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Abstract: Nowadays, marine propulsion systems based on thermal machines that operate under
the diesel cycle have positioned themselves as one of the main options for this type of applications.
The main comparative advantages of diesel engines, compared to other propulsion systems based
on thermal cycle engines, are the low specific fuel consumption of residual fuels, and their higher
thermal efficiency. However, its main disadvantage lies in the emissions produced by the combustion
of the residual fuels, such as carbon dioxide (CO2), sulfur oxide (SOx), and nitrogen oxide (NOx).
These emissions are directly related to the operating conditions of the propulsion system. Over the
last decade, the International Maritime Organization (IMO) has adopted a series of regulations to
reduce CO2 emissions based on the introduction of an Energy Efficiency Design Index (EEDI) and
an Energy Efficiency Operational Indicator (EEOI). In this context, adding a Shaft Generator (SG) to
the propulsion system favoring lower EEDI and EEOI values. The present work proposes a selective
control system and optimization scheme that allows operating the shaft generator in Power Take Off
(PTO) or Power Take In (PTI) mode, ensuring that the main engine operates, always, at the optimum
fuel efficiency point, thus ensuring minimum CO2 emissions.

Keywords: marine propulsion system; shaft generator; power take-in; power take-off; energy
efficiency design index; energy efficiency operational indicator; gradient vector optimization; power
converter; torque oriented control

1. Introduction

Even though marine propulsion systems have been in constant development since the 18th
century, nowadays the most common system used on board large carriers, i.e., container ships and
tankers, is a system considering a diesel engine as the prime mover. Most of these engines are of the
crosshead type, operating on the two-stroke cycle at low speed having long strokes, turbocharged, and
directly coupled to a single fixed-pitch propeller. The power installed for these configurations vary
from 10 MW and up to 80 MW [1]. These type of propulsion systems include the use of a Waste Heat
Recovery System (WHRS), which relates taking the remaining heat of the exhaust gases generated
from the combustion process of the diesel engine. This system was previously known as an economizer
and was used to generate steam for heating processes only. Recently, in some cases, the WHRS uses
heat to generate steam to be used in turbo-generators [2–4].

Diesel engines for marine applications have many advantages when compared to other prime
movers such as turbines. They have a higher thermal efficiency and a low fuel oil consumption of
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low-cost residual fuels. The disadvantage of consuming residual fuels is the high amount of CO2,
SOx, and NOx emissions, which are related to the ship’s operational condition [5,6]. Alternative
fuels with low carbon and sulfur content have been considered to be used to replace these residuals
fuels; however, its use in large carriers is not cost efficient and still presents a poor environmental
performance. In this regard, alternative fuels such as Liquefied Natural Gas (LNG), biofuels and
hydrogen are some of the most promising alternatives in study as replacement, but still some concerns
about their storage, technological maturity and safety mitigating measures [7,8].

The ship’s power design requirement represents the main constrain when the operational
condition of the ship is assessed and compared to the power demands at normal operating conditions.
The prime mover is forced, most of the time, to operate under underrated conditions increasing its fuel
oil consumption therefore the amount of emissions. Diesel engines, as the one described, found their
optimum fuel oil consumption point at ~75–80% of the MCR [9].

High fuel oil consumptions lead to an increase of emissions, e.g., CO2 emissions, which have
been monitored and since 2011 have been measured using an index called EEDI. This index is part
of a mandatory regulation coming from the IMO and applicable to every new ship since 2013 [10,11].
An operational indicator called EEOI has also been considered but this is not mandatory yet, although is
integral part of the Ship Energy Efficiency Monitoring Plant (SEEMP), which is mandatory to be
implemented on board ships but that is not auditable by any means yet. The EEOI is used as a
measuring tool to voluntary assess the efficiency of an existing ship.

The EEDI encourage the use of technologies such as shaft generator to reduce the use of the
power installed on board through auxiliary generator sets [12]. This reduction of the use reduces
the fuel oil consumption, therefore, as was mentioned before, reduces the amount of CO2 emissions.
The shaft generator force to use the diesel engine in a loading range, quite close to the optimum fuel oil
consumption point [13,14]. The use of shaft generators above this point has been considering unjustified
because of the possibility to overload the diesel engine leading to increase the fuel oil consumption.

The present work presents a marine diesel engine propulsion system with a direct driving shaft
generator and a back to back converter based on the use of a selective control scheme. This scheme
enables for the diesel engine to operate at its optimum fuel oil consumption point, which has been
renamed as its Minimum Emissions Operating Point (MEOP). The scheme considers the use of the
shaft generator as a Power Take Off (PTO) drive when the diesel engine operates below the MEOP and
as a Power Take In (PTI) when the diesel engine operates above the MEOP. The shaft generator, at PTO,
generates enough power to turn-off the generator set of the ship. These operational conditions have a
repercussion on the EEOI, which is to be estimated and analyzed to prove the positive influence to
lower the amount of emissions based on the reduction of the specific fuel oil consumption of the diesel
engine. After EEOI results, the selective control scheme is going to be used to evaluate its influence
over the EEDI of a new design looking for the development of an efficient propulsion system that
ensures the compliance with the IMO regulations.

2. Background

Efficiency can be defined as the ratio of the useful work performed by a vessel to the total energy
expended, but also can be expressed as actions designed to achieve efficiency [15]. Under these
definitions, first, we can consider the vessel efficiency as the amount of fuel consumed, as the energy
source to be expended, over the transport work performed by the vessel, as the process of carrying
cargo, and second, we can consider vessel efficiency as the implementation of technological and
operational means to a vessel to achieve higher levels of efficiency. Both definitions can be applied
but for this research, the first is going to be applied over the design of new vessels, and the second
over existing vessels. Both definitions can be worked together when analyzing the efficiency of a
vessel, as to improve its efficiency in the design stage, it is required to know its current operational
efficiency, from the EEOI. The current efficiency can be estimated when evaluating the amount of
fuel that is consumed by the diesel engines of the main propulsion system and the auxiliary systems
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when navigating. This estimation of vessel efficiency provides the baseline from where it is possible to
improve it when considering the implementation of technological means, i.e., shaft generators and
operational means, i.e., selective control schemes as the described in this research. The amount of fuel
saved by the implementation of technological and operational means translated as the improvement
into the efficiency of a vessel. Because the consumption of fuel generates emissions, any reduction of
fuel consumption leads to lower emission levels. The use of the fuel consumption a as state variable
provides the baseline of considering the use of EEDI and EEOI as means of evaluation of vessel design
and operational efficiency.

