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Abstract 
To reduce the greenhouse gas emissions of ships, hybrid power systems are becoming more 
common. Hybrid systems combine power generation with energy storage. The energy storage 
enables the power generating components to run at more efficient operating points. A well known 
combination is that of a diesel genset and a battery. The ideal combination of the type, size, and 
amount of power system components depends highly on the operating profile of the vessel. 
However, this operating profile can vary greatly between voyages, or during the lifetime of a vessel, 
thus changing the ‘ideal’ power plant. A modular power system (MPS) can provide the solution: a 
reconfigurable power plant, where components can be added, removed, or replaced. 

To control the power-split between the different components an energy management system 
(EMS) is required. Most EMSs are designed and optimized for a single power plant configuration. 
This means they are not capable of dealing with an MPS. For this thesis an EMS was developed 
which is capable of dealing with an MPS: an MPS EMS. The developed EMS was made for ships 
with electric propulsion. An additional requirement was for the EMS to be real-time capable, so it 
can be used outside of a simulated environment, i.e. in a real ship. The objective of the EMS would 
be to minimize fuel consumption. 

It was investigated which EMS control strategy would be suited for an MPS EMS. The equivalent 
consumption minimization strategy (ECMS) combined with the dual decomposition method was 
found to be suited for this purpose.  

The developed EMS can automatically adapt all parameters responsible for stable control of the 
system. It does this based on the properties of the installed components. Most important of these 
properties are: minimum and maximum power output, maximum ramp-rate, and the efficiency 
curve. 

The EMS was tested with four different combinations of installed components, and two different 
operating profiles. Additionally, the effect of a component failure during a voyage was tested. A 
rule based (RB) EMS and a mixed integer linear programming (MILP) global optimization were used 
as benchmarks for the fuel consumption. The results show that the developed EMS is capable of 
controlling various power plant configurations in different conditions, while keeping all 
components within their allowed operating ranges. For one of the tested operating profiles the fuel 
consumption using ECMS was 1.9-2.3% higher than when using the global optimization, which is 
comparable to the results found in literature. However, for the other tested operating profile the 
developed EMS was outperformed by even the RB EMS, by 1.1-2.1%. This was caused by 
inaccuracies of the approximation used for the efficiency curve of the gensets. In the simulations 
where one of the gensets fails during the voyage the EMS was able to automatically adapt to 
optimize fuel consumption using only the remaining components. Fuel consumption did increase 
slightly compared to no failures, as expected. 

 

Keywords: Energy management system, modular power system, ECMS, dual decomposition, 
shipboard power system, electric propulsion 
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Nomenclature 
Abbreviations: 

BSFC  break specific fuel consumption 
CD/CS  charge depleting/charge sustaining 
ECMS   equivalent consumption minimization strategy  
EMS   energy management system  
ESS   energy storage (system) 
FMU  functional mock-up interface 
GHG  greenhouse gas 
ICE   internal combustion engine  
MILP   mixed integer linear programming 
MPS   modular power system  
OP  operating profile 
RB   rule based  
SoC   state of charge 
 

Symbols: 

𝑎  power of the cost-factor penalty function 
𝑚𝑓𝑢𝑒𝑙  fuel mass / cumulative fuel consumption 
𝑄  lower heating value (of diesel) 
𝑢  power input (of a module) 
𝑣  total load power/required power 
𝑦  power output (of a module) 
 
𝛼  step size for the steepest ascend method 
∈  convergence criterium 
𝜂  efficiency 
𝜆  equivalent cost factor 
𝜇  Lagrange dual variable/Lagrange multiplier 
𝜏  size of the EMS time-step 
 
Subscripts: 
𝑚  the module/component 
 
Superscripts: 
𝑠  iteration number 
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1 Introduction 

1.1 Background 
The shipping sector is responsible for 3% of global CO2 emissions [2], [3]. The shipping industry 
is expected to keep growing, thus only further increasing its environmental impact. To reduce 
emissions, a reduction in fossil fuel consumption is necessary. Regulation imposed by the 
International Maritime Organization (IMO) Marpol are getting increasingly stringent [4], [5]. Given 
these regulations as well as the increasing price of energy, it becomes necessary that 
technologies are developed to reduce the fuel consumption and emissions of ships. 

One promising technology is the use of hybrid power systems. This is primarily beneficial for ships 
with operating profiles which have periods of high power demand, as well as periods of low power 
demand [6], [7]. Hybrid ships can run their power generating components, such as internal 
combustion engines (ICE) and fuel cells (FC), at a more fuel efficient operating point. An (electric) 
energy storage system (ESS) stores or provides additional power [8]. Using hybrid power systems 
can also provide other benefits, such as improved reliability, quieter operation, and reduced 
maintenance costs [9]. A downside of hybrid power systems is the increased complexity and 
costs of the physical system, as well as the control system. 

The power plant of a vessel is designed with the expected operating profile in mind [10]. However, 
the operating profile can vary greatly between missions, due to environmental influences (such 
as wind, waves, and currents) and operational conditions (e.g. the frequency of the required 
actions of the vessel, such as loading or unloading cargo, sail across open sea or towing another 
vessel) [11]. This means the ‘ideal’ power plant will not be the same for each mission. Here, a 
modular power system (MPS) would provide a solution: a reconfigurable power plant, where 
components can be added, removed, or replaced. 

To achieve the benefits possible with (modular) hybrid systems, the different components need 
to work together. For this an energy management system (EMS) is required. The EMS controls how 
much power each component delivers. The EMS ensures that supply matches demand, and that 
each component stays within its safe operating range. Other possible goals are extending 
component lifetime, failsafe operation, reducing greenhouse gas (GHG) emissions, and 
minimizing fuel consumption [12], [13]. Which goal(s) the EMS aims to achieve influences its 
decision making. 

Most EMSs are developed in parallel with a vessel, and its power plant and operating profile. As 
such, these EMSs would need to be re-designed if the vessel is ever retrofitted with a different 
power plant, and/or gets a new purpose with a different operating profile. This is also the challenge 
with an MPS. The EMS can not be developed for one single power plant configuration, and one 
operating profile. An EMS for an MPS needs to be able to perform its task, regardless of the power 
plant configuration and operating profile. The use of such an EMS could also improve reliability: in 
the case where one of the installed components fails, the EMS will automatically adjust to 
optimize the power split for the remaining components. 

This master thesis project focusses on developing an EMS for an MPS. This MPS EMS is applied 
and tested in a simulated environment. The component models and the operating profiles, that 
were provided are part of the MENENS project [14]. These models represent a luxury yacht with a 
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length of 84 meters. Which power components are connected will be varied, to verify the 
performance of the EMS for an MPS. 

1.2 Research goal and research questions 
The goal of this research is to develop an EMS, which is capable of dealing with a modular hybrid 
power system in real-time. The developed EMS needs to be able to minimize fuel consumption, 
regardless of the amount and type of power generating/storing components are used, and for any 
operating profile (given that the installed components are capable of matching demand). For this 
project, an MPS on a ship with electric propulsion is considered. The choice for electric propulsion 
was made during a literature study, and will be explained in chapter 2. 

In order to reach the described goal, the following research question was formed: 

 

Multiple sub research questions were formed in order to help answer the main research question: 

1. What control strategy is suited for such an EMS? 

2. How can a variable number/type of connected components be represented in the 
controller? 

3. How can the performance of the developed EMS be assessed? 

1.3 Contribution 
This research provides a novel energy management approach for ships with electric propulsion 
and a hybrid power plant. An EMS which can perform well, in terms of minimizing fuel 
consumption, for any combination of power components, and for any operating profile. The 
developed EMS is mainly meant for MPSs, but can also be useful for other applications. It can be 
used as a benchmark during development of a bespoke EMS, or as a tool to find a good power 
plant configuration during the development of a vessel. Another use case is in retrofitted vessels, 
bypassing the need to develop a bespoke EMS and the associated costs. 

1.4 Report outline 
Chapter 2 shows the findings of the a previous literature study performed on this topic [15]. This 
includes the properties of the different propulsion topologies, and why electric propulsion was 
chosen for this research. As well as which control strategies exist and which would be suited for 
a modular system. 

Chapter 3 describes the system that is used for this thesis. Both the overall system, and the 
models used for the different components. 

Chapter 4 shows the process inside the developed EMS, and how modularity of the power system 
was accommodated for. A description of the benchmark methods (a global optimization, and a 
rule based (RB) EMS) is also given. 

Chapter 5 shows the simulation results, and discusses the observations made on them. 
Furthermore, the results are compared to the benchmarks. 

Finally, in chapter 6 the conclusions of this research are drawn.  

How can a shipboard modular power system be controlled, such that fuel 
consumption is minimized? 
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2 Literature study 
As part of this thesis a literature study was done [15], to get an overview of research that has been 
done in the field of EMS, and to make an informed decision regarding which propulsion topology 
this thesis should focus on. In this chapter the findings of the literature study are presented. 
Section 2.1 shows the different propulsion topologies, and why it was decided to develop an EMS 
for electric propulsion. Section 2.2 explains the different EMS control strategies. 

2.1 Power systems 
During the literature research it was investigated which propulsion topology would benefit most 
from an MPS. Figure 1 shows the three main propulsion topologies: mechanical, hybrid, and 
electrical.  

