Dynamic Efficiency Modeling of a Marine DC
Hybrid Power System

Pramod Ghimire*T, Mehdi Zadeh*, Eilif Pedersen*, and Jarle Thorstensen’
*Department of Marine Technology, Norwegian University of Science and Technology, Trondheim, Norway
TKongsberg Digital AS, Horten, Norway
Email: pramod.ghimire @ntnu.no

Abstract—With the share of high-power electronic converters,
the emerging marine DC hybrid power systems have been
increasingly attractive for ship designers because of their higher
operational flexibility. The system efficiency analysis, one of the
critical factors while embracing an emerging system, requires
a detailed estimation and evaluation. Conventionally, the rated
efficiency for each component is the basis for the system efficiency
estimation. However, the efficiency may vary with the loading
conditions in any component, directly affected by the actual
load and the load-sharing strategies. In this work, dynamic
efficiency models are developed for the DC hybrid power system
components, which are used to estimate the overall system
efficiency using a realistic load power profile and a rule-based
power and energy management system (PEMS). The efficiency
analysis shows that the overall power efficiency increases with
optimal battery usage in a hybrid power system. Moreover, three
different power-sharing control strategies are compared. The
modified rule-based PEMS offers the highest efficiency, while
conventional diesel generator operation offers the least efficiency
for the given load profile and power system configuration.

Index Terms—DC Marine Hybrid Power System, Dynamic
System Efficiency, Efficiency Modeling & Comparison

I. INTRODUCTION

The marine industry is embracing the hybrid power system
to reduce emissions and increase efficiency. The battery hy-
bridization in the marine power system can be implemented
in both the AC and DC power grids thanks to controllable
power converters [1]. However, due to the easy inclusion of
the energy storage devices (ESDs) and the variable speed
operation of diesel engines, the DC power grid is considered
a more feasible and efficient [2] system. The efficiency claim
comes from the lower specific fuel oil consumption (SFOC)
of the diesel engine for a low-load at a lower speed than the
fixed speed operation [3].

In a marine power system, the combustion engines are
driven by the energy content of fossil fuels. The engines’
mechanical energy output goes through various stages of
conversions and finally as the propulsion unit’s mechanical
energy output. If the auxiliary loads are not considered, the
system energy efficiency can then be obtained as the ratio of
energy output from the propulsion unit to the energy content
in the fuel. However, in the case of the hybrid all-electric
ships, the energy discharged from the battery is considered
as the input energy to the power system, whereas the energy
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used to charge the battery is considered the load or system
output. In the conventional methods, the rated efficiency of the
power system components is utilized to calculate the system
efficiency [4]. However, the efficiency of the components
varies with their loading [5], and hence the load-sharing
strategies. It is, therefore, essential to consider the actual losses
in all the components to model the dynamic efficiency of a
system [6].

The loss models for most of the hybrid power system com-
ponents are presented in [7]. The battery loss and efficiency
models are also presented in [8], [9]. The distribution of losses
for the generator and propulsion drives are included in [10].
Different loss model options for the electrical machines and
their efficiency modeling methodologies are presented in [11].
The efficiency evaluation through the loss models for different
components involved in the wireless fast charging system is
discussed in [12]. The semiconductor losses for the voltage
and current source converters are presented in [13].

These loss models for each component may be incorporated
in their mathematical component models. These component
models are then integrated to develop the system model of a
power system. The addition of loss models in the component
models may increase the complexity and the computational
effort. When it comes to an extensive system, it may be
computationally demanding to use more accurate models for
the components, and their losses [14]. Moreover, high-fidelity
models usually require several parameters that may decrease
flexibility to reuse such models for efficiency estimation in
other power system configurations, and different types of
vessels [14].

When the efficiency curves for the power system com-
ponents are available, they can be used to calculate the
output power from the component when the input power is
known. In this work, the efficiency curves and the data for
different hybrid power system components are inherited from
the literature to develop the polynomial or rational polynomial
equation-based efficiency models. These component models
are integrated to develop a typical DC marine hybrid power
system. The overall system efficiency is estimated and an-
alyzed based on the typical operational load power profile.
Moreover, the effect of load-sharing between the generator
and battery in the system efficiency is also analyzed. The
contribution of this work is developing a simple yet robust
system efficiency model for a DC hybrid power system. The



developed efficiency model is computationally efficient due
to eliminating the complex mathematical formulations and is
reusable for various hybrid power system configurations.

