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Abstract

Dynamic simulation is critical for electrical ship studies as it obtains the necessary information to capture and characterize system per-
formance over the range of system operations and dynamic events such as disturbances or contingencies. However, modeling and simulation of
the interactive electrical and mechanical dynamics involves setting up and solving system equations in time-domain that is typically time
consuming and computationally expensive. Accurate assessment of system dynamic behaviors of interest without excessive computational
overhead has become a serious concern and challenge for practical application of electrical ship design, analysis, optimization and control. This
paper aims to develop a systematic approach to classify the sophisticated dynamic phenomenon encountered in electrical ship modeling and
simulation practices based on the design intention and the time scale of interest. Then a novel, comprehensive, coherent, and end-to-end
mathematical modeling and simulation approach has been developed for the latest Medium Voltage Direct Current (MVDC) Shipboard
Power System (SPS) with the objective to effectively and efficiently capture the system behavior for ship-wide system-level studies. The ac-
curacy and computation efficiency of the proposed approach has been evaluated and validated within the time frame of interest in the cast
studies. The significance and the potential application of the proposed modeling and simulation approach are also discussed.
Copyright © 2018 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The onboard power system has become the most critical
infrastructure for the next-generation naval warships which are
envisioned to be fully electricity driven and have a power
demand of up to 100 MW (Ericsen et al., 2006). In order to
meet such critical power requirements, the Integrated Power
System (IPS) that directly supplies power to propulsion and
other onboard service loads is proposed as a promising solu-
tion to create a new paradigm for shipboard electrical power
generation, conversion and distribution (Amy, 2002; Doerry,

2009). Among different distribution strategies that are
currently available for IPS, power-electronic based DC dis-
tribution is considered the most practical means for advantages
such as weight and size reduction, better power density, and
improved reliability (Ali et al., 2011).

Time-domain simulation has been used extensively for the
planning, design, operation and control of DC shipboard
power system (IEEE Std 1709-2010, 2010; Langston et al.,
2012; Zhang et al., 2015). It aims to capture all relevant sys-
tem conditions and determine the time-domain trajectory
when the system is subject to disturbances of various types
such as device outages, equipment damages and failures, and
faults. A set of first-order Differential-Algebraic Equations
(DAE) needs to be solved to approximate the ship-wide in-
teractions of on-board dynamic components and the distribu-
tion network.
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Like its terrestrial counterpart, electric ship power system
generally contains different classes of phenomenon with
different physical origins and occurs within different time
scales. Especially with the heavy employment of power
electronic converters, the coexistence of closely coupled
electrical and mechanical equipment on the ship, and the
widely varying characteristics of onboard loads from contin-
uous duty loads such as propellers to intermittent loads such as
pulsed laser weapons, it is a well accepted fact that dynamic
phenomenon encountered in electric ship power system
studies can range over various time scales. Therefore there
does not exist an universal model for different types of dy-
namic studies. The level of fidelity and the choice of solution
method directly depend on the nature of the phenomena and
the design purpose for the application.

To set the stage of the rest of the paper, the specific types of
the studies that we consider in this paper and their time frames
of interest need to be specified. It is commonly suggest that
time-domain simulations of SPS can be categorized using
three system layers based on the response time for the inten-
ded studies: Ericsen et al. (2006); Qi (2006).

� Operational level: The response time is on the order of
minutes. Studies on this level mainly involves long-term
stability studies involving slower acting equipment, and
ship operational and mission studies where only steady-
state operating conditions are of interest.

� System level: The response time is on the order of 10 ms. It
covers the essential electromechanical dynamics of the
system with a time step in the range of 0.1 ms or less.
System-level analysis is directed towards: 1) analysis of
the interactive system-wide electro-mechanical dynamics
and post-disturbance analysis; 2) the early-stage design
and exploration iterations where the fully detailed system
specifications are not yet specified; and 3) the optimization
design process where system behaviors need to be
repeatedly evaluated under a variety of conditions, such as
ship-wide power management system design.

� Waveform level: The response time is in the range of mi-
croseconds and milliseconds, depending on converter
frequency. Analyses on this level require computational of
the detailed electromagnetic transients with a time step of
microseconds or less. Such practices include the design of
power electronic apparatus, fault protections, insulation
coordination and gating signal generation.