2.1. Emissions from the Combustion Process

Emissions are generated during the process of converting the chemical energy of the fuel into
mechanical work, Equation (1) represents the stoichiometric reaction of the fuel and the consequence
emissions generation, CO2 emissions are the higher amount of all of them.

Cm Hn +
(

m +
n
4

)
O2 + pN2 → m CO2 +

n
2

H2O + pN2 (1)

2.2. Fuel Oil Consumption and Diesel Engine and Shaft Generator Operation

The stoichiometric air to fuel ratio (AFRst) is the minimum amount of air required to burn a
kilogram of fuel and, when compared to the actual Air to Fuel Ratio (AFR), the stoichiometric ratio λ,
presented in Equation (2), can be found [15]. The AFR can be considered at any engine load for the
purposes of analysis.

λ =
AFR

AFRst
(2)

The engine’s output power suffers when operating at lower loads condition, because at this
condition, less fuel is available and the engine while trying to achieve a higher load demands more
fuel to be provided to overcome the demand. The engine trying to maintain the power output at the
desired operational condition increases the specific fuel oil consumption until it reaches the desired
engine load, which is related to its speed as can be seen in Figure 1. At low engine load λ ≈ 4.0,
which decreases as the engine load is continuously increased. When the load is within the range of
75 to 80% of the engine maximum continuous rating (MCR), the value of λ reaches its minimum.
When going above 75–80% load, because higher amounts of air and fuel are required, λ increases
reaching a value of ≈2.0 at the 100% of the MCR.

Figure 1. Power Take Off (PTO)/Power Take In (PTI) operating regions.
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Figure 1 shows these λ conditions and the optimal fuel oil consumption point or MEOP. The MEOP
has been considered in this form because is a representation of the Specific Fuel oil Consumption (SFC),
which is one of the factors to evaluate the amount of emissions generated by the engine when using
the EEDI and EEOI.

Operationally, Figure 1 differentiate the operating regions of the shaft generator when considering
the MEOP over the entire engine load range. Before MEOP the shaft generator operates as PTO and
after MEOP operates as PTI. The shaft generator as PTO generates electricity to support the operation
of the vessel and reduces the use of the diesel engines of the auxiliary system known as generation
set. When operating as PTI, the electrical power to operate the shaft generator as an electric motor is
provided by the generator set. Nonetheless, from this assumption, future work will investigate options
to improve the efficiency of the generator set operation and the use of electric power sources, i.e., use
of batteries and Non-Conventional Renewable Energies (NCRE) sources.

The engine efficiency at the MEOP is the highest and has been used as the evaluation point of
the EEDI mandated by the IMO for every new ship constructed. The EEDI started with a minimum
value established by 2013 and reduced by a percentage over the next 12 years [10,11], a low EEDI value
means a more efficient ship, in terms of its design (hydrodynamics, propulsion system, and auxiliaries).

2.3. Energy Efficiency Design Index EEDI

The EEDI can be defined as a technical measure of CO2 emissions per ship’s capacity per nautical
mile applied to new ship designs [10]. The EEDI equation is presented in Appendix A. Here, a modified
version to be applied for the purposes of this paper is presented in Equation (3). This modified version
accounts only for the main engine influence of emissions generation; therefore, it is an approximation
that is going to be modified to establish and represent the influence of the shaft generator over the entire
main and auxiliary systems of the ship. The auxiliary engines, shaft generator, and WHRS influence
over the EEDI equation has been found minimum when compared to the main engine installed power
therefore the EEDI value do not get really affected by them as stated in [11]. The influence of these
factors is related to the operation of the ship.

EEDI =
PB SFC CF
DWT VS

(3)

The PB corresponds to the 75% rated installed brake power in kW, CF is the carbon factor in g
CO2 per g f uel, DWT is the capacity of the ship in tonnes, and Vs is the ship’s design speed in knots.

2.4. Energy Efficiency Operational Indicator EEOI

The MEOP has been also used to calculate the EEOI. The EEOI is the monitoring tool supporting
the Ship Energy Efficiency Management Plan (SEEMP) applied to new and existing ships to measure
the amount, in grams, of CO2 per tonne cargo transported per nautical mile for a single voyage [11].
The equation to calculate EEOI is presented in Appendix B and here a modified version to be applied
for the purposes of this paper is presented in Equation (4). This modified version uses the SFC instead
of the total amount of fuel consumed for a single voyage to relate the indicator with the operational
performance described to evaluate EEDI and have a comparison point of the ship’s design performance
and the actual operation at the required MEOP at low and high loads. The mc factor accounts for the
mass of cargo transported in tonnes and D to the distance, in nautical miles, of the cargo transported.

EEOI =
SFC CF
mC D

(4)

Having a comparison point between the design and the operational behavior of the ship allows
for a better understanding of these tools to evaluate the current efficiency of the ship, also allowing
to consider technological and operational options to improve ship’s efficiency. The use of a shaft



J. Mar. Sci. Eng. 2020, 8, 221 5 of 21

generator is part of these improvements, and its influence into of ship’s efficiency is presented when
analysing the Shaft Generator/Motors Emissions Factor fge f into the EEDI equation, this factor is
presented in Equation (5), where the power generated accounts and is related to the power generated
by the auxiliary engines or generator set to support the service of the ship.

fge f =
(

fi PPTI − fe f f PAE
)

CFAE SFCAE (5)

Equation (5) can also be contrasted with the Efficiency Technology Factor (ETF) presented in
Equation (6), which relates the reduction in power requirements that any technology generates and is
used to improve the ship’s efficiency.

