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Abstract—The hybridization of power systems offers the
low-emission and energy-efficient marine vessels. How-
ever, it increases the complexity of the power system. De-
sign, analysis, control, and optimization of such a sophis-
ticated system require reliable and efficient modeling tools
to cover a wide range of applications. In this work, a typical
DC hybrid power system model is developed using a bond
graph modeling approach. Necessary component models
of varying degrees of fidelity are developed and integrated
to build a system model with reasonable accuracy. The
developed system model, along with the rule-based energy
management system, is used to simulate the entire system
and to investigate the load-sharing strategies as well as
the system stability in various operating scenarios. More-
over, the simulation results are validated with experimental
results conducted on a full-scale laboratory setup of DC
hybrid power system and with a ship load profile. The
results show that the system model is capable of capturing
the fundamental dynamics of the real system. The hybrid
power system model is further used to analyze the bus
voltage deviation from its nominal value. The computational
efficiency presented by the system is fairly good as it
can simulate faster than real-time. The developed system
model can be used to build up a comprehensive simulation
platform for different system analysis and control designs.

Index Terms—Marine hybrid power systems, onboard
DC power systems, modeling, stability, power and energy
management

I. INTRODUCTION

THE International Maritime Organization (IMO) has pro-
posed stringent regulations to reduce emissions and

improve energy-efficiency from the shipping industry. The
energy-efficiency, low-, zero-emission, and innovative tech-
nologies are being investigated to comply with the regulations
[1]. The energy storage device (ESD) based zero-emission
vessel is still challenging for all types of marine vessels
due to the low energy density of ESDs [2], [3]. The low
energy density of ESD is compensated by the conventional
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engine in the marine hybrid power system. The better energy-
efficiency, flexibility, and reliability are achieved using hybrid
power system [4]. Moreover, it helps in reducing emission
and average fuel consumption by optimizing the conventional
engine operation for various operating modes [5]. Besides, life
cycle assessment shows that it is more environment-friendly
compared to conventional power systems [6].

Fuel consumption and emission reduction can be up to
10-35 % through hybrid architecture and advanced control
systems [7]. The fuel consumption in a hybrid power system
reduces through different operating modes such as peak shav-
ing, load leveling, zero-emission operation, spinning reserve,
and strategic loading [8]. The strategic loading of the generator
and ESD was modeled and experimentally validated in [9].
Besides, the model was able to estimate fuel oil consumption
and NOx emission. The presence of ESDs in the power system
enhances the utilization of shaft generators actively in waves
[10], reducing the speed fluctuation for a cargo vessel with an
AC power system.

AC power system has been prevailing because of the well-
developed control, safety, and voltage transformation systems.
However, it possesses the complexities when it comes to
harmonics, synchronization, and fixed speed operation. On the
contrary, the DC power system eases the complexities of the
AC system but lags the well-developed control and safety sys-
tem for higher voltage levels. With the improvement in safety
and advanced control systems, the implementation of the
emerging DC power system in a marine vessel is increasing.
The additional degrees of freedom are being opened for engine
and generator with the utilization of DC distribution systems
in hybrid power generation [11]. The frequency independence
in the DC power system allows the conventional engines to
run at the optimal speed according to the load demand while
minimizing the fuel consumption and emission. Moreover,
the onboard DC power system allows easy interconnection
of ESDs into the grid. The system-level analysis of low-
voltage DC hybrid power systems through simulation results
was performed in [12], where the physical component models
and their integration as a system are discussed, focusing on
the power converters. However, the control strategies required
for the operation of the complete system are not discussed,
and the simulation results are not tested with the experimental
results. The discrete-time approach has also been applied to
the modeling of onboard DC power systems to deal with
the nonlinear dynamics of the power electronics such as the
switching related dynamics and the nonlinear behavior of the
loads [13]. This model has been tested on a small-scale DC
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power system and seems to be challenging to extend to large
scale systems.

As the DC power system is a complex system with high
dynamics, it requires a new and intricate power system design
along with advanced control and load-sharing algorithms for
optimal and reliable operations [14]. In a hybrid power system,
power and energy management must handle the load schedul-
ing and sharing algorithms between ESDs and conventional
engines. Moreover, it regulates and stabilizes the power system
under load changes. An energy management strategy for a
hybrid DC microgrid, consisting of a generator and superca-
pacitor, was presented in [15] along with laboratory validation.

The design and analysis of different aspects, such as stabil-
ity analysis, failure mode identification, and mitigation, and
advanced control architectures, of such a complex system,
require a useful tool including system modeling and simula-
tion. One of the advantages of a complete system model is its
application as an integrated simulator platform that can be used
to simulate and analyze ’what-if’ scenarios in the hybrid power
system. These scenarios can be normal operating or failure
conditions. Besides, due to the increase in computational
power, the use of big data is increasing for different data-based
tools like machine learning and artificial intelligence [16]. A
reliable and tested power system simulator can be a source of
data generation for training their algorithms.

To achieve efficient system modeling, modularity in the
component models is essential. The library of component
models for an AC marine power system, without the hybrid
power system components, was developed to enhance modu-
larity [17], where the models were tested against the full-scale
measurement from a supply vessel. Modularity also enhances
the reconfiguration of a system model. The reconfiguration
possibility in a marine vessel and power plant simulator was
presented in [18]; however, it lacks quantitative verification.
The real-time simulation is necessary to interface the simulator
with the real hardware, hardware-in-the-loop (HIL) or the
control systems [19]. A real-time simulator framework for
the AC marine power plants with the weak power grid was
presented in [20], which also contributed to the study of
the numerical stability of hybrid causality generator models.
Besides time-domain simulation, the power system models are
used to analyze the stability of the system [21], [22], and also
to evaluate the performance of the system with the nonlinear
dynamics [23]. Moreover, simulation of faults and abnormal
conditions at the component and the system levels enhance the
testing and training of the complex power system.

