the Ulstein PSV topologies in Fig. 19 and Fig. 20. The

genset and battery models used in the high frequency simulations were defined in sections 4.1

and 4.4, respectively.

For the original topology (non-hybrid), we considered the dispatch optimization pre-

sented in section 5.3 with the DPO configuration, i. e., operating with an open bus tie in DP at

80% of genset load limit. For the hybrid configuration, we applied different power and energy
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(f) Slice: x4 = 877 kWh, x1 = 37 %, x2 = 92 %.
Figure 77 – Fuel consumption reduction contour plots representing slices of the hyper surface fit.
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Table 14 – Parameters used for the electrical power system simulation considering dynamical models
Parameter Symbol Value Unit

Genset loading limit for the non-hybrid case 𝑃𝐺,𝑚𝑎𝑥 80% -
Genset loading limit for the hybrid case 𝑃𝐺,𝑚𝑎𝑥 90% -
Lower genset power limit for the RB case 𝑃𝐺,𝑜𝑛 700 kW
Fraction power to cut peaks 𝑓𝑝𝑒𝑎𝑘 95% -
Max discharging power 𝑃𝑑𝑚𝑎𝑥 1700 kW
Max charging power 𝑃𝑐𝑚𝑎𝑥 -1700 kW
Min state of charge 𝑆𝑂𝐶𝑚𝑖𝑛 20% -
Max state of charge 𝑆𝑂𝐶𝑚𝑎𝑥 80% -
Battery DOD DOD 60% -
Number of cells in parallel 𝑁𝑃 703 -
Number of cells in series 𝑁𝑆 333 -
Battery converter efficiency 𝜂𝑟𝑒𝑐 97% -
Reference SOC for the AECMS SOC𝑟𝑒𝑓 50% -
Proportional gain for the AECMS 𝑘𝑝𝑠 0.8 -
Equivalence factor 𝑠 2.43 -
Min cell current 𝐼𝑚𝑖𝑛 -2.2 (1C) A
Max cell current 𝐼𝑚𝑎𝑥 2.2 (1C) A
Min equivalence factor 𝑠𝑚𝑖𝑛 2.22 -
Max equivalence factor 𝑠𝑚𝑎𝑥 2.25 -
Capacity of each cell 𝐶𝑏𝑎𝑡 1.129 Ah
Battery rated energy 𝐸 0.87 MWh
Battery rated power 𝑃 1.7 MW
Time step ∆𝑡 0.1 s

management strategies with an open bus tie operation in DP, two gensets off, and the battery used

as a spinning reserve, able to supply power to each side of the main bus tie-breaker, as considered

in section 6.1.2, and illustrated in Fig. 68. The battery used for the simulations used the settings

from section 6.1.2, with rated power and energy of 1.7 MW and 0.87 MWh, respectively, and a

C-rate of 1 C, operating between the SOC range of 20%-80% (60% DOD).

The parameters employed in the simulations are given in Tab. 14. Using the knowledge

provided by the response surface analysis in section 6.2, we set the genset loading limit to 90%,

the battery converter efficiency to 97% (the maximum found in commercial applications), and

the DOD to 60%. The energy was kept low at 0.87 MWh, but this is enough to supply rated

power for at least 15 minutes in case of a fault. The power was defined as 1700 kW to allow the

use of the battery as a spinning reserve.

Four energy management strategies for the hybrid power system will be discussed: the

rule-based (RB) strategy, which follows the method described in section 5.4, and three ECMS

approaches mentioned in section 5.5. The first approach (ECMSconst) refers to an ECMS that

uses a constant equivalence factor, while ECMSopt is associated with optimizing the equivalence

factor within some predefined range. Finally, we consider an adaptative ECMS (AECMS), which

uses a proportional controller for optimization.
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Figure 78 – Power demand profile in the simulations: Mission 1.

Table 15 – Statistics of the power demand profile used in the dynamical simulations
Operating profile statistics

Mission part LP LV DP PLV SB
Time (%) 18 13 39 10 20

Average power demand (kW) 423±21 2429±477 1320±237 2122±243 390±28

The power demand profile considered for the simulations in this section, in Fig. 78,

follows the same operation modes of the mission profile described in Fig. 57, with five parts:

loading in port (LP), laden voyage (LV), dynamical positioning (DP), partial load voyage

(PLV), and standby (SB), and the same time percentage in each part of the mission. However,

the time was reduced to 50 hours to decrease the computational cost of dynamical models in

high-frequency simulations.

The mission in Fig. 78 was built considering data from real operations, extracting power

demands from the data used in section 6.1, and interpolating over time, with the addition of

white noise to represent fast oscillations of the load demand. The operating profile statistics are

described in Tab. 15.

The turn on and off procedures will not be considered for the gensets, as well as loading

ramps. Instead, we assume that the engine speed set-point is constant and that it can supply

power at any time. When the genset power references are zero, they are disconnected from the

grid, hence the fuel consumption and any emissions are null. When the gensets are switched

on, the simulation follows the model described in section 4.1. Besides, the batteries can supply

immediate power at any time.
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Table 16 – Compilation of results generated through dynamical simulations for comparison between the
non-hybrid case and hybrid case with different EMS strategies.

Integral results: comparing the non-hybrid case and hybrid cases
Case Non-hybrid RB ECMSconst ECMSopt AECMS

Quantity Unit
mf (kg) 15207.0 13736.0 13825.0 13916.0 13857.0Fuel red. (%) - 9.7 9.1 8.5 8.9

mCO2 (kg) 46490.0 42145.0 42381.0 42645.0 42480.0CO2 red. (%) - 9.3 8.8 8.3 8.6
mNOx (kg) 437.3 400.6 391.4 390.5 393.0NOx red. (%) - 8.4 10.5 10.7 10.1
mPM (kg) 10.1 5.3 5.5 5.5 5.5PM red. (%) - 47.7 45.6 45.6 45.6

SOC (% / %) - 80 / 45.7 80 / 22.8 80 / 54.3 50 / 36.2
∆SOH (%) - 0.070 0.075 0.082 0.078
𝜂𝑝𝑠 (%) 33.3 36.8 36.6 36.4 36.5

Number of battery cycles (-) - 22.1 24.5 27.3 25.7
time (h) 122.3 62.1 65.0 65.5 65.1Genset running hours red. (%) - 49.2 46.8 46.4 46.7

6.3.1 Integral analysis

Table 16 lists the genset running hours and reductions, the masses of fuel consumed,

CO2, NOx, and particulate matter emissions, as well as the mass reductions between the non-

hybrid and the hybrid cases. Also, the table comprehends the initial and final states of charge

(separated by a slash “/”), a variation in the state of health (SOH), and the number of battery

cycles for the hybrid cases. Finally, the global efficiency index, defined in section 4.7, is also

considered. Results of power dispatch for all configurations are shown in Figs. 79–82.

All EMS strategies have presented fuel savings for the hybrid topologies compared to

the non-hybrid. The most significant reduction was achieved for the RB case, with fuel savings

of 9.7%, closely followed by the ECMSconst with 9.1% of fuel reduction. The AECMS presented

8.9% of fuel savings. The lowest fuel reductions were obtained using the optimization of the

equivalence factor in the ECMSopt, with 8.5%. Nonetheless, the performance differences among

the hybrid strategies were relatively low.

For the ECMS strategies, we noted higher variations in the power dispatch, with the

gensets being switched on and off more frequently (Figs. 80, 81, and 82), which happened

less for the RB case, probably due to the hysteresis settings (Fig. 79). These power variations

can help to explain why the ECMS results were better for the low-frequency simulations in

section 6.1.2 and are worse in the dynamic case. Finally, the power profiles and equivalence

factors are different between this section and section 6.1.2, and this probably contributed to the

difference in the results.
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(b) Battery power dispatch.
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(c) Non-hybrid power dispatch - genset 1.
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(d) Hybrid case power dispatch - genset 1.
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(e) Non-hybrid power dispatch - genset 2.
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(f) Hybrid case power dispatch - genset 2.

0 10 20 30 40 50

Time (h)

0

500

1000

1360

1700

D
G

3
 P

o
w

e
r 

(k
W

)

(g) Non-hybrid power dispatch - genset 3.