ETF = fe f f Pe f f CF SFC (6)

The efficiency technology factor fe f f in Equations (5) and (6) represents the percentage of influence
of the power output of the technology and relates to its efficiency. The background presented allows
for the introduction of the control scheme selected as the most appropriate to represent the influence
of a shaft generator into the propulsion system of a ship, because relates its fuel consumption and its
emissions in accordance with known and validated indexes for ship’s efficiency evaluation.

3. Hybrid Propulsion System Characterization

The hybrid propulsion system under study consists of low speed 2-stroke diesel engine,
driving directly the propulsion shaft. A permanent magnet synchronous machine is coupled to
the diesel engine using a single-stage gearbox. This geared mechanical transmission system enables the
combination of the mechanical and electrical prime movers in the same kinematic drivetrain, as shown
in Figure 2

Figure 2. Hybrid propulsion system configuration.

The synchronous machine is connected to the main ship‘s grid using a back-to-back power
converter. This configuration enables bidirectional power flow, between the electric drive and the
ship‘s grid, thus enabling the electric drive to operate in power take-off (PTO) or power take-in (PTI)
modes, depending on the direction of the power flow, as shown in Figure 3. Moreover, the use of
the back-to-back converter configuration decouples the electric drive and grid control schemes. This
enables the grid side control scheme to be synchronized referred to the ship‘s main busbar frequency,
independently of the electric drive operational frequency, and therefore the diesel engine operational
speed [16].
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Figure 3. Power flow in (a) power take-off operation mode; (b) power take-in operation mode.

Power take-off mode: in this mode, the main diesel engine supplies the power needed for the
propulsion PS as well as for the ship’s consumers PG by forcing the electric drive to operate within the
generator region. Depending on the ship’s load and the required propulsion power, all or some of the
generator sets (GS) are turned off, as shown in Figure 3a. The engine developed power PB = PS + PG.

Power take in mode: in this mode the electric drive is forced to operate within the motor region,
an auxiliary motor, allowing to reduce the main engine’s load, as shown in Figure 3b. Depending on
the required shaft power, the system operates in booster mode, when both electric and diesel provide
deliver power to shaft, or diesel-electric mode, when only the electric drive delivers power. Therefore,
the engine developed power PB = PS − PG.

3.1. Diesel Engine Model

The diesel engine dynamics is obtained energy conversion principle, by defining the system‘s
Hamiltonian H(x) as given in Equations (7)–(9)

H(x) = Wi −
n

∑
`=1

Ec` + WI (7)

where Wi is the chemical energy also known as indicated energy, Ec correspond to the system loses,
and WI is the stored energy in the inertia. The indicated energy can be defined as a nonlinear function
of the fuel enthalpy h, the fuel flow rate g, and shaft rotational speed θ̇r

Wi = fc
(

h , g , θ̇r
)

(8)

and the energy stored in the inertia is given as in Equation (9)

WI =
1
2

L
d
dt

θr (9)

where L stands for the rotational momentum. The total converted energy into mechanical torque is
given by Equations (10) and (11).

∂

∂ θr
H(x) = 0 (10)

J
d2

dt2 θr = Ti − Tp − Tf (11)

where Ti corresponds to engine’s indicated torque, Tp the pumping torque, and Tf the friction torque.
The indicated torque is dependent on the amount of fuel injected into each of cylinders per cycle

as given in Equation (12)

Ti =
mcy ncy ρh ηig

2 π ncs
(12)
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where mcy corresponds to the fuel delivery per cycle per cylinder, ncy to number of cylinders, ρh is
the heating value of fuel, ηig is the indicated efficiency, and ncs the number of crank revolutions.
The indicated efficiency is given as in Equation (13)

ηig = ηcc

(
1− 1

rγ−1
c

)
(13)

where rc is the compression ratio, γ the gas specific heat capacity ratio in the cylinder, and ηcc represents
the combustion chamber efficiency.

As presented, the indicated torque is highly dependent on several engine parameters, such as
the number of cylinders, the fuel delivery per cycle, the compression ratio, and combustion chamber
efficiency. On the other hand, the diesel engine emissions are defined by its residual gas fraction
χr, which represents a measure of CO2 concentrations of the working gas in the compression stroke,
during the energy conversion process, as defined in Equation (14)

χr =
(χ̃co2

)C

(χ̃co2
)E

(14)

where (χ̃co2
)C and (χ̃co2

)E stands for the CO2 fractions during compression and exhaust, respectively.
The torque component corresponding to energy losses TC is given by Equations (15) and (16)

TC =
∂

∂ θr

n

∑
`=1

Ec` (15)

TC = Tp + Tf (16)

where the pumping torque Tp and friction torque Tf can be expressed as in Equations (17)
and (18), respectively.

Tp =
Vd

2 π ncs
( pem − pim ) (17)

Tf =
Vd

2 π ncs

(
c0 + c1 nr + c2 n2

r

)
(18)

here Vd corresponds to the engine displacement volume, pem is the exhaust pressure to the manifold,
and pim the manifold inlet pressure. The friction torque Tf ,on the other hand, may be assumed to be a
quadratic polynomial depended on the engine revolutions nr, with c0, c1, and c2 fitting constants.

From Equations (7)–(17) it becomes self-evident that the diesel engine mathematical model is
highly nonlinear and dependent on several specific construction parameters. However, a linearized
model may be used, considering all important nonlinear characteristics [17–20], which can be modeled
as dead-times and time-delays contained in τ1 and τ2, respectively, and constant parameters k1, k2,
as presented in Equations (19)–(20)

d
dt

y = − 1
τ1

y +
k1

τ1
u (19)

J
d
dt

ωr = −B ωr + k2 y ( t− τ2 )− TL (20)

where J stands for the engine’s inertia, B is the friction coefficient, ωr corresponds to the engine
rotational speed, u to the speed controller output, y the position of the fuel rail, and TL the external
load torque. Values for k1, k2, τ1, and τ2 may be found empirically or from the data provided by the
manufacturer using a model fitting algorithm, as stated in [21].