In recent years, dynamic models have been established
and used in the simulation tools for complex marine power
systems. The required computational effort has always been
a challenge in simulating those systems. The computational
effort in power system simulation is due to the single ma-
trix formulation, system order, complex switching models,
integration step size, and so on [24]. Different techniques
have been tested to deal with the computational complexity,
such as the proper utilization of computer hardware and more
efficient computation. In [25], a parallel processing technique
was proposed for power system simulation in a multi-core
computer such that the complex system model can be divided

into subsystems and solved separately in different cores.
In [21], reduced-order models for the power converters in
the DC power system are used for efficient simulation and
stability analysis. Similarly, efficient power system simulation
is achieved by the integration of various fidelity components
models in [26]. The parallel processing of the system substan-
tially increases the computational speed. Besides, the accuracy
of the results is maintained through the use of high fidelity
models. However, care needs to be taken while dividing a
system into subsystems to run them in the different cores. The
division of a tightly coupled system into subsystems may result
in the numerical instability issues [27]. On the contrary, the
model order reduction may reduce the accuracy of the system
model while maintaining the computational speed and stability.
Thus, based on the objective of the simulation, the proper
method has to be selected so that the simulation results with
acceptable accuracy can be achieved at a reasonable speed.
The marine power system simulators are being developed both
in academic and industrial sectors for research, training, or
engineering objectives. Various institutions and their power
system simulators are listed in [18], namely, Marine Cyber-
netic’s Cybersea, U.S. Office of Naval Research’s Electric
Ship Research and Development Consortium, NTNU’s Ma-
rine System Simulator (MSS), Kongsberg Digital’s K-Sim R©

simulators, and so on. These simulators use different system
models based on the application and usually are designed for
low computational effort. However, there is still a need for the
dynamic models that could capture the power system dynamics
and can be used for the stability analysis and design of both
low- and high-level control systems.

A system model can be developed by integrating various
components and control system models. The higher the num-
ber of component models, the higher will be the complexity
and computational effort. The modularity within the system
allows the fidelity-selection of the component models depend-
ing on the purpose of the simulation. A practical model should
be able to run in nearly real-time, integrate various fidelity
components and control system models, and accept external
load profile. There exist various modeling approaches for
system modeling and analysis. The bond graph is an energy-
based physical system modeling methodology in which the
dynamics between the systems or the components in a system
are represented by the exchange of energy [28]. The power
variables (effort and flow) represent the energy exchange
between the ports of the elements using the power bonds.
The product of these power variables gives instantaneous
power (rate of energy), which is integrated to calculate the
energy transferred. This modeling technique can be used
to model the systems in multiple energy domains such as
mechanical, electrical, hydraulic, chemical, and so on. It is also
easier to interlink systems with various energy domains. The
graphical representation enhances the system overview and
modularity. The causality strokes in the power bonds indicate
the inputs and outputs in the components and systems [29].
The indication of algebraic loops and constraints in the model
is obtained during the modeling process, which allows the
modeler to make necessary modifications well ahead in time.
Besides, easier extractions of mathematical equations leverage
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its application for the analytical studies. Bond graph-based
models can be converted or combined to the block diagram
models such that control engineers can use the physical system
models even without prior knowledge of the bond graph
modeling technique. However, it is complex to model the
distributed systems (partial differential equations) [30] and
multiple energy interactive systems [31] like thermal fluids in
bond graph technique. The distributed systems can be modeled
in this technique by approximating a large number of lumps
resulting in the large state-space model, whereas thermal fluids
are modeled using a pseudo-bond graph technique [28].

The use of a real physical asset for design, testing, and
operational training of the system usually increases both the
cost and risk. The use of dynamic system models usually
fulfills the criteria for those objectives if the system behavior
is realistic. Thus, a system model testing is necessary to
ensure confidence in the system behavior. In general, model
validations are performed on a laboratory scale. However,
the system behavior may vary with the power level due to
which not all the responses in the full-scale system may be
observed in the laboratory scale [32]. A full-scale test facility
dedicated to the marine hybrid power system along with the
high-level control systems is presented in [1]. Similarly, a
flexible testbed capable of operating at MW power level that
can be switched between the medium voltage DC and high-
frequency AC power system topologies is presented in [32].

Most of the literature presents different methods and fidelity
of component models in a marine power system; however,
the complete system modeling is not well-represented de-
spite its importance in analyzing the interactions between the
components. Also, the DC marine hybrid power system is
one of the less explored research areas compared to other
conventional power systems. The complete model of such a
complex system that offers acceptable accuracy and real-time
simulation capability is lacking.

In this paper, a holistic dynamic model of the DC marine
hybrid power system is developed, based on the bond graph
modeling approach. Both the low- and high-level control
systems required to regulate various control objectives in the
component and system levels are developed. The modeled
simulator is able to capture the power system dynamics with
acceptable accuracy while maintaining real-time computation.
The contribution of this model is to cover the whole ship
power system and to consider the necessary dynamics for each
part of the system, meaning that there is no compromise in
the system dynamics. The proposed model is also validated
with experimental results from a full-scale laboratory setup
of the DC hybrid power system [1]. A scaled ship load
profile is used as the test power profile. A rule-based energy
management system (EMS) is used for load-sharing and con-
trol under load changes. The system model simulates various
operating strategies and dynamic conditions such as load
power variation, load speed variation, and failure conditions.
Moreover, the developed system model is used to analyze the
bus voltage variation in the real experimental setup. Since the
dynamic models are core establishing parts of the large scale
simulators, it is essential to have a reliable model that can
be modular, scalable and at the same time computationally

efficient. The proposed method is not outperforming the large
scale simulators; instead, it is presented as an efficient dynamic
model that can be used either in time-domain simulation tools
or in the analytical studies for system and control design.

