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Abstract 
 Simulation-based design requires models at 
many levels of detail. In the early stages, models 
must approximate the coarse behavior of the system 
across many domains – power, efficiency, cost, size, 
and weight. In later stages, the models must represent 
the system with increasing accuracy – including 
dynamic performance, controllability, and other 
more-subtle manifestations. In this work, we focus on 
specification of the models for a simulation-based 
design of ship power systems. We address the issues 
of levels of detail in models, definition of model 
ports to support substitution of models at increasing 
levels of detail, and the application of multiple 
analyses to one set of simulation models. Eventually, 
we tackle very detailed issues such as insulation 
coordination and grounding scheme that are not at all 
important in the conceptual stages of design. 
 
1. INTRODUCTION 
        Electric ship power systems have been a major 
research topic for many years [1-7]. The design of an 
effective ship power system depends on a suitable 
selection and arrangement of system components that 
satisfy all load requirements in the environment and 
conditions in which they operate. But it is 
challenging to select and model the components of 
the ship power systems. At the early stage, the 
models should relate not only, say, electrical 
performance, but also mass, size, cost, efficiency, etc. 
This paper addresses those challenging issues that 
arise from the use of simulation-based design of 
electric ship power systems. The work focuses on 
methods that start with simple models (say, power 
flow models, weight models, cost models), and then  

 
gradually increases the level of details (say, the time 
response models and dynamic response models).  
Also, at the early stages, generic models may be 
used, while in later stages, models of very specific 
equipment from one or more manufacturers may be 
needed. 
         While the basic issues of ship power systems 
are available in the literature, this article discusses the 
challenging issues with a view to developing 
guidelines to model and simulate a ship power 
system in detail, and thus helps the reader understand 
the level of information or knowledge required to 
model and simulate the ship system. 
         The organization of this paper is as follows. In 
section 2, the basic configuration of the ship power 
system is described. In section 3, difficulties 
associated with modeling of ship power system 
components are discussed. In section 4, model 
fidelity and a large scale simulation approach is 
discussed. In section 5, some examples regarding the 
challenging issues of ship power system are 
discussed. In section 6, the importance of including 
insulation coordination and grounding schemes in 
shipboard power system modeling and simulation are 
described. And finally section 7 concludes this work.  
 
2. BASIC CONFIGURATION OF SHIP 

POWER SYSTEM 
         Figure 1 shows the one-line diagram of a 
notional shipboard integrated power system (IPS). At 
this level, the model represents the following main 
systems:- the power generation system, the ship 
propulsion system, and a zonal load distribution 
system. The main power distribution bus might 
distribute DC power, AC power (60 Hz), or higher-
frequency AC power (e.g. 240 Hz). A medium 
voltage (MV) bus is supplied by two main generators 
(main PGM1 and PGM2) and two auxiliary 
generators (auxiliary PGM1 and PGM2). The bus  
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supplies two propulsion motors (PM), a high power 
pulsed load, a special load, and the ship’s service 
loads which are distributed in zones. The propulsion 
motors are fed through variable speed drives (VSD). 
Also, an energy storage device is connected to the 
MV subsystem. 
 
3. CHALLENGES IN COMPONENTS 

SELECTION, MODELING, AND 
SIMULATION OF SHIP POWER SYSTEMS  

        It is challenging to select and model the 
components of ship power systems. Before going to 
the detailed discussion of the challenging issues of 
ship system modeling, let us consider an abstracted 
example system shown in Figure 2. The figure 
depicts the orders of resolutions in terms of space, 
time, and physical process required for development 
of any system models.  At an early stage, a system 
might need a very simple model with almost zero 
resolution (i.e. lying near the origin of time 
resolution, space resolution, and physics resolution), 
but with increasing maturity of the system design 
higher levels of model resolution are needed. And 
with the increasing and detailed levels of model 
development, complexity and difficulty would also 
increase in selecting the system parameters, 
components, etc.  
         Similar to the case of the above abstracted 
example system, there are complexities and 
challenging issues that might arise from the  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
components selection and their proper modeling 
during the simulation of ship power systems. And the 
level of challenges and difficulties increase with the 
level of detailed model requirements. For example, in 
order to analyze the cost model, weight model, 
efficiency model, load flow model, etc., for the ship 
power system shown in Figure 1, simple models of 
the system components might be sufficient. However, 
for higher level of studies, say, transient and dynamic 
response analyses, some components in the system 
need to be modeled in more detail, although some of 
the components might have the same modeling as the 
case of simple analyses. Again, for other type of 
higher level studies, some components and control 
algorithms in the system might need to be modeled in 
different ways and in much more augmented levels.  
But the gradually developed higher level system 
models should be consistent with the original system 
so that the system connectivity is maintained through 
the increasing levels of detail. And here are the main 
challenges and difficulties that arise from modeling, 
control algorithm development, components 
selection, etc., depending on the higher level of 
studies needed for ship power systems. 
 