Waveform-level models have been traditionally used in
previous literature to approximate the system behaviors when
time-domain simulation is required (Andrus, 2010; Bash et al.,
2009; Lahiri, 2011). The major limitations of waveform-level
models are: waveform-level MVDC SPS models are built to
maintain extremely high fidelity to represent the physical
system behavior. However, due to the large number of fast
switching power electronic apparatus within the DC system,
the waveform-level models suffers from slow simulation speed
which makes it inapplicable and computationally expensive to
be used for system-level analysis. Meanwhile the detailed

switching actions make the system discontinuous which adds
significant complexity to convert the system to linearized form
which is common for linear-form based system-level analysis
such as small-signal stability analysis (Chiniforoosh et al.,
2010).

In the case of model formulation for system-level analysis,
currently very limited amount of work have been reported. In
Schmitt (2010), the author develops the system-level modeling
strategy focusing on the evaluation of propeller and maneu-
vering dynamics while low order models are utilized for the
electrical components. In Doktorcik (2011), the reduced-order
model was developed around the specific requirements of
power management, thus a lot of domain specific assumptions
are made and the method itself doesn't provide a generic so-
lution to other types of system analysis. In Zahedi and Norum
(2013), the author develops the model focusing on the
modeling and simulation of power electronic devices.
Reduced-order modeling for AC shipboard power system has
been conducted in Abdelwahed et al. (2013), however, the
modeling approach for the latest DC distribution system,
which is fundamentally different than the conventional AC-
based distribution structure, has not been discussed. Other
disadvantages of the existing literature include: 1) Empirical
approaches have been commonly adopted to simplify the
model development, however, due to the conservative nature
of data-fitting based methods, the applicability and adaptivity
of empirical approaches are in question. 2) The trade-offs
between computational performance and model fidelity have
not been systematically studied and reported. 3) Little effort
has been made towards adjusting the modeling formulation to
accommodate the specific needs for system-level studies.

This paper attempts to address the limitations summarized
above. The main objective of this paper is to set forth a
mathematical modeling and simulation approach to specif-
ically address the requirements of system-level studies for the
MVDC SPS. The proposed model is highly representative and
includes all the essential electromechanical dynamics associ-
ated with synchronous generator-rectifier system, governors
and voltage regulators, gas turbine and propeller, induction
motor drive, storage and filter elements, service loads, ship
hydrodynamics and their closely-coupled interactions. At the
same time, the computational efficiency for the simulation has
been significantly improved to enable the ability to design and
analyze SPS and other similar islanded electrical power sys-
tems with close electrical proximity and intensive dynamic
behaviors.

Comparing with the existing SPS modeling and simulation
approaches, the novelty and intellectual merits of this paper
can be summarized as:

1. This paper presents a MVDC SPS model that offers true
end-to-end functionality. As a model-based approach, it
provides a high degree of similarities in topologies,
specifications and functionalities to the waveform-level
model and physical testbed. Thus it is realistic and
comprehensive for existing and future time-domain
response based electric ship related studies.
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2. This paper offers a novel modeling approach as well as a
simulation program that has been tailored specifically for
system-level time-domain simulation of all electric ships.
While the modeling strategy for each individual functional
module may not be necessarily novel, this paper focuses
on selecting and then combining the most appropriate
representations for each component based on our under-
standing of the functionality/structure/design intention of
it. The simulation results presented in this paper have
shown a significant improvement in terms of computa-
tional overhead and flexibility in accordance to the unique
requirements of system-level studies.

3. The proposed modeling approach allows easy refinement
and fidelity adjustment to adapt to different ship configu-
rations, mission profiles, design intentions and study
stages. It also provides a direct input/output interface to be
integrated with common simulation model libraries and
software packages for SPS studies.

This paper is organized as follows: in Chapter II, the gen-
eral modeling principle is introduced. Chapter III illustrates
the modeling approach for the MVDC SPS model. In Chapter
IV, the modeling strategy is validated based on two case
studies. The applicability of the proposed modeling approach
and the conclusion is drawn in Chapter V.

2. Modeling principle

In order to demonstrate the modeling development
approach, a scaled-down waveform level MVDC Next Gen-
eration Integrated Power System (NGIPS) model in split-plant
configuration is used as the baseline model in this paper (IEEE
Std 1709-2010, 2010; Andrus et al., 2013). Fig. 1 illustrates
the general schematic of this model. It consists of a Main
Turbo-Generator (MTG) and an Auxiliary Turbo-Generator

(ATG), an electrical driven propeller, four zonal service loads,
one isolated pulsed load and an energy storage device. All the
modules are connected to the distribution bus via power
electronics based Power Conversion Modules (PCMs) and DC
disconnect switches. A ring-bus topology is chosen for the
distribution system where buses running along the port and
starboard sides of the ship are connected at the bow and stern.