0 10 20 30 40 50

Time (h)

0

500

1000

1360

1700

D
G

3
 P

o
w

e
r 

(k
W

)

(h) Hybrid case power dispatch - genset 3.
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(i) Non-hybrid power dispatch - genset 4.
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(j) Hybrid case power dispatch - genset 4.
Figure 79 – Power demand, and power dispatch of the base case (non-hybrid) and the hybrid power system

with rule-based (RB) EMS.
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(b) Battery power dispatch.
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(c) Non-hybrid power dispatch - genset 1.
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(d) Hybrid case power dispatch - genset 1.
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(e) Non-hybrid power dispatch - genset 2.
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(f) Hybrid case power dispatch - genset 2.
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(g) Non-hybrid power dispatch - genset 3.
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(h) Hybrid case power dispatch - genset 3.
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(i) Non-hybrid power dispatch - genset 4.
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(j) Hybrid case power dispatch - genset 4.
Figure 80 – Power demand, and power dispatch of the base case (non-hybrid) and the hybrid power system

using the ECMS with a constant equivalence factor (ECMSconst).
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(a) Power demand profile.

0 10 20 30 40 50

Time (h)

-1700

-1000

0

1000

1700

B
a
tt
e
ry

 P
o
w

e
r 

(k
W

)

(b) Battery power dispatch.
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(c) Non-hybrid power dispatch - genset 1.
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(d) Hybrid case power dispatch - genset 1.
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(e) Non-hybrid power dispatch - genset 2.
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(f) Hybrid case power dispatch - genset 2.
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(g) Non-hybrid power dispatch - genset 3.
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(h) Hybrid case power dispatch - genset 3.
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(i) Non-hybrid power dispatch - genset 4.
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(j) Hybrid case power dispatch - genset 4.
Figure 81 – Power demand, and power dispatch of the base case (non-hybrid) and the hybrid power system

using the ECMS and optimizing the equivalence factor (ECMSopt).
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(b) Battery power dispatch.
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(c) Non-hybrid power dispatch - genset 1.
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(d) Hybrid case power dispatch - genset 1.
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(e) Non-hybrid power dispatch - genset 2.
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(f) Hybrid case power dispatch - genset 2.
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(g) Non-hybrid power dispatch - genset 3.
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(h) Hybrid case power dispatch - genset 3.
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(i) Non-hybrid power dispatch - genset 4.
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(j) Hybrid case power dispatch - genset 4.
Figure 82 – Power demand, and power dispatch of the base case (non-hybrid) and the hybrid power system

using adaptative ECMS (AECMS).
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(b) SOC for the ECMSconst strategy.
Figure 83 – State of charge for the hybrid case using the ECMSconst and RB strategies.

The power system efficiency rose above 3% for all hybrid cases. The best results were

achieved by the RB and ECMSconst cases, with increases of 3.5% and 3.3%, respectively. The

CO2 emissions are proportional to the fuel consumption, showing the same reduction pattern;

however, with slightly smaller values. The maximum CO2 reductions were of 9.3% and 8.8% for

the RB and ECMSconst, respectively. Based on the discussion presented in section 6.1.2, we can

say the results for fuel consumption and CO2 emissions are within expected ranges for a PSV.

The NOx emissions were reduced for all hybrid cases, varying from 8.4% (RB) to 10.7%

(ECMSopt), with the worst result for the most efficient case, which is also a tendency observed

in sections 6.1.1 and 6.1.2. The particulate matter dropped considerably for all hybrid cases,

with the most significant reduction for the RB case with 47.7%, followed closely by the ECMS

strategies, which produced the same PM reductions of 45.6%. Finally, the decrease in genset

operating time was significant, with the highest decrement for the RB (49.2%), followed by

around 46% for the ECMS cases.

The final SOC was smaller than the initial SOC for all cases. As shown in Fig. 79,

Fig. 80, Fig. 81, and Fig. 82, the battery was not depleted or charged in the DP part of the mission.

The implemented control made sure, through a conditional, to recharge the battery to at least

60% near DP to enable the spinning reserve function for the battery, as it can be seen in the SOC

of for the ECMSconst and RB, in Fig. 83.

The number of cycles directly impacted the ∆SOH of the battery. A higher number of

cycles caused higher battery capacity fading. The RB case achieved the smallest degradation,

only 0.070%, followed by the ECMSconstant. The worst case was observed by the ECMSopt with

a 0.082% of ∆SOH. The mission being considered has 50 hours, so if we linearly extrapolate

the loss of capacity by the time, we would have over eight years of battery operation for the RB

case and seven years for the worst case ECMSopt. Clearly, the battery calendar life would have to
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Table 17 – NOx emission reduction percentages by mission part
NOx emission reduction

Mission part LP LV DP PLV SB
Reduction(%) -14 -70 252 -63 -5

be considered, and somehow, it is already embedded into the aging model in the Ah throughput

calculation, which is directly proportional to time [66].

Switching off two generators at DP and using the battery as a spinning reserve has

substantial benefits for the vessel’s power system. While in section 6.1 we found around 6%

of additional gains by comparing the hybrid power system with a non-hybrid both with power

dispatch optimization, in this section, we observed savings of around 10%, and the NOx emissions

were reduced. The mission considered here spends 40% of the time in DP, instead of 20% as that

described in section 6.1.

In Fig. 84, we can see the percentage reductions of quantities of interest by each part

of the mission. The charts clearly show that the hybrid system had a massive impact on the

DP operation. Around 60% of the fuel saved, CO2 emission, and operating time reductions are

associated with the new operating mode enabled in DP. Over 70% of the PM reductions occurred

in DP. The battery was used as a spinning reserve in DP, not being requested as we did not

consider a fault condition.

Between 23%-26% of the fuel savings, CO2 emission, and genset running hour reducti-

ons are assigned to both the LP and SB parts of the mission, with each having a similar impact.

In loading and standby, the ESS was most requested with a total capacity loss of 59%. However,

it enabled the generators to run at higher efficiency regions or to be disconnected from the grid,

as it can be seen in Figs. 79–82.

The smallest battery benefits were observed in the transit part of the mission (LV and

PLV). The vessel requires higher loads in these operational modes and does not work with highly

dynamic power demands or redundancy as in DP. Around 41% of the battery degradation was

attributed the vessel transit, with the highest capacity fading for the LV, closely followed by the

PLV part.

The NOx emissions are displayed in Tab. 17. It can be seen that enabling a more efficient

operation in LP, LV, PLV, and SB increased the NOx emissions. However, the reductions in DP

were so expressive due to switching off two generators that, in general, the yield of this pollutant

was reduced as shown in Tab. 16. Again, the after-treatment system was not considered in the

analysis.
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In general, the addition of the battery allowed the reduction of fuel consumption,

emissions, genset operating time, as well as an increase in the overall energy efficiency of the

vessel’s power system. With the capacity fading extrapolation, we observed that the battery

could be used for 7 to 8 years, enabling more energy-efficient and cleaner operations. The most

significant battery benefits were observed for the DP part of the mission, followed by the loading

in port and standby. The latter mission parts had the highest impact on battery degradation. The

smallest benefits were observed in the transit part (laden and partial load voyages). The NOx

reduction in DP was so expressive that the overall emissions were reduced.

6.3.2 Power dispatch analysis

Figures 79, 80, 81, and 82 show the total power demand and power dispatch of the

hybrid and non-hybrid power systems for the different energy management strategies considered,

and whose results were discussed in section 6.3.1. The non-hybrid power dispatch, with gensets

only, is represented in the first column (results on the left), with the load demand above, for the

visualization of the mission profile. The power dispatch of the hybrid case, including the battery

and gensets, can be seen in the second column (on the right).

When the vessel is being loaded in port (LP) and when the vessel is in standby (SB), it

is possible to see that the load is smaller than the power capacity of one genset, which is 1700 kW.

Therefore, the load is sustained by only one generator in the non-hybrid case. However, in the

hybrid case, the battery is heavily used, being charged and discharged in all EMS strategies

since the load is often smaller than 700 kW. Moreover, the gensets work in higher and more

efficient power regions for the hybrid topology and are, many times, disconnected compared

to the non-hybrid case. The hybrid system can also reduce the total genset operation time and

reduce CO2 emissions near the port, except for NOx, which increased 14% in LP and 5% in SB

but could probably be reduced or eliminated by using an after-treatment system.