 

Figure 1 Schematic representation of propulsion architecture qualification. From [4] 

2.1.1 Mechanical propulsion 
Mechanical propulsion (Figure 1a) has minimal energy conversion stages, which means minimal 
energy losses. However, high fuel efficiency can only be achieved if the engine and propeller can 
be run close to the designed operation point. Diesel engines operate most efficiently at high loads 
[16]. Therefore, mechanical propulsion is very suitable for ships with a mainly constant propulsion 
power profile at high load. One common ship type that has this characteristic is ocean-going 
cargo ships. 

2.1.2 Electrical propulsion 
With electrical propulsion (Figure 1c) the propellers are only driven by electric motors and are not 
mechanically connected to ICEs. Because there are multiple energy conversion stages, electrical 
propulsion has a lower peak fuel efficiency than mechanical propulsion [9]. The amount of active 
generators can be controlled. This makes it possible to avoid running generators at inefficient 

a)             b)               c) 
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operating points [17]. This topology is well suited for ships which have high hotel loads and a 
varying load profile, such as cruise ships [18]. 

Contrary to mechanical propulsion, the propulsion power does not necessarily need to be 
provided by ICEs. Batteries, FCs, or a combination of different power supplies is also possible, as 
can be seen in Figure 2. This makes it possible to create a ship with zero GHG emissions. 

 

 

Figure 2 Schematic representation of power generation architecture qualification. From [4] 

2.1.3 Hybrid propulsion 
Hybrid propulsion (Figure 1b) combines mechanical and electrical propulsion. The propeller is 
mechanically connected to both an ICE and an electric motor. This topology is beneficial when a 
ship often operates below its design speed [6]. One downside of hybrid propulsion is the added 
complexity from connecting the different components. It also requires a robust control system to 
regulate the torque-split between the electric motor and the ICE [9], [19]. 

2.1.4 Modularity 
There are some papers that discuss MPS. However, most studies do not fully agree on what 
‘modular’ means. [20] defines ‘modular’ as being the presence of multiple of the same power 
source, instead of one larger power source. I.e. multiple fuel cell stacks, or multiple gensets. 
Notably, only examples with electric propulsion are shown. Although [20] does not mention the 
challenges of controlling such systems, it does discuss the practical benefits. These benefits 
include: improved efficiency, redundancy, flexible mass distribution, and reduced production 
cost. In [11] ‘modular’ means reconfigurable, similar to the definition in this report. This is then 
applied to the ESS of a tugboat with hybrid propulsion, as shown in Figure 3. The amount and size 
of the installed batteries can be changed each voyage. 
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Figure 3 Power plant for modular control architecture. From [11] 

An engine that is mechanically connected to the propeller is specifically chosen/designed to 
match the characteristics of the propeller, and can not easily be replaced. Therefore, it is not 
practical to make this component part of the MPS. For the electrical power system each individual 
power component can be switched off and on. New components can also be connected. This 
means it is possible to implement an MPS to the electrical power system. Therefore, 
implementing an MPS will not be beneficial if the majority of required power is mechanical. 
Additionally, an MPS will mainly benefit vessels with a varying operating profile [11]. Based on this, 
mechanical propulsion is ruled out for an MPS, while ships with electric propulsion would benefit 
most [9], [16]. 

2.2 EMS control strategies 
Many different EMS control strategies exist. These control strategies can be categorized into three 
groups: Rule based, optimization based, and learning based [21], [22]. Figure 4 shows control 
strategies found in literature. All strategies shown in Figure 4 are discussed in [15]. The strategies 
that are important for this project are discussed below. 
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Figure 4 EMS control strategies divided by category 

2.2.1 Rule based 
A great benefit of rule based (RB) strategies is that they are easily implementable in real-time 
applications. They do not have to run any kind of optimization, but simply rely on a set of rules to 
decide the output values of the EMS. This, combined with their robustness, makes RB EMSs 
popular in the industry. Intuition and knowledge of the optimal global solution are used to 
determine which rules to apply [22], [23]. This is shown in [24], where dynamic programming is 
used to find the optimal solution from which implementable rules are then derived. RB EMS are 
each developed for a specific vehicle/vessel. If the power system configuration is changed, rules 
will need to be tuned, added, or removed. 

2.2.2 Online optimization based 
Online methods solve an instantaneous optimization problem at each time instant [23]. The 
complete operating profile/driving cycle is not known to the system. Only information about the 
current and previous system states is used. It is possible for online methods to run simulations at 
(faster than) real-time speed. This makes them suitable for real-time implementations. 

One such control strategy is the equivalent consumption minimization strategy (ECMS). With 
ECMS a cost factor is assigned to the energy stored in the battery, such that its cost is roughly 
equivalent to that of the fuel which was consumed to generate it [22], [23]. The equivalent fuel 
consumption is then minimized at each time instant. In [25] a dual decomposition method is 
applied so the optimization can be done for each sub-system individually. 

2.2.3 Offline optimization based 
Offline methods only work in a simulated environment. They require the full operating 
profile/driving cycle to be known a priori, while online methods do not need any knowledge of the 
future. Because of this, offline methods can provide a better solution than online methods. 
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Although offline methods cannot be used for real-time implementations, they can be a very useful 
tool. They can be used as benchmark solutions when designing and optimizing other control 
strategies [13], [21], [22]. Another way to use offline methods, is to have them create/tune rules 
or look up tables for real-time applications [26].  

Some common offline methods are dynamic programming [19], [23], [27], [28], Pontryagin’s 
minimum principle [29], [30], [31], and mixed integer linear programming (MILP) [32], [33], [34]. 

2.3 Conclusions 
It was concluded that the electric propulsion topology could benefit most from a modular power 
system. therefore, this thesis focusses on developing on an MPS EMS for ships with electric 
propulsion. For the control strategy, it was found that the method of combining ECMS with dual 
decomposition, as used in [25], is very well suited for use in an MPS EMS. 
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3 System description 
This chapter gives a description of the system that is controlled by the EMS. As stated, the system 
for this project uses the electric propulsion topology, as shown in Figure 5. The operating profile 
and installed power are for a luxury yacht with a length of 84 meters, and a gross tonnage of 2554. 
Yachts generally do not have a fixed operating profile, both in terms of length, and of how much 
time is spent performing tasks. Such a variable operating profile makes yachts ideal candidates 
for MPSs. 

 

Figure 5 topology of a ship with electric propulsion [14] 

 

3.1 Operating profile 
Using electric propulsion means the propeller speed does not directly influence the torque load 
and rotational speed of any ICE. The only influence of the propeller on the energy system (through 
the electric motor) is its electric power requirement. This makes it possible to model the operating 
profile (ship speed, hotel loads, auxiliary loads) simply as total required electrical power. 

Figure 6 and 7 show typical operating profiles for a luxury yacht, made in collaboration with the 
MENENS project [14]. Operating profile 1 is for a 36 hour voyage. It consists of fast cruising, fast 
cruising in sea state 3, economic cruising, economic cruising in sea state 3/6, sailing at top speed, 
regular cruising, and being berthed/anchored. The highest power demand is 4116 kW. 
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Figure 6 Operating profile 1, a 36 hour voyage of a luxury yacht 

Operating profile 2 is for a two week voyage. It consists mostly of fast cruising, economic cruising, 
and economic cruising in sea state 3/6. The highest power demand is 3475 kW. 

 

Figure 7 Operating profile 2, a two week voyage of a luxury yacht 

 

3.2 Component models 
The Simulink models of the gensets and battery have been provided by TNO in the form of a 
functional mock-up interface (FMU). These are black-box models. The models were validated by 
TNO using real world measurements, and are assumed to be accurate enough for the purposes of 
this project. The genset models are based on the 895 kW CAT C32 and 1417 kW CAT C32B. The 
different gensets will be referred to as the LP (low power) and HP (high power) gensets 
respectively. The battery model is based on NMC (Lithium Nickel Manganese Cobalt Oxide) 
technology. Table 1 gives a short list of the used component models and their respective 
maximum power output. Table 2 and 3 show which parameters and inputs are required to use the 
FMUs, as well as the outputs. 

Table 1 list of the used component models 

Component Based on Max. power output 
LP (low power) genset CAT C32 825 kW 
HP (high power) genset CAT C32B 1290 kW 
Battery NMC battery ±1500 kW 
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3.2.1 Gensets 
The main electric grid of the system uses DC technology. Therefore, variable speed gensets are 
used. Figure 8 shows the engine efficiency maps of both genset types. The cyan curve in the 
engine maps shows the most efficient operating point for the power output. This line is not 
continuous, and would also require the engine to operate at maximum torque when at high power. 
The discontinuities could cause large swings in engine speed for small changes in required power 
output. Operating at maximum torque would cause clipping of the provided engine controller. The 
red line was created to handle these issues, at the cost of a slight bit of efficiency. The swings in 
engine speed were spread over a larger range of power output. Torque was limited to 98% of the 
maximum. From the red curve, Figure 9 was created, which shows the power output and efficiency 
versus the power input (i.e. fuel flow). From Figure 9 it is clear that the LP genset is more efficient 
than the HP genset for most of its output range. 