Two levels of simplifications are utilized in this paper to-
wards the model development. First, the average-value
modeling approach is introduced wherein the dynamically
fast events (such as switching control) and high-frequency
components (such as power electronic apparatus) are aver-
aged with the time frame of interest. On the other hand, a
majority of the system components are modeled based on the
system-wide functional basis and design intentions; thus can
be described by representative, reduced order representations,
instead of using the high-order, fully detailed models to reflect
the actual physical characteristics. The result is a more
computational efficient and less stiff SPS model which offers
both appropriate fidelity and rapid runtime.

As a general modeling principle, the continuous power
system dynamics can be mathematically described by a set of
first order differential equations and a set of algebraic equa-
tions in the form of:

_x¼ fðx;yÞ
0¼ gðx;yÞ ð1Þ

where xðx3ℝnÞ represents a vector of dynamic state variables
such as rotating machine variables, yðy3ℝmÞ represents a
vector of the algebraic state variables such as distribution
network variables where no derivatives are present. Once the
complete system model is formulated, the general solution
approach is to utilize a discretization method (e.g. trapezoidal
rule, fourth-order RungeeKutta) to convert the differential
equations to the form of algebraic equations, and then solve
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Fig. 1. Single-line diagram of the MVDC SPS.
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the combined set of algebraic equations with a suitable nu-
merical technique iteratively (e.g. NewtoneRaphson).

3. System model development

In this section, the system model shown in Fig. 1 is broken
into different functional modules. The detailed mathematical
formulations of each functional module and the solution pro-
cess are illustrated respectively to enhance the modularity. To
maintain the brevity of the paper, the detailed parameters and
component specifications are included in the Appendix
section.

3.1. Power generators

Power generator is the main power source that converts
energy from fuel to electrical power and supply to propulsion
and other electrical loads for MVDC SPS. Within the gener-
ator, a gas turbine serves as the prime mover for the Wound
Rotor Synchronous Machine (WRSM). The three phase output
of the WRSM is going through an uncontrolled diode rectifier
and an LC filter to the 5 kv distribution bus. Droop control
loops are added to allow generators with different speed ref-
erences operate in parallel on the same bus with little
impedance between them. The modeling strategy of each
component of the generator module is illustrated below:

3.1.1. Gas turbine
A variety of gas turbine engine models have been made

available in the literature. Based on the understanding of the
basic functional relationships within an engine, a transfer
function-based single-shaft gas turbine model that consider the
effects of interactions of physical components and speed/ac-
celeration control loops is modified from Mayer and
Wasynczuk (1991) and utilized here. The model can be rep-
resented as:

dSG

dt
¼ Ka

�
1� ur

ub

�
�Kb

ub

dur

dt

dVP

dt
¼� 1

T1

VPþ 1

T1

�
SG

W1

þW2

�

dFS

dt
¼� 1

T2

FSþ 1

T2

VP

ð2Þ

The output of the gas turbine is the mechanical torque to
the WRSM model that can be defined as:

Tpm ¼ Tbase

�
W1ðFS�W2Þ þ T1

�
1� ur

ub

��
ð3Þ

where SG, VP, FS represent the internal system state variables
of the speed governor, valve positioner, and fuel system. Tbase
represents the base value of the mechanical torque, ub repre-
sents the base rotating speed of the gas turbine rotor, ur rep-
resents the actual rotor speed. Other parameters can be seen in
the Appendix.

3.1.2. WRSM and rectifier
The DC WRSM model used in this paper consists of a 3

phase WRSM connected to a load commutated rectifier. The
Voltage-Behind-Reactance (VBR) representation of a reduce-
order synchronous machine coupled with a rectifier is used
(Sudhoff et al., 1996; Andrus et al., 2013). It is assumed that
the synchronous machine model is equipped with two q-axis
damper windings and one d-axis damper winding. After
averaging, the equivalent DC voltage representing the dy-
namics of the WRSM and the diode rectifier is given by:

Eeq ¼
����ur

����
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
l
00
d

	þ 

l
00
q

�r
ð4Þ

where l
00
d and l

00
q represent d-q subtransient flux linkages.