In LV the vessel is fully loaded and in transit, so this part of the mission is characterized

by high power demands. In the non-hybrid system, the first two gensets operate in the nominal

condition almost all the time, with genset 3 balancing the higher load variations. Regarding the

hybrid power system, the genset use varies, but the system tends to run in more efficient regions,

not having gensets with small loads such as genset 3.

Evaluating the DP part, we can see that the four gensets share equal loads in the non-

hybrid case. However, the hybrid power system enables switching off two generators using only
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two gensets which share equal loads. Therefore, the two gensets run at higher loads bringing

numerous benefits as mentioned in section 6.3.1. The battery is neither depleted nor charged.

The partial load voyage (PLV) and standby (SB) had similar power dispatch behaviors

to the LV and LP mission parts. Looking at the power dispatch, it is clear that the ECMS showed

more power variations, switching the gensets on and off more frequently, which is undesirable.

Also, in some situations, such as in Fig. 80, loading in port, the ECMS decided to operate gensets

in smaller loads compared to the RB strategy, indicating that the optimization procedure still has

space for improvement in the dynamical simulations.

6.3.3 Vessel acceleration simulation using the complete electric propulsion system

Until now, we have been modeling mainly the electrical power system. With the com-

prehensive model set developed in this work, different power system modeling approaches are

available, and it is possible to choose how to perform the simulations based on the premises

and the variables of interest. This section extends the number of models, including the electrical

propulsion system, which comprises the three-phase electrical motors, the drivetrain, and the

simplified vessel physics.

The following simulations consider the dynamical models used in section 6.3.1 with

the RB strategy and the same parameters integrated with the propulsion system presented in

section 4.3. We will evaluate the vessel acceleration until reaching the rated velocity, as in

Fig. 35. Figure 85 shows the power demand profile and the power dispatch of the gensets for the

non-hybrid case on the left hand side. On the right hand side, we see the power dispatch of the

battery and gensets for the hybrid case.

The hybrid power system allows the gensets to operate at higher loads from 80% to

90% of the rated power, while the non-hybrid topology is limited to 80%. Also, the genset 4

runs at loads below 700 kW, which are within an inefficient region. Using the efficiency index

developed in section 4.7, we calculated an increase in efficiency of 10%, going from 38% to 48%

on the vessel departure using a hybrid power system. This efficiency increase impacts on fuel

consumption and emissions. Another benefit that can be explored is the vessel response time,

once the battery supplies almost instant power. In an actual vessel rapid acceleration, the gensets

would require more time to be connected and disconnected from the grid, which would probably

make the battery an even better solution.
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(b) Battery power dispatch.
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(c) Non-hybrid power dispatch - genset 1.
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(d) Hybrid case power dispatch - genset 1.
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(e) Non-hybrid power dispatch - genset 2.
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(f) Hybrid case power dispatch - genset 2.
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(g) Non-hybrid power dispatch - genset 3.
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(h) Hybrid case power dispatch - genset 3.
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(i) Non-hybrid power dispatch - genset 4.
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(j) Hybrid case power dispatch - genset 4.
Figure 85 – Power demand, and power dispatch of the base case (non-hybrid) and the hybrid power system

using the RB strategy and simulating the complete electric propulsion system, which includes the
electrical power system, the electrical motors, drivetrain and a simplified vessel physics.
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7 CONCLUSION

Vessels are essential for human society, performing a variety of tasks. Due to the

different operating profiles and regulations, marine propulsion systems have to meet many

performance criteria, including fuel consumption reduction to reduce operational costs and

reduce emissions for climate change action and meet international regulations.

The hybridization of power systems can be a feasible solution for the mentioned challen-

ges, allowing the flexibility to combine different power modes to meet operational demands based

on different performance indices. However, the increase in power sources increases the number

of system components and control complexity. Designing optimal energy management strategies

can be challenging considering different situations, vessel types, objectives, and operational

profiles. Given the challenges, it is essential to analyze the proposed hybrid solutions to justify

the increase in cost and complexity. In this context, model-based simulations are extremely

valuable for research, decision-making, and project design.

In this work, we focused on the development of power system simulators, including the

development of individual models for the system components and their integration towards more

comprehensive simulations, especially hybrid ones, to predict the behavior and propose control

strategies to improve the performance of such systems. Next, we performed simulations to provide

valuable information for the understanding of powertrain solutions and vessel hybridization.

To understand the vessel’s power system, different architectures, hybrid power supply,

batteries, and control strategies, we started with a literature review and studied models previously

developed in Project 7 in chapters 2 and 3. Subsequently, chapter 4 described the modeling

process, showing the results for the models developed for the main components of a diesel-

electric propulsion system with a hybrid power supply for a PSV. In chapter 5, a multilevel

power management structure was presented, and we developed reduced-order models and energy

management strategies. The results that integrated all the models for the electric power system

part and the energy management strategies were shown in chapter 6. We also analyzed different

cases and variables, including energy efficiency, fuel consumption, emissions, genset running

hours, and battery capacity fading, varying operational parameters and using data based on real

operational profiles.

The methodology adopted in this work has shown promising results in the development

of vessel powertrain models that are capable to produce information about different powertrain
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aspects. Depending on the analysis, different models can be more appropriate, so a model set

as that being built in Project 7 is essential for a comprehensive understanding of powertrains

used in vessels. With model integration and the development of multilevel control strategies,

we could perform simulations for the electric propulsion system and present several results.

The models were either validated with data measured in real operations or compared with

the scientific literature, as well as compared with well validated computational tools such as

MATLAB/Simulink. We used a causal approach because it enables the representation of real-time

systems.

The main contributions of this work include:

• The development of a generator set (genset) model and its validation with errors below 2%

for fuel consumption, considering measured data from a project partner from the shipping

industry. Using the measured data, we could also see that the engine velocity was kept

within the expected limits. The system model has also shown a dynamic performance

between acceptable limits regarding speed and power output for the different performed

simulations.

• Through parameter identification, it was possible to increase the DC motor efficiency by up

to 10%, considering the previous model implemented in Project 7 power system simulator.

• The development of a three-phase induction motor model, which has been compared with

the asynchronous squirrel-cage model from MATLAB/Simulink library and showed small

differences. Moreover, the results have shown excellent tracking performance for the rotor

speed and flux control using the Sliding Mode Control (SMC), with the induction motor

model combined with the drivetrain models and simplified vessel physics.

• The development of a battery system model. When comparing the battery cell model with

results from the literature, the results have shown errors below 1% for comparisons of

various battery states such as voltage, temperature, state of charge and state of health.

• Model reduction for genset and battery to allow faster optimization. When the genset is in

operation supplying power to the grid, we could see that the model fit is accurate, with

differences below 4% considering the transient behavior and below 2.5% for steady-state.

Regarding the battery model reduction, the results show small differences when the current
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is constant, with errors smaller than 2%. However, when there are fast load variations, the

difference can increase to 8%.

• A multilevel power management control framework oriented for fuel consumption and

emissions analysis was proposed based on the literature, including the implementation of

strategies to control non-hybrid and hybrid power systems.

• We have shown that it was possible to reduce fuel consumption, emissions of CO2 and PM,

as well as genset running hours through strategic loading in a non-hybrid PSV configuration

using data real operating profiles and considering different operational parameters. In

general, increasing the genset loading ranges near the maximum 80%-100% brought the

most significant benefits, except for the NOx emissions which increased, thus requiring the

consideration of an after-treatment system. In comparison with a base case, for a viable

genset loading limit of 60%-80%, we observed reductions of: 5%-8% for fuel, 7%-8%

for CO2, 23%-30% for genset operating time, and 27%-32% for PM. The NOx emissions

decreased in small loads, up to 10%, and increased by 10% in higher loads. The genset

redundancy had a negative and significant impact on all quantities of interest.

• We have shown that the hybridization through the introduction of a battery can bring

additional benefits to the vessel’s power system compared to the non-hybrid topology,

except for the NOx which increased and requires the after-treatment consideration. In

comparison with the optimized non-hybrid operation, for a viable genset loading limit

(60%-90%), we observed additional reductions of: 5%-6% for fuel, 5% for CO2, 23%-27%

for genset operating time, and 26%-27% for PM. The NOx emissions decreased in small

loads, up to 11% and increased by 9% in higher loads.

• The development of a representative response surface to model fuel consumption reductions

based on genset loading limit, battery energy, power, DOD, and converter efficiency to

help in the hybrid power system design and selection of operation parameters.