Table 2 parameters, input, and output of the genset FMU's 

Parameters Input Output 
Inertia of the engine [kg m2] ICE on / off[-] Torque [Nm] 
Inertia of the electric motor 
[kg m2] 

Required torque fraction [-] Electric power output [W] 

Rated efficiency of the 
generator [%] 

Requested voltage output [V] DC current output [A] 

Proportional action for the 
speed control [-] 

Desired genset speed [rad/s] BSFC [g/kWh] 

Integral action for the speed 
control [-] 

 Maximum electric power at 
current operating speed [W] 

  NOx emission [g/kWh] 
 

 

Figure 8 engine efficiency maps of the LP genset (left) and HP genset (right). The dashed lines are constant 
power [kW]. The cyan line shows the most efficient operating point for each power level. The red line shows 
a version of the cyan line where discontinuities and maximum torque are avoided. 
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Figure 9 optimal power and efficiency curve for the LP genset (left) and HP genset (right) 

 

3.2.2 Battery 
The capacity and nominal voltage of the battery model are parameters which can be set by the 
user. The default values are a capacity of 5000 Ah and a nominal voltage of 805 V, which was sized 
for the application by [14]. Additionally, the maximum charge/discharge rate was set to 1500 kW. 
Through draining the battery at a very low discharge rate (in simulation), the energy capacity was 
found to be 4025 kWh for the set parameters. From the provided data Figure 10 was created, 
showing the efficiency as a function of SoC and power in-/output. Positive power is discharging, 
negative power is charging. Below an SoC of 35% the decrease in efficiency as a function of SoC 
seems to be linear, which is not as expected for an NMC battery [35]. However, this does not 
influence modularity of the system. Nevertheless, the lower bound SoC of the battery FMU was 
set to 35% during all its use. 

Table 3 parameters, input, and output of the battery FMU 

Parameters Input Output 
Nominal capacity [Ah] Current [A] Pack voltage [V] 
Nominal voltage [V]  Pack SoC [%] 
Initial SoC [%]  SoC limit flag [-] 
Upper bound SoC [%]   
Lower bound SoC [%]   

 

 

Figure 10 battery efficiency map. Positive power means discharging 
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3.3 Configurations 
The power system configuration of the MENENS project consists of two LP gensets, two HP 
gensets, and two battery packs. This configuration will be used as the default configuration for 
this project. 

To be able to scale genset size, the efficiency is normalized to be a function of the fraction of 
maximum power output. This scaling is used to be able to use various genset combinations, while 
keeping installed power constant. To be able to scale size of the batteries, the efficiency is 
normalized to be a function of the discharge rate. The result of making the models scalable is 
shown in Figure 11. 

 

Table 4 shows the different configurations that were used for testing the MPS EMS. For all tested 
configurations (with the exception of configuration 2), the installed genset power was kept the 
same at 4230 kW. This is higher than the maximum required power in either of the operating 
profiles, which ensures the system can always provide enough power, even when the batteries 
have been drained. 

Configuration 1 is the default configuration. Configuration 2 corresponds to original configuration 
of the vessel used by MENENS. This will also show how the EMS performs when all connected 
gensets are identical. Configuration 3 will show how well the EMS can utilize larger batteries. 
Maximum battery power was kept equal. Configuration 4 was chosen to show the EMS can handle 
a different amount of connected gensets. 

Table 4 all hardware configurations used to test the proposed EMS 

Config LP gensets HP gensets batteries 
1 2x 825 kW 2x 1290 kW 2x 5000 Ah, 1500 kW 
2 - 4x 1290 kW 2x 5000 Ah, 1500 kW 
3 2x 825 kW 2x 1290 kW 2x 10000 Ah, 1500 kW 
4 1x 1650 kW 1x 2580 kW 2x 5000 Ah, 1500 kW 
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Figure 11 power and efficiency of the HP genset (left) and the battery (right) as a function of power fraction 
and discharge rate, respectively 

] 



13 
 

4 EMS description 
With the conclusions of the literature study, it was decided to make an EMS which uses ECMS and 
the dual decomposition method. 

The modeled power flow of the system is shown in Figure 12. The symbols 𝑢𝑚 and 𝑦𝑚 are the input 
power and output power of each component 𝑚. The DC bus is represented by node 𝑛. The 
required power (i.e. the load power) is denoted by 𝑣. 

 

Figure 12 modeled power flow for a ship with electric propulsion 

The EMS has two main goals: to satisfy the power balance (i.e. power supply has to match power 
demand) and to minimize fuel consumption. The power balance will be further explained in 
section 4.2. Minimizing fuel consumption is equivalent to minimizing the energy losses, as shown 
in [36]. This can be written as: 

 
min

𝑢𝑚(𝑡), 𝑦𝑚(𝑡)
∑𝑢𝑚(𝑡) −  𝑦𝑚(𝑡)

𝑚

 
(1) 

 

The relation between 𝑢𝑚 and 𝑦𝑚 is described by quadratic equality constraint (2):  

 𝑦𝑚(𝑡)  + 𝑞𝑚 𝑢𝑚
2 (𝑡) + 𝑓𝑚 𝑢𝑚(𝑡) + 𝑒𝑚 = 0 (2) 

 

With 𝑞𝑚(𝑡), 𝑓𝑚(𝑡) and 𝑒𝑚(𝑡) being efficiency coefficients of module 𝑚, where 𝑞𝑚 > 0. This makes 
sure the function shown in Figure 16 is continuous, with a positive derivative. These efficiency 
coefficients are time dependents, because the efficiency curve of a component can change over 
time. The power input is subject to: 

 𝑢𝑚,𝑚𝑖𝑛(𝑡) ≤  𝑢𝑚(𝑡)  ≤  𝑢𝑚,𝑚𝑎𝑥(𝑡) (3) 
 

Where 𝑢𝑚,𝑚𝑖𝑛(𝑡) and 𝑢𝑚,𝑚𝑎𝑥(𝑡) are the minimum and maximum input power respectively of 
component 𝑚. To get coefficients 𝑞𝑚(𝑡), 𝑓𝑚(𝑡) and 𝑒𝑚(𝑡) for the gensets, a second order 
approximation of the power curves (Figure 9) was created using the least squares method. The 

genset 

battery 

load n 

m 

𝑢𝑖𝑐𝑒 

𝑢𝑏𝑎𝑡 
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approximated power curves and corresponding efficiencies are shown with the dashed lines in 
Figure 13.  

 

Figure 13 second order approximation of the power and efficiency curve for the LP genset (left) and HP 
genset (right) 

 

4.1 Equivalent Consumption Minimization Strategy 
ECMS works on the principle that a cost is assigned to the energy in the batteries or other ESS. 
This cost factor makes the cost of the stored energy equivalent to that of the quantity of fuel which 
would otherwise be used or saved [23]. Without this cost factor, minimizing objective function (1) 
would result in using only battery power, because a battery has lower energy losses compared to 
diesel gensets. For an EMS using ECMS, the objective function (1) is rewritten as: 

 
min

𝑢𝑚(𝑡), 𝑦𝑚(𝑡)
∑(1+ 𝜆𝑚(𝑡)) ∗ 𝑢𝑚(𝑡) −  𝑦𝑚(𝑡)

𝑚

 
(4) 

 

Where 𝜆𝑚(𝑡) is the equivalent cost factor. The equivalent cost factor represents how ‘expensive’ 
the stored energy is. For non ESS components, such as gensets, the value of 𝜆𝑚(𝑡) will be zero. 
For batteries this will be a positive value. A higher value of 𝜆𝑚(𝑡) means the stored energy is worth 
more fuel per unit of energy. 

In simple ECMS systems the equivalent cost factor is constant during the entire operating 
profile/driving cycle [23], [25]. This can lead to a near optimal solution with respect to an offline 
global optimization solution [37]. However, these results can only be obtained when the cost 
factor is specifically tuned for the system and operating profile. If the operating conditions are 
different than those for which the cost factor was tuned, it can easily lead to exceeding the 
allowed SoC boundaries [37]. Therefore, a constant equivalent cost factor is not suitable for an 
MPS EMS. This can be solved by using an adaptive equivalent cost factor. In [38] a proportional-
integral controller based on the deviation from a reference SoC is used is to adjust the equivalent 
cost factor. However, this method requires tuning of the proportional and integral coefficients. 
This tuning requires knowledge of the operating profile and power train. Therefore, a different 
method for an adaptive equivalent cost factor was chosen for the MPS EMS [23], [39], which is 
described below. 