This paper is divided into six sections. The system overview,
along with component models, is described in section II.
Section III discusses the overall control structure in a DC
hybrid power system. Section IV includes the results from the
system simulation, while section V compares the experimental
and simulated results. The conclusion of the work is presented
in section VI.

II. MODELING OF THE DC HYBRID POWER SYSTEM

The simplified schematic of a hybrid power system, mod-
eled in this work, is included in Fig. 1. The main DC bus
is sectionalized through a bus-tie breaker that remains closed
in regular operation. Two variable speed diesel engines are
driving their respective synchronous generators, which are
interfaced to the bus through the uncontrolled rectifiers. The
bidirectional DC-DC converters are connecting two battery
banks to the bus. Two three-phase induction motors, emulating
the propulsion loads, are driven by voltage source inverters
(VSIs).

Fig. 1: Schematic of the studied DC hybrid power system.

A. Generator Set
A simplified diesel engine is modeled based on [20] as,

ω̇m =
1

Jm + JG
(Tm − bfωm − bbωn

m − Te) (1)

θ̇m = ωm (2)

where ωm and θm are the angular speed and position, Jm
is engine inertia, JG is generator inertia, Tm is mechanical
torque, Te is generator’s electromagnetic torque, bf is friction
parameter, bb is the braking parameter, and n is a constant,
typically 0.1. Tm, generated by the combustion of the fuel, is
given by the ratio of effective engine power Pe and angular
speed ωm.

Tm =
Pe

ωm
=
ṁfhnη

ωm
(3)
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where, ṁf is the inlet fuel flow rate and hn is the lower
calorific heat value (LHV) of the fuel. The engine efficiency
is expressed as η = (SFC ·hn)−1, where hn is in MJ/kg and
specific fuel consumption SFC is in mg/J . Moreover, SFC,
as a function of Pe, is expressed as SFC = ṁf · Pe

−1. The
two-axis-model of synchronous generator [33], with current as
an output variable, is given as,

Ψ̇ = −ωmDΨ−Ri+Eud,q + buf (4)

i = L−1Ψ (5)

where, Ψ = [Ψd,Ψq,Ψf ,ΨD,ΨQ]T is the magnetic flux vec-
tor, i = [id, iq, if , iD, iQ]T is current vector, ud,q = [ud, uq]T

is voltage vector, and uf is field voltage. Similarly, D is a
pole-pair matrix, E is a matrix coefficient for a voltage vector,
b is a matrix coefficient for a field voltage, R is the internal
resistance matrix, and L is the inductance matrix. In the weak
power grids, like shipboard grids, the voltage and frequency
of the system may vary with high load power transients.
Moreover, any generator must be able to operate in voltage
control mode while allowing the other generators to operate
in standby or current control mode for optimal operation.
The voltage-output model for the synchronous generator is
expressed as,

ud,q = Ψ̇d,q + ωmDd,qΨd,q +Rd,qid,q (6)

Since direct differentiation poses the risk of instability, the
derivatives of magnetic fluxes are calculated using a low pass
filter with a derivative effect [20]. The electromagnetic torque
generated is expressed as,

Te = np(ψdiq − ψqid) (7)

where, np is the number of pole pairs. A hybrid causality
synchronous generator model, which can switch between the
voltage- and current-output on the fly [17], [20], is imple-
mented along with an added parameter calculation block.

B. Propulsion Unit

The propulsion units are modeled as induction motor based
on the two-reaction-theory [17], [33]. The mathematical equa-
tions for an induction motor can be expressed as,

um = Rmim +
dψm

dt
+ ωmDmψm (8)

im = Lm
−1ψm (9)

Tem = np(ψdsiqs − ψqsids) (10)

ωm =
1

Jm

∫
(Tem − TLm − Tfm)dt (11)

where Tem, TLm, and Tfm are electromagnetic, load, and
frictional torque, respectively and Jm is motor inertia. The
voltage, current and flux linkage vectors are respectively rep-
resented as um, im, and ψm. Similarly, Rm, Lm, and Dm

are resistance, inductance, and pole-pair matrices, respectively.
The load torque exerted by the propeller is an input to the
induction motor, which can be defined in the load model or
can be read from the look-up table.

C. Lithium-ion Battery

In this work, lithium-ion battery packs are used as the
energy storage devices (ESDs). A Thevenin-based first-order
electrical circuit model for lithium-ion battery pack is im-
plemented based on the model presented in [34], [35]. The
electrical circuit model and its analogous bond graph-based
model is shown in Fig. 2. The effect of temperature, number
of cycles, and self-discharging are not considered in this case.
The open-circuit voltage Voc of a battery depends on the
electrolyte temperature T in Kelvin and state of charge SoC
as,

Voc = Voc0 −KeT (1− SoC) (12)

where, Voc0 is initial open-circuit voltage, and Ke is battery
parameter. The dynamic behaviour of the battery is captured
by its impedance. The output resistor (R0) and the parallel
combination of resistor (R1) and capacitor (C1) are calculated
as in (13) - (15), where R00 and R10 are initial resistances,
a0 is battery parameter, and τ1 is battery time constant.

R0 = R00(1 + a0(1− SoC)) (13)
R1 = −R10ln(1− SoC) (14)

C1 =
τ1
R1

(15)

(a) (b)

Fig. 2: Lithium-ion battery models, (a) electric circuit model
(b) bond graph model.