 
 
 
 
 

Figure 1.  Notional shipboard IPS one-line diagram 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. MODEL FIDELITY AND LARGE-SCALE 

SIMULATION  
 
Shipboard power systems are tightly coupled 
electrical systems due, in part, to the small 
impedances of short electrical cables between sub-
systems. As a result, capturing the propagation of 
electrical disturbances throughout an integrated 
power system (IPS) requires the use of a ship-wide, 
or large-scale, simulation model. The challenges 
associated with constructing these “system-level 
models” are directly related to the outcomes the 
simulation engineer desires from them.  This is where 
the topic of “model fidelity” comes into the 
discussion of electric ship modeling and simulation 
(M&S). If the objective of the simulation is to predict 
steady-state voltage and current levels at all electrical 
nodes in a ship power system, a load-flow analysis of 
a system model comprised of average-value power 
electronic (PE) converters provides sufficient fidelity.  
         If the objective is to predict a generator set’s 
(genset) electrical and mechanical responses to a 
sudden loss of loading, then the only detailed “high 
fidelity” model required in the simulation would be 
that of the generator-exciter-prime mover under 
study. The rest of the ship power system could be 
represented by aggregated loads and average-value 
PE models. This is because this study is addressing 
the process by which the electrical disturbance 
caused by the loss of a pump load in one zone, for 
example, propagates through the electrical and 
controls sub-systems of the IPS to the genset under 
study in another zone.  
        A simulation requiring higher fidelity sub-
system models would involve the study of an IPS 
protection system’s response to an electrical fault on 
the main power bus (either AC or DC). The level of 
model fidelity required in this case includes the 
following:  

       1. Switching models for the valve groups of 
AC/DC converters supplying power to the bus (in the 
case of a DC power system),  
       2. Electrical representation of the output filter 
characteristics of the rectifier referred to above, 
       3. Protection relay trip response curves, trip 
times, and coordination logic,  
       4. Transformers modeled with saturation, and 
       5. IPS configuration/reconfiguration state maps. 
       An example of a true “high fidelity” power 
system simulation is the power quality (PQ) studies 
of AC power systems that typically include an 
assessment of the total harmonic distortion (THD) of 
bus voltage and current due to the harmonics 
generated by PE converters. Electromagnetic 
transient (EMT) computer programs, such as EMTP, 
PSCAD/EMTDC, VTB, Simulink®, and 
RSCAD/RTDS are used to capture these high 
frequency effects. Steurer, et. al. [8] showed the ship-
wide PQ impact of pulsed load operation on the IPS 
of a multi-zonal, notional destroyer. The ship system 
model they used was run on a Real-time Digital 
Simulator (RTDS) [9] in non-real-time with a 5 µs 
time-step.  All 18 PE converters of a five-zone 
notional destroyer IPS were represented with valve 
switching models. Because the RTDS employs more 
than four hundred digital signal processors (DSPs) 
operating in parallel, an accurate high frequency 
response to the pulsed load’s operation was computed 
for every zone of the ship, with a typical run 
execution time of 20 minutes. 
         These examples demonstrate the importance of 
carefully defining the objectives of any large-scale 
ship power system simulation model in the light of 
achievable model fidelity.   
 
5. EXAMPLE SYSTEMS   
       In the following sections, examples describing 
complexity and challenges associated with gas 
turbine and generator modeling are given. 
 
5.1. Modeling Gas Turbines 
           Gas turbine engines are complex 
thermodynamic machines that convert fluid and fuel 
energy into mechanical energy. They come in various 
topologies that include single-shaft, twin-shaft, 
multiple-spools, centrifugal and axial flow 
compressors, simple and advanced thermodynamic 
cycles, and different combustion chamber types. A 
single-shaft, simple-cycle gas turbine schematic, and 
an advanced-cycle, twin-shaft gas turbine schematic 
are shown in Figures 3 and 4, respectively. 
          Because of these various topologies and the 
thermodynamic processes involved, modeling of the 
gas turbines proved to be a very challenging problem. 
To further illustrate this complexity, consider a 
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Figure 2.  Three-dimensional physical system 