4.1.1 Adaptive equivalent cost factor 
If the energy in the battery was generated using the gensets in the system, that energy has cost a 
certain amount of fuel. The equivalent cost factor relates the amount of (fuel) energy spent to the 
amount of stored energy. Thus giving the stored energy a cost equivalent to using fuel. Gensets 
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will not always use the same amount of fuel to generate a certain amount of electrical energy, 
because fuel efficiency is not always the same. This is especially the case when different types of 
gensets are considered. The equivalent cost factor will depend on the (average) efficiency of the 
gensets [39], [40]: 

 
𝜆0  =   

1

𝜂𝑎𝑣𝑔
− 1 =  𝑄𝑙ℎ𝑣 ∗ 𝐵𝑆𝐹𝐶𝑎𝑣𝑔 − 1 

(5) 
 

Where 𝜆0 is the base value of the equivalent cost factor, relating the cost of electric energy to the 
fuel it cost to produce it. With: 

 
𝐵𝑆𝐹𝐶𝑎𝑣𝑔 = ∑

𝑚𝑓𝑢𝑒𝑙,𝑚

𝐸𝑜𝑢𝑡,𝑚
𝑔𝑒𝑛𝑠𝑒𝑡𝑠

 
(6) 

 

Where 𝑚𝑓𝑢𝑒𝑙,𝑚 is the total fuel consumption of each genset and 𝐸𝑜𝑢𝑡,𝑚 is the total energy output 
of each genset. To make sure the SoC does not go outside of its permitted range, an SoC-
dependent penalty function can be introduced to the equivalent cost factor [23], [39]: 

 𝜆𝑚(𝑡) = 𝜆0 ∗ 𝑝(𝑆𝑜𝐶𝑚(𝑡)) (7) 
 

 

𝑝(𝑆𝑜𝐶𝑚(𝑡)) =

{
 
 

 
 1 −  𝑝𝑓 (

𝑆𝑜𝐶𝑚(𝑡) − 𝑆𝑜𝐶𝑟𝑒𝑓

𝑆𝑜𝐶𝑚𝑎𝑥 − 𝑆𝑜𝐶𝑟𝑒𝑓
)

𝑎

 𝑓𝑜𝑟 𝑆𝑜𝐶𝑚(𝑡) > 𝑆𝑜𝐶𝑟𝑒𝑓

1 −  𝑝𝑓 (
𝑆𝑜𝐶𝑚(𝑡) − 𝑆𝑜𝐶𝑟𝑒𝑓

𝑆𝑜𝐶𝑟𝑒𝑓 − 𝑆𝑜𝐶𝑚𝑖𝑛
)

𝑎

  𝑓𝑜𝑟 𝑆𝑜𝐶𝑚(𝑡) < 𝑆𝑜𝐶𝑟𝑒𝑓

 

(8) 
 

Where 𝑎 has a positive, odd integer value. The parameter 𝑝𝑓  determines how far 𝑝(𝑆𝑜𝐶(𝑡)) will 
deviate from a value of 1 at the SoC limits. Figure 14 shows the results of equation (8) for different 
values of 𝑎. In this example, 𝑆𝑜𝐶𝑟𝑒𝑓 is smaller than the average of 𝑆𝑜𝐶𝑚𝑖𝑛 and 𝑆𝑜𝐶𝑚𝑎𝑥. For higher 
values of 𝑎, the penalty function will have very little effect until the SoC comes close to the 
minimum or maximum allowed values. 

 

Figure 14 penalty function for the equivalent cost factor 
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4.2 Optimization algorithm 
The optimization algorithm performs most of the calculations to determine the optimal power 
split, to satisfy equation (4). In this case the dual decomposition method is used, as explained in 
section 4.2.1. This method was chosen for the simplicity with which sub-problems (in this case: 
components) can be added [25], [36]. 

At node 𝑛 the power balance needs to be satisfied. The balance equation is given by: 

 
Ψ 𝑣(𝑡) + ∑(Γ𝑚𝑢𝑚(𝑡) + Φ𝑚𝑦𝑚(𝑡))

𝑚

= 0 (9) 

 

Where Ψ, Γ and Φ are connectivity matrices which connect the balance equations of different 
nodes. Because the considered electric propulsion system only has one node (the DC bus), these 
matrices are 1x1. Because all modules connect to the node in the same way, the connectivity 
matrices are the same for all components:  

Ψ = 1     Γ𝑚 = 0     Φ𝑚 = −1 

Therefore, for the considered electric propulsion system, the balance equation (9) can be 
simplified to: 

 
𝑣(𝑡) − ∑𝑦𝑚(𝑡)

𝑚

= 0 
(10) 

 

4.2.1 Dual decomposition 
Dual decomposition has been used for large scale optimization problems since the early 1960s 
[41]. It is a mathematical method where the coupling between sub-problems is relaxed using 
Lagrange multipliers [42]. 

The optimal control problem (4) is decomposed by introducing a partial Lagrangian [25]. A 
Lagrange equation consists of two parts: a function for which a minimum (or maximum) needs to 
be found (in this case: objective function (4)) and a constraint (in this case: balance equation (9)) 
which is multiplied by a Lagrange multiplier: 

 

𝐿({𝑢𝑚(𝑡),  𝑦𝑚(𝑡)}𝑚, 𝜇(𝑡))

=  (∑(1 + 𝜆𝑚)𝑢𝑚(𝑡) −  𝑦𝑚(𝑡)

𝑚

) + 𝜇(𝑡) ∗ (𝑣(𝑡) − ∑𝑦𝑚(𝑡)

𝑚

) 
(11) 

 

Where 𝜇(𝑡) is the Lagrange multiplier related to the power balance at the node. This multiplier 
could be interpreted as a market price for energy, with the individual components being traders 
who want to maximize their profit. A higher market price means the individual components can 
earn more, even at lower profit margins (i.e. a higher power output, but with a lower efficiency). 
Then a market price can be found where supply matches demand. The partial Lagrange dual 
function of the optimal control problem is given by: 

 𝑔(𝜇(𝑡)) = min
{𝑢𝑚(𝑡), 𝑦𝑚(𝑡)}𝑚

𝐿({𝑢𝑚(𝑡),  𝑦𝑚(𝑡)}𝑚, 𝜇(𝑡)) 
(12) 
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Solving (12) will give values for 𝑢𝑚(𝑡),  𝑦𝑚(𝑡), and 𝜇(𝑡) so that the objective function is minimized, 
and the balance equation is satisfied. 

In (12) it holds that: 

 
𝑔(𝜇(𝑡)) = 𝜇(𝑡)𝑣(𝑡) + ∑𝑔𝑚(𝜇(𝑡))

𝑚

 
(13) 

 

With: 

 𝑔𝑚(𝜇(𝑡)) = min  (1 + 𝜆𝑚) 𝑢𝑚(𝑡) − (1 +   𝜇(𝑡)) 𝑦𝑚(𝑡) (14) 
 

Each of the Lagrange dual functions 𝑔𝑚(𝜇(𝑡)) is related to only one of the components, meaning 
that they can be solved independently. Because 𝑢𝑚 and 𝑦𝑚 are related to each other by (2), an 
analytical solution exists for (14). After substituting (2) into 𝑦𝑚, the only remaining variable is 𝑢𝑚. 
The solution of (14) for a given value of 𝜇(𝑡) can be found by solving the partial derivative: 

 
𝜕𝑔𝑚(𝜇(𝑡))

𝜕𝑢𝑚(𝑡)
= 0 

(15) 
 

The solution is given by: 

 𝑢𝑚(𝑡) =  − (
1 + 𝜆𝑚 

1 + 𝜇(𝑡)
+ 𝑓𝑚) /2𝑞𝑚 

(16) 
 

While still subject to (3). 

Equation (16) can be substituted into (2) to obtain 𝑦𝑚(𝑡). Both 𝑢𝑚(𝑡) and 𝑦𝑚(𝑡) are now expressed 
as functions of 𝜇(𝑡). Therefore, ∑  𝑦𝑚(𝑡)𝑚  can be expressed as a function of 𝜇(𝑡). Figure 15 shows 
an example for 𝑦𝑚(𝑡) as a function of 𝜇(𝑡) for individual components. The fact that the power 
output of every individual component can be expressed as a function of the same variable, means 
it is possible to add, remove, or change components, without influencing other components. Only 
the value of 𝜇(𝑡) for which the power balance (10) is satisfied will change. 

 

Figure 15 output power of different components as a function of µ 
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Figure 16 shows ∑  𝑦𝑚(𝑡)𝑚  as a function of 𝜇(𝑡), for a configuration where one of each of the 
components shown in Figure 15 is used. It is important to note that these curves can change over 
time, as the efficiency curves of the components change. For example, the efficiency of a battery 
changes with SoC. Therefore, it is not possible to create a single look-up table which can be used 
during the entire simulation. 

 

Figure 16 combined output power as a function of µ, for a configuration with one LP genset, HP genset and 
battery 

If the required power 𝑣(𝑡) is within the range of ∑  𝑦𝑚(𝑡)𝑚 , there exists one value for 𝜇(𝑡) where 
power balance (10) is satisfied. It is important to note that this is only true if the relation between 
𝑢𝑚(𝑡) and 𝑦𝑚(𝑡) is convex [42]. Otherwise, the curve as shown in Figure 16 could have a negative 
and/or infinitely steep slope, resulting in either zero of multiple possible values for 𝜇(𝑡). To 
calculate the entire curve as shown in Figure 16 for every timestep is very computationally 
expensive. Therefore, to find this value of 𝜇(𝑡), the steepest ascend method is used. This is an 
iterative approach, where at each iteration 𝑠 the dual function (14) is minimized for each module. 
This is followed by an update of the dual variable: 

 
𝜇𝑠+1(𝑡) =  𝜇𝑠(𝑡) + 𝛼𝑠 ( 𝑣(𝑡) − ∑𝑦𝑚

𝑠 (𝑡)

𝑚

) 
(17) 

 

Where 𝛼𝑠 is a suitably chosen value for the step size. Iterating will continue until a convergence 
criterium 𝜀 is reached, or a predetermined maximum number of iterations 𝑠𝑚𝑎𝑥 is reached. 𝜀 is 
the amount of power the solution is allowed to deviate from satisfying the power balance (10). The 
used divergence criterium is: 

 
|𝑣(𝑡) −∑𝑦𝑚

𝑠 (𝑡)

𝑚

| <  𝜀 
(18) 

 

When the convergence criterium is reached, a value for 𝜇(𝑡) is found where the solution of (14) 
mostly satisfies the power balance. There will be a small difference between the required power 
and the power output found by the EMS, of between 0 and 𝜀. This difference will be compensated 
for by the batteries. 

