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Abstract 
 
This Master of Science thesis was written based on the shipbuilder 
Kockums AB feasibility study regarding the development of an All-
Electric Ship for the Swedish Navy. The thesis was aiming at 
addressing voltage stability issues in a dc system fed by PWM 
rectifiers operating in parallel when supplying constant power loads. 
A basic computer model was developed for investigating the influence 
from various parameters on the system. It was shown that the voltage 
stability is dependent upon the ability to store energy in large 
capacitors. It was also shown that a voltage droop must be 
implemented maintaining load sharing within acceptable limits. 
Different cases of operation were modelled, faults were discussed, and 
the principal behaviour of the system during a short-circuit was 
investigated. It was shown that the short-circuit current is much more 
limited in this type of system in comparison to an ac system. It was 
concluded that more research and development regarding the 
components of the system must be performed. 
 
KEYWORDS: 
All-Electric Ship (AES), electric propulsion, dc voltage stability, Simulink, 
SimPowerSystems, voltage droop, voltage source converter, constant power 
load 
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1. Introduction 
 
The department of Naval Systems at the Swedish Defence Materiel Administration, FMV, 
ordered a feasibility study in early 2005 from the shipbuilder Kockums AB on the subject All-
Electric Ship (AES). The questions to be answered were whether it is possible to build such a 
ship in the near future, estimated cost, and advantages versus disadvantages. The study is 
based on the Visby-class corvette, which hypothetically is equipped with an electric 
propulsion system.  
 
 
1.1 Background 
 
AES, is a concept comprising electric propulsion as well as the possibility to divert the full 
energy capacity of the ship to different applications such as electric weapons. The aim is a full 
replacement of hydraulic and pneumatic utilities with electrical motors reducing the amount 
of pumps and compressors. Ongoing research aims for a substitution of traditional internal 
combustion engines as prime movers with e.g. fuel cells. Parallel research is about energy 
storage in either rotating flywheels or high energy capacitors [1][2][3][4]. This is used for 
compensating starting currents for large power motors or supplying pulse forming networks 
(PFN). A PFN is connected to certain loads that require a large amount of energy for a short 
period of time, i.e. a high energy pulse. Such loads are launching devices (e.g. missile 
launchers), electric armour, and electric weapons (e.g. high power microwaves). The 
progresses in these areas are diverse. However the platforms for this technology are more or 
less already being constructed in a number of countries. Another area of study is the wheel 
based counter-part concept, which is called All-Electric Combat Vehicle (AECV) [5][1]. 
 
The usage of electric propulsion is quite common these days onboard commercial cruise 
ships. It has proven to be a very fuel efficient system. Military usage has been limited to 
auxiliary ships such as tugboats mostly because of size and weight [7]. Diesel-electric 
submarines are another example of naval electric drive applications where Kockums AB in 
Sweden has constructed several advanced conventional submarines. The latest series in this 
development is the Gotland class. With increasing power density several countries are now 
focusing on equipping surface combat ships with electric propulsion. For example the Royal 
Navy are building the Type 45 Daring class anti-air warfare destroyers. The delivery is 
planned to start in the early 2006. They are already using the Type 23 Duke class frigates with 
dc electric motors for low speed operation during anti-submarine warfare [8]. Demonstrators 
have been built in the Netherlands and in Germany. The ongoing developments by the U.S. 
Navy are at an advanced stage [2][5]. 
 
In the sea combat arena the most dangerous threat to surface warships is posed by submarines. 
The threat is dealt with by reducing all types of signatures that compromises the position of 
the ship. This in combination with enhancing the discovering methods for underwater threats 
will give a man of war the upper hand in an anti-submarine combat operation. The hydro-
acoustical signature is a measurement of the amount of noise radiated from bodies in water. 
The main source onboard a ship is the reduction gears connected between the propellers and 
the engines. Other sources are the engine itself, which can be encapsulated, and the propeller 
where the construction is an art of its own. The propeller is, with a great advantage, replaced 
with a water jet propulsion unit which removes the phenomena of cavitations. The foremost 
argument for choosing electric propulsion in a military context is the removal of the reduction 
gear and hence the main source of underwater noise.  
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Mines are posing another threat to ships. They are triggered by a multi-sensor detecting 
hydro-acoustic and magnetic signatures as well as pressure variances. The military standards 
are setting extremely strict requirements for magnetic fields not seen anywhere else within the 
ship building industry. Cables are to be constructed with a minimal magnetic field around the 
cable.  
 