This paper is organized into five sections. The system
overview and the relevant component losses are explained
in section II. Section III includes the component efficiency
models and the system modeling methodology. The experi-
mental validations and various simulation-based analyses for
efficiency comparison are included in section IV. Section V
presents the conclusion of this study.

II. SYSTEM OVERVIEW

A typical marine hybrid power system with the DC power
grid is implemented in this work (see Fig. 1). A generator
and a battery bank supply the DC bus. The electric motor
connected to each bus, acting as propulsion load, consumes
the energy. The energy carriers and consumers are interfaced
using the power electronic converters. The primary component
capacities for the studied system are depicted in Table I.

Fig. 1. Schematic of the studied system for efficiency evaluation.

TABLE I
RATED CAPACITIES.

Generation Side Load Side
Component Capacity Component  Capacity
Diesel engine 380 kW Inverter 168 kW
Generator 360 kW Motor 160 kW
Rectifier 378 kW
Battery 22.5 kWh
DC-DC Conv. 70 kW

1) Diesel Engine: Internal combustion engines convert the
chemical energy contained in the fuel to mechanical energy
through combustion. During the process, there exist various
losses such as combustion, exhaust, heat transfer, and mechan-
ical (frictional) losses [15]. The specific fuel oil consumption
(SFOC) curve projects the amount of fuel used to generate the
required load or brake power. The engine’s total input energy
can be calculated based on the density and lower calorific value
of the fuel. Thus, the difference between chemical energy input
and mechanical energy output is the engine’s actual loss. Fig.

2 depicts the SFOC curve against the load percentage for
a typical fixed speed and variable speed engine. The SFOC
curve comparison for the fixed and variable speed engines
shows that fuel saving is achieved in a variable speed engine,
especially in the lower load conditions. If the engines usually
are loaded around 90% or more, then there are no significant
fuel savings achieved through the variable speed engines. It
shows the relevance of considering the actual loading for the
SFOC or efficiency calculations. The SFOC curve for different
engines varies with the size and manufacturer and is usually
stated in the engine data sheet.
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Fig. 2. Typical SFOC curves for fixed and variable speed diesel engines [6].

2) Electric Machine: In shipboard power systems, electri-
cal machines such as synchronous generators and induction
motors are widely used for electrical and mechanical power
generation. As motoring and generating are reverse action,
the power flow in these machines is in opposite directions.
However, they consist of similar electromagnetic and me-
chanical components. Therefore, identical power losses occur
in generators and motors. The copper, iron, and mechanical
losses are the significant losses in these machines [6], [16],
[17]. As the copper loss (Pross,cv) 1s the sum of power losses
in the stator and rotor windings, it is load-dependent and can
be expressed as

PLoss,Cu = IERS + IER'I" (1)

where Rs and R, are equivalent stator and rotor resistance,
respectively. I, and I are stator and rotor current, respectively.
The iron or core loss (Pross,re) in the electric machines
comprises hysteresis, eddy-current, and extra losses. It, also
known as no-load losses, can be expressed as [11]

Pposs.pe = KuB2f + K.B2f? + K,BY f15 ()

where Ky, K., and K, are hysteresis, eddy-current, and
extra loss coefficients. B is peak flux density, and f is the
fundamental frequency of excitation. The friction and air drag
losses account for the mechanical losses (Prss,m), Which can
be expressed as a function of mechanical loss coefficient (c,,)
and shaft speed (w,,) [6].
PLoss,m = mefn 3
3) Battery: The energy loss in the Li-ion battery occurs
due to two different types of potential polarization, namely,
ohmic and electrochemical polarization resulting in the ohmic



(FrLoss,0) and electrochemical (Erqss, pc) losses [18], respec-
tively. These losses can be calculated as

SoClt

ELoss,Q = / AVQ . Cb -dSoC (4)
SOC()
SoC}y

ELoss,EC = / AVTEC . Cb -dSoC (5)
SoCy

where AVn and AVge are the ohmic and electrochemical
polarization [18], respectively. Cj, (Ah) is the nominal battery
capacity and SoC' (%) is battery state of charge.