D. Converters

1) Uncontrolled Rectifier: Since the bus voltage can be
regulated using an automatic voltage regulator, the uncon-
trolled rectifier is modeled to interface synchronous generator
to the bus. A three-phase, full-wave, diode rectifier circuit
diagram, and different modeling approaches are explained in
[36]. Two different rectifier models are required for connecting
hybrid synchronous generator model outputs to the bus. An
average rectifier is modeled in the dq-reference frame based
on [17]. The mathematical equations for the rectifier when the
generator is operating in the voltage-output mode are given in
(16) - (21), where URMS is RMS line-to-line voltage, IRMS is
RMS current, ω is the angular frequency of the generator, Ls
is generator side inductance, IDC is the average DC current,
η is converter efficiency, and PF is the power factor. P and
Q are active and reactive power. id, ud, iq , and uq are current



IEEE TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION

and voltage in d- and q-axes, respectively.

URMS =

√
2

3
||ud,q||2 (16)

UDC =
3

π
(
√

2URMS − IDCωLs) (17)

P =
UDCIDC

η
(18)

Q =

√( P

PF

)2
− P 2 (19)

id =
1

||ud,q||22
(udP + uqQ) (20)

iq =
1

||ud,q||22
(uqP − udQ) (21)

where ||ud,q||22 = u2d + u2q is the square of L2-norm. The
analogous equations for the rectifier connected to the generator
in the current-output mode can be formulated. The input
variables for such rectifier are id, iq , and UDC whereas the
output variables are ud, uq , and IDC .

2) Bidirectional DC-DC Converter: A bidirectional DC-
DC converter [37] (see Fig. 3 (a)) is developed using switched
power junctions [38] as shown in Fig. 3 (b). Switching signals
for buck and boost switches along with the operating mode are
input to the model. 1s represents the ideal switches S1, S2,
D1 and D2 whereas 0s represents the junction between the
buck and boost switches.

(a) (b)

Fig. 3: Bidirectional DC-DC converter models, (a) electric
circuit model (b) bond graph model.

3) Voltage Source Inverter (VSI): The average model of a
PWM VSI using the d-q transformation is implemented using
a modified transformer (MTF) in bond graph methodology
based on [12] as,[

uq
ud

]
= m

[
sin(φ0 − θ)
cos(φ0 − θ)

]
UDC (22)

IDC = m(iqsin(φ0 − θ) + idcos(φ0 − θ)) (23)

where m is the modulation index, φ0 is an initial arbitrary
phase angle and θ is the d-q transformation angle.

E. Circuit Breakers

The circuit breakers are used to interface the energy carriers
and loads to the bus. Moreover, buses are interconnected
through the bus-tie breaker. Based on their connections and
number of interfaces, two different models of circuit breakers

are developed using the switched-power junctions 0s con-
nected with a very high resistance element [20]. A breaker with
a single input-output is developed for connecting the battery
or motor load through the converter to the bus (see Fig. 4 (a),
whereas the generator breaker and bus-tie breaker need dual
input-output interfaces (see Fig. 4 (b)).

(a) (b)

Fig. 4: Circuit breaker models, (a) for battery or motor
connection (b) for generator or bus-tie connection.

F. DC bus

A simplified shipboard DC bus is modeled as a connection
point for the energy carriers and the loads using the switched-
power junction 0s.

III. CONTROL SYSTEM DESIGN

A hierarchical control structure is considered efficient for
the systems with several control objectives [11], [39]. The
considered hybrid power system comprises several control
objectives, such as bus voltage, battery current, engine speed,
generator voltage, battery power, generator power, etc. Thus,
three different control levels are designed for the generation
side, namely tertiary, secondary, and primary control levels.
The load side inverter drive is controlling the induction motor
speed and torque. The controllable components, controllers,
and their input and output variables are shown in Fig. 5, which
gives a complete overview of the designed control architecture
for a DC marine hybrid power system simulation. It also shows
the major signal flows between the physical components and
the control systems.

A. Tertiary Control System

EMS acts as a tertiary level control system. In this work, the
EMS model decides the causality of the generator depending
on the priority selection of the generator and the status of
the bus-tie breaker. Moreover, rule-based EMS strategies are
formulated assuming that the maximum battery discharging
power (PBDmax) is always less than generator optimal power
(PGopt) (see Table I) based on [40]. The load power, generator
power reference, minimum generator power, maximum battery
charging power, and battery power reference are denoted by
PL, PG, PGmin, PBCmax, and PB , respectively. PL, PG,
PGopt, PGmin, and PBDmax have a positive sign whereas
PBCmax has a negative sign. Consequently, the sign of PB sig-
nifies whether the battery is charging (negative) or discharging
(positive).
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Fig. 5: Complete overview of the control system designed for a DC hybrid power system.

TABLE I: RULE-BASED EMS STRATEGIES.

SoC≤SoCmin SoCmin <SoC SoC≥SoCmax
SoC<SoCmax

PG=PGopt PG=PGmin PG=PGmin
PB=PL-PG PB=PL-PG PB=PL-PG

PL≤PBDmax if PB<PBCmax if PB>PBDmax if PB>PBDmax
PB=PBCmax PB=PBDmax PB=PBDmax
PG=PL-PB PG=PL-PB PG=PL-PB

PG=PGopt PG=PGopt PG=PL
PB=PL-PG PB=PL-PG PB=0

PBDmax<PL if PB<PBCmax if PB<PBCmax
PL≤PGopt PB=PBCmax PB=PBCmax

PG=PL-PB PG=PL-PB

PG=PL PG=PGopt PG=PGopt
PB=0 PB=PL-PG PB=PL-PG

PL>PGopt if PB>PBDmax if PB>PBDmax
PB=PBDmax PB=PBDmax
PG=PL-PB PG=PL-PB

B. Secondary Control System

As the DC hybrid power system has very high dynamics,
the control system should also be fast-acting. However, high
load transients may easily make the system unstable. Thus to
reduce the stiffness of the system, proportional controllers are
used to adjusting the power references from the EMS. The
voltage, speed and power references for a generator set are

generated by the power management system (PMS) as,

Vref Gi = Vnom(1−KV GiLi) (24)
ωref Gi = ωbi(1 + Li(0.5−KωGi

)) (25)
Pref Gi = PGi + (Vnom − Vdc)/KPGi (26)

where, Vref Gi, ωref Gi and Pref Gi are the reference voltage,
speed and power for the ith generator, respectively. Li =
TGiωGi/Pnom Gi is the engine load fraction, KV Gi, KωGi

and
KPGi are the respective control coefficients for the voltage,
speed and power of ith generator and ωbi is the base speed
for the ith generator.