• Development of a 50 h power demand profile for a PSV to run high-frequency simulations

with dynamical models based on actual vessel operations and the scientific literature.

• Through high-frequency simulations, the 50 h power profile, and different energy mana-

gement strategies for the hybrid configurations, we have shown more battery benefits:

fuel consumption, CO2 and NOx emission reductions around 10%, around 47% reduction
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on PM emission and a 49% decrease on genset operating time. Furthermore, the power

system efficiency rose above 3% for all hybrid cases. With a capacity fading extrapolation,

we found that the battery could be used for around eight years if the mission profile was

continuously repeated. The most significant benefits were observed for the DP part of

the mission, followed by the loading in port and standby. In this case, the DP operation

represented a large part of the mission, around 40% of the operation time;

• Simulating the vessel acceleration until the rated speed, we calculated an increase in

efficiency of 10% comparing the non-hybrid and hybrid configurations with the complete

electric propulsion system.

• Last, we published an article in the International Congress of Mechanical Engineering

(COBEM) named simulation of hybrid power systems for vessels, showing the benefits of

PSV hybridization with addition of Li-ion batteries. In addition, our group is working on

another paper about the benefits of strategic loading and hybridization on vessel power

systems that conveys results included in this dissertation to be submitted to an international

journal.

7.1 RECOMMENDED FUTURE WORK

We intend to integrate the complete electric propulsion system described in this work

into the TPN simulator and perform comprehensive high-frequency simulations. These calculati-

ons will test the flexibility of the models and robustness of the control strategies and conclusions

we have drawn so far.

It is also worth looking into different power and energy management strategies, fuel

cells, and power generation with alternative fuels in future works. These strategies can bring

additional decrements in the environmental impacts of vessels, and the modeling framework

established in this research can serve as a convenient, fast and inexpensive way of testing them

and comparing with other solutions.

Finally, some additions to the models can make them more realistic and sophisticated.

For example, the power dynamics could be added to the control strategies, spinning reserve

constraints could be added to the optimization, and the models could consider the power ramps

of generators and the start/stop time required by the gensets. This will allow deeper analyses and
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would cover shorter time scale details of the behaviour of the systems, which are particularly

relevant for highly transient operation stages, like DP.
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APPENDIX A – SMC APPLIED TO THE THREE-PHASE INDUCTION MOTOR

In this appendix, we will briefly describe the sliding mode control (SMC) theory applied

to control the three-phase induction motor model in chapter 4.3. The SMC control technique

allows the development of a control law that enforces all system trajectories to converge on a

surface, the sliding surface, defined by an intermediate variable 𝑠, contained in the state space.

Nonlinear 𝑛th-order dynamics are replaced by simpler equivalent 1st-order ones, and controlling

the transformed problem implies controlling the original one. Excellent performance can be

achieved in the presence of bounded uncertainties at the price of high control activity [88].

In the powertrain simulations, the rotor angular speed 𝜔𝑚 is controlled, but flux control

is also required to allow operational profiles in the constant torque and weakening field regions.

Before deriving the control law, the system will be rewritten as a square system, in terms of the

controlled variables y = [𝜔𝑚, 𝜆]
𝑇 , where 𝜆 = 𝜆2

𝛼 + 𝜆2
𝛽 is the square flux:

ÿ = f*(x) + g*(x)u. (117)

The functions f*(x) and g*(x) are defined as

f*(x) =

⎡
⎢⎢⎢⎢⎣

𝜇
𝐽𝑒𝑞

(𝑓2𝑥3 + 𝑥2𝑓3 − 𝑓1𝑥4 − 𝑥1𝑓4)− 𝐵𝑒𝑞

𝐽𝑒𝑞
𝑓5 − 1

𝐽𝑒𝑞

𝑇𝑝𝑟𝑜𝑝

𝑟𝑒𝑑

2{𝑓 2
3 + 𝑓 2

4 + 𝑥3[𝜂𝑓3 −𝑁𝑟(𝑓5𝑥4 + 𝑥5𝑓4) + 𝜂𝐿ℎ𝑓1] + 𝑥4[−𝜂𝑓4+

+𝑁𝑟(𝑓5𝑥3 + 𝑥5𝑓3) + 𝜂𝐿ℎ𝑓2]}

⎤
⎥⎥⎥⎥⎦

(118)

and

g*(x) =

⎡
⎢⎣
− 𝜇𝑥4

𝐽𝑒𝑞𝜎𝐿𝑠

𝜇𝑥3

𝐽𝑒𝑞𝜎𝐿𝑠

2𝑥3𝜂𝐿ℎ

𝜎𝐿𝑠

2𝑥4𝜂𝐿ℎ

𝜎𝐿𝑠

⎤
⎥⎦ . (119)

The sliding surface is defined below through the 𝑠 variable. Two variables are controlled, 𝜔𝑚 and

𝜆, with relative degree of two for each one, so 𝑗 = 1, 2:

𝑠𝑗 =
𝑑𝑒𝑗
𝑑𝑡

+ 𝜏𝑗𝑒𝑗, (120)

𝑒𝑗 = 𝑦𝑗 − 𝑦𝑗,𝑑. (121)

The symbol 𝑒 is the error, 𝑦𝑗 is the controlled variable and 𝑦𝑗,𝑑 is the desired trajectory. The

parameter 𝜏𝑗 specifies the control bandwidth. Taking the derivative of 𝑠𝑗 , and defining a virtual

reference vector 𝛼𝑑, the first-order equivalent systems are obtained as

�̇�𝑗 = 𝑦
(𝑟𝑗)
𝑗 − 𝛼𝑑,𝑗. (122)
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The complete control law for the multiple-input-multiple-output (MIMO) system con-

taining equivalent (discontinuous) terms is presented below, as described in [89],

u = (ĝ*(x))−1[𝛼𝑑 − f̂*(x)−K𝑠𝑎𝑡(z)], (123)

where 𝑧𝑗 = 𝑠𝑗/𝜑𝑗 , with 𝜑𝑗 representing the boundary layer thickness on the sliding surface.

The symbol K represents a diagonal matrix with control gains 𝑘𝑗 and 𝑠𝑎𝑡 defines the saturation

function. The functions ĝ*(x) and f̂*(x) are approximations of the functions defined in (118)

and (119), which help to define upper bounds for parametric deviations and disturbances in the

system.

The term 𝑠𝑎𝑡(z) is a continuous approximation of the switching control law to attenuate

chattering, which is a high-frequency switching control signal sent to the actuators as input [88].

Controlled chattering should not be a serious problem for the IM, as the inverters, commonly

used in the electric drive system, work with high-frequency pulse generation.

Besides the fluxes, the other terms in g* represent the construction parameters of the

IM, considered here as known with accuracy. Considering full state estimation with accuracy,

the function g* does not present considerable deviations to be taken into account. However,

f* contains terms such as the load torque (propeller torque reduced by the gearbox) and its

derivative. The load torque can be hard to estimate with accuracy due to the complex physics of

the sea environment, therefore gain margins can be studied in variations of f*.

Considering only deviations in f*, the sliding condition is satisfied, leading the error to

zero if the gains 𝑘𝑗 ≥ 𝑘′
𝑗 , ∀𝑗 , where k′ satisfies

k′ = 𝛿 + 𝜈, (124)

in which 𝜈 represents strictly positive constants 𝜈𝑗 associated with the control effort to achieve

the boundary layer, and 𝛿 expresses the difference between the approximate f̂* and the true f*,

for each 𝑗 as ⃒⃒
⃒f̂*(x)− f*(x)

⃒⃒
⃒ ≤ 𝛿. (125)
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The following paper was presented in the mechatronics and automation control session at
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Abstract. Climate concerns, regulations, and fuel costs are driving higher efficiency designs in the shipping industry.
Research works suggest that hybrid power systems can be a viable option to reduce fuel consumption and emissions.
However, more studies are required to analyze its net gains in different applications. In this work, numerical simulations
of power systems are performed in a causal approach, including a non-hybrid or base case and a hybrid case, for a
diesel-electric Platform Supply Vessel (PSV). Dynamical and static models are considered for the power sources, namely,
diesel generator sets (gensets) and a lithium-ion battery pack connected through an AC electrical network. For the Energy
Management System (EMS) of the base case, an optimization of gensets is performed, and for the hybrid case, a rule-
based control combined with an optimization of the generators is considered. The analysis shows, for the case study, that
the greatest potential for battery usage is achieved in near port operations. Cleaner operations were allowed in these
regions due to the increase in energy efficiency and the disconnection of generators. A fuel consumption reduction of
6.35% and CO2 emission reductions of 5.81% were achieved for the complete mission. Also, an increase of 1.73% in the
overall energy efficiency was accomplished.