Considering the previously made considerations and modeling restrictions, it is possible to build
an emissions model, on the basis of the data provided by the manufacturer, using an appropriate
polynomial approximation with squares regression.
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Given m data points { xi yi }m
i=1 with xi given output power and yi corresponding CO2 emissions

rate; the best fit polynomial for the CO2 emissions e(x) could be developed using Equation (21)

e(x) =
n

∑
k=0

αk xk n < m− 1 (21)

where αk ∀ k coefficients may be found by minimizing the least square error using Equation (22)

AT A a = AT y (22)

with the coefficients vector a = [α0 . . . αn]T , the sample value vector y = [y0 . . . yn]T , and A the
Vandermonde matrix, given as in Equations (23) and (24)

A =


1 x1 x2

1 . . . xn
1

1 x2 x2
2 . . . xn

2
...

...
...

...
1 xm x2

m . . . xn
m

 ∀xi i = 1 , . . . , m (23)

a = ( AT A )−1 AT y (24)

obtaining finally an n degree polynomial representing the CO2 emissions profile, as given in
Equation (25)

y(x) = a0 + a1 x + a2 x2 + . . . + an xn (25)

3.2. Electric Drive Model and Control

The anisotropic permanent magnet synchronous machine (PMSM) mathematical model in an
arbitrary synchronous reference frame d q is described as in Equations (26) and (27) [22],

v(dq)
s = Rs i(dq)

s +
d
dt

ψ
(dq)
s + F ψ

(dq)
s (26)

F =

[
0 −ωk

ωk 0

]
(27)

where vs corresponds to the stator voltage, Rs to the stator resistance, is the stator current, ψs the
stator flux linkages, and ωk to the shaft synchronous speed. The stator flux linkages are given as in
Equations (28) and (29):

ψ
(dq)
s = G i(dq)

s + Pψm (28)

G =

[
Ld 0
0 Lq

]
P =

[
1
0

]
(29)

Ld and Lq are the direct and quadrature reference frame inductances, respectively, and ψm the
permanent magnet flux linkage. The electromechanical torque developed by the PMSM is given
in Equations (30) and (31)

Te =
∂

∂ θr
W f ld

(
ψ
(dq)
s , i(dq)

s , θr

)
(30)

Te =
3
2

p
{

ψm iq
s + (Ld − Lq) id

s iq
s

}
(31)

where p are the number of pole pairs.
Despite the classical FOC control scheme, which is used to control the drive shaft speed, in this

case, the control objective is to control the torque developed by the electric drive [23], which is
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achieved by means of the electric torque reference, provided by the optimization algorithm output.
The implementation of the electric drive control scheme is shown in Figure 4.
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Figure 4. Torque field-oriented control scheme.

3.3. Grid Side Power Flow Control

Grid side control is achieved by implementing active and reactive power control [24,25],
using a virtual flux voltage oriented control (VF-VOC) strategy. Active and reactive power,
P and Q, respectively, in a synchronous rotating reference frame, grid side-oriented u v are given
in Equations (32) and (33), as a result of using a voltage orientation in u coordinate.

P =
3
2
Re {vu (iu + jiv)} (32)

Q =
3
2
Im {vu (iu + jiv)} (33)

Thus, by setting the reactive component of the grid current iv = 0 it is possible to maximize the
active power flow into the grid. Orientation into the grid side synchronous reference frame u v is
achieved by extracting the orientation angle θp provided by a virtual-flux space vector ψ(xy) referred

to the voltage drop in the output inductance v(xy)
o as in Equations (34) and (35). Implementation of the

grid side control scheme is provided in Figure 5.

ψ(xy) =
∫

v(xy)
o (t) dt (34)

θp = atan2 (ψx , ψy) (35)

The corresponding grid side dynamic model in the u v synchronous reference frame, is given in
Equation (36),

v(uv) = R i(uv) + L
d
dt

i(uv) + F L i(uv) + v(uv)
g (36)

where v(uv) corresponds to the converter output voltage, i(uv) stands for the grid side current, and v(uv)
g

to the main busbar voltage, in the u v reference frame. Line parameters of resistance and inductance
are given as R and L, respectively, and matrix F has been defined in Equation (27).
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Figure 5. Voltage-oriented control scheme.

4. Optimization Strategy

Let us define an arbitrary optimization problem φ as in Equations (37)–(40), given a set of
candidate solutions C, a set of solution S ⊆ C, an objective function f (x), and ν the optimization sense.

φ = 〈 C , S , ν , f (x) 〉 (37)

C = x ; x = { xo , . . . , xn } (38)

S = x± δ (39)

ν = min { f (x) |x±δ } (40)

where x corresponds to the system state and δ to the variation of the state introduced by the search
direction of the optimization strategy.

The implemented optimization strategy is based on the use of the gradient vector O f (x) as search
direction for each iteration. Note that the gradient vector is orthogonal to the plane tangent to the
contour surfaces of the function to optimize; O f (x) = g(x) = [ ∂ f

∂ x1
. . . ∂ f

∂ xn
]T . The gradient vector at a

point g(xk) represents the direction of maximum rate of change, which is given by | g(xk) |
The optimization strategy searches for the point xk, where | g(xk) | ≤ µg, given an initial state

xo; certain convergence parameters µg , µa , and µg; and a normalized search direction pk; given
Equations (41) and (43)

pk = −
g(xk)

| g(xk) |
(41)

xk+1 = xk + α xk (42)

for some α such that satisfies Equation (43)

| f (xk+1)− f (xk) | ≤ µa + µr | f (xk) | (43)

The search objective corresponds to the minimum CO2 emissions operating point of the diesel
engine, and the function to optimize f (x), to the diesel engine emissions profile, given a a certain
required output power. The result from the optimization problem is used as torque reference for the
TFOC electric drive control scheme. Figure 6 shows the algorithm implementation.
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Figure 6. Gradient-based optimization algorithm structure.