The DC current flowing through the filter can then be repre-
sented as:

digen
dt

¼
3
ffiffi
3

p
p

ffiffiffi
2

p
Eeq �

�
rdc þ 3

p
Lcub þ 2rs

	
igen � vdc

Ldc þ 2Lt

ð5Þ

where igen is the current supplied by the generator. rdc and Ldc
are the resistance and inductance of the LC filter, rs is the
synchronous machine stator resistance, Lc and Lt are the
equivalent line commutating inductance and transient
commutating inductances defined by:

Lc ¼ L
00
d

Lt ¼ 1

2
L

00
d þ

3

2
L

00
q

ð6Þ

and L
00
d and L

00
q are the d-q axis subtransient inductance. To

differentiate, generator current from MTG is denoted as igen1
and generator current from ATG is denoted as igen2.

3.1.3. Exciter
The exciter adjusts the field winding voltage of the WRSM

to regulate the filtered voltage at the terminals of the rectifier
based on the reference DC bus voltage and the requested
power to be supplied. A simplified PI controller based exciter
is used in this paper. The diagram of the exciter is shown in
Fig. 2. The DC bus voltage vdc, in conjunction with the power
supplied by the generator unit Ptg are supplied to the exciter
model to adjust the field winding excitation voltage vfd.
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vfd
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Kps+Kis/s Texs+1
1

τs+1
1

0

vmax

Fig. 2. Simplified model of the exciter.
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dvfd
dt

¼�vfd
Tex

þ xG
Tex

�Kps

Tex

�
v�dc þKdroop

�
Pr �Ptg

	� vdc
	

dxG
dt

¼ Kis

�
v�dc þKdroop

�
Pr �Ptg

	� vdc
	 ð7Þ

where Kps and Kis denote the proportional gain and integral
gain separately, Tex denotes the integration time constant and
v�dc denotes the reference bus voltage which is 5 kV Pr denotes
the requested power from the generator. xG refers to the in-
ternal state variable introduced by the PI controller. Kdroop

denotes the power droop factor that is determined based on
load sharing conditions and droop characteristics.

The complete representation of the onboard generator is
shown in Fig. 3.

3.2. Propulsion module

Propulsion module draws power from the distribution
network for propulsion of the ship. The propulsion module
consists of a three-phase Induction Motor (IM), the associated
Pulse-Width Modulation (PWM) Variable Speed Drive (VSD)
with filter, a notional fixed pitch propeller, and a notional ship
hydrodynamics model.

3.2.1. Propeller filter
A filter is inserted between the distribution bus and the

PWM-VSI to eliminate the harmonics. The equations are
given by:

diprop
dt

¼ 1

Lf

�
vdc � vf � rf iprop

	

dvf
dt

¼ 1

Cf

�
iprop � iLC

	 ð8Þ

where Lf, rf and Cf are the inductance, resistance and capaci-
tance of the filter, respectively. iprop denotes the current flown
through the filter into the propulsion module. iLC denotes the
filtered current.

3.2.2. PWM-VSI
The PWM-VSI consists of three-phase two-level IGBT

bridge that is built by averaged model and from the d-q co-
ordinates the current drawn from the DC distribution bus can
be represented as:

iLC ¼ 3

2

�
mdisdm þmqisqm

	 ð9Þ

where md and mq are the modulation ratio in d-q coordinates.
isdm and isqm are the d-q axis currents into the propulsion
motor.

The d-q axis voltages of the propulsion motor are:

vsdm ¼ mdvf
vsqm ¼ mqvf

ð10Þ

3.2.3. Direct torque induction motor controller
Direct Torque Control (DTC) includes two PI controllers to

regulate the flux linkage and torque simultaneously is utilized
to generate the gating pulses for the motor drive control (Xue
et al., 1990).

dxL
dt

¼ KLI

�
lsref � ls

	
dxT
dt

¼ KTI

�
Tref � Tem

	 ð11Þ

The controller output the modulation ratio for PWM-VSI
which can be expressed by:

md ¼ KLP

�
lsref � ls

	þ xL
mq ¼ KTP

�
Tref � Tem

	þ xT
ð12Þ

where KLP, KLI, KTP, and KTI are the proportional gains and
integral gains in torque and flux linkage controller respec-
tively. xT and xL are state variables introduced by the DTC. ls
is the stator flux linkage and lsref is the flux linkage reference.
Tem is the induction motor output electrical torque and Tref is
the torque reference.