1  1  1 6 1      

 

 1   

 

1   

    

    

    

  
 
 [
  

]



19 
 

When two or more identical components are used (for example, two LP gensets), equation (16) 
will give the same output for all of them. This means the EMS will ask the same power output from 
each. 

4.2.2 Effect of the equivalent cost factor on the dual function 
As shown in Figure 17, the value of 𝜆𝑚 shifts the range where 𝜇 will affect 𝑦𝑏𝑎𝑡. This, in turn, will 
affect at what value of 𝜇 equation (17) will converge for the required power output. This is 
illustrated in Figure 18 for a required power of 1700 kW. 

 

Figure 17 battery power as a function of µ, for different values of the equivalent cost factor λ 

 

Figure 18 combined output power for different values of λ, for a configuration with one LP genset, HP genset 
and battery. The black dots indicate where equation (17) will converge for the different values of λ, for a 
required power of 1700 kW 

Table 5 shows at which value of 𝜇(𝑡) equation (17) converges when the required power is 1700 
kW, as well as the corresponding power split (when considering one LP genset, one HP genset, 
and one battery). 1700 kW is half of the required power of ‘fast cruising’, but only half of the 
installed components of configuration 1 (Table 4) are used here. This also illustrates how the 
power split will lean more towards battery power when the equivalent cost factor is lower. 
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Table 5 power split for different values of λ 

λ µ at 1.7 MW LP genset [kW] HP genset [kW] Battery [kW] 
1.4 1.56 661.0 259.7 779.3 
1.6 1.65 825.0 614.6 260.4 
1.8 1.75 825.0 1090.0 -215.0 

 

4.2.3 Initial value for the dual variable 
For equation (17) an initial value is needed for the dual variable: 𝜇0(𝑡). Ideally, this value is as 
close to the desired value of 𝜇(𝑡) as possible. When equation (17) has converged during the 
previous timestep, it can be assumed that 𝜇(𝑡𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠) is close to this desired value, in the case 
that required power and SoC do not change significantly. In this case: 

 𝜇0(𝑡) =  𝜇(𝑡𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠) (19) 
 

However, if the previous timestep did not converge, a new value will need to be chosen for 𝜇0(𝑡). 
The value halfway between 𝜇𝑚𝑖𝑛(𝑡) and 𝜇𝑚𝑎𝑥(𝑡) was chosen for this. 𝜇𝑚𝑖𝑛(𝑡) and 𝜇𝑚𝑎𝑥(𝑡) 
represent the outer values where 𝜇(𝑡) affects ∑  𝑦𝑚(𝑡)𝑚 , as shown in Figure 16. These values can 
be found by first solving (16) for 𝜇(𝑡): 

 𝜇(𝑡) = −
1 + 𝜆𝑚(𝑡)

2𝑞𝑚 ∗ 𝑢𝑚(𝑡) − 𝑓𝑚
− 1 

(20) 
 

And then finding the outermost values for any of the connected components using (3): 

 
𝜇𝑚𝑎𝑥(𝑡) = max

𝑚
−

1 + 𝜆𝑚(𝑡)

2𝑞𝑚 ∗ 𝑢𝑚,𝑚𝑎𝑥(𝑡) − 𝑓𝑚
− 1 

(21) 
 

 
𝜇𝑚𝑖𝑛(𝑡) = min −

𝑚

1 + 𝜆𝑚(𝑡)

2𝑞𝑚 ∗ 𝑢𝑚,𝑚𝑖𝑛(𝑡) − 𝑓𝑚
− 1 

(22) 
 

Where 𝑢𝑚,𝑚𝑎𝑥(𝑡) and 𝑢𝑚,𝑚𝑖𝑛(𝑡) are determined by the modules. Now 𝜇0(𝑡) becomes: 

 𝜇0(𝑡) =  
𝜇𝑚𝑎𝑥(𝑡) + 𝜇𝑚𝑖𝑛(𝑡)

2
 (23) 

 

4.2.4 Step size for the steepest ascend method 
Equation (17) needs to converge to reach the convergence criterium. How many iterations are 
needed for this depends on the value of the step size 𝛼𝑠. When the step size is very small, many 
iterations are needed, which will cost more computational energy. Therefore it is desirable to 
choose a larger step size. However, equation (17) will become unstable when 𝛼𝑠 is too large. The 
‘ideal’ step size depends on 𝜇𝑚𝑎𝑥(𝑡), 𝜇𝑚𝑖𝑛(𝑡), and the range of ∑  𝑦𝑚(𝑡)𝑚 , i.e. the slope and range 
of a curve as shown in Figure 16. This means it is not possible to choose a single value for 𝛼𝑠, 
which works for all configurations. In [36], [43] it is proposed to use a Newton scheme to 
determine the step size. This is derived as follows: 
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Equation (17) is fully converged when 𝜇𝑠+1(𝑡) = 𝜇𝑠(𝑡). For 𝛼𝑠 ≠ 0, this is the case when: 

 
 𝑣(𝑡) − ∑𝑦𝑚

𝑠+1(𝑡)

𝑚

= 0 
(24) 

 

The value for 𝑦𝑚𝑠+1 can be approximated linearly: 

 𝑦𝑚
𝑠+1 ≈  𝑦𝑚

𝑠 + 
𝜕𝑦𝑚

𝑠

𝜕𝜇
(𝜇𝑠+1 − 𝜇𝑠) 

(25) 
 

When substituting (25) into (24) and solving for 𝜇𝑠+1(𝑡), we get: 

 
𝜇𝑠+1(𝑡) =  𝜇𝑠(𝑡) +  (− ∑

𝜕𝑦𝑚
𝑠

𝜕𝜇
𝑚

)

−1

∗ ( 𝑣(𝑡) − ∑𝑦𝑚
𝑠 (𝑡)

𝑚

) 
(26) 

 

This is the same as (17) with: 

 
𝛼𝑠 =  (− ∑

𝜕𝑦𝑚
𝑠

𝜕𝜇
𝑚

)

−1

 
(27) 

 

After substituting (16) into (2), the analytical solution for this is: 

 
𝛼𝑠 =  ( ∑   

𝑚

1

2𝑞𝑚
 
(𝜆𝑚(𝑡) + 1)

2

(𝜇𝑠(𝑡) + 1)3
)

−1

 
(28) 

 

Using this method, the convergence criterium was always reached within seven iterations, for the 
tested configurations and operating profiles. 

4.3 Implementation 
The methods mentioned previously in this chapter are implemented in the MPS EMS. To solve the 
power split, the EMS needs to know the properties of the installed components. These properties 
are: maximum power output (Pmax), minimum and maximum power output for the next time-step 
(Pmin(t), Pmax(t)), which could be limited by ramp rates, equivalent cost factor (λ(t)), coefficients for 
the quadratic power curve (q(t), f(t), e(t)), and a penalty for switching a component on (on/off 
penalty). These properties are communicated to the EMS by each component individually. These 
properties can have a value of zero for certain components (e.g. the cost factor for the gensets). 
Using this data, the EMS will determine the desired power output of each of the components, as 
well as which components should be switched on or off, as shown in Figure 19. The base value of 
the equivalent cost factor, 𝜆0, is calculated separately. Because the power split has to be 
computed, it can not be updated continuously, but is instead updated at discrete timesteps. The 
EMS will determine the power split once every timestep 𝜏. For simulations 𝜏 needs to be equal to, 
or larger than the simulation timestep.  
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Figure 19 diagram showing the exchange of data in the system 

Within the EMS various steps are taken to come to the desired power split, as shown in Figure 20. 
First, it is determined which configurations, in terms of which components are switched on or off, 
are viable. This is done to prevent spending computational power on configurations that are 
unable to satisfy the power balance. The amount of possible configurations is: 

 𝑛𝑐𝑜𝑛𝑓𝑖𝑔 = 2
𝑁 − 1 (29) 

 

Where 𝑁 is the number of installed components. For six components this gives 63 possible 
combinations. A list is made which counts from 1 to 𝑛𝑐𝑜𝑛𝑓𝑖𝑔 + 1 in binary, where each digit 
represents the on/off state of one of the installed components, as illustrated below for 
configuration 1 (Table 4): 

 

Because turning off batteries does not have advantages, they are assumed to be always on. This 
reduces the number of unique combinations to 16. If a component has failed, all configurations 
where it is used are disregarded. For each of the remaining configurations, the maximum 
combined power output is calculated. If this is lower than 𝑃𝑙𝑜𝑎𝑑(𝑡) the configuration is non-viable 
for the coming timestep. Then, 𝜇0 is calculated for each remaining configuration using (23). 