5. Simulation Results

In this section, the performance of the diesel engine and the the optimization scheme under
different load and operational conditions are presented. The hybrid propulsion system model under
study was developed using PLECS. The controllers for the electric drive and the grid side, as well as
the optimization algorithm, were developed and implemented in C code.

5.1. Diesel Engine Performance

Results are presented differentiating the performance of the control scheme of the shaft generator
and the results of the fuel consumed by the engine when simulating the PTO and PTI conditions.
The methodology considers the use of the IMOs EEDI and EEOI tools to show the benefits of the
scheme, providing a reference to evaluate the design efficiency and the operational efficiency.

Results are plotted over the two simulation conditions considered but presented over a power
range to simulate specific operational conditions such as slow steaming. This operational condition
has been considered because represents the ability of the simulation to show the performance of the
ship at low ship’s speed, which can be used to evaluate a ship design over a higher range of options to
get an efficient design. A more accurate evaluation of the EEDI could be necessary but still results are
providing a great assertiveness of the methodology selected.

The data used to simulate the performance of the control scheme considers the use of a ship, which
has specific information: its capacity, speed, cargo transported, distance navigated, power installed,
and the type of fuel consumed. The type of ship considered was selected from a worldwide database
of ships [26]. When analyzing the database and the specific information needed to evaluate the design
and operational efficiencies of a ship, very large crude oil carriers were the type of ships more reluctant
to be used because of the simplicity of their propulsion system and the significance of the amount
and type of fuel consumed. The propulsion system consists of a diesel engine directly coupled to a
fixed pitch propeller. The auxiliary power installed for this specific type of ship accounts for ~10%
of the propulsion power installed [26]. Table 1 presents the open source data used for simulation
that were fixed as the initial conditions. The range of data is only a reference of the type of ship
found in the database and no consideration to the operational profile of them has been considered for
simulation purposes.
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Table 1. Operational parameters for simulation.

Type of Ship Fuel
Consumed

Capacity
(dwt) Speed (kn) Cargo Transported

(tonnes)
Installed

Power (MW)

Very Large
Crude

Heavy Fuel
Oil 300,000 15 315,000 25

Oil Carrier
(VLCC) (HFO) 320,000 21 330,000 36

The engine selected to be modeled and evaluated is an engine from MAN [27].
The 7G80ME-C9.2-TII diesel engine was selected having a specified maximum continuous rating
(SMCR) power of 33 MW at 72 rpms. The specific fuel oil consumptions (SFC) vary from 187.1 g/kWh
at low engine load to 166 g/kWh at high engine load. The normal continuous rating of the engine
was considered ~75% of the SMCR. The total power delivered by the auxiliary generators during
the navigation has been considered ≈3% of the propulsion engine rated power. When consuming
HFO, a carbon factor of 3.114 g CO2/g Fuel was used to estimate the emissions. With this information,
the simulation of the control scheme was carried out and the results are presented next.

5.2. Control Scheme Performance at PTO Operating Region

Results are presented considering the performance of the shaft generator operating as a PTO,
including the power and fuel consumption performance and the evaluation of the EEDI and EEOI tools.

The control scheme was evaluated considering a navigation time period long enough to simulate
a consistent increase of the brake power of the engine over a step time to reflect its performance and
SFC variation to get a steady evaluation of the efficiencies. Blue curves in Figure 7 shows the results of
a segment of the PTO operating region while simulating a period of navigation time of 5 h, where, in
the left-hand side of the figure, it is possible to appreciate how the brake power lineally increases from
5 MW to 12 MW. The right-hand side of the figure shows the decrease of the SFC from a maximum
value at low engine load, the power delivered as PTO is stable enough to allow for the ship to turn-off
the generator set. The red curves are the results of not having a shaft generator installed. The increase
in the brake power when using a shaft generator is ~5% of the SMCR.
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Figure 7. PTO evaluation performance.

When evaluating the EEDI, a specific value of 27,412 g CO2/g Fuel was calculated. This value
represents the amount of CO2 emissions by design, which is therefore a value that can be modified at
design stages only when the main and auxiliary machinery are selected and allocated to the vessel.
A better approach could be to install a less powerful engine, but that means a completely different
approach of the design spiral of the new ship. Following this evaluation, EEOI has been considered
because represents the ability to calculate the emissions of the ship when in service navigating different
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routes. EEOI allows to check the variations of the same parameters that EEDI uses to be evaluated,
therefore provides with a more comprehensive form to understand the operational behavior of a well
design ship.

EEDI provides a fixed value at the design conditions, yet EEOI can be used to evaluate the
performance at every variation of engine load. EEOI considers the total amount of fuel consumed
and mass of cargo transported and distance navigated, the latests being just another representation of
cargo capacity and ship’s speed, respectively.

One of the main objectives of this work was to evaluate, using EEDI and EEOI, the influence of a
shaft generator when applying a control scheme of its operation. The purpose is looking for reduction
into the SFC at different engine loads. Also, to prove that the reduction of the SFC compared to the
increase into the necessary power to be developed, to overcome the extra necessary brake power to be
produced, to propel the ship and to use the shaft generator as PTO and PTI, respectively.

Figure 8 shows the results of the SFC variation at PTO operating region when applying the
proposed control scheme, red curve, and the blue curve shows the SFC variation when not having a
shaft generator. The SFC differences are between 0.1% to 2% over the whole engine load range plotted,
the difference even though can be considered small is quite significant when evaluating the EEOI,
having the maximum SFC reduction between 6000 kW and 7000 kW. The difference is barely noticed
because of the scale of the plotted results.
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Figure 8. Specific Fuel oil Consumption (SFC) difference at PTO and without shaft generator.

The EEOI values are presented in Figure 9 together with the SFC obtained when using the shaft
generator control scheme. The SFC decreases while the engine load increases. The fuel consumed
provides EEOI values in accordance with its consumption over the navigation period and the navigated
distance, as was described and established before as the initial conditions for simulation. The EEOI
increases, but at a low rate over the engine load, which is a consequence of the decrease in the SFC.
Although the decrease of the SFC is not quite significant allows for a low increment of the EEOI value,
which leads to a overall reduction of the amount of operational CO2 emissions.