Keywords: hybrid power systems, marine vessels, energy efficiency, emission reductions, lithium-ion batteries

1. INTRODUCTION

The shipping industry represents the carriage of 90% of the world trade, with projected growth in the following years
(Kalikatzarakis et al., 2018). However, the ship operation is responsible for 1.8% of the total 37.9 Gt of CO2 emissions
worldwide, comparable to the 8th nation on the ranking of top-emitting countries (Crippa et al., 2019). Due to climate
concerns, the International Maritime Organization (IMO) strategy is to reduce GHG emissions from vessels, requiring
more efficient designs, and cutting CO2 emissions by at least 40% by 2030, compared to 2008. Fuel costs are another
driver for change in the shipping industry, accounting for as much as 50% to 60% of all operational costs (RAENG, 2020).

Hybrid technology can be a viable option to adapt vessels and for new designs. The automotive industry is already
employing hybrid technologies successfully. For the shipping industry, it also looks promising. Research works suggest
that reductions could achieve up to 10%–35% in fuel consumption and emissions (Geertsma et al., 2017). In this context,
Platform Supply Vessels (PSVs), a category of Offshore Support Vessels (OSVs) used in oil and gas platforms, are among
the viable options to receive hybrid power supply due to their operational profile (Garcia et al., 2019).

Some studies have been showing the potential for fuel savings, reduction of CO2, GHG gases, and other components.
Miyazaki et al. (2016) proposed a power system model to calculate the fuel savings and emission reduction potential of a
ship hybrid powertrain with a battery module. A fuel consumption reduction of approximately 45% and a NOx emission
reduction of 85.6% were achieved. However, neither the load demand nor the CO2 was described.

Peralta et al. (2019) analyzed the reduction of CO2 emissions using a hybrid power system for a PSV and performed
a sensitivity analysis. The energy dispatch was optimized, considering the cost of the energy sources. Reductions in CO2
emissions of up to 8.7% were obtained with the addition of auxiliary diesel engines and batteries. For a combination of
generators and a battery, a reduction in emissions of 7.4% was achieved. The optimization methodology and the models
were not discussed in detail. Besides, the optimization is global, requiring the complete load profile, which is interesting
for setting benchmarks. However, in a real situation, a causal approach is necessary.

Improving the energy management of a power system is very important to increase energy efficiency. Approaches
for control strategies in energy management systems (EMS) include heuristic, based on rules or fuzzy logic, optimal and
predictive (Geertsma et al., 2017). In the works of Kalikatzarakis et al. (2018) and Chua et al. (2018), the formulations
of EMS are described, and different options are compared for hybrid tugs. However, non-hybrid cases are not considered.
In addition, the authors did not study the combination of rule-based strategies and the optimization of generators. Such a
study can provide a more conservative perspective of the gains of hybrid solutions.
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The hybridization of power systems allows the flexibility to combine different power modes; however, increasing
power sources increases the number of systems and control complexity. The majority of works found in the literature
define EMS to improve the power dispatch of Tugs and Ferries (Kalikatzarakis et al., 2018; Chua et al., 2018; Chua
Wan Yuan et al., 2017; Zhang et al., 2020). In general, PSVs have more power sources and demand more power than
Tugs and ferries, increasing the EMS design complexity for this class of vessels.

The objective of this work is to compare hybrid and non-hybrid power systems for a diesel-electric PSV. With this, we
intend to contribute to the understanding of vessel hybridization, including the behavior of the powertrain and improve-
ments in energy efficiency, which can lead to fuel economy and emission reduction. We will follow a causal approach for
the numerical simulations, considering dynamical models and EMS that enable strategic power dispatch.

2. SYSTEM DESCRIPTION AND MODELING

In this study, we consider two power system topologies for a PSV: a base case, which is a non-hybrid design, and
a hybrid power system, which considers the addition of a Li-ion battery to the base case. The base case power system
comprises four equal diesel generator sets (gensets) with 1700 kW of electrical power each, resulting in 6800 kW. For
the hybrid case, the same number of gensets was considered and we included a battery pack of Lithium Iron Phosphate
(LiFePO4/LFP) of nominal capacity and power of 1000 kWh and 1000 kW, respectively, resulting in 7800 kW.

The models presented here combine static and dynamic formulations, described by algebraic (AE) and ordinary dif-
ferential equations (ODEs), respectively. The ODEs are solved using Runge-Kutta methods. The models and energy
management strategies were implemented and simulated in MATLAB following the causal approach. The optimization
of the generators was performed using Casadi, through the interior point method. The gensets and batteries are connected
through a static electrical network, which accounts only for power balance, considering the conservation of energy. The
battery converter model considers only a constant efficiency, whose symbol is ηc.

2.1 Mission profile

The mission profile in Fig. 1 is an adaptation of results found in the literature. To obtain this curve, the power demand
in Peralta et al. (2019) was normalized by the nominal installed power of the four equal gensets (total of 7400 kW) and
then multiplied by the nominal power installed of the four gensets studied in this work (total of 6800 kW). Then, white
noise with small amplitude was added to represent fast oscillations of the load demand. Also, the mission time has been
reduced by approximately 100 times, to enable faster simulations.

Figure 1: Power demand profile

The power demand in the mission is divided into five parts, starting with the loading in port, where the ship is loaded
with goods. In the Laden Voyage, the ship travels fully loaded heading to the platform. When it stops, given appropriate
conditions, the ship starts the Dynamical Positioning (DP), in which the forces acting on the vessel are counterbalanced
by the thrusters to keep the ship at a defined position. After the DP, the ship travels back to the port with only part of
the load, defining the partial load voyage. When the ship arrives near the port area, it can wait for a docking space to be
available (standby).

2.2 Engine-generator set

A diesel engine-generator set model has been developed adapting the methodology presented in the work of Ka-
likatzarakis et al. (2018). A steady-state electrical model, based on a simplified per-phase circuit was considered for the
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synchronous generator, omitting the Automatic Voltage Generator (AVR). The generator per-phase voltage ug was defined
as proportional to the engine speed ωdg ,

ug(t) = ug,nom
ωdg(t)

ωdg,nom(t)
, (1)

where its rate of change is determined by the nominal per-phase voltage ug,nom and engine speed ωdg,nom. The electrical
frequency f is determined through the engine speed and the number of poles of the electrical motor Pp,

f = ωdg
Pp

4π
. (2)

The electrical power demand Pg,el is translated in a current demand in the terminals of the generator ig . The active
power is defined as:

Pg,el = 3ug(t)ig(t) cos(fp) (3)

in which cos(fp) is the power factor. Considering only friction and copper losses, the generator losses can be written as

Pg,loss(t) = Pg,nomcf + ig(t)2rg, (4)

where cf is the friction rate and rg is the resistance of the electrical motor per-phase. The mechanical load Pg due to the
electrical demand can be defined as

Pg(t) = Pg,el(t) + Pg,loss(t), (5)

while the torque load is determined through the power and rotational speed of the engine, as in

Mg(t) =
Pg(t)

ωdg(t)
. (6)

A governor is required for the generator to regulate the fuel injection and control its angular speed. The rotation
dynamics is described by

dωdg

dt
=
Mdg −Mg

Jdg
. (7)

The variable Mdg is the engine torque obtained through the fuel combustion, and Jdg represents the generator moment of
inertia. A polynomial fit was produced to represent the relation between the fuel consumption of the generator and the
torque,

Mdg = a0 + a1ṁf,dg + a2ṁ
2
f,dg + a3ṁ

3
f,dg + a4ṁ

4
f,dg, (8)

in which the values ai, with i = 1, .., 4, are polynomial coefficients. To control the engine speed an anti-windup PI control
was implemented. The fuel to be injected was determined through

ṁf,dg = kp(ωdg,ref − ωdg(t)) + ki

∫ t

0

(ωdg,ref − ωdg(t))dt, (9)

where the proportional and integral gains of the controller are kp, and ki, respectively, and ωdg,ref is the velocity reference.
The genset model considers that the power demand can be supplied by the generator as fast as it is required and the

EMS must determine the proper power references. The dynamics are handled by the engine speed. To account for the
CO2 emissions, a static model was developed through a polynomial fit,

ṁCO2
= c0 + c1Pg,el. (10)

The model receives the electrical power output of the generator Pg,el as input and gives as output the mass flow rate of
carbon dioxide, ṁCO2

.
Since it is necessary to maintain the grid frequency in 60 Hz, the speed reference is set to be 1800 rpm and the engine

speed will be regulated through the governor to seek this value. Therefore, a constant engine speed is a reasonable
assumption.
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2.3 Energy storage system – battery

The battery model considered in this work is based on a second-order Thevenin equivalent circuit for a lithium-
iron-phosphate (LiFePO4/LFP) cell. The structure of the model was mainly based on the work of Perez et al. (2017).
Particularly, the LFP electrical and thermal performances have led to its use in maritime applications as mentioned in
Kalikatzarakis et al. (2018).