3.2.4. Induction motor
A non-saturable induction machine model in stationary

reference frame is used in this paper. The equations governing
the induction motor dynamics can be defined as:

dls
dt

¼ vsdm � rsmisdm

dlrd
dt

¼�rrmirdm � lrqðPum �ussÞ
dlrq
dt

¼�rrmirqm � lrdðuss �PumÞ
dum

dt
¼ 1

Jm

�
Tem � Tprop

	

ð13Þ

where lrd and lrq are d-q axis flux linkage of rotor respec-
tively. vsdm is the d axis voltage, irdm and irqm are the d-q axis
currents of rotor, respectively. rsm and rrm are the resistances of
stator and rotor, respectively. Jm is the inertia and P is the pole
pairs. Tprop is the load torque of the propeller. The rest for-
mulations of the induction motor can be found in Appendix.Fig. 3. Power generation module.
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3.2.5. Propeller and ship hydrodynamic
The propeller model used here is based on Roddy et al.

(2006). The propeller torque and mechanical thrust can be
presented by:

Tprop ¼ KQ


um

2p

�2

rD5

Fprop ¼ KT


um

2p

�2

rD4

ð14Þ

In this paper we only consider the ship forward motion. So
the ship dynamics can be expressed by:

pvs ¼ 2Fpropð1� tdÞ �Fr

m$ma

ð15Þ

where KT and KQ are thrust coefficient and torque coefficient
of the propeller, which are obtained from the ship hydrody-
namic characteristics. td is thrust deduction fraction. r is the
seawater density. D is the propeller diameter. Fr is the ship
resistance. m and ma are ship mass and added mass.

The combined representation of the propulsion module is
shown in Fig. 4.

3.3. Power conversion module

Power electronics converters are widely used in MVDC
system to connect the generators, propulsion motors, loads and
storage devices to the DC bus. The operations of power con-
verters directly depend on the components immediately attached
to them and their control algorithms. Among them, the dynamic
behaviors of generator and propeller converters are already
combined and considered with the components immediately
attached to them, and thus do not require individual modeling.

For converters interconnected with power loads and storage
devices, here we consider the isolated DCeDC converter in Ge
et al. (2015). The simplified equivalent circuit is shown in Fig. 5.
It consists of a LC low-pass filter, an inverter, a transformer for
galvanic isolation, a rectifier, a DC link inductor to reduce
current ripple, and an output LC low-pass filter.

The transformer primary peak-current control approach is
used here to control the output voltage (Suryanarayana and
Sudhoff, 2013), and the block diagram is shown in Fig. 6.

Then we can get the equations:

dv0ref
dt

¼ vref � v0ref
t

dXI

dt
¼ Ki



v0ref � vof �Kdroopiof

� ð16Þ

where t is the slew-rate limit time constant. vof is the output
voltage, Kdroop is the droop constant for output current iof. Kp

and Ki are the proportional gain and integral gain in peak-
current controller. XI is state variable introduced by the
controller. Then the transformer primary peak current can be
derived as:

ipmax ¼ Kp



v0ref � vof �Kdroopiof

�
þXI ð17Þ

And the output voltage can be derived as:

dvof
dt

¼ iof � ild
Cf

ð18Þ

where ild is the load current and Cf is the output filter capac-
itance. iof and iif can be obtained based on approximating the
transformer primary and secondary current waveforms.

3.4. Energy storage

Energy storage unit is a stand-alone power source that stays
charged to supply power to meet sudden power demands or
rejections. In this paper, a super-capacitor is adopted to
represent storage devices that have high power densities and
amenable to large depth discharge (Schmitt, 2010). The
configuration of a super-capacitor is shown in Fig. 7. The
behavior of the super-capacitor is governed by:

PWM-VSI

Filter

MVDC 
bus

Equ.(8)iprop iLC

Induction 
Motor
Equ.(13)

Equ.(14)-(15)

Propeller

Equ.(9),(10)
ωm

Tprop

md ,mq
Tem ,λs 

vdc vf

DTC 
Equ.(11),(12)

vsdmvsqm

isqm
isdm

Fig. 4. Propulsion module.

Fig. 5. Equivalent circuit of isolated DCeDC converter.