Figure 10 shows the results of comparing the EEOI values of the applied control scheme, red curve,
against not having a shaft generator installed, blue curve. Results are showing that the control scheme
applied makes the ship to reduce the amount of operational CO2 emissions even though an extra
amount of brake power is necessary to be generated providing great assertiveness of the methodology
and the SFC reduction over the period when operating at the PTO operating region.
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Figure 9. EEOI against SFC–PTO.
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Figure 10. EEOI comparison.

5.3. Control Scheme Performance at PTI Operating Region

Results are presented considering the performance of the shaft generator operating as a PTI
including the power and fuel consumption performance and the evaluation of the EEDI and EEOI
tools. Following the same procedure to describe the results of the PTO operating region, the PTI
operating region results are shown.

The blue curves in Figure 11 show the results of a segment of the PTI operating region while
simulating a period of navigation time of 2.5 h, where, in the left hand side of the figure, it is possible
to appreciate how the brake power lineally increases from 24 MW to 27 MW when not having a shaft
generator, red curve, which also means an increase in the SFC as can be seen in the right-hand side of
the figure. When applying the control scheme to operate the shaft generator, the PTI reduces the brake
power, blue curve on the left-hand side of the figure therefore, a reduction of the SFC as can be seen in
the right-hand side of the figure. The PTI reduces the brake power ~5% of the SMCR.

Figure 12 shows the results of the SFC variation at PTI operating region when applying the
proposed control scheme, blue curve, and the red curve shows the SFC variation when not having a
shaft generator.

The SFC differences are between −0.4% to 1.5% over the whole engine load range plotted.
The difference reflects that even though the engine load increases, for PTI operation, the SFC decreases
because the engine goes back to the high efficiency region operation or MEOP described before.
On the other hand, the engine without a shaft generator increases the SFC, as expected, because of the
operation away of the MEOP.
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Figure 11. PTI evaluation performance.
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Figure 12. SFC difference at PTI and without shaft generator.

EEOI values are presented in Figure 13 against the SFC obtained when applying the shaft generator
control scheme. The SFC decreases while the engine load increases, which gives a set of EEOI values in
accordance with the amount of fuel consumed over the navigation period and the navigated distance.
The lineal increment of the EEOI is considered low over the engine load and reflects the decrease of
the SFC because of the control scheme applied. The operational emissions are reduced in accordance
with the reduction of the SFC.
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Figure 13. EEOI against SFC at PTI condition.
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Figure 14 shows the results of comparing the EEOI values of the applied control scheme,
blue curve, against not having a shaft generator installed, red curve.
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Figure 14. EEOI comparison.

Results are showing that the control scheme applied makes the ship to reduce the amount of
operational CO2 emissions because is making the engine to work closer to MEOP providing great
assertiveness of the methodology.

5.4. Electric Drive Performance

In this section, an evaluation of the proposed control scheme, using a Minimum Emissions Point
Tracking algorithm, based on a gradient vector optimization technique, is presented. Simulation results
include two different torque steps at 1© and at 2©, both representing different shaft power operational
conditions Ps @ 90% rated power as base condition before 1©, de-rating to 60% of rated power in 1©,
and finally going to 80% rated power at 2©.

Figure 15 shows the performance of the electric drive (the performance of the PMSM) in terms of
its controlled currents. At low operational load below 75% of rated power, the MEPT algorithm sets
the electric machine‘s torque reference in the generator region, therefore the torque producing current
iq < 0, whereas the flux producing current id = 0. On the other hand, when entering into a high load
condition above the minimum SFC point, the MEPT, forces the PMSM to operate in the motor region,
therefore the torque producing current iq > 0, while the flux producing current id = 0.

i d, 
i q c

ur
re

nt
s 

[A
]

Time [s]
0 1 2 3 4 5 6

Figure 15. Electric drive performance id iq during torque demand step.

In Figure 16 the tracking performance of the optimization algorithm is shown, in the presence of
a step change of the diesel engine torque. As shown, the torque electric reference T∗e presents a fast
and accurate response and keeps on tracking the minimum emissions operation point.
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Figure 16. Optimization algorithm step dynamic response.

The grid side currents dynamic performance is shown in Figure 17, showing a sinusoidal
behavior and fast dynamic response, during the transition from PTI to PTO mode at 1© and from
PTO to PTI operation at 2©. Moreover, the fast tracking dynamics of the optimization algorithm,
ensures minimization on the current wave-form distortion. On the other hand, due the fact that
the grid side control scheme is decoupled from the electric drive control scheme, and ensures zero
reactive power flow, the amplitude of the grid side currents are dependent on the electric drive‘s
torque reference.
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Figure 17. Grid side currents performance.

6. Conclusions and Future Work

Results of the fuel consumed by the engine when simulating the PTO and PTI conditions are
not yet significant in helping to reduce EEOI values at both operating regions, which means less
operational CO2 emissions.

The control scheme, when simulating the engine performance at PTI operating region, makes the
engine work closer to the MEOP, which leads to low SFC, and therefore low operational emissions.

The control scheme shows the high reliability and accuracy to follow the optimization algorithm
with good dynamics, at both operating conditions as PTI and PTO. It also ensures bidirectional power
flow, with low distortion of in the grid side currents.

The optimization function presents an accurate performance to obtain a local search for the
minimum emissions point, starting at a random state. Future results may include the use of an adaptive
perturbation function to ensure full convergence when reaching the minimum emissions point.
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Slow steaming was mentioned because of the application of the scheme yet needs to be worked
out separately from a design stage to provide more accurate conclusions to this work.

The ship and engine data considered for the simulations is open source and provides great value
to continue to be used in this research.