Similarly, for controlling the battery power flow, a simpli-
fied battery management system (BMS) generates the battery
power reference for the DC-DC converter control system
(CCS) as,

Pref Bi = PBi − (Vnom − Vdc)/KPBi (27)

where, Pref Bi and KPBi are reference power signal and
control coefficient respectively for the ith battery. Battery
dynamics is highly dependent on the state of charge (SoC)
of the battery. SoC is calculated using Ah-balance as in (28),
where SoC0 is the initial SoC, C is the nominal battery
capacity in Ah, Ibatt is the battery current.

SoC = SoC0 −
1

3600 · C

∫ t

t0

Ibattdt (28)
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C. Primary Control System

The low-level control in marine power system regulates the
power, voltage, current, or speed based on the reference signal
obtained from the secondary controller.

1) Governor: The engine is operated with variable speed
to maintain the optimal loading condition, thereby saving fuel
and reducing emissions. The calculated speed reference by the
PMS is then regulated using a PI controller, which provides
the amount of fuel injection as,

minj = Kp(ωref − ωm) +
Kp

Ti

∫
(ωref − ωm)dt (29)

where, minj is the amount of fuel to be injected, Kp is the
proportional gain, Ti is the integral time constant, ωref is the
reference speed, and ωm is the measured speed.

2) Automatic Voltage Regulator (AVR): The generator volt-
age is usually maintained using AVR. In this work, DC bus
voltage and the generator power output are directly regulated
using PI controllers, modeled as an AVR, which regulates
the generator’s excitation field voltage. Besides, the excita-
tion field voltage is saturated, as mentioned in the generator
specification.

ev = Vref − Vdc (30)
ep = Pref G − PGen (31)

uex = Kpvev +
Kpv

Tiv

∫
evdt+Kppep +

Kpp

Tip

∫
epdt (32)

where uex is the field excitation voltage, Kpv,Kpp are propor-
tional gain, and Tiv, Tip are integral time constant. When the
bus-tie breaker is closed, and both the generators are operating,
the voltage references for both the generators are calculated
by the voltage-control mode generator system.

3) DC-DC Converter Control: A DC-DC converter con-
troller is modeled as a cascaded power and current controller
(see Fig. 6). The battery power is calculated using the mea-
sured battery voltage and current signals. The PI controller is
used to control the power output from the battery. The output
from the power controller is scaled by a gain K, providing a
current reference signal to the inner current controller. The
current controller output is pulse-width modulated using a
triangular carrier wave of 2 kHz frequency and generates the
buck or boost switching signals.

Fig. 6: Designed DC-DC converter control system.

4) Inverter Control: AC motor load is connected to the DC
bus via a controllable inverter. The motor torque and speed
need to be controlled in the shipboard power system. In this
work, the cascaded speed-torque control is implemented as
an inverter drive. The output of the speed controller gives a

reference to the torque controller. The torque controller output
is used as a modulation index (m) in the inverter model
(see (22) - (23)). The inverter control system (ICS) can be
summarized mathematically as,

eω = ωr − ωm (33)

Tr = Kpeω +
Kp

Ti

∫
eωdt (34)

eT = Tr − Tm (35)

m = KpeT +
Kp

Ti

∫
eT dt (36)

where, Kp and Ti are proportional gain and integral time of a
PI controller. ωr and ωm are reference and measured speed in
rad/s for the induction motor. Tr and Tm are reference and
measured torque in Nm for the induction motor.

IV. SIMULATION RESULTS AND ANALYSIS

The complete system model is developed by integrating
the modular component and control system models (see Fig.
7). The electrical or mechanical connections between the
components are represented by the half-arrowed lines (power
bonds), whereas the full-arrowed lines show the control or
measurement signals. The double line indicates the vector
connection whereas the single line shows the variable level
connection. In the EMS, the selection of the master generator
can be made using the master input, whereas loading and
operating modes can be selected using the mode input. When
the bus-tie breaker is closed, the master generator regulates
the bus voltage, which would be the input variable for the
other generator. However, both the generator maintain their
respective bus voltage when the bus-tie breaker is in the open
state. The propeller is not modeled, but the torque exerted by
the propeller to the induction motor is an input, which can be
an external load profile or the predefined loading in the load
model itself.

The Runge-Kutta 4th order solver is used to solve the
equations with the step size of 30 µs and data logging in a time
interval of 1 ms. The system model can be run in real-time
or even faster than real-time. In this case, the simulation of
40 s is solved in the computational time of 33 s. The physical
component and control system parameters are summarized in
Table II and Table III, respectively.

TABLE II: RATED VALUES OF COMPONENT PARAMETERS.