Fig. 6. Control of isolated DCeDC converter.
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icap ¼ vdc � vsc
Rs

dvsc
dt

¼ vdc � vsc
CsRs

� vsc
CsRp

ð19Þ

3.5. Power loads

Future electrical ships are expected to carry a variety of
electrical loads. In this paper, we consider two types of
common onboard loads: 1) zonal loads that represent the ship
service components throughout the ship and 2) pulsed loads
such as electromagnetic aircraft launch system and laser
weapons. In the simplified system model, zonal loads are
represented in their Norton equivalents form consisting of a
resistor in parallel with a Controlled Current Source (CCS).
This modeling strategy is intended to account for the slow
dynamics of the service loads. The representative configura-
tion of a notional zonal load is shown in Fig. 8(a). The current
flow izonal can be derived as:

izonal ¼ vdc
RL

þPzonal

vdc
ð20Þ

On the other hand, the pulsed load represents a standalone
load center that draws a large amount of power in short time
duration. The time varying power requirement of a pulsed load
may be approximated by a square wave as shown in Fig. 8(b).
Similar to zonal loads, the current flow ipulsed of a pulsed load
can be written as:

ipulsed ¼ Ppulsed

vdc
ð21Þ

3.6. Power distribution module and switching gears

As the SPS is closely coupled and contained in a limited
space, the dynamics of the cables are not considered here. This

is a common assumption for SPS studies (Amy, 2002) and can
greatly reduce the complexity of the system formulation. All
the electrical components are connected to the MVDC distri-
bution bus with a disconnect device that determines the
connection status and power flow directions including simple
disconnect means like switches and circuit breakers, or more
complex ones like bus transfers. In the simplified model, the
status of component connecting or disconnecting to the dis-
tribution network is simply represented by a binary variable:
0 indicates disconnection while 1 indicates connection with-
the consideration that the switching actions of the
disconnect devices are instantaneous compared with the
time frame of interest. Similarly the power flow within the
network is represented using the nodal method. A current
entering the network from a source is positive in sign, while a
current leaving the network to a load is negative. With this
definition, the voltage of the DC distribution bus can be
derived as:

dvdc
dt

¼ igen1 þ igen2 � ipulsed � icap � iprop �
P4

k¼1i
k
zonal

Cdc

ð22Þ
In this paper, Matlab is the primary simulation environment

to build and test the proposed modeling approach. Due to the
stiffness of this model caused by the power system dynamics
on different time scales, the variable-step Matlab™ Ordinary
Differential Equation (ODE) solver ode15s based on backward
differentiation formulas (Shampine and Reichelt, 1997) is
selected to solve the DAE set and calculate the numerical
solution.

4. Simulation and model validation

In this section, the performance of the proposed modeling
approach in terms of accuracy and simulation efficiency is
evaluated and compared with existing modeling techniques
based two testing scenarios.

4.1. Equivalent Simulink model

The fidelity of the proposed modeling approach is validated
based on comparison with a detailed equivalent Simulink
model that uses standard Matlab Simulink/SimPowerSystem
components. The equivalent model is developed utilizing the
same schematic and parameters as used in the proposed
simplified model. Unlike the simplified model, the equivalent
model contains all the discrete switching behaviors in the
power converters.

Fig. 7. Energy storage module.

Fig. 8. Power loads.
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4.2. Testing scenarios

4.2.1. Scenario I: ship acceleration
For this scenario, it is assumed that initially the ship is

working in steady-state operation in cruise mode. After 10 s,
the ship is engaged in a battle condition and requires a sudden
speed acceleration from 7.5 m/s to 11 m/s resulting a step
change of Tref from 6e5N m to 11e5N m. The impact of this
operation to the generators and distribution bus voltage can be
evaluated. The simulation results showing the generator cur-
rents igen1, igen2, the DC bus voltage vdc, and the corresponding
ship speed following this operation are shown in Fig. 9.

4.2.2. Scenario II: pulse load initialization
In this scenario, it is assumed that the ship is initially in

steady-state operation in battle mode. After 10 s, a pulsed

load initializes and the associated power rating Ppulsed is set
to 2 MW. 5 s later, Ppulsed increases to 4 MW. The pulsed
load is disengaged at simulation time T ¼ 20 s. The simu-
lation results showing the main and auxiliary generator
currents igen1, igen2, the DC bus voltage vdc and the pulsed
load current flow ipulsed following this event are shown in
Fig. 10.