Future work will consider the application of the proposed hybrid propulsion control scheme in
a small-scale vessel for experimental validation of the SFC performance, as well as adding a more
accurate operational profile of the vessel to work in depth the auxiliary engines and WHRS operational
emissions generation influence.
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Abbreviations

The following abbreviations are used in this manuscript:

AFR Air to fuel ratio
EEDI Energy Efficiency Design Index
EEOI Energy Efficiency Operational Indicators
FOC Field oriented control
IMO International Maritime Organization
LNG Liquefied Natural Gas
MCR Maximum continuous rating
MEOP Minimum Emissions Operating Point
NCRE Non-conventional renewable energies
PMSM Permanent magnet synchronous machine
PTI Power Take-In
PTO Power Take-Off
SEEMP Energy Efficiency Monitoring Plant
SFC Specific fuel oil consumption
SG Shaft Generator
SMCR Specified maximum continuous rating
TFOC Torque field oriented control
VF-VOC Virtual flux voltage oriented control
WHRS Waste Heat Recovery System

Appendix A

EEDI =
A + B + C− D

E
(A1)

• Main Engines Emissions: Factor A

A =

(
m

∏
j=1

f j

) (
n

∑
i=1

PME(i) cF ME(i) SFCME(i)

)
(A2)
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fi Correction factor for ship specific design elements.
PME Power of main engines.
CF ME Main engine conversion factor between fuel consumption and CO2 emission.
SFCME Main engine specific fuel consumption.

• Auxiliary Engines Emissions: Factor B

B = ( PAE cF AE SFCAE ) (A3)

PAE Power of auxiliary engines.
cF AE Auxiliary engine conversion factor between fuel consumption and CO2 emission.
SFCAE Auxiliary engine specific fuel consumption.

• Generators/Motors Emissions: Factor C

C =

((
m

∏
j=1

f j

n

∑
i=1

PPTI(i) −
n

∑
i=1

fe f f (i) PAE e f f (i)

)
cF AE SFCAE

)
(A4)

fi Correction factor for ship specific design elements.
PPTI Power of shaft motor divided by the efficiency of shaft generator.
fe f f Availability factor of innovative energy efficiency technology.
PAE e f f Auxiliary power reduction due to individual technologies for electrical energy efficiency.
cF AE Auxiliary engine conversion factor between fuel consumption and CO2 emission.
SFCAE Auxiliary engine specific fuel consumption.

• Efficiency Technologies: Factor D

D =
n

∑
i=1

fe f f (i) Pe f f (i) cF ME SFCME (A5)

fe f f Availability factor of innovative energy efficiency technology.
Pe f f Output power of innovative mechanical energy efficient technology.
CF ME Main engine conversion factor between fuel consumption and CO2 emission.
SFCME Main engine specific fuel consumption.

• Transport Work: Factor E
E = fi fc Cp Vre f fw (A6)

fi Capacity factor.
fc Cubic capacity correction factor.
Cp Capacity or deadweight.
Vre f Ship speed.
fw Weather factor.

Appendix B

EEOI =
∑j Fj cF(j)

mc D
(A 7)

j Fuel type.
Fj Mass of consumed fuel j.
cF(j) Fuel mass to CO2 mass conversion factor for fuel j.
mc Cargo carried (tonnes).
D Distance in nautical miles corresponding to the cargo carried.



J. Mar. Sci. Eng. 2020, 8, 221 20 of 21

References

1. Shu, G.; Liang, Y.; Wei, H.; Tian, H.; Zhao, J.; Liu, L. A review of waste heat recovery on two-stroke IC engine
aboard ships. Renew. Sustain. Energy Rev. 2013, 19, 385–401. [CrossRef]

2. Singh, D.V.; Pedersen, E. A review of waste heat recovery technologies for maritime applications.
Energy Convers. Manag. 2016, 111, 315–328. [CrossRef]

3. Hossain, S.; Bari, S. Waste Heat Recovery From the Exhaust of a Diesel Generator Using Shell and Tube Heat
Exchanger. In Proceedings of the ASME International Mechanical Engineering Congress and Exposition,
Proceedings (IMECE), San Diego, CA, USA, 15–21 November 2013; Volume 6. [CrossRef]

4. Anthony, F.M.; Stephen, R.T.; Dominic, A.H. Ship Resistance and Propulsion: Practical Estimation of Ship
Propulsive Power; Cambridge University Press: Cambridge, UK, 2011.

5. Shi, W.; Grimmelius, H.; Stapersma, D. Analysis of ship propulsion system behavior and the impact on fuel
consumption. Int. Shipbuild. Prog. 2010, 57, 35–64. [CrossRef]

6. Bilgin, B.; Magne, P.; Malysz, P.; Yang, Y.; Pantelic, V.; Preindl, M.; Korobkine, A.; Jiang, W.; Lawford, M.;
Emadi, A. Making the Case for Electrified Transportation. IEEE Trans. Transp. Electrif. 2015, 1, 4–17.
[CrossRef]

7. Sun, X.; Liang, X.; Shu, G.; Wang, Y.; Wang, Y.; Yu, H. Effect of different combustion models and alternative
fuels on two-stroke marine diesel engine performance. Appl. Therm. Eng. 2017, 115, 597–606. [CrossRef]

8. Deniz, C.; Zincir, B. Environmental and economical assessment of alternative marine fuels. J. Clean. Prod.
2016, 113, 438–449. [CrossRef]

9. Woud, H.K.; Stapersma, D. Design of Propulsion and Electric Power Generation Systems; IMarEST, The Institute
of Marine Engineering, Science and Technology: London, UK, 2002.

10. International Maritime Organization. Resolution mepc.212(63), Guidelines on the Method of Calculation
of the Attained Energy Efficiency Design Index (Eedi) for New Ships; International Maritime Organization:
London, UK, 2012.

11. International Maritime Organization. Mepc.1/circ.681, Interim Guidelines on the Method of Calculation Of the
Energy Efficiency Design Index for New Ships; International Maritime Organization: London, UK, 2012.