Component Specifications

Generator 1 4 poles, 400 kVA, 450 V, 513 A,
1.2-1.8 krpm, 2500 Nm, 10 kgm2

Generator 2 4 poles, 230 kVA, 450 V, 295 A,
1.2-1.8 krpm, 1500 Nm, 5.9 kgm2

Motor 1 / 2 4 poles, 160 kW, 440 V, 223 A,
1500 rpm, 1015 Nm, 2.66 kgm2

Battery 1 / 2 Li-ion, 65 Ah, 346 V
DC Bus 565 V

The hybrid power system model can be tested using various
scenarios that can occur in the real system. As there are several
cases that can be simulated, few essential cases, such as ramp
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Fig. 7: A Top-level view of complete system model. CCS - Converter control system, AVR - Automatic voltage controller,
O/C - Open or close command, ICS - Inverter control system, Nref - Electric motor speed reference, G - Generator, and M -
Motor.

load change, speed change, step load change, bus-tie breaker
operation, and component failure, are simulated for testing the
proposed model. For the simulations, the system is initialized
in no-load operating mode. The generators have maintained
their respective bus voltages. The batteries are connected to
the bus. The load breakers are closed, and the electric motors
are running at 1500 rpm and with no load torque.

A. Case 1 - Ramp Load Change
The load power change on the heavy consumers, such as

propulsion loads, is usually limited with the ramp rate to

maintain the stability of the ship power system and ensure
the safe operation of the power supply. In this case, this type
of load control is investigated. A ramp function is used to
change the load torque and speed references in the electric
motors representing the propulsion motors.

At 10 s, the load torque in each electric motor is increased
from 0 to 1000 Nm at a time interval of 1 s to simulate a ramp
load. The bus-tie breaker is left open as a first scenario, and
the results are depicted in Fig. 8 - 10. Each of the generator
maintain their respective bus voltage by regulating their field
voltage through AVR. The bus voltage reference is generated
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TABLE III: CONTROL SYSTEM PARAMETERS.

PMS BMS/CCS AVR/Governor ICS

KVGi=0.05 KPBi=0.05 Kpv=10 Kpω=50
KωGi=0.0001 Kpp=1.511 Tiv=0.1 Tiω=0.5
KPGi=0.05 Tip=0.05 Kpp=0.001 Tr min=-1515

Pmin=-34600 Tip=5 Tr max=1515
Pmax=69200 Kp=0.0001 KpT=0.01
Kpi=3.555 Ti=0.75 TiT=2.0
Tii=0.05 minj min=0.0 mmin=0.0
Imin=0.1 minj max=0.26 mmax=1.2728
Imax=0.9

for each bus, depending on the loading percentage of the
generator connected. Therefore, bus 2 has a lower voltage than
the bus 1 as the loading percentage for generator 2 is higher
than that of generator 1. The total load on each bus is shared
by the energy carriers connected on that bus. The batteries are
discharging to supply power to the bus since their voltage and
SoC are high above the lower limit. At 30 s, the reference
speed for motor 1 is set to 1200 rpm, and motor 2 is set to
1300 rpm while keeping the load torque constant. It resulted in
lower power demand. The bus voltage (VBus), power response
(Power), and generator AC voltage (VGen) and current (IGen)
are depicted in Fig. 8. VBus1 and VBus2 are the bus voltage in
bus 1 and bus 2, respectively. The total load power (PL) is the
sum of power exerted by motor 1 (PM1) and motor 2 (PM2),
expressed as PL = PM1 + PM2. Similarly, the total battery
power (PB) is given as PB = PB1 + PB2, where PB1 and
PB2 are battery 1 and battery 2 power, respectively. PG1 and
PG2 are the active power output of generator 1 and generator
2, respectively. The phase A voltages for generator 1 and 2
are indicated as VG1 and VG2, whereas phase A currents are
indicated as IG1 and IG2, respectively. In this case, there is
no significant transient and risk of failures for the generators.
However, the performance of the propulsion load is limited
due to the ramp function.

With the decrease in the load power demand, there occurs
less battery discharging or current flow. It resulted in less
voltage drop in the internal resistance of the battery, thus
increasing the terminal battery voltage level. The battery
discharging rate is also reflected in battery SoC curves. The
battery voltage (VBatt), state of charge (SoC), and current
(IBatt) responses are included in Fig. 9. As generator 2 is
smaller in rated capacity, battery 2 is supplying higher current
than battery 1.

The speed response for the engines and motors are shown
in Fig. 10, which shows that the voltage source inverters for
each motor are correctly controlled to attain the required motor
speed. One of the benefits of DC bus comes with the absence
of bus frequency. It enhances the flexibility in the engine
speed control to optimize the loading in the engine-generator,
such that fuel consumption and emission are minimized. The
engine speed references are regulated between 1200 rpm to
1800 rpm depending on the loading conditions. As the loading
percentage for the generator 2 is higher than that of generator
1, the generator 2 is running at a higher speed than generator 1.
NE1, NE2, NM1, and NM2 are the speed of engine 1, engine
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Fig. 8: Simulation results for a ramp load change followed by
decreased speed setpoint to both the electric motors with bus-
tie breaker in open state, (a) bus voltage, (b) power responses,
(c) generator AC voltage, and (d) generator AC current.
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Fig. 9: Battery responses for a ramp load change followed by
decreased speed setpoint to both the electric motors with bus-
tie breaker in open state, (a) voltage, (b) SoC, and (c) current.

2, motor 1, and motor 2, respectively.
As a second scenario, the bus-tie breaker is kept closed, and

generator 1 is selected as the master generator. The loading
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Fig. 10: Speed responses for a ramp load change followed
by decreased speed setpoint to both the electric motors with
bus-tie breaker in open state.

and load-sharing strategies are identical to the first scenario.
However, generator power is different because the load is now
shared between all four energy carriers, which means energy
carriers in bus 1 also share some portion of the load in bus
2. The bus voltage and power responses for this scenario are
included in Fig. 11.
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Fig. 11: Simulation results for a ramp load change followed
by decreased speed setpoint to both the electric motors with
bus-tie breaker in closed state, (a) bus voltage and (b) power
responses.