Electric drives have several advantages over mechanical drives such as reduction of prime 
movers thus reducing maintenance time. The construction of the ship may be somewhat 
simplified as they do not have to be in line with the propeller shaft. The engines can thereby 
be placed on a higher deck which would be eliminating the space demanding exhaust ducts. 
The propulsion power can be drawn from any of the prime mover with electrical cross-
connection. The prime movers are working at a constant rotating speed instead of following 
the propeller speed and hence allowing an operation at optimal conditions [9]. 
 
1.1.1 The Visby-Class Corvette 
Kockums AB is currently building the Visby-class corvette for the Swedish Navy. The 
warship is a multi-purpose surface platform for versatile tasks within the arenas anti-air, anti-
sub, and anti-surface warfare which makes the ship suitable for escorting operations as well as 
surface attack. The ship is also able to assist ground troops with close artillery support and 
perform mine-clearance operations. These versatile tasks require the ship to operate within 
different ranges of speed and to rapidly change from hovering to full attack speed. The 
requirements set for the different signatures of the ship are very rigorous resulting in an odd-
shaped hull lowering the radar cross section to a minimum. During submarine hunting the 
ship must not emit any noise below surface. This is the reason for using designated low-speed 
engines encapsulated in absorbing containers.  
 
The high speed propulsion engines onboard the ship are four AlliedSignal TF50A marine gas 
turbines from Honeywell / Vericor. The total axial power is about 16 MW divided between 
two KaMeWa water jet units. For low speed operation two MTU 16v 2000 diesel engines are 
used at 1323 kW connected to the same gear box as the gas turbines. The power system is 
supplied from three three-phase Hitzinger MGS 5D04T generators with an installed capacity 
of approximately 270 kVA driven by Isotta Frascini V1308 diesel engines. The phase-to-
phase voltage is 400 V at 50 Hz instead of the traditional marine standard of 440 V at 60 Hz. 
The system is designed for making it possible to switch from shipboard supply to harbour 
supply without blacking-out the ship. The system must of course not be connected to any 
other type of net then a one with 400 V at 50 Hz. Main consumers are pumps (water, oil and 
fuel), heater elements, and electronic loads such as computers. The machinery arrangement is 
seen in Fig. 1. 

 
Figure 1: Machinery Arrangement Onboard the Visby-Class Corvette. 
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Much of the time is spent at lower speeds causing the diesel propulsion engines not to operate 
at optimal power level. Onboard the Visby-class there is two different types of engines for 
low speed and high speed of which none are currently electrical. By using an electric 
propulsion system one type of motor covers the whole range. Improvements in power density 
are achieved with water cooling, of which the supply is unlimited. By using permanent 
magnets the torque and power can be increased up to eight times compared to an ordinary 
excited machine at the same physical size. Motors up to 20 MW have been constructed using 
this technology [7]. 
 
Although the noise level from the turbines is quite high they are easily shielded from the 
water since they are not mechanically connected to the hull. The main reason for using this 
type of engine is ‘weight per horse power’ which is remarkably higher than for an ordinary 
diesel engine. The total amount of prime movers in the engine compartment is reduced as 
some of them are placed on a higher deck. Using permanent magnet synchronous machines 
(PMSM) driving water jet units is the primary working direction. Again the reason for this is 
weight and also size which are essential parameters when constructing a ship. 
 
Different types of connection between source and load have been thoroughly discussed 
internally within Kockums AB resulting in an aim for a dc voltage system. The magnetic 
signature is more easily reduced in comparison to an alternating current. Another benefit of 
using a dc system is that the synchronization process between the generators is unnecessary. 
The load demands can vary greatly over short periods of time requiring start-up and cut-in of 
another generator with very short notice. The loads are separated from each other minimizing 
disturbances. However other power quality issues are raised as several power converters are 
installed which will increase the need for signature shielding. A drawback may be size, 
weight, and cost. Kockums AB have great experience in building conventional diesel-electric 
submarines were the converters are quite heavy. The issue of weight is handled differently 
when it comes to submergible vessels.  
 
 
1.2 Aim 
 
This thesis aims to implement a simulation model into the development of an AES at the 
shipyard of Kockums AB. The model is a basic model, with simplifications and variable 
parameters, which will help to understand the issues of voltage stability in a shipboard dc 
power system for an AES. A ‘system philosophy’ of the electrical system must be derived as 
a complement to the circuit diagrams according to ‘Det Norske Veritas’ [6] which sets the 
standards to be followed by the shipyard. The aim of this thesis is to complement that 
description. 
 