4) Power Converter: The significant losses in the power
converters, such as inverters, active front end (AFE) rectifiers,
and DC-DC converters, comprise the conduction and switching
losses. For a switch module consisting of an insulated-gate
bipolar transistor (IGBT) with an anti-parallel diode, the
conduction and switching losses can be expressed in generic
form based on [12], [13], [19] as follows

Pross,cond,iar = alc(Vog +replc) (6)
Pross.Cond,Diode = BIr(Vew + 1rIF) @)
Iout Vout 1.3
PLoss,Sw,IGBT = )‘fsw(Eon + Eoff) (I ) <V ) ®)
ref ref
Iou 0.6 Vou 0.6
PLoss,Sw,Diode = ,UffswErr (I t) (V t) (9)
ref ref

where o and 3 are function of duty cycle or modulation index,
Ve is transistor voltage drop, and r¢g is on-state transistor
resistance. Ir, Vpy, and rp are current, voltage drop and
on-state resistance of the diode, respectively. A and p are loss
coefficients that vary with different control methods, fs, is
switching frequency, I, is output current, and V,,; is output
voltage. I,.; and Vs are reference values of switching loss
measurement from data sheet. F,, and E,¢s are turn-on and
turn-off energy dissipation in IGBT. E,, is reverse recovery
energy dissipation in anti-parallel diode.

Depending on the power converter configuration, the total
loss can be estimated by summing up the losses in n switch
modules. The module loss is calculated based on the conduc-
tion and switching losses in transistors and diodes.

PLoss,total =n: PLoss,module (10)
PLoss,module = PLoss,IGBT + PLoss,Diode (11)
Pross, 16BT = PrLoss,cond, 1GBT + PrLoss,sw,iaBT  (12)
PLoss,Diode = PLoss,Cond,Diode + PLoss,Sw,Diode (13)

In a diode rectifier, the switching losses are negligible [7].
Unlike diode rectifiers, AFE rectifiers can either control the
DC bus voltage in generator rectification or enable regenerative
capability in the motor drives. AFE rectifier also improves the
power factor and lowers the harmonic distortions; however, it
has a slightly higher loss than diode rectifiers [20].

III. EFFICIENCY MODELING

Typically, the efficiency of a component is stated for its
nominal operating conditions including, nominal power. The
required output power may not always be near its nominal

power. Therefore, load-dependent efficiency data must be
considered to evaluate the system efficiency for a specific
operational power profile. It leads to a dynamic efficiency
for both the component and the system. Thus, it is essential
to analyze the lower and higher efficiency peaks during the
operation such that necessary optimization algorithms can
be introduced to improve the overall system efficiency. The
efficiency data and the curves as a function of output power
(%), extracted from the literature, are implemented.

A. Component Efficiency Modeling

The polynomial fitting for the efficiency data was first
selected to make flexible and reusable efficiency models.
However, the results for some components were unacceptable,
even with higher degrees of the polynomial. In contrast,
the rational fitting, which is the ratio of polynomials, gave
promising results due to which they are implemented for some
components. However, rational fitting may give a higher error
for negative x-axis values. As the loading percentage in the
components is either zero or greater than zero, the rational
fitting drawback is a minor issue. The efficiency models for
the considered components are included in Table II.

1) Engine: The engine efficiency can be expressed in terms
of specific fuel oil consumption (SFOC) in mg/J and lower
calorific heat value (h,,) in M J/kg [15].

1

~ SFOC - h, (14

Ui
The efficiency map for a diesel engine, as a function of speed

and power (see Fig. 3), is inherited from the SFOC contour
plot [21].

Power(pu)

Fig. 3. Diesel engine efficiency map derived from SFOC map.

2) Electric Machine: The estimated efficiency curves for
a typical synchronous generator and induction motor are
depicted in Fig. 4. The efficiency curves presented in [11] are
used to extract the data required for the rational polynomial
fitting in both the generator and the motor.
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Fig. 4. Synchronous generator and induction motor efficiency curves.