2.3.1 Electrical Model

The circuit model comprises an open circuit voltage VOC , function of the state of charge (SOC), a series ohmic resistor
R0, and two RC pairs R1, C1, R2, C2, which are functions of the SOC and the cell temperature. The cell temperature was
considered constant and equal to 298.15 K. The variable I(t) defines the current running through the battery (positive for
discharging and negative for charging) and Cbat is the nominal capacity. The voltages across the two RC pairs are V1 and
V2. The set of differential equations below evaluates the voltage and SOC dynamics,

dSOC(t)

dt
= − I(t)

Cbat
, (11)

dV1(t)

dt
=
−V1(t)

R1C1
+
I(t)

C1
, (12)

dV2(t)

dt
=
−V2(t)

R2C2
+
I(t)

C2
, (13)

while the voltage in the terminals of the cell is given by

Vt(t) = Voc(SOC)− V1(t)− V2(t)−R0I(t). (14)

2.3.2 Battery Pack

The parametric data used to implement the model was taken from Perez et al. (2017). The battery pack model considers
a combination of cells in series and in parallel with a uniform behavior. This means that the states are considered to be
equal for all cells. With the mentioned hypothesis, the total capacity Cpack, resultant voltage Vpack, current Ipack and
power in the terminals Ppack of the battery become:

Cpack = NP × Cbat, (15)
Vpack = NS × Vt, (16)
Ipack = NP × I, (17)
Ppack = Vpack × Ipack. (18)

The number of cells in parallel and in series areNP andNS, respectively. The values ofNP andNS were determined
considering the capacity and nominal power of the battery, 1000 kWh and 1000 kW. The nominal current of the battery is
2C, following the values considered for an LFP battery pack with the same power and capacity in (Peralta et al., 2019).

2.4 Genset optimization

As mentioned in Kalikatzarakis et al. (2018), quasi-static efficiency maps of the power modes suffice for fuel economy
estimation in an optimization process. This allows fast computational optimization. The complete and transient model
runs to provide global powertrain information, and an inner quasi-static loop runs with the reduced models for optimiza-
tion. A quadratic relation between the fuel consumption ṁf,dg and the electrical power output Pg,el is established,

ṁf,dg = b0 + b1Pg,el + b2P
2
g,el. (19)

In this work, the generators will be optimized to reduce fuel consumption. Then, a cost function is assigned to the
system considering the total fuel consumption for the four generators ṁf,opt,

ṁf,opt(t) =

4∑

i

wiṁf,dgi(t). (20)

The index i represents each of the four generators, and their instantaneous fuel consumption rate are ṁf,dgi(t). The
variable wi is a weight, defined for each generator to customize the cost function with rules. Some constraints are
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imposed to the optimization formulation, such as the power balance equality,

4∑

i

Pi = PL. (21)

In this constraint, the load assigned to the gensets PL must be supplied, considering each power output of the generators,
Pi. Moreover, the power balance limits must be satisfied as well,

0 ≤ Pi ≤ Pnom, (22)

where Pnom is the nominal power of the generators (equal for all gensets). The resulting optimization problem consists
of finding the power allocation vector u0 that minimizes the fuel consumption of the gensets and satisfies the mentioned
constraints. That is,

u0(t) = arg min
u
ṁf,opt(Pi, PL). (23)

To force the system to work with fewer generators, a weight is assigned to the generators based on Tab. 1.

Table 1: Genset weights used for the simulations.
Power intervals genset 1 genset 2 genset 3 genset 4
0 ≤ PL ≤ Pnom 1 5 5 5

Pnom < PL ≤ 2 Pnom 1 1 5 5
2 Pnom < PL ≤ 3 Pnom 1 1 1 5
3 Pnom < PL ≤ 4 Pnom 1 1 1 1

2.5 Hybrid management strategy

In this work, the hybrid EMS is characterized by a combination of rule-based strategies that define the power split
between the gensets and the battery, and an optimization process for power dispatch of the generators. The set of rules
are based on the work of Chua et al. (2018), where a rule-based strategy was presented for two generators and a battery.
Table 2 describes the heuristic control considered for managing the power modes. The SOC of the battery and the load
demand PLoad are taken as inputs and, through the decision table, the power references for the set of generators and battery
are determined. Then, the optimization occurs to assign the power dispatch of each generator.

Table 2: Rule-Based strategy for an all-electric hybrid power system with four gensets and a battery.

Power
SOC

SOC ≤ SOCmin SOCmin < SOC < SOCmax SOC ≥ SOCmax

PLoad ≤ PG,on

PGT = Popt
Pbat = PLoad-PGT
if(Pbat<Pcmax)

Pbat = Pcmax
PGT = PLoad-Pbat

end

PGT = 0
Pbat = PLoad
if(Pbat>Pdmax)

Pbat = Pdmax
PGT = PLoad-Pbat

end

PGT = 0
Pbat = PLoad
if(Pbat>Pdmax)

Pbat = Pdmax
PGT = PLoad-Pbat

end

PG,on < PLoad ≤ 4 Popt × fpeak

PGT = ng × Popt
Pbat = PLoad-PGT
if(Pbat<Pcmax)

Pbat = Pcmax
PGT = PLoad-Pbat

end

PGT = ng × Popt
Pbat = PLoad-PGT
if(Pbat<Pcmax)

Pbat = Pcmax
PGT = PLoad-Pbat

end

PGT = PLoad
Pbat = 0

PLoad > 4 Popt × fpeak
PGT = 4 Popt
Pbat = 0

PGT = 4 Popt × fpeak
Pbat = PLoad-PGT
if(Pbat>Pdmax)

Pbat = Pdmax
PGT = PLoad-Pbat
PGT = min(PGT,4 Pnom)

end

PGT = 4 Popt × fpeak
Pbat = PLoad-PGT
if(Pbat>Pdmax)

Pbat = Pdmax
PGT = PLoad-Pbat
PGT = min(PGT,4 Pnom)

end
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Table 3: Parameters used for rule-based EMS.
Parameter Symbol Value Unit

Lower genset power limit PG,on 700 kW
Fraction power to cut peaks fpeak 0.9 -
Max discharging power Pdmax 1000 kW
Max charging power Pcmax −1000 kW
Min state of charge SOCmin 20% -
Intermediate state of charge SOCm 40% -
Max state of charge SOCmax 80% -

It is important to avoid the use of the generators in the less efficient regions, which are, in general, when the generators
are working with low loads. The first line of Tab. 2 considers the low load demands of the mission. If the SOC is below
the limit, one generator is switched on with the optimal power PGT = Popt. The excess of power is used to charge the
battery, given the maximum charging power of the battery Pcmax. If necessary, the generator power reference can be
readjusted in a way that only the demand is supplied. If the battery SOC is above the lower limit, the battery will supply
the power, limited its maximum discharging power Pdmax, while the generator is kept off.

In the second line of Tab. 2, the load demand is above a lower limit to switch at least one generator on and below an
upper bound. The value of fpeak, which is between 0 and 1, can be used to customize the mentioned upper power bound.
In this regime, if the SOC is less than the maximum, the power set to the generators is optimal, given the range of power,
and the least number of generators ng that need to be switched on to balance the load. The excess of power assigned to
the generators is used to charge the battery. If necessary, the power of the gensets can be readjusted to supply the required
power. When the battery reaches the maximum SOC, the load is delivered to the set of generators, where an optimization
takes place. If, after the optimization, loads less than or equal to PG,on are identified for at least one generator, the battery
is allowed to supply power until an intermediate SOCm limit, avoiding generator operation on low loads.