LP gen 1 LP gen 2 HP gen 1 HP gen 2 Bat 1 Bat 2 
0 0 0 0 0 1 
0 0 0 0 1 0 
0 0 0 0 1 1 
  

⋮ 
  

1 1 1 1 0 1 
1 1 1 1 1 0 
1 1 1 1 1 1 
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Figure 20 diagram showing order of operations of the EMS 

Then the ideal power split, according to ECMS, is calculated using the dual decomposition 
method as described in section 4.2.1. This process is depicted in Figure 21. The ideal power split 
is calculated for each of the predetermined viable configurations separately. 

 

Figure 21 diagram showing iterative process of the ECMS using dual decomposition, with equation numbers 

(16) 

(17) 

(18) 



24 
 

To prevent frequent on/off switching of components, a penalty for switching on components is 
added to the objective function (4) [38]. This penalty is determined per component, and is only 
applied when that component would need to be switched on for the configuration currently being 
evaluated. The value of this penalty is zero for the batteries, as it does not cost any additional 
energy to switch them on or off. For the gensets, ideally this would depend on the additional fuel 
cost of switching them on. As this was unknown, the value for the penalty was set to a percentage 
of the genset’s maximum output. 

 
min

𝑢𝑚(𝑡), 𝑦𝑚(𝑡)
∑(1+ 𝜆𝑚(𝑡))𝑢𝑚(𝑡) +  𝑦𝑚(𝑡) + 𝑝𝑒𝑛𝑎𝑙𝑡𝑦𝑚
𝑚

 
(30) 

 

The last step in the EMS is to choose the configuration which best satisfies objective function (30). 
Using the power split as determined by the ECMS, equation (30) is evaluated for each of the viable 
configurations. Then the configuration with the lowest value for (30) is chosen as the best option. 
If multiple configurations have the exact same value, the one furthest down in the list will be 
selected. The corresponding desired power outputs are then communicated to the components. 

4.4 Benchmark systems 
To show the developed EMS is not only capable of dealing with an MPS, but can also provide good 
fuel economy, two benchmark systems are used: a global optimization, and an RB EMS (section 
4.4.2). 

4.4.1 Global optimization benchmark 
The global optimization used as a benchmark in this thesis, is an adapted version from the one 
used in [40]. The on/off switching, the running time and the corresponding power of the 
components are scheduled using the MILP algorithm. 

For the gensets the power output as a function of power input is modeled linearly. Because the 
actual curves have a clear point where efficiency starts to decrease, a piecewise linear 
approximation is applied to improve accuracy. Two separate linear approximations were done for 
different power output ranges of each genset. The resulting power and efficiency approximations 
are shown in Figure 22. The battery model is simplified to have a constant efficiency, regardless 
of SoC or (dis)charge rate. The objective function of the used global optimization method is to 
minimize the genset fuel consumption over the entire voyage.  

 

Figure 22 optimal power and efficiency curve for the LP genset (left) and HP genset (right), with a piecewise 
linear approximation 
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The global optimization gives the desired power output of each of the gensets. This data is then 
used to run a simulation using the actual component models. The results of this simulation is 
used as a benchmark for the MPS EMS. 

As a consequence of the simplified battery model, the actual SoC will slightly diverge from the 
calculated SoC, as the simulation goes on. This made it unfeasible to use this method for the 
longer operating profile, as the SoC would exceed the set limits. 

4.4.2 RB EMS benchmark 
An RB EMS was made for each of the four tested configurations. Because RB EMS only work with 
a specific power plant configuration, three different RB EMS needed to be made. Battery capacity 
is not taken into account by these EMS, only SoC. Therefore, configuration 1 and 3 can use the 
same RB EMS. These RB EMS are based on the charge depleting/charge sustaining (CD/CS) 
principle. A typical CD/CS EMS will start by only using battery power until the minimum allowed 
SoC is reached, after which it will switch to engine power and keep the battery SoC in a very 
narrow range [29].  

Because using only battery power would drain the batteries within a few hours, gensets will also 
be used in CD mode. While in CD mode, the gensets will be limited to a power range where they 
are most fuel efficient. For the LP genset this range was set to 350-750 kW. For the HP genset this 
range was set to 600-1000 kW. For configuration 4 these values are doubled, since the gensets 
have double the power. 

When the SoC drops below 40%, the system will switch to CS mode. In this mode all power will 
be provided by the gensets. When the required power exceeds the efficient operating range of a 
genset, the next genset will be activated. During very high power demand the gensets will need to 
exceed their efficient operating range. 

For the configurations where both types of gensets are used (1, 3 and 4) the LP gensets will be 
activated before the HP gensets, because of their higher fuel efficiency.  
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5 Results and discussion 
In this chapter the performance of the developed EMS will be shown and discussed. Firstly, it is 
discussed how the performance will be assessed. Then, the simulation set-up will be elaborated 
upon. And finally, the simulation results will be shown and discussed. 

5.1 Assessment methods 
The goal of this thesis is to develop an EMS which can handle an MPS, while minimizing fuel 
consumption. To assess the performance for minimizing fuel consumption, the developed EMS is 
compared to other methods: an RB EMS using the CD/CS principle (section 4.4.2), and a global 
optimization using a MILP algorithm (section 4.4). The global optimization was only done for 
operating profile 1, because the SoC during the simulation does not exactly follow the SoC 
expected by the global optimization. This is caused by the simplified battery model used by the 
global optimization. The discrepancy between the expected SoC and the actual SoC increases 
with time, which would cause the SoC to go outside of its allowed limits during operating profile 2 

To show the developed EMS can handle an MPS, it is tested with four different configurations 
(Table 4), and two different operating profiles (Figure 6 and 7). All tests are performed without 
manually changing any control parameters, i.e. the EMS was not adjusted to better suit individual 
configurations or operating profiles. 

It is also important that the EMS can handle the hardware configuration changing during a voyage. 
One scenario where this happens, is when a component fails and has to be shut off for the rest of 
the voyage. If an RB EMS were subjected to such a scenario, it would only be able to keep operating 
reliably if the specific failure was accounted for during development. The performance of the MPS 
EMS in such a scenario was tested by disabling one of the components during the voyage.  

5.2 Simulation set-up 
Only two things are altered between simulations: the operating profile and the hardware 
configuration. The value of some control parameters needs to be chosen manually, but these 
values do not need to be altered for different operating profiles and hardware configurations. The 
chosen values for these parameters are shown in Table 6. The simulation timestep was set to 0.1 
seconds. All simulations were run using MATLAB Simulink (version R2022b), on a desktop pc with 
an AMD Ryzen 7 3700X processor (release date: 2019). The simulations took around 4 minutes for 
operating profile 1, and around 38 minutes for operating profile 2. This shows the speed of the 
controller, as well as the real-time applicability. 

Table 6 control parameters used during simulations 

Parameters Value 
𝝉 10 [s] 
𝜺 1 [kW] 

𝑺𝒐𝑪𝒓𝒆𝒇 70 [%] 
𝒂 3 
𝒑𝒇 0.3 

𝝀𝟎(𝒕 = 𝟎) 1.55 
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The parameter values for the FMUs of the batteries and gensets are shown in Table 7 and 8 
respectively. With the exception of battery capacity for hardware configuration 3, all FMU 
parameters were kept as provided by TNO. 

Table 7 parameters used during simulations for each battery FMU  

Parameters Battery 
Nominal capacity [Ah] 5000 (10000 for config 3) 
Nominal voltage [V] 805 
Initial SoC [%] 70 
Upper bound SoC [%] 95 
Lower bound SoC [%] 35 

 

Table 8 parameters used during simulations for each genset FMU  

Parameters LP genset HP genset 
Inertia of the engine [kg m2] 14.0 22.0 
Inertia of the electric motor [kg m2] 0.007 0.007 
Rated efficiency of the electric 
motor [%] 

97 97 

P action for the speed control [-] 0.064 0.064 
I action for the speed control [-] 0.16 0.16 

 

5.3 Simulation results 
For each operating profile and hardware configuration, three graphs are shown: power output per 
component, active gensets, and SoC. Because the batteries have identical properties, as well as 
the same starting SoC, their SoC remains identical. For hardware configuration 1, 2 and 3 these 
graphs will also be shown for the benchmarks. Fuel consumption is shown in Table 9.  

The results for operating profile 1 will be discussed first, for both the developed EMS and the 
benchmarks. This is followed by the results for operating profile 2. Then fuel consumption is 
shown and compared to the benchmarks. Lastly, the results for when a component fails are 
discussed, including fuel consumption. 

5.3.1 Operating profile 1 
Firstly, the developed EMS was able to control all tested hardware configurations, while keeping 
all components within their operating limits, and maintaining the balance between required 
power and generated power (Figure 23-26). 

It can be observed that the batteries are discharged during high and very high power demand, 
while being charged during low and medium power demand. This behavior is less pronounced for 
configuration 2.  

It is also observed that during charging of the batteries, while power demand is low, the charging 
power slowly decreases, until the genset is turned off. This happens because the equivalent cost 
factor changes (through equation (7) and (8) ) as the SoC gets closer to the SoC limit. 

For configuration 1, 3, and 4 it is observed that the HP gensets will only be switched on when 
power demand is high. The LP gensets are even ramped up to full power before a HP genset is 
used. This is as expected, because the approximated efficiency (Figure 9) of the LP genset is 
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higher than that of the HP genset. However, if the actual efficiency curves were used, the HP 
genset(s) would be activated sooner, due to the efficiency drop-off of the LP genset at high power. 
This would likely result in a slightly lower overall fuel consumption. 