4.3. Simulation performance

The performance of the proposed simplified model and the
equivalent Simulink model are compared based on the simu-
lation results shown in Figs. 9 and 10. To evaluate the accuracy
of the proposed modeling approach, the normalized root-
mean-square error e between the simplified model and the
Simulink model is introduced as:

Fig. 9. Simulation results for Scenario I.
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e¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPtn

t¼t0
ðxsðtÞ � xdðtÞÞ2

n

s ,
1

n

Xtn
t¼t0

ðxdðtÞÞ ð23Þ

where t0 and tn are the beginning and end time of comparison
time region. xs(t) denotes the variables of the simplified model.
xs(t) denotes the variables of the Simulink model. n denotes the
number of sampling points within the comparison time region.
The accuracy comparison for the two scenarios is shown in
Tables 1 and 2.1

From the comparison, it can be observed the generator
current deviation between the simplified model and the

equivalent Simulink model is varying from 12.5% (during the
transient phase) to 1.28% (under steady-state). Similarly, the
DC bus voltage deviation is varying from 0.56% (during the
transient) to less than 0.34% under steady-state. The results
comparison has clearly shown that the proposed model has the
capability to provide an accurate approximation of the system
dynamics during both transient period and steady-state period.

Fig. 10. Simulation results for Scenario II.

Table 1

Simulation accuracy comparison for Scenario I.

State variable e during transient period e during steady-state period

igen1 4.21% 1.28%

igen2 9.85% 3.41%

vdc 0.52% 0.33%

Ship speed 1.72% 0.31%

1 It is considered that in Scenario I, “transient period” is from 10 s to 20 s,

“steady-state period” is from 20 s to 60 s. In Scenario II, “transient period” is

from 10 s to 30 s, “steady-state period” is from 30 s to 60 s.
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In addition to the accuracy evaluation, the simulation effi-
ciency is also recorded and compared where the elapsed time
measurement is obtained based on a 100 s simulation on a
desktop with an Intel I5 processor (overclocked to 4.4 Ghz)
with 16 GB of memory.2 To assure the consistency of the
analysis the results demonstrated in Table 3 are derived based
on the average run-time of 10 similar operating conditions.
Define the efficiency ratio as (Hebner et al., 2010):

s¼ simulation time

simulated time
ð24Þ

From the elapsed time and efficiency ratio comparison, we
can see that the runtime of the simplified model is increased by
4 orders of magnitudes compared with the waveform-level
baseline model. It can thus be justified that the proposed
modeling approach of the MVDC system is more suitable and
practical for system-level studies and still captures the essen-
tial dynamic system characteristics within the desired fre-
quency range.

5. Conclusion

An end-to-end modeling and simulation approach has been
developed in this paper to facilitate system-level design,
analysis, optimization and control for MVDC SPS. Compared
with other state-of-art reduced-order average-value modeling
approach, the accuracy and computational speed of the pro-
posed modeling approach are properly quantified and justified
to meet the requirements of system-level designs. The pre-
sented modeling approach results in a much more accelerated,
less stiff and highly modular numerical simulation program
that can be used as a convenient and efficient tool to meet the
demand of a variety of time-domain based MVDC SPS
studies. Among many, two major representative applications
of the proposed approach are illustrated below.

One of the arguably most crucial phases of ship design is the
concept design phase (Ferrante et al., 2015). Performing time-
domain simulation during the concept design stage plays an

important role to verify and refine the performance of a candi-
date design especially under adverse conditions over a board
range of operational vignettes (Cramer et al., 2015; Stevens
et al., 2015). Accordingly the time-domain performance met-
rics such as operability and dependability have been proposed to
assess the capability of SPS to maximize the continuity of
service on disruptive scenarios over the distribution of opera-
tional vignettes. Currently the electrical power flow can only be
modeled statically due to the lack of an efficient simulation tool.
However, the proposed approach can be easily integrated into
the concept design phase to add higher fidelity simulation
capability, help meet the needs to perform computationally
inexpensive time-domain simulations, and increase the overall
quality and efficiency of the early design stage.

The proposed modeling and simulation approach also
provides a gateway to design and prototype ship-wide model-
based supervisory control system for SPS. For a long time, the
ship-wide power and energy management control heavily re-
lies on rule-based control paradigm and human operators. But
going forward, the development of next-generation control and
optimization concepts and tools becomes an immediate
requirement to ensure more secure, efficient and reliable future
electric ships. Model-based real-time ship-wide analysis,
control and management systems are envisioned to improve
SPS dynamic performance over a wide range of operating
scenarios (Shi et al., 2015; Park et al., 2015). Therefore an
appropriate time-domain system modeling approach is an in-
tegral part of the design process to capture the relevant system
characteristics. With the proven capability of the proposed
modeling approach to accurately and efficiently simulate the
system-level dynamics within the time scale of interest, it
becomes a natural choice for such control design practices.