 

simple-cycle, single-shaft gas turbine, as shown in 
Figure 3. For this turbine, a simplified relationship 
between the gas turbine shaft speed,ω , and output 
power,

outW , was derived through an analysis of 
various thermodynamic and mechanical processes 
involved [10]-[11]. This relationship is given by the 
equation: 
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where maxw is the maximum specific work, obtained 

for a given compression ratio 0102 PP , and T, V  
and ρ  are the working fluid (air) temperature, 
velocity, and density, respectively; and ζ is the ratio 
of the compressor blades’ inner and outer radii, M 
represents the Mach number, and R and γ are gas 
constants. 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
        
       The important result is that the shaft speed and 
power relation includes a dependence on 
thermodynamic quantities (temperature and fluid 
velocity) as well as gas turbine geometric parameters 
(blades’ radii). Consequently, for a dynamic analysis 
that involves a gas turbine where its shaft speed is 
changing due to external disturbances, one needs to 
know the turbine’s geometric parameters as well as 

the values of various thermodynamic quantities 
involved. In other words, a thermodynamic-based 
model and gas turbine geometric parameters are 
needed to properly model a given gas turbine for 
system stability studies. As a result, a single generic 
gas turbine model that applies to all gas turbine types 
and cycles is not realistic. 
        Another approach to modeling gas turbines is 
often used but not always justified. It is a simpler 
approach but has limitations as well. Early in the 
1980’s General Electric (GE) provided a simple gas 
turbine model for use in power system stability 
studies. This model, described in a published paper 
[12], is based on transfer functions and applies to 
some of GE’s simple-cycle, single-shaft gas turbines. 
The rotor time constant and other time delays 
associated with combustion reaction time, the 
compressor discharge volume, and gas transport from 
the combustor through the turbine were provided for 
several GE turbines along with other relevant 
parameters needed in the model. Figure 5 shows the 
model lay-out [12]. 
        In principle, this type of gas turbine 
representation for power system stability studies is 
reasonable and can be applied for single-shaft and 
twin-shaft gas turbines. However, realistic time 
constants and other turbine parameters are needed. A 
major problem with this approach is that 
manufacturers do not provide these data to their 
customers. A solution to this problem is to conduct 
tests on these machines and measure the relevant 
parameters whenever it is possible to do so. 
Otherwise, gas turbine parameters can be assumed 
for modeling purposes, with the assumptions based 
on limited published data found in papers describing 
test results for specific machines. 

This inherent complexity associated with gas 
turbine modeling is indeed a major challenge in 
power system studies. However, research to develop 
simpler but relevant thermodynamic-based and 
transfer function-based gas turbine models that can 
be used in power system dynamic analyses is 
continuing. 
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Figure 3.  Simple-cycle, single-shaft gas turbine engine 
 

Figure 4. Twin-shaft, advanced-cycle, gas turbine engine 
 

Figure 5.  Gas turbine model for single-shaft, simple 
cycle gas turbines 
 



 

5.2. Modeling of Synchronous Generators  
            Modeling of high-power turbo-generators also 
presents challenges, although not as severe as those 
for gas turbines. The mathematical representation of 
synchronous generators for dynamic analyses is 
generally well understood, but there are variances in 
machine types and machine designs that should be 
carefully considered before applying a given model. 
Wound-field synchronous generators with silent or 
cylindrical rotors, permanent-magnet synchronous 
generators with rotor bandings and large magnetic 
air-gaps, and superconducting machines with metallic 
rotor shields will have different eddy-current 
structures in the rotor and should be modeled 
appropriately.  
        The simplest representation of the effects of 
induced eddy-current in the rotor is through 
equivalent damper windings in the rotor frame. For 
some machines, a single damper winding in the d-
axis and a single-damper winding in the q-axis are 
adequate, but in other machines additional windings 
may be needed for a more accurate representation.  
       What model should one use and what are the 
needed machine parameters? In general, a single 
winding damper in each axis is used for salient-pole 
rotors while a single damper in the d-axis and two 
dampers in the q-axis are used for cylindrical rotors 
such as those found in turbo-generators. Ultimately, 
the manufacturer should provide this information 
along with the various parameters since they are 
usually calculated during the design process and 
often verified through testing.  
       To illustrate the complexity associated with 
modeling electric machines and the various 
parameters that are needed for proper descriptions, 
circuits representing a synchronous generator model 
with a single damper winding in each axis are shown 
in Figure 6. 
       As can be seen in the model circuits, the 
parameters needed for modeling synchronous 
machines are various resistances, inductances, and 
mutual inductances. These parameters are often 
defined in terms of reactances and time constants 
which are commonly used by industry. Definitions of 
these parameters as well as recommendations in 
modeling and testing procedures can be found in 
IEEE Standards 1100-2002 and IEEE Standards 115-
1995. 
      As in the case for gas turbines, manufacturers are 
sometimes reluctant to provide these machine 
parameters, especially for machines that include 
proprietary technology such as high-speed machines, 
superconducting machines, and some permanent-
magnet machines. In this situation one has to 
consider the possibility of measuring these 
parameters or assume typical parameter values until 

actual data become available. 
 