In the third line of Tab. 2, there is a condition to shave high load peaks using the battery. If necessary, the function
min is applied to the power of the generators to limit the operation within the nominal bounds of operation. The load set
to the generators is optimized.

2.6 The base and hybrid cases

In this work, there will be a comparison between two power systems. The non-hybrid power system or the base case
will only use (four) gensets to supply the power demand. The power split between the generators will be determined
through optimization. However, the power dispatch of the hybrid power system will be set through the ruled-based EMS
and the optimization. The values of the parameters used for the EMS can be found below, in Tab. 3.

The parameters used for the simulations, shown in Tab. 4, were found in the literature, estimated based on the literature
results, or were estimated using data obtained through communication with the naval industry (for the gensets).

2.7 Efficiency index for the power system

A global efficiency index ηps is proposed in this work to study how the hybrid power system can increase the overall
efficiency of the vessel. In addition, it can help in comparisons to avoid false interpretations of results. In some situations,
mainly when the mission simulation time is small, a fuel consumption reduction can be achieved along with a decrease in
the SOC. Looking only at the fuel savings, the energy spent by the battery is not considered.

To consider the power modes in the same base, the methodology is based on the total energy input and output. In the
base case, the input energy is given by the energy stored in the fuel, Ein = mfQlhv , where mf considers all the mass
of fuel consumed during the mission and Qlhv is the low heat value of the diesel. Since a power balance is achieved, the
output energy along the mission is determined as, Eout =

∫ tf
0
Pd dt, where Pd is the power demand. For the base case,

the efficiency is given by

ηps =

∫ tf
0
Pd dt

mfQlhv
. (24)

For the hybrid case, the energy input of the gensets is defined as before. However, it is necessary to consider the
energy flow associated with the battery SOC. In general, the final state of charge of the battery can be different than
the initial. Therefore, we consider the amount of energy that would be required to restore the initial SOC, defined as
Ebat =

∫ tb
tf
VpackIpack dt. The integration goes from the final time tf until the time tb, in which the battery restores its

SOCi. If the SOCf is greater than the initial, the excess of energy could be used to supply some demand of the ship. Thus,
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Table 4: Parameters used for the simulations
Parameter Symbol Value Unit Reference
Number of poles Pp 4 - D
Nominal frequency f 60 hz D
Power factor cos(fp) 0.9 - E
Nominal electrical power Pnom 1700 kW D
Friction rate cf 0.005 - E
Generator internal resistance rg 0.0324 Ω E
Moment of inertia Jg 69.21 kgm2 (GE, 2009)

Coefficients for engine
torque fit

a0 1.74× 10−3 kNm E
a1 7.95× 10 kNm/kg E
a2 −5.16× 102 kNms2/kg2 E
a3 1.64× 104 kNms3/kg3 E
a4 −9.78× 104 kNms4/kg4 E

Coefficients for fuel
power relation

b0 4× 10−3 kg/s E
b1 6.4× 10−5 kg/(skW) E
b2 5.1× 10−9 kg/(skW2) E

Coefficients for CO2
power fit

c0 0.022 kg/s E
c1 0.00017 kg/(skW) E

Nominal grid voltage ug,nom 690 V D
Diesel low heat value Qlhv 42780 kJ/kg D
Number of cells in parallel NP 1136 - E
Number of cells in series NS 63 - E
Battery converter efficiency ηc 97.5% - (Kalikatzarakis et al., 2018)
E - estimated
D - directly obtained

the efficiency is:

ηps =

∫ tf
0
Pd dt+ |

∫ tb
tf
VpackIpack dt|

mfQlhv
. (25)

When the SOCf is smaller than SOCi, it means that energy would be required for recharging the battery to its initial state.
Then, an input of energy would be necessary. Therefore, in this case, the efficiency becomes:

ηps =

∫ tf
0
Pd dt

mfQlhv + |
∫ tb
tf
VpackIpack dt|

. (26)

3. RESULTS AND DISCUSSION

A strategy to increase the energy efficiency of a vessel’s power system is to improve the power dispatch. For a better
dispatch, options include optimizing the energy management system with the same power system topology or adding
components such as a battery. Figure 2 shows the complete power demand and power dispatch of both the hybrid and
non-hybrid power systems. The base case power dispatch, with gensets only, is represented in the first column of the
results, in Fig. 2c, 2e, 2g and 2i with the load demand above, shown in Fig. 2a, for the visualization of the mission profile.
The power dispatch of the hybrid case, including the battery and gensets, can be seen in the second column, Fig. 2b, 2d,
2f, 2h and 2j.

When the vessel is being loaded in port, part 1 of the mission, and when the vessel is in standby, part 5, it is possible
to see that the load is smaller than the power capacity of one genset, which is 1700 kW. Therefore, the load is sustained by
only one generator in the base case. However, in the hybrid case, the battery is heavily used in those parts of the mission,
since the load is often smaller than 700 kW, which is the lower power limit for the genset to be switched on. Moreover,
the gensets work in higher and more efficient power regions for the hybrid topology, in comparison with the base case.
The hybrid system can also reduce the total genset operation time and reduce CO2 emissions near the port.

In 2, the ship is on a laden voyage. Since the ship is fully loaded and traveling at the nominal speed, this part of the
mission is characterized by high power demands. In the non-hybrid system, the first three gensets operate in the nominal
condition almost all the time, with genset 4 balancing the higher load variations. Regarding the hybrid power system,
a considerable difference appears in the use of genset 4, which operates in a steady-state and in a more efficient region,
while the load variations are handled by the battery.
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Evaluating the DP part, corresponding to range 3, genset 1 was set to deliver practically all demand, for the base case,
with a small peak handled by genset 2. The hybrid system operated with only genset 1 switched on and the battery dealt
mainly with lower and higher peaks, in short times. At the beginning of the DP, the battery was charged, allowing genset
1 to operate in nominal condition for some time, which did not happen in the base case in the same part of the mission. In
both cases, no spinning reserve nor backup power were considered, and the generators were allowed to work at nominal
power. As the power load is within the envelope of one genset, and above the lower power limit of 700 kW, almost all the
time, the battery usage was limited in the DP part of the mission in this simulation.

Regarding the partial load voyage, part 4, gensets 1 and 2 operated at nominal power for the base case, while genset 3
handled the rest of the load with a small contribution of genset 4. Considering the hybrid case, the low load delivered by
genset 4 was replaced by the battery power supply. This can improve the energy efficiency since genset 4 was operating
below 500 kW in the base case for this part of the mission.

When analyzing the power dispatch of the hybrid and base cases, it can be noted that adding the battery allowed
gensets to be disconnected in some conditions, mainly near the port. Also, a more efficient operation was observed, with
the gensets running with higher loads. In Peralta et al. (2019), the hybrid power system simulation has shown the higher
potential of CO2 reductions for batteries near the port, in loading and standby operations, for a PSV, even allowing the
disconnection of generators. Considering the relation between CO2 emissions, fuel consumption, and the power system
increase in efficiency, it can be said that the mentioned literature results are in accordance with the results obtained in
this work. As it can be seen in Fig. (2), for laden and partial load voyage, the battery is quite used, something that does
not happen in Peralta et al. (2019). The dispatch will depend on several factors such as load demand, the topology of the
vessel’s power system, and EMS. Therefore, differences are expected to occur.

Different aspects can be used to evaluate the gains of the hybridization of a vessel in its power supply system. For
achieving a more cost-effective and cleaner operation, it is essential to analyze fuel consumption savings and CO2 emis-
sions. However, for a better perspective, it is also important to take into consideration the final state of charge SOCf
and evaluate the increase in vessel efficiency. Table 5 lists the masses of fuel consumed and CO2 emissions, as well as
mass reductions between the base case and the hybrid case. For the hybrid case, the initial and final states of charge are
considered. Also, the global efficiency index is considered in the last column of the table for all cases. A fuel consumption
reduction of 6.35% and CO2 emission reductions of 5.81% were achieved. Although the SOCf is smaller than the SOCi,
the power system efficiency increased by 1.73%. The addition of the battery allowed the reduction of fuel consumption,
emissions, and an increase in the overall energy efficiency of the vessel’s power system.