3) Battery: The battery efficiency curves as a function of C-
rate and SoC, based on [18], are used to fit a surface separately
for the charging and discharging operation. The fitted surface
plots are shown in Fig. 5. Usually, the battery is operated
with a lower C-rate during the charging operation, whereas
higher C-rate during the discharging operation. It results
in lower polarization during charging than the discharging
process. Thus, C-rate selection is associated with battery life
optimization. Besides, the lower the C-rate, the higher is the
battery efficiency. In contrast, the higher the SoC, the higher
is the battery efficiency.
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Fig. 5. The battery efficiency contour plots. (a) Charging. (b) Discharging.

4) Power Converters: The efficiency plot for the diode
rectifier is shown in Fig. 6 (a), where the efficiency decreases
with the increase in load percentage. A quadratic polynomial
fit is used to develop the diode rectifier efficiency model based
on [6]. In contrast, a rational polynomial efficiency model is
developed for an AFE rectifier based on [22]. The bidirectional
DC-DC converter efficiency presented in [6] is used to fit the
curve. The efficiency data and the fitted curve for discharging
and charging efficiency are shown in Fig. 6 (b). The typical
efficiency curve of an inverter as a function of load percentage
[23] is used to extract a rational polynomial-based model for
its efficiency. The efficiency data and the curve fitted are shown
in Fig. 6 (c).
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Fig. 6. Power converter efficiency curves. (a) Rectifier. (b) Bidirectional DC-
DC converter. (¢) Inverter.

B. System Modeling

The developed component efficiency models are integrated
along with the necessary control system models such as PEMS
to develop the studied hybrid power system model shown in
Fig. 1. The schematic of the model integration, control system,
and loss indications are presented in Fig. 7, where power and
velocity are indicated by P and V, respectively. The battery
in the system can be used both as a power source and power
consumer, as shown by two arrows in opposite directions. The
propulsion control system generates the necessary setpoint to
the motor drive (inverter control system) based on the actual
and required vessel speed. However, the operational profile of
the propeller (Proqq) 1S known in this study. Therefore, it is
assumed that the propulsion controller’s setpoint to the drive
is always achieved. The component efficiency models are then
used to estimate the required power from other components.
Both the power efficiency (7),) and energy efficiency (7.) are
evaluated for the system as

_ Po(t) _ PLoad(t) + PBatt,Ch(t)
mp(t) = Pi(t) B Pruet(t) + Paatt,disch (t) ()
[P, (t)dt
ne(t) = sz' (t)dt (16)

where P, and P; are the system output and input power,
respectively. Ppqtt,cn and Ppgtt, discr are battery charging and
discharging power, respectively.



TABLE II
EFFICIENCY MODELS

Component Model R?
Diesel n = f(speed, power) = f(x,y) = 70.3504 — 57.4167x — 113.0048y + 297.43362y — 28.9213y> — 466.0933zy? 0.94
Engine +332.1155y3 4 234.58162y% — 228.7503y* '
Synchronous £ ) = (o) —1995.975922 + 7822249.9827x + 745934.0799 0.99

= ower ) — xr) = .
Generator =7 22 1 80634.7466z + 65138.8161
Induction —0.0325322 + 100.5378z + 2.9693
Motor 0= f(power) = f(x) = e 099
?g}t}frrgying) n = f(SoC,C — rate) = f(z,y) = 98.2006 — 0.0102z — 0.8608y + 0.0140zy — 1.3007y2 — 0.0036zy2 + 0.3373y%  0.98
?Sgigrgmg) n = f(SoC,C — rate) = f(z,y) = 96.3034 + 0.0486z — 0.2323y — 0.0309zy — 1.1432y2 + 0.0070zy? + 0.2499y3  0.98
Buck 114783.8353% + 45255.9937

- - - 0.94
Converter n = Jlpower) = f(#) = 5 118.00872 1 524.9216
Boost _ fpower) = £(x) = 129206.985622 — 35314.5571x + 2271.6225 0.95
Converter = I T 3 1302.783842 — 314.64922 + 13.2097

5.98622 + 156724.61992 — 1089.9521
Inverter = = = 0.99
n = flpower) = f(x) 22 1 1575.4616x + 760.8591