 
 

 
 

 
 
 

 
 
 

 
 

 
6. INSULATION COORDINATION AND 

GROUNDING SCHEMES 
        One important reason for the simulation of 
shipboard power systems is to evaluate insulation 
coordination. This is of particular significance 
because of low damping characteristics of a power 
system based on short cables. In such systems, the 
level of transient overvoltage is considerably 
influenced by reflection and superposition of 
travelling waves. In order to obtain trustworthy 
results, each component in the simulation needs to be 
represented to a level of detail that yields results that 
are accurate on the time scale of electromagnetic 
propagation along cables of interest. For cables 
having scale roughly 10 to 100 meters, this 
corresponds to time resolutions well below 1 µs. This 
is substantially more stringent than the time 
resolution required for transient analysis of 60 Hz 
power waveforms, and many orders more stringent 
than the time resolution for power flow studies. The 
choice of the appropriate type of model, as well as 
the scope of application of each component in the 
simulation, needs to be scrutinized and respected. 
Furthermore, the accuracy of parameterization of 
each component needs verification. A sensitivity 
analysis may help focus on the elements of highest 
importance. 
       Thus far, models for the cables and the diodes 
have been studied. The cable model should be able to 
correctly simulate the phenomenon of propagating 
waves. A distributed parameter line model is 
proposed, incorporating the frequency dependence of 
parameters: capacitance and inductance per unit 
length, mutual coupling, conduction losses, dielectric 
losses, and skin effect. 
         Software packages for the simulation of power 
systems usually incorporate rather simple diode 
models in order to reduce the necessary computation 
effort. These diode models often consist of a resistor 
with two different values of resistance according to 

Figure 6.  Synchronous generator representative 
circuit with a single damper winding in each axis 
 



 

the respective state: a low resistance while 
conducting and a high resistance during blocking. In 
general, these models are static but allow adding a 
snubber circuit (capacitor and resistor) in parallel to 
the diode. This snubber circuit is not meant to cope 
with the dynamic behavior of the diode, but to 
represent additional components to reduce the rate of 
change of voltage across the diode. Preliminary 
results from an ongoing study about high-frequency 
oscillations during diode switching in a rectifier 
circuit show that such elementary models are not 
always appropriate for every kind of circuit or 
problem to be studied. In some cases, an additional 
capacitor in parallel to the diode can simulate the 
effect of stored space charge in the junction during 
the recovery transition. 
       Another reason for the simulation of shipboard 
power systems is to determine a suitable grounding 
scheme. The main goals of a grounding scheme are to 
provide personnel safety and operability under single 
phase to ground faults. Other aspects that factor into 
the selection of a grounding scheme are overvoltage 
protection and magnitude of single-phase-to-ground 
fault currents. Grounding schemes in AC systems 
have been established and are documented in both 
standards and technical publications [13]. However, 
for MVDC systems, this is not the case. In such 
systems there will be a collection of different 
frequencies arising from the source generator, the 
converters and the propulsion drive that will create 
multi-frequency fault currents. Also MVDC system 
will be vulnerable to system wide voltage offsets as 
well as overvoltages during single-phase-to-ground 
faults. Finally, it is important to determine the impact 
of the system parasitic elements (EMI filters, 
capacitances to ground, etc.) in order to account for 
magnitudes of the expected overvoltages and fault 
currents. 
         A study we are currently conducting will 
analyze the impact of different grounding schemes on 
the system overvoltages and ground current during 
single-phase-to-ground faults. Similar to insulation 
coordination, the components of the simulation 
model used for this study will be carefully validated. 
These models need to account for the high frequency 
components expected to be present during fault 
occurrences. Recommendations based on the results 
of this study will help select an appropriate 
grounding scheme for a MVDC shipboard power 
system. 
 
7. CONCLUSION 
        This work focuses on specification of the 
models for a simulation-based design of ship power 
systems. We address the issues of levels of detail in 
models, definition of model ports to support 

substitution of models at increasing levels of detail, 
and the application of multiple analyses to one set of 
simulation models. The insulation coordination 
phenomenon and grounding scheme are considered 
for the simulation of a ship power system. The article 
benefits and helps the reader understand the level of 
information or knowledge required to accurately 
model and then to simulate the ship power system. 
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