Table 5: Compilation of results for comparison between the base and hybrid cases
Case Fuel CO2 emissions SOC ηps

mf reduction mCO2
reduction SOCi SOCf

[kg] [%] [kg] [%] [%] [%] [%]
Base 414.59 - 1287.6 - - - 37.51

Hybrid 388.28 6.35 1212.8 5.81 80 62.39 39.24

The fuel consumption and CO2 emission reductions vary in the literature for hybrid power systems using batteries,
depending on the case of study. Fuel savings of up to 45% have been found in some works, for special cases (Miyazaki
et al., 2016). However, in a recent technical report from the European Maritime Safety Agency, the fuel savings potential
for OSVs is expected to be between 5-20% (EMSA, 2020). The work of Peralta et al. (2019) was found to be the
closer study to this work. The authors have reported a 7.4% reduction in CO2 emissions, considering the addition of
a 1000 kW/1000 kWh battery to a PSV power system, which comprised initially, four gensets with 1850 kW each unit.
Based on the mentioned literature, the results obtained in this work are within an acceptable range of what has been
expected for fuel savings and CO2 emission reductions for a PSV.

4. CONCLUSIONS

The methodology presented in this work has shown promising results. We used a causal because it enables the
representation of real-time systems. Fuel savings, emission reductions, and an increase in energy efficiency were observed.
The addition of the battery, with a consistent EMS control for power dispatch, allowed benefits for the PSV’s power
system. Understanding how hybrid solutions work, and their benefits, is essential for increasing the adoption of such
technologies to achieve more cost-effective and cleaner vessel operations, as well as other improvements in performance.
Based on the case study considered, the results suggest that:

• The battery shows great usage potential when the ship is being loaded in port or on standby. In these parts of the
mission, the generators operated in higher efficiency regions, and some were even disconnected. With this, the
battery can enable cleaner operations near the port;
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(a) Power demand profile (b) Battery power dispatch

(c) Base case power dispatch - genset 1 (d) Hybrid case power dispatch - genset 1

(e) Base case power dispatch - genset 2 (f) Hybrid case power dispatch - genset 2

(g) Base case power dispatch - genset 3 (h) Hybrid case power dispatch - genset 3

(i) Base case power dispatch - genset 4 (j) Hybrid case power dispatch - genset 4
Figure 2: Power demand, and power dispatch of the base case (non-hybrid) and the hybrid power system
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• For the laden and partial load voyages, the battery can also enable the generators to run at higher efficiencies;

• The battery was not much used in DP, probably due to the load profile, general assumptions, and EMS. In a real op-
eration, due to the safety requirements and redundancy of gensets in DP, the battery could be used more effectively.
Our group has been studying such conditions for further analysis and publications;

• The hybridization of the power system can enable an increase in energy efficiency and, therefore, reductions in fuel
consumption and CO2 emissions. An increase in the energy efficiency of 1.73%, fuel savings of 6.35%, and CO2
emission reductions of 5.81% have been achieved by the hybrid solution.

Future work may look into designing specific energy management solutions for the DP part of the mission, and
developing optimal strategies to improve the performance of the hybrid solutions, evaluating fuel consumption, emissions,
as well as battery capacity fading. In addition, it would be interesting to test the power systems in different missions to
analyze the robustness of the power dispatch strategies and the effects of the power profile on the behavior of the hybrid
systems.

5. ACKNOWLEDGEMENTS

We gratefully acknowledge support of the RCGI – Research Centre for Gas Innovation, hosted by the University
of São Paulo (USP) and sponsored by FAPESP – São Paulo Research Foundation (2014/50279-4) and Shell Brasil,
and the strategic importance of the support given by ANP (Brazil’s National Oil, Natural Gas and Biofuels Agency)
through the R&D levy regulation. The authors would like to thank the Brazilian National Council for Scientific and
Technological Development (CNPq) for financial support in the form of a scholarship, number 133627/2020-9, granted to
the graduate student, Crisley S. Peixoto. In addition, B. S. Carmo thanks the Brazilian National Council for Scientific and
Technological Development (CNPq) for financial support in the form of a productivity grant, number 312951/2018-3.

6. REFERENCES

Chua, L.W.Y., Tjahjowidodo, T., Seet, G.G.L. and Chan, R., 2018. “Implementation of optimization-based power
management for all-electric hybrid vessels”. IEEE Access, Vol. 6, p. 74339–74354. ISSN 2169-3536. doi:
10.1109/ACCESS.2018.2883324.

Chua Wan Yuan, L., Tjahjowidodo, T., Lee, G.S.G. and Chan, R., 2017. “Optimizing fuel savings and power sys-
tem reliability for all-electric hybrid vessels using model predictive control”. In 2017 IEEE International Con-
ference on Advanced Intelligent Mechatronics (AIM). IEEE, p. 1532–1537. ISBN 978-1-5090-5998-0. doi:
10.1109/AIM.2017.8014236. URL http://ieeexplore.ieee.org/document/8014236/.

Crippa, M., Oreggioni, G., Guizzardi, D., Muntean, M., Schaaf, E., Lo Vullo, E., Solazzo, E., Monforti-
Ferrario, F., Olivier, J., Vignati, E. and et al., 2019. Fossil CO2 and GHG emissions of all world
countries: 2019 report. Publications Office of the European Union. ISBN 978-92-76-11100-9. URL
http://publications.europa.eu/publication/manifestation_identifier/PUB_KJNA29849ENN.

EMSA, 2020. “Electrical energy storage for ships”. Technical report, EMSA.
Garcia, V., Jose, J. and Inigo, I.A.L., 2019. “On the optimal design of hybrid-electric power systems for offshore vessels”.

IEEE Transactions on Transportation Electrification, Vol. 5, No. 1, p. 324–334. ISSN 2332-7782, 2372-2088. doi:
10.1109/TTE.2018.2883870.

GE, 2009. “Technical description: container genset jgc 620 gs-s.l”. Technical report, GE.
Geertsma, R., Negenborn, R., Visser, K. and Hopman, J., 2017. “Design and control of hybrid power and propulsion

systems for smart ships: A review of developments”. Applied Energy, Vol. 194, p. 30–54. ISSN 03062619. doi:
10.1016/j.apenergy.2017.02.060.

Kalikatzarakis, M., Geertsma, R., Boonen, E., Visser, K. and Negenborn, R., 2018. “Ship energy management for
hybrid propulsion and power supply with shore charging”. Control Engineering Practice, Vol. 76, p. 133–154. ISSN
09670661. doi:10.1016/j.conengprac.2018.04.009.

Miyazaki, M.R., Sorensen, A.J. and Vartdal, B.J., 2016. “reduction of fuel consumption on hybrid marine power plants
by strategic loading with energy storage devices”. IEEE Transactions on Power Systems, Vol. 3, p. 207–217. ISSN
2332-7707. doi:10.1109/JPETS.2016.2621117.

Peralta, C.O., Vieira, G., Meunier, S., Vale, R., Salles, M. and Carmo, B., 2019. “Evaluation of the co2 emissions
reduction potential of li-ion batteries in ship power systems”. Energies, Vol. 12, No. 3, p. 375. ISSN 1996-1073.
doi:10.3390/en12030375.

Perez, H.E., Hu, X., Dey, S. and Moura, S.J., 2017. “Optimal charging of li-ion batteries with coupled electro-thermal-
aging dynamics”. IEEE Transactions on Vehicular Technology, Vol. 66, No. 9, p. 7761–7770. ISSN 0018-9545,
1939-9359. doi:10.1109/TVT.2017.2676044.



26th ABCM International Congress of Mechanical Engineering (COBEM 2021)
November 22-26, 2021, Florianópolis, SC, Brazil

RAENG, 2020. “Future ship powering options exploring alternative methods of
ship propulsion”. Technical report, Royal academy of engineering. URL
https://www.raeng.org.uk/publications/reports/future-ship-powering-options.

Zhang, Z., Guan, C. and Liu, Z., 2020. “Real-time optimization energy management strategy for fuel cell hybrid
ships considering power sources degradation”. IEEE Access, Vol. 8, p. 87046–87059. ISSN 2169-3536. doi:
10.1109/ACCESS.2020.2991519.

7. RESPONSIBILITY NOTICE

The authors are solely responsible for the printed material included in this paper.