B. Case 2 - Step Load Change
During the emergency conditions, the shipboard load can

change abruptly. The power system needs to be robust enough
to handle such a condition. The load torque in each motor is
increased or decreased using a step function. In this case, the
bus-tie breaker is closed, resulting in a shared bus. At 5 s, the
total load of approximately 180 kW is applied by both electric
motors. It is followed by an increase to the level of 350 kW
and decrease to 90 kW and 0 kW approximately at 15 s, 25
s, and 35 s, respectively (see Fig. 12).

The power responses for the generators and batteries are
smooth and stable. The undershoot and overshoot in the bus
voltage are observed during the high load power transients;

however, they stabilize soon and the variation is within the
required limit [41]. The current waveform shows that generator
1 has a higher amplitude than generator 2, which is also
reflected in power supplied by the generators. The slight
voltage difference is due to the lack of voltage synchronization.
One of the advantages of the DC power system is the ability
to operate without synchronization. However, AVR regulates
the amplitude of the DC bus voltage. The minor difference in
the amplitude of VG1 and VG2 is due to the impedance of the
cables and filters. Moreover, no or very less distortion in the
AC waveform for the generators shows that they are robust
for these high load transients.

0 10 20 30 40

Time(s)

(a)

540

560

580

V
B

u
s
(V

)

24.5 25 25.5
540
560
580

0 10 20 30 40

Time(s)

(b)

0

150

300

450

P
o

w
e
r(

k
W

)
P

L
P

B
P

G1
P

G2

24.9 25 25.1

Time(s)

(c)

-600

0

600

V
G

e
n
(V

)

V
G1

V
G2

24.9 25 25.1

Time(s)

(d)

-300

0

300

I G
e
n
(A

)

I
G1

I
G2

Fig. 12: Simulation results for a multiple step load change, (a)
bus voltage, (b) power responses, (c) generator AC voltage,
and (d) generator AC current.

C. Case 3 - Bus-tie Breaker Operation
In a shipboard power system, it is necessary to maintain

redundancy to avoid a single failure event. Therefore, the
power system is usually divided into two or more sections. It
helps to isolate the section in case of the occurrence of failure.
However, when the system is functioning properly, combining
the sections may reduce the number of running generators, or
a spinning reserve may serve for both sides of the bus. These
conditions present the necessity of bus-tie breaker and its
operation in closed or open states. In this simulation case, the
ability of the modeled system in simulating bus-tie operation
is presented. Initially, the bus-tie breaker is kept open. At 5 s,
the 1000 Nm of load torque is applied to each electric motors
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connected to two sides of the bus. At 15 s, the bus-tie breaker
is closed, and at 25 s the breaker is again opened. The bus
voltage, power, and generator behavior are depicted in Fig. 13.
The bus voltage is maintained by respective generators when
sectionalized and by the master generator (generator 1) for the
shared bus.

The abrupt opening or closing of the bus-tie breaker is
resulting in high bus voltage transients. These transients can be
reduced by the implementation of DC voltage synchronization,
consequently RMS voltage of the generators. No significant
distortions in the AC waveform are observed. With the opening
of the bus-tie breaker, the current amplitude through generator
2 increases while that for generator 1 decreases. The change
in the power setpoint of generators is due to the load-sharing
strategy.
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Fig. 13: Simulation results for bus-tie breaker operation, (a)
bus voltage, (b) power responses, (c) generator AC voltage,
and (d) generator AC current.

D. Case 4 - Component Failure
The power system model also needs to reflect the ’what-

if’ scenarios when any of the components or the subsystem
fails. A simple simulation case is developed to show the
ability of the model to simulate such a scenario. The bus-
tie breaker is in a closed state, and the loading is applied at 5
s. The generator 2 breaker is abruptly opened at 20 s reflecting
the real case scenarios like generator breaker trip or engine-
generator trip due to any critical failures such as high cooling
water temperature, low lube oil pressure, or overloading that

may result in a single failure event. The bus voltage, power,
and generator responses for the simulation of fault are shown
in Fig. 14.

It is observed that the power system is able to run even
after missing a generator; however, the bus voltage got a
downward spike due to the sudden loss of current supplied by
the generator 2. The current waveform for generator 1 shows
high distortions compared to the voltage waveform during the
sudden loss of generator 2 power. In this case, the generator
1 is forced to compensate for the loss of generator 2.
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Fig. 14: Simulation results during a failure insertion, (a) bus
voltage, (b) power responses, (c) generator AC voltage, and
(d) generator AC current.

V. LABORATORY TESTING

A. System Model Validation

The full-scale lab experimental data and the harbor tugboat
load profile obtained from [1], [40] is used to validate the
simulation results in the system level.

The harbor tugboat operation modes can be broadly cate-
gorized into standby (idle), transit (loitering), and ship assist.
The load profile implemented in the full-scale lab experiment
and simulation experiment is presented in Fig. 15. The lab
experiment was divided into three segments. The first segment
consists of standby and transit modes. The second segment
includes a transit (follow ship), standby, and ship assist modes.
The third segment comprises of the standby and transit (return
to the quay) modes. The three segments of the load profile
(segment 1 - 660 s, segment 2 - 660 s, and segment 3 -
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600 s) are simulated separately to make the simulation results
comparable with the experimental results.
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Fig. 15: Harbour tugboat load profile.

The overview of the experimental laboratory set up along
with the data acquisition and control stations is depicted in
Fig. 16. The measurements from the laboratory experiment
are obtained from the logging system in control computers.
A 65 Ah battery bank and a 400 kVA generator are used as
the energy carriers, whereas an electric motor drive and brake
with a nominal capacity of 160 kW are used as a load in the
experimental system.