The system in this study is to be hypothetically installed onboard the Visby-class corvette. 
The principal layout of the system is given by Kockums AB. The warship must not lessen its 
performance but instead increase its versatility with the ability to redirect the power flow into 
new demanding consumers. Some of the components are chosen by the sponsor for certain 
parts. The prime movers are set to be the TF50A marine gas turbines, and the water jet is set 
to be the same as today from KaMeWa. Some contacts were made between Kockums AB and 
Magnet-Motor in Germany discussing the concept of using high speed gas turbines connected 
to rectifiers supplying PMSM drives with dc. This system was also tested by the German 
Navy in a demonstrator project. Kockums AB are also thinking of connecting a pulse forming 
network after discussions with the Swedish Defence Research Agency which is used to 
supply major consumers such as electric weapons and armour. 
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1.3 Outline 
 
The system design, which is a combination of supplied information and assumptions, is 
presented in Chapter 2. The installation is hypothetically performed onboard a Visby-class 
corvette and the main features of that ship is explained. The chapter aims to give the reader an 
understanding of how the ship is to be designed. 
 
The development of the model for this system is then presented in Chapter 3. Different 
parameters are studied and simplifications are made and motivated. The aim of the modelling 
work is motivated. 
 
The model is then analysed using different scenarios and cases of fault in Chapter 4. 
 
In Chapter 5 a short survey of applicable requirements are studied and connected to the 
modelling work performed in this project. 
 
 
 
 
 
 
 
 
 



System Design 13 

 
2. System Design 
 
The system to be simulated is described in this chapter. Some of the system parameters are 
already set by the contractor and others need to be assumed in order to propose a general 
system design. The components are thereafter explained and put into context in order to give 
the reader an understanding of the system to be simulated. 
 
 
2.1 Guidelines Given by the Contractor 
 
This study is based on the existing system onboard the Visby-class corvette. The hypothetical 
system includes the existing gas turbine TF50A and the existing water jet unit from KaMeWa. 
Data from the gas turbines and water jet units are known, but in the former case some changes 
must be made in reality to the speed regulator, since the turbine is not profiled to work as a 
generator prime mover. Besides this, some general guidelines are given for the electric 
propulsion motors and cables. These are based on data provided by the manufacturer 
‘Magnet-Motor’ for the propulsion motors. They are offering a complete solution including 
high speed generators in a 750 V dc system. Both generators and propulsion motors are said 
to be of the PMSM type because of the low weight and size. Kockums AB are however 
working in the direction of using a higher voltage, i.e. 3 kV, in order to reduce the current and 
hence the amount of cables. The reason for this is also weight as well as magnetic signature. 
At this time no contractor is offering a medium voltage dc link for shipboard usage. The 
power system is planned to be supplied from five sources connected to two switchboards at 3 
kV dc. The motor drives for the four propulsion motors are divided between the switchboards 
and the rest of the electrical network is supplied from two inverters directly connected to each 
switchboard.  
 
 
2.2 Standards 
 
The contractor specifically asked for a small requirements survey where the guiding 
documents normally used are issued by the U.S. Department of Defense (DoD), which issues 
the military standards (MIL-STD). The International Electrotechnical Commission (IEC) and 
Det Norske Veritas (DNV) are other organisations which issue the civilian standards. The 
most complete requirements guidelines are found in the DNV standards for shipbuilding. 
They also include electrotechnical design rules which in some parts refer to the IEC 
standards. IEC have issued a special document concerning shipboard power systems. Some of 
the guidelines are tightened up when dealing with naval warships. IEC do not have any 
specific part for this, but DNV do. Although Sweden is not a NATO country many of the 
military standards are based on the guidelines from the U.S. DoD. In addition to this the 
short-circuit study in this thesis is performed referring to guidelines from the Institute of 
Electrical and Electronics Engineers, Inc. (IEEE). 
 
 
2.3 Assumptions for This Thesis 
 
The task is to investigate a higher voltage level than offered with standard components 
therefore the shipbuilder is interested in knowing what issues to address in this kind of 
system. The focus on this thesis lies on the dc voltage control with parallel rectifiers. It is 
assumed that the rectifiers are controllable. The loads are fed with a dc voltage and have a 
constant power characteristic. The exact data for the cables can only be established as the 
cable is going into production. Some basic electromagnetic theory is used for standard cables 
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as substitution for the real data. The details of the distribution network are not treated in this 
thesis, but some load estimations are done. The converters are dimensioned so that the 
distribution net is possible to supply with one converter. They are connected in parallel on the 
secondary side.  
 
 
2.4 System Configuration 
 
The two switchboards are placed in the main engine compartment and in an utility 
compartment at the top deck respectively. Three generators with rectifiers are located at 
switchboard 1 