 

Figure 23 simulation results for hardware configuration 1, and OP 1 

 

Figure 24 simulation results for hardware configuration 2, and OP 1 
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Figure 25 simulation results for hardware configuration 3, and OP 1 

 

Figure 26 simulation results for hardware configuration 4, and OP 1 
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5.3.1.1 Global optimization 
The simulation results for the global optimization, for configuration 1 and operating profile 1 are 
shown in Figure 27. The results for the other configurations can be found in appendix B. 

It is immediately clear the global optimization makes more use of the batteries than the other 
EMSs. This is partly caused by the fact that the global optimization assumes a constant battery 
efficiency, regardless of SoC or (dis)charge rate. 

The largest reason for the intensive use of the batteries is the minimization of the use of the less 
efficient HP gensets. This effect is even more pronounced for configuration 3. This is why the 
batteries are used far less with configuration 2, where all installed gensets are identical. 

Another behavior that reduces fuel consumption, is that the gensets are never used at maximum 
power. Using the piecewise linear approximation (as shown in Figure 22), the most efficient 
operating point seems to be at the point where the two piecewise approximations meet. This is 
the point where the gensets are operated mostly by the global optimization. 

One important to note is that the global optimization only minimizes genset fuel consumption. As 
a result it aims to have the final SoC equal to the lower bound SoC limit. Furthermore, there is no 
penalty for switching the gensets on or off. As a consequence, gensets will sometimes be 
switched on or off very briefly. 

 

Figure 27 simulation results for hardware configuration 1, and OP 1, with the global optimization 

5.3.1.2 RB EMS 
The simulation results for the RB EMS, for configuration 1 and operating profile 1 are shown in 
Figure 28. The results for the other configurations can be found in appendix A. 

Because the RB EMS uses the CD/CS principle, the batteries are never recharged (i.e. battery 
power will not go below zero). It is observed that battery power is only used at low and very high 
power demand, while in CD mode. This is because at medium to high power demand, the gensets 
can run at an efficient operating point (as determined in section 4.4.2). 
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The downside of the CD/CS strategy, combined with this hardware configuration and operating 
profile, is that the batteries reach their minimum SoC long before the end of the voyage. This 
means that during low power demand, one of the gensets will have to run at low power, where it 
has relatively low fuel efficiency. 

 

Figure 28 simulation results for hardware configuration 1, and OP 1, with the RB EMS 

5.3.2 Operating profile 2 
As with operating profile 1, the developed EMS was able to control all tested hardware 
configurations, while keeping all components within their operating limits, and maintaining the 
balance between required power and delivered power. This shows the EMS can work for operating 
profiles of different length and power requirements. 

It is observed that the SoC reaches different levels of equilibrium for different levels of required 
power. When required power is high the batteries are drained, which causes equation (8) to 
increase the equivalent cost factor. At some point the ECMS will prefer increasing genset power, 
or the amount of active gensets. When the required power goes down to a medium level, the 
inverse happens. During operating profile 1 the length of time remaining at a certain required 
power level is significantly shorter. Therefore, this behavior is not as obvious for operating profile 
1. 
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Figure 29 simulation results for hardware configuration 1, and OP 2 

 

 

Figure 30 simulation results for hardware configuration 2, and OP 2 
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Figure 31 simulation results for hardware configuration 3, and OP 2 

 

 

Figure 32 simulation results for hardware configuration 4, and OP 2 
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5.3.2.1 RB EMS 
The simulation results for the RB EMS, for configuration 1 and operating profile 2 are shown in 
Figure 33. The results for the other configurations can be found in appendix A. 

As with operating profile 1, battery power is only used at low and very high power demand, while 
in CD mode. However, because the power demand of operating profile 2 is almost exclusively 
between medium and high power, the batteries are not used during the majority of the voyage. The 
battery SoC never gets low enough for the RB EMS to switch to CS mode. This means the gensets 
can run at fuel efficient operating points for the entire voyage. Another consequence is that having 
larger batteries (configuration 3) does not affect fuel consumption. 

 

Figure 33 simulation results for hardware configuration 1, and OP 2, with the RB EMS 

5.3.3 Fuel consumption 
The fuel consumption, and corrected fuel consumption, of all simulations can be found in Table 9. 
The corrected fuel consumption, 𝑚𝑓𝑢𝑒𝑙,𝑐𝑜𝑟, is calculated using equation (31), to account for the 
difference between initial SoC and final SoC. This is done because the MPS EMS, contrary to the 
benchmark systems, will not try to drain the batteries before the end of the voyage. Therefore, the 
fuel which was saved (or used) by discharging (or charging) the batteries is added to the actual 
fuel consumption. 

 𝑚𝑓𝑢𝑒𝑙,𝑐𝑜𝑟 = 𝑚𝑓𝑢𝑒𝑙  + ∆𝑆𝑜𝐶 ∗ 𝐶𝑏𝑎𝑡 ∗
𝜆0 + 1

𝑄𝑙ℎ𝑣
 

(31) 
 

Where 𝐶𝑏𝑎𝑡 is the total battery capacity and ∆𝑆𝑜𝐶 the difference between the initial SoC and final 
SoC. 

Figure 34 gives a visual representation of the corrected fuel consumption for all simulations. 
Figure 35 shows the corrected fuel consumption of the developed EMS relative to the benchmark 
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EMSs. A negative value means the benchmark has a lower corrected fuel consumption than the 
developed EMS. 

Table 9 Fuel consumption [kg] and fuel consumption corrected for battery usage [kg] of the different 
hardware configurations for all OP, for both the proposed EMS and the benchmark systems 

 
OP 

 
Config 

Modular 
Fuel 

 
Cor. fuel 

RB 
Fuel 

 
Cor. fuel 

Global 
Fuel 

 
Cor. fuel 

1 1 10607 10855 10260 10766 10162 10613 
1 2 10980 11057 10570 11092 10527 11145 
1 3 10206 10780 9770 10784 9564 10569 
1 4 10803 10903 10342 10854 10257 10663 
        
2 1 151530 151240 148210 148260 - - 
2 2 154120 153920 152150 152280 - - 
2 3 152040 151460 148210 148260 - - 
2 4 151690 151450 149860 150370 - - 

 

 

Figure 34 corrected fuel consumption for tested EMSs for all configurations, for operating profile 1 (left) 
and 2 (right). Uncorrected fuel consumption is shown with the cyan lines. 

 

Figure 35 corrected fuel consumption of the developed EMS relative to the benchmark EMSs, for operating 
profile 1 (left) and 2 (right) 
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For each configuration, there was an expectation for the corrected fuel consumption to be higher 
or lower, compared to configuration 1: 

• Configuration 2: higher, because of the lower efficiency of the HP genset. 
• Configuration 3: lower, because the larger batteries would allow the gensets to run more 

efficiently, more often. 
• Configuration 4: higher, because there are fewer power levels where all active gensets can 

be run at high efficiency. 

From the results shown in Table 9 it is concluded that these expectations were correct, with the 
exception of configuration 3 during OP 2. This is likely because one of the less efficient gensets 
needs to be active for longer (compared to configuration 1) to be able to re-charge the batteries. 

It is clear that the global optimization performs best in terms of uncorrected fuel consumption. 
Because it drains the battery, the corrected fuel consumption is significantly higher than the 
uncorrected. For configuration 2 this even leads to a higher corrected consumption than that of 
the other methods. For the tested conditions, except for configuration 2, the MPS EMS uses 1.9-
2.3% more fuel than the global optimization. This is comparable to the results found in literature 
where ECMS is compared to a global optimization [39], [40], [44]. 

When compared to the RB EMS, the developed EMS uses between 0.3% less, and 0.8% more fuel 
for OP 1. For OP 2 it uses 1.1-2.1% more fuel. This higher fuel consumption is most likely due to 
the inaccuracy of the quadratic approximation of the gensets at high power (Figure 13), which 
leads the MPS EMS to run the (LP) gensets at high power, where they are relatively inefficient, to 
charge the batteries. 

5.3.4 Component failure 
To show the developed EMS will keep operating when one of the components fails during a voyage, 
simulations were run where a component is disconnected during the voyage. This was done for 
configuration 1, operating profile 1. The component which was disconnected, was the component 
which was active longest originally: LP genset 2. 

Multiple simulations were run, where the genset was disconnected at a different timepoint in the 
voyage: 0%, 25%, 50%, and 75% of the voyage duration. This equates to 0, 9, 18, and 27 hours into 
the voyage. The results are plotted in Figure 36-39. In these figures a vertical line is shown to 
indicate the point where the genset fails. 