Fig. 16: Overview of the experimental setup, data acquisition
and control stations.

The time-series load profile is converted and fed into the
induction motor as a load torque. The simulation system
parameters are as presented in Section IV. The bus-tie breaker
is kept open, and the power system with generator set 1,
battery 1, and motor 1 is operated. The set up is initialized
to operating mode with battery and load circuit breakers in a
closed state, engine running at 1200 rpm, and induction motor
at 1500 rpm. After some experiments with the ship load profile
and comparison with experimental results, KV Gi is tuned to
0.124.

The simulation and experimental results for all three seg-
ments are presented in Fig. 17. The bus voltage (Vbus),
generator power (Pgen), battery power (Pbatt), and battery
state of charge (SoC) responses obtained from the simulation
is compared with the experimental results for the same load
power profile (Pload). Pbatt is positive when the battery is
discharging and it is negative when the battery is charging. It

is observed that the dynamics obtained from the simulation
are matching well with the experimental results in all three
segments. A spike in the bus voltage is observed during the
transition from one mode to another, for instance, from the
standby to the transit mode. Moreover, the variable speed
operation of the engine allows it to produce optimal power.
Depending on load demand, the generator and battery supply
power in such a way that the engine can operate in its
higher efficiency region while the battery compensates for
the under or overload conditions by discharging or charging,
respectively. In segment 2 and 3, some discrepancies between
the experimental and simulation results are observed when the
battery SoC is higher than 82.5%.

The incorrect voltage measurement or failures in the battery
charger may lead to the local overcharging [42]. The over-
charging of a battery may result in thermal instability, struc-
tural damage, and gas evolution [43]. It is, therefore, essential
to avoid overcharging. The experimental results show that the
battery charging power is reduced when the battery is charged
over 82.5% to ensure the safety limits. Since commercial
control modules are used in the laboratory, the exact control
algorithm is not known. In this work, the overcharging of the
battery is handled by reducing the charging power in steps
based on the SoC of the battery (see Table IV). The charging
power reductions are derived manually by the inspection of the
experimental results. Some deviations in the bus voltage and
generator power output are also observed due to the battery
charging power deviations.

TABLE IV: BATTERY CHARGING POWER REDUCTION FOR
HIGHER SOC.

SoC(%) Charging power (%) C-rate

SoC ≥ 82.5 89.50 1.38
SoC ≥ 83.0 66.50 1.02
SoC ≥ 84.0 43.35 0.67
SoC ≥ 84.5 23.12 0.36

The deviation between the experimental and simulated
results are further evaluated to quantify the performance of
the system model using root mean square error (RMSE)
and presented in Table V. The average RMSE between the
experimental and simulated results for all the measured system
variables are well within 10 eu. It shows that the system
model’s accuracy is good enough for its further use in system
design, analysis, and testing.

TABLE V: THE EXPERIMENTAL AND SIMULATED OUTPUT
DEVIATIONS EXPRESSED IN RMSE.

Output Segment 1 Segment 2 Segment 3 Avgerage

Vbus (V) 1.4636 3.8395 2.1237 2.4756
Pgen (kW) 4.1512 7.0627 6.9632 6.0590
Pbatt (kW) 2.3157 5.3784 5.3923 4.3621
SoC (%) 0.4860 0.3471 0.5317 0.4549
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Fig. 17: System model validation with the experimental results for all three segments, (a) load profile (b) bus voltage (c)
generator power (d) battery power (e) battery SoC.

B. Bus Voltage Deviation

The class societies have limited the allowable voltage toler-
ance to ±10% [41] for the DC bus voltage. The bus voltage
RMSE from nominal value for the experiment was 13.28 V,
whereas 14.92 V for the simulation results in segment 2 (see
Fig. 17 - Vbus). The instantaneous bus voltage drop for less
than 50% loading of the generator is quite high. Hence, the
bus voltage deviation analysis is performed using a time-
scaled down version of the load profile presented in Fig.
15. Decreasing the control coefficient for generator voltage
in PMS from 12.4% to 5 % decreased the voltage deviation
from the nominal voltage considerably while keeping other
responses similar. However, decreasing the control coefficient
too much may lead the system voltage to oscillate for high
load transients.
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Fig. 18: Bus voltage comparison for different control coeffi-
cients.

VI. CONCLUSION

In this work, a bond graph-based DC hybrid power system
model has been developed by integrating component models
with varying degrees of fidelity. The system model is re-
configurable to develop various DC hybrid power system
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architectures due to the modularity in the component models.
The ability of the modeled system to capture necessary dynam-
ics during various scenarios, such as load change, propulsion
speed change, bus-tie breaker operation, and failure condition,
is presented. Further, the modeled system is tested with the
experimental results for a ship load profile. The system-level
testing has shown that the system model is accurate enough to
estimate the necessary dynamics of the real system. Moreover,
the developed system model is used to analyze the bus voltage
deviation in the experimental setup. It suggests that decreasing
the control coefficients in the experimental setup improves
the RMS deviation of bus voltage; however, decreasing it too
much may increase the maximum error. The developed system
model acts as a platform for the simulation of marine DC
hybrid power systems for various ’what-if’ scenarios. It will
also serve as a baseline for sophisticated system modeling and
analysis, such as efficiency analysis, power system design, and
failure studies.

The computational efficiency presented by the system is
fairly good as it can simulate faster than real-time. Most of
the computational burden is created by switching frequency of
power electronics converters, which requires the whole system
model to be solved in a minimal time interval and with high
computational effort. However, modularity helps to exchange
different fidelity of component models according to the test
requirements. Further, using the co-simulation framework, the
component models with faster dynamics can be solved with
higher frequency while other components with relatively lower
frequency. It can decrease the computational effort while
maintaining accuracy.
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