12. Prousalidis, J.; Patsios, C.; Kanellos, F.; Sarigiannidis, A.; Tsekouras, N.; Antonopoulos, G. Exploiting shaft
generators to improve ship efficiency. In Proceedings of the 2012 Electrical Systems for Aircraft, Railway
and Ship Propulsion, Bologna, Italy, 16–18 October 2012; pp. 1–6. [CrossRef]

13. Sarigiannidis, A.; Kladas, A.; Chatzinikolaou, E.; Patsios, C. High efficiency Shaft Generator drive system
design for Ro-Ro trailer-passenger ship application. In Proceedings of the 2015 International Conference
on Electrical Systems for Aircraft, Railway, Ship Propulsion and Road Vehicles (ESARS), Aachen, Germany,
3–5 March 2015; pp. 1–6. [CrossRef]

14. Sarigiannidis, A.G.; Chatzinikolaou, E.; Patsios, C.; Kladas, A.G. Shaft Generator System Design and
Ship Operation Improvement Involving SFOC Minimization, Electric Grid Conditioning, and Auxiliary
Propulsion. IEEE Trans. Transp. Electrif. 2016, 2, 558–569. [CrossRef]

15. Denis Griffiths. Marine Low Speed Diesel Engines; Institute of Marine Engineers: London, UK, 2001.
16. Kouro, S.; Malinowski, M.; Gopakumar, K.; Pou, J.; Franquelo, L.G.; Wu, B.; Rodriguez, J.; Pérez, M.A.;

Leon, J.I. Recent Advances and Industrial Applications of Multilevel Converters. IEEE Trans. Ind. Electron.
2010, 57, 2553–2580. [CrossRef]

17. Pena, R.; Cardenas, R.; Asher, G.M.; Clare, J.C.; Rodriguez, J.; Cortes, P. Vector control of a diesel-driven
doubly fed induction machine for a stand-alone variable speed energy system. In Proceedings of
the IEEE 2002 28th Annual Conference of the Industrial Electronics Society, IECON 02, Sevilla, Spain,
5–8 November 2002; Volume 2, pp. 985–990. [CrossRef]

18. Roy, S.; Malik, O.P.; Hope, G.S. A k-step predictive scheme for speed control of diesel driven power plants.
IEEE Trans. Ind. Appl. 1993, 29, 389–396. [CrossRef]

19. Haddad, S.; Watson, N. Principles and Performance in Diesel Engineering; Ellis Horwood Series Engineering
Science: New York, NY, USA, 1984.

20. Yin, J.; Su, T.; Guan, Z.; Chu, Q.; Meng, C.; Jia, L.; Wang, J.; Zhang, Y. Modeling and Validation of a Diesel
Engine with Turbocharger for Hardware-in-the-Loop Applications. Energies 2017, 10, 685. [CrossRef]

21. Jiang, J. Optimal gain scheduling controller for a diesel engine. IEEE Control. Syst. Mag. 1994, 14, 42–48.
[CrossRef]

http://dx.doi.org/10.1016/j.rser.2012.11.034
http://dx.doi.org/10.1016/j.enconman.2015.12.073
http://dx.doi.org/10.1115/IMECE2013-63080
http://dx.doi.org/10.3233/ISP-2010-0062
http://dx.doi.org/10.1109/TTE.2015.2437338
http://dx.doi.org/10.1016/j.applthermaleng.2016.12.093
http://dx.doi.org/10.1016/j.jclepro.2015.11.089
http://dx.doi.org/10.1109/ESARS.2012.6387443
http://dx.doi.org/10.1109/ESARS.2015.7101529
http://dx.doi.org/10.1109/TTE.2016.2614999
http://dx.doi.org/10.1109/TIE.2010.2049719
http://dx.doi.org/10.1109/IECON.2002.1185406
http://dx.doi.org/10.1109/28.216549
http://dx.doi.org/10.3390/en10050685
http://dx.doi.org/10.1109/37.295969


J. Mar. Sci. Eng. 2020, 8, 221 21 of 21

22. Holtz, J. The representation of AC machine dynamics by complex signal flow graphs. IEEE Trans. Ind. Electron.
1995, 42, 263–271. [CrossRef]

23. Novotny, D.W.; Lipo, T.A. Vector Control and Dynamics of AC Drives; Oxford University Press: Oxford, UK,
1996; Volume 41.

24. Rahoui, A.; Bechouche, A.; Seddiki, H.; Abdeslam, D.O. Grid Voltages Estimation for Three-Phase PWM
Rectifiers Control Without AC Voltage Sensors. IEEE Trans. Power Electron. 2018, 33, 859–875. [CrossRef]

25. Baggu, M.M.; Chowdhury, B.H.; Kimball, J.W. Comparison of Advanced Control Techniques for Grid
Side Converter of Doubly-Fed Induction Generator Back-to-Back Converters to Improve Power Quality
Performance During Unbalanced Voltage Dips. IEEE J. Emerg. Sel. Top. Power Electron. 2015, 3, 516–524.
[CrossRef]

26. Clarksons. Clarksons World Fleet Register. Available online: http://www.clarksons.net (accessed on
20 December 2019).

27. MAN. MAN Diesel & Turbo Engine Builder. Available online: http://www.mandieselturbo.com (accessed
on 20 December 2019).

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1109/41.382137
http://dx.doi.org/10.1109/TPEL.2017.2669146
http://dx.doi.org/10.1109/JESTPE.2014.2359205
http://www.clarksons.net
http://www.mandieselturbo.com
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Background
	Emissions from the Combustion Process
	Fuel Oil Consumption and Diesel Engine and Shaft Generator Operation
	Energy Efficiency Design Index EEDI
	Energy Efficiency Operational Indicator EEOI

	Hybrid Propulsion System Characterization
	Diesel Engine Model
	Electric Drive Model and Control
	Grid Side Power Flow Control

	Optimization Strategy
	Simulation Results
	Diesel Engine Performance
	Control Scheme Performance at PTO Operating Region
	Control Scheme Performance at PTI Operating Region
	Electric Drive Performance

	Conclusions and Future Work
	
	
	References