It is important to note that it is possible to drain the batteries past their allowed minimum SoC 
when the available genset power is lower than the required power. When LP genset 2 is 
unavailable, the remaining available genset power is 3405 kW. This is less than the required power 
at three time intervals during operating profile 1. Because these time intervals are quite short, and 
the batteries were sufficiently charged when they started, the batteries were never drained too far 
during the tested conditions. 
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Figure 36 simulation results for hardware configuration 1, and OP 1, when LP genset 2 fails at t = 27 [h] 

 

 

Figure 37 simulation results for hardware configuration 1, and OP 1, when LP genset 2 fails at t = 18 [h] 
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Figure 38 simulation results for hardware configuration 1, and OP 1, when LP genset 2 fails at t = 9 [h] 

 

 

Figure 39 simulation results for hardware configuration 1, and OP 1, when LP genset 2 fails at t = 0 [h] 
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The fuel consumption for these scenarios is given in Table 10. The fuel consumption when no 
failure occurs is also included for comparison. Figure 40 gives a visual representation of this data, 
and also shows the relative increase in fuel consumption, when compared to regular operation. 

Where previously both LP gensets were active, now the batteries will be used to compensate for 
the failed genset, until the SoC drops to a certain level. Then an HP genset will be activated. At the 
points where previously only one HP genset was active, now two will be active. When the required 
power drops, the remaining LP genset is kept active to recharge the batteries. 

The fuel consumption shows a clear trend: it increases as LP genset 2 fails sooner in the voyage. 
This indicates that when LP genset 2 is available, the EMS will only activate it when it is the most 
fuel efficient option. This shows the EMS is capable of minimizing the instantaneous fuel 
consumption, even when the hardware configuration changes during a voyage. This also applies 
to changing the installed components of an MPS. 

Table 10 fuel consumption [kg] when LP genset 2 fails during the voyage 

Failure time [h] Fuel Cor fuel 
0 10675 10921 
9 10606 10874 
18 10594 10867 
27 10597 10865 
- 10607 10855 

 

 

Figure 40 fuel consumption (left) and relative fuel consumption (right), when LP genset 2 fails during OP1 

5.4 Discussion 
Most importantly, the MPS EMS was able to control the system for all tested situations, while 
keeping all components within their allowed operating ranges, even when one of the components 
became unavailable during the voyage. Furthermore, fuel consumption was as expected, 
compared to a global optimization, as it was similar to the results found in literature where ECMS 
is compared to a global optimization. However, some behaviors were observed, which could be 
improved upon. 

First of which is the power split when both LP and HP gensets are active. The LP genset(s) will run 
at maximum power, even though this is often less fuel efficient than transferring some of the 
power demand to the HP genset(s). This is caused by the inaccuracy (at high power levels) of the 
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approximated efficiency curve shown in Figure 9. With the approximation, the EMS is told that the 
LP genset is more efficient at full power, than the HP genset at any power level, which is not 
actually the case. This issue is especially present during OP 2. It explains the increased fuel 
consumption compared to the RB EMS. Improving the accuracy of the efficiency curve the EMS 
uses will decrease overall fuel consumption. In this case, it would also reduce the wear on the LP 
gensets. However, it is important that the improving this accuracy is not allowed to affect the  
convexity of the function. 

Another factor which causes increased genset power demand, is the base value of the equivalent 
cost factor (equation (5)). Because it is based on the average BSFC, it will increase if the gensets 
are operated at inefficient operating points. Consequently, the increased equivalent cost factor 
will allow the gensets to run less efficiently before battery power is preferred, which will increase 
it even further. This is also the case when the less efficient HP gensets are used, compared to 
when only LP gensets are used. This is best seen by the difference between configurations 1 and 
3, in OP 1 from 18-21 hours. Because configuration 3 makes less use of the HP gensets before this 
point, the equivalent cost factor is slightly lower. Consequently, the LP gensets are run at a lower, 
more fuel efficient power output, while also using battery power. To prevent the equivalent cost 
factor from becoming higher than necessary, the method for determining its value should be 
adjusted. 
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6 Conclusion 
With an MPS it is possible to choose which components are installed, such that their capabilities 
best match the requirements of the upcoming voyage. The control system of an MPS needs to be 
able to adapt when the type and number of installed components changes. For this thesis an MPS 
EMS was developed: an EMS capable of dealing with a reconfigurable power plant, where 
components can be added, removed, or replaced. This EMS also needed to be able to minimize 
fuel consumption, regardless of the operating profile, and which components are installed. 
Another requirement was that the EMS be real-time capable. The developed MPS EMS is meant 
for ships with electric propulsion and a hybrid power plant, but can also be used for other 
applications. It can be used as a benchmark during development of a bespoke EMS, or as a tool 
to find a good power plant configuration during the development of a vessel. Another use case is 
in retrofitted vessels, bypassing the need to develop a bespoke EMS and the associated costs.  

The first sub research question, ‘what control strategy is suited for an MPS EMS?’, was answered 
with a literature study. From the literature study it was found that ECMS would be suited for an 
MPS EMS, when combined with the dual decomposition method. Dual decomposition makes it 
possible to uncouple the power balance constraints of each component. This means 
components can be added, removed, or replaced, without affecting the equations of the other 
components. 

Now the second sub research question, ‘how can a variable number/type of connected 
components be represented in the controller?’, can be answered. To determine the optimal power 
split between the connected components, the EMS needs to know certain properties of these 
components, such as their efficiency curve and maximum power. The data of these properties is 
integrated into the individual components. The connected components will then communicate 
this data, and thus their properties, to the EMS. This way, connecting a different component will 
automatically give the EMS the information it needs to include this component in the optimization. 
Because the MPS EMS needs to work for a variety of installed components and operating profiles, 
certain parameters need to adapt automatically. To ensure the steepest ascend method (used to 
find the correct power split) converges quickly and stably for all component configurations, the 
starting point and step size of the iterations are made adaptive. To make sure the batteries do not 
exceed their SoC limits, the equivalent cost factor was made adaptive as well. 

The answer to third sub research question, ‘how can the performance of the developed EMS be 
assessed?’, determined which test scenarios the MPS EMS was subjected to. The results needed 
to show the capabilities of the developed EMS for its two main objectives: dealing with an MPS, 
and minimizing fuel consumption. Therefore simulations were performed with four different 
hardware configurations, and two different operating profiles. All tests were performed without 
manually changing any control parameters, or other aspects of the EMS. To show the capabilities 
of the developed EMS in terms of minimizing fuel consumption, an RB EMS and a global 
optimization were used as benchmarks. Lastly, it was tested how the developed EMS would cope 
with a genset failure during a voyage. This was tested because an MPS EMS should automatically 
adjust, and continue operating with the new hardware configuration. 

The simulation results show that the MPS EMS was able to control the system for all tested 
situations, while keeping all components within their allowed operating ranges. The MPS EMS 
achieved this without the need for any manual adjustments. Fuel consumption relative to a global 
optimization was similar to results found in literature. Compared to a CD/CS based RB EMS, the 
fuel consumption was between 0.3% lower, and 2.1% higher. Even though minimizing fuel 
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consumption could be improved, fuel consumption was not unreasonably high. Hence, the main 
goal of this thesis was achieved: to develop an EMS capable of controlling a shipboard modular 
power system, while minimizing fuel consumption. 

One way to improve the minimization of fuel consumption, is to improve the accuracy of the 
approximation of the efficiency curves of the gensets, particularly at high power output. Improving 
this would reduce the time of running the gensets at, relatively inefficient, high power output. A 
possible way of doing this would be to implement a piecewise approximation. The second thing 
that could be improved is the method for determining the base value of the equivalent cost factor, 
λ0. Because the used method is based on the average fuel efficiency, it is possible that λ0 
becomes higher than desired if the gensets are, at some point, used at inefficient operating points. 
Improving this would (further) discourage the EMS from running the gensets at inefficient 
operating points. A possible solution would be to let λ0 depend on the efficiency of the desired 
operating range of the gensets. Neither of the issues mentioned above impact the EMSs ability to 
stably control an MPS, but they can increase fuel consumption. 

6.1 Future works 
Future research has various directions it could focus on. One of which is the inclusion of other 
power sources, such as fuel cells. The ability to handle many different types of components 
(simultaneously) would further diversify the use cases where the MPS EMS can be applied. 
Specifically, attention should be paid to how the equivalent cost factor should be implemented 
when using multiple fuel types. 

Another research direction would be to expand the capabilities of the MPS EMS to work for hybrid 
propulsion systems as well. This would mainly involve expanding the balance equations to 
include multiple nodes, instead of the single node for electric propulsion, as shown in Figure 12.  

The inclusion and effect of component degradation is also a possible topic for future research. 
Real world scenarios will always suffer from component degradation. Making sure the MPS EMS 
can deal with this is crucial if it is ever to be applied on existing vessels. 
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Appendices 

A Results RB EMS 

 

Figure A-1 simulation results for hardware configuration 2, and OP 1, with the RB EMS 

 

 

Figure A-2 simulation results for hardware configuration 3, and OP 1 , with the RB EMS 
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Figure A-3 simulation results for hardware configuration 4, and OP 1 , with the RB EMS 

 

 

Figure A-4 simulation results for hardware configuration 2, and OP 2, with the RB EMS 
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Figure A-5 simulation results for hardware configuration 3, and OP 2, with the RB EMS 

 

Figure A-6 simulation results for hardware configuration 4, and OP 2 , with the RB EMS 
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B Results global optimization  

 

Figure B-1 simulation results for hardware configuration 2, and OP 1, with the MILP global optimization 

 

 

Figure B-2 simulation results for hardware configuration 3, and OP 1, with the MILP global optimization 
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Figure B-3 simulation results for hardware configuration 4, and OP 1, with the MILP global optimization 
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