As the unique characteristics of SPS such as close physical
and electric proximity, limited generating capacity, intense and
rapidly varying load dynamics, and the requirement of rigorous
control closely matched to islanded micro-grids (Amy, 2002),
the proposed techniques and the system-level modeling concept
can be easily modified based on the application-specific re-
quirements and adapted to the study of even broader range of
similarly structured micro-grid power systems.
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Appendix.

The parameters used for different components are included
below.

1. Main generator parameters: rated power: 36.8 MW, rated
voltage: 4160 V, 1 pole pairs, Rs ¼ 0.7364 mU,
Lls ¼ 36.626 mH, Lmd ¼ Lmq ¼ 366.26 mH, Rfd ¼ 0.3682
mU, Llfd ¼ 21.975 mH, Rkd ¼ 16.6 mU, Rkq1 ¼ Rkq2 ¼ 3.7
mU, Llkd ¼ 6.1043 mH, Llkq1 ¼ 10.988 mH, J ¼ 1e4 kg m2.

Table 2

Simulation accuracy comparison for Scenario II.

State variable e during transient period e during steady-state

period

igen1 1.73% 0.76%

igen2 2.35% 2.59%

vdc 0.32% 0.31%

ipulsed 0.29% 0%

Table 3

Simulation runtime comparison.

Modeling approach Simulation time Efficiency ratio

Proposed approach 1.293 (s) 0.01293

Equivalent Simulink model 3391 (s) 33.91

Waveform-level model 9895 (s) 98.95

2 The equivalent Simulink model and waveform-level model is simulated in

Simulink rapid accelerator mode with variable time step solver ode15s.
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2. Auxiliary generator parameters: rated power: 3.46 MW,
rated voltage: 4160 V, 1 pole pairs, Rs ¼ 17.3 mU, Lls ¼
229.45 mH, Lmd ¼ Lmq ¼ 2.3 mH, Rfd ¼ 3.5 mU, Llfd ¼
114.72 mH, Rkd ¼ 155.7 mU, Rkq1 ¼ Rkq2 ¼ 34.6 mU,
Llkd ¼ 57.362 mH, Llkq1 ¼ 10.325 mH, J ¼ 2e3 kg m2.

3. Gas turbine parameters (in per-unit): Ka ¼ 3, Kb ¼ 8,
T1 ¼ 0.5, T2 ¼ 0.2, W1 ¼ 1.3, W2 ¼ 0.23, for MTG
ub ¼ 120p, for ATG ub ¼ 480p.

4. Exciter parameters (in per-unit): Kp ¼ 0.1, Ki ¼ 0.05,
Tex ¼ 0.02 s, t ¼ 1 ms.

5. Energy storage parameters: RS ¼ 2 mU, Rp ¼ 1e9 U,
Cs ¼ 50.7 F.

6. Induction motor drive parameters: rsm ¼ 27 mU,
rrm¼ 8mU, Llsm¼ 1.5mH, Llrm¼ 1.7mH, Lmm¼ 31.7 mH,

6 pole pairs, J ¼ 1e6 kg m2.

2
664
isdm
isqm
irdm
irqm

3
775 ¼ 1

LrmLsm�L2mm

2
664

Lrm �Lmm 0
0 0 �Lmm

�Lmm Lsm 0
0 0 Lsm

3
775
2
4 ls
lrd
lrq

3
5; uss ¼ (vsqm � rsmisqm)/

ls, Tem ¼ 3
2Plsisqm. Lsm ¼ Llsm þ Lmm, Lrm ¼ Llrm þ Lmm.

7. DTC parameters: KLP ¼ 0.6e � 6, KLI ¼ 5e � 3, KTP ¼
1e � 8, KTI ¼ 1e � 5, lref ¼ 41.44 Wb, Tref ¼ 15e5.

8. Propeller and ship hydrodynamics parameters: D ¼ 5.5 m,
r ¼ 1025 kg/m3, td ¼ 0.04, m ¼ 1.325e7 kg, ma ¼ 1.08.

9. Zonal loads parameters: RL1 ¼ 20 U, Pzonal1 ¼ 60 kW,
RL2 ¼ 50 U, Pzonal2 ¼ 100 kW, RL3 ¼ 50 U, Pzonal3 ¼
100 kW, RL4 ¼ 50 U, Pzonal4 ¼ 100 kW.
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