ﬁ;f;gr n = f(power) = f(z) = 1.5136e~ 1832 — 0.0014x + 99.456 0.99
Rectifier _ fpower) = £(z) = 98.055723 + 1237.205422 — 1708.3982x + 493.2557 0.99
(AFE) n=np - 23 + 13.296222 — 17.2541z + 4.3858

Besides efficiency calculation, some basic system parame-
ters such as battery SoC, engine fuel consumption, and bus
voltage are required for proper system analysis. The models
used in [24] are used to calculate them. The battery SoC is
calculated using Ah-balance as

1 t
— | I,-dt
3600 - C, /t ’

where I, is current (A), Cj is capacity (Ah), and SOCy is
initial SoC of the battery. The fuel consumption (rivs) can be
calculated based on the engine output power (P.) and specific
fuel oil consumption (SFOC).

SoC = SoCy — (17)

my =SFOC - P, (18)
The bus voltage is given by
d‘/bus Ib + Ig - Il
= 19
dt Cbus ( )

where Vs is bus voltage, Cp,s is DC switchboard capaci-
tance, I is battery current through the DC-DC converter, I, is
generator current through the rectifier, and I; is load current.
I, is positive when the battery is discharging and negative
when it is charging.

IV. MODEL TESTING & IMPLEMENTATION

The laboratory data from the hybrid power lab at the Norwe-
gian University of Science and Technology (NTNU) presented
in [24] is used to validate the results of this efficiency-based
hybrid power system model. The propulsion load’s operational
power profile presented in Fig. 8 is implemented for both the
experiment and the simulation.

In a DC hybrid power system, power-sharing between an
ESD (battery) and a conventional engine-generator can occur

following different power-sharing strategies [25], which also
depends on battery SoC. For this system model’s testing,
power-sharing is performed using a rule-based PEMS, as
presented in [26]. Few important hybrid power system pa-
rameters (generator power, battery power, and battery SoC)
are validated with the experimental data. The results are
depicted in Fig. 9, which show that the simulation results
are well aligned with the experimental data with acceptable
discrepancies. When the battery SoC is greater than the higher
limit, the battery charging is reduced to inhibit overcharging
issues as explained in [24]. Since the commercial control with
an unknown algorithm is used in the laboratory, whereas a
simplified step-based charging reduction is implemented in
this work, some deviations between the experimental and sim-
ulation results can be observed after 400 s of simulation. The
deviations are presented as root mean square error (RMSE) in
Table III.

TABLE III
THE DEVIATION BETWEEN EXPERIMENTAL AND SIMULATED RESULTS.

Parameter RMSE
Pgax (kW)  7.57
PGen (KW)  7.60
SoC (%) 0.59

The power and energy efficiency results are depicted in
Fig. 10. It shows that the power efficiency peaks are obtained
when the battery is discharging. The battery charging operation
increases the system load; however, it is not sufficient to move
the diesel generator operational profile to the optimal region
in this case. Thus, considerable efficiency improvement is not
obtained during battery charging.
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Various loading and power-sharing possibility can affect the
overall efficiency of a hybrid power system. Three different
options, namely generator-only (GO), rule-based PEMS (CL1
- Control 1), and modified rule-based PEMS (CL2 - Control
2), are compared to investigate the effects of power-sharing
(control) strategies. The primary difference between CL1 and
CL2 is in the power-sharing strategy between the generator and
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Fig. 10. System efficiency estimation for the used operational power profile.

battery. The rated maximum discharge current for the used
battery in the lab is 200 A, a C-rate of approximately 3C.
In CL1, the generator is active when the load is more than
half of the battery’s maximum discharge power. It limits the
discharging C-rate to 1.5C. However, the battery is allowed
to discharge until maximum discharge power (C-rate of 3C)
in CL2. It enables the battery to supply higher power demand
than in CL1, given the SoC of the battery is within the limit.
It restricts the early activation of the diesel generator and
increases battery usage. However, extensive battery use may
result in faster capacity degradation. The battery efficiency de-
creases with an increase in C-rate. However, system efficiency
may not decrease due to optimal battery use.

The load profile presented in Fig. 8 is further used to
compare and analyze system efficiency. The battery is discon-
nected in GO, and the generator power supplies all loads. In
contrast, the generator and battery share the loads following
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Fig. 11. Power sharing comparison for different control strategies. (a) Battery
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a defined set of rules (see Fig. 11) in CL1 and CL2. The
energy efficiency, brake-specific fuel consumption (BSFC),
and battery SoC are presented in Table IV. In this case,
BSFC (g/kWh) is a ratio of total fuel consumed (g) to total
propulsion energy output (kKWh). It is observed that CL2
stands out to be most efficient and consumes less fuel, whereas
GO is least efficient. However, it consumes less fuel than CL1.
It indicates that some fuel is used to charge battery in CLI,
which requires investigation of stored battery energy.

TABLE IV
SPECIFIC OPERATIONAL PROFILE-BASED COMPARISON.

PEMS ne (%)  BSFC (g/kWh)  SoC (%)
Generator-only (GO) 27.24 204.73 -
Rule-based (CL1) 31.76 245.45 84.04
Modified rule-based (CL2) 35.82 167.99 68.75

The energy content in a battery can be reflected by the
battery SoC. The battery SoC for CL1 and CL2 are depicted
in Fig. 12. It is observed that the initial SoC is equal in both
cases, whereas the final SoC is higher in CL1 than CL2. The
SoC in CL1 is higher than the initial SoC proves that some fuel
energy has been used to charge the battery in CL1. The higher
the use of stored battery energy, the higher the efficiency will
be. Therefore, to make a fair comparison of the efficiency
between the studied PEMS, the analysis of the initial and final
energy content in the battery is necessary.

The battery initial and final SoC in both control strategies
needs to be equal or nearly equal for fair efficiency compar-
ison. A fixed load of almost 50 kW is applied after 660 s to
ensure that the final SoC in both cases remains at a specified
level (see Fig. 13). For the extended simulation time (660 s
to 900 s), a rule is defined so that the battery is charged or
discharged to get near the initial battery SoC for both the
control strategies (see Fig. 14).
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Fig. 13. The extended load power profile for efficiency comparison.
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Fig. 14. SoC comparison for rule-based and modified rule-based PEMS.

As the battery in CL1 has higher SoC than the initial, it
discharges while supplying the load and consuming no or
significantly less fuel in the diesel generator. In contrast, as
the battery in CL2 needs charging to get to the initial SoC,
the diesel generator should supply power to charge the battery
and supply the load. The accumulated fuel consumption in
GO, CLI, and CL2 is presented in Fig. 15.
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Fig. 15. Engine fuel consumption comparison for all three control strategies.

The system efficiency variation for all three control strate-
gies is presented in Fig. 16. The battery SoC, BSFC, and
system energy efficiency for the extended load profile is
presented in Table V. It can be observed that the CL2 is
slightly more efficient compared to CL1, whereas GO is the
least efficient and consumes the highest amount of fuel.
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Fig. 16. System efficiency comparison using the extended load power profile.

TABLE V
EXTENDED OPERATIONAL PROFILE-BASED COMPARISON.

PEMS ne (%)  BSFC (g/kWh)  SoC (%)
Generator-only (GO) 27.70 274.49 -
Rule-based (CL1) 33.52 271.40 75.00
Modified rule-based (CL2) 33.97 268.31 74.99

V. CONCLUSION

A flexible and robust method for the system efficiency
estimation and comparison in a marine hybrid power system
is presented in this work. The dynamic component efficiency
models are developed and integrated to make the studied
system. It is further used to estimate the vessels’ overall energy
efficiency for an operational profile. The developed model is
also validated using the experimental results. Besides, three
different power-sharing strategies are compared. The battery
SoC is maintained at the initial SoC for a fair comparison.

The simulation results showed that the power efficiency is
higher when the battery is discharging. The efficiency com-
parison between the power-sharing strategies showed that the
modified rule-based PEMS is slightly more efficient than the
rule-based. The conventional generator-only operation is more
than 5% inefficient along with the highest fuel consumption
compared to hybrid power system configurations for the given
operational profile. It shows that the vessels with a hybrid
power system can be more efficient and environmentally
friendly even if the battery is charged using the onboard diesel
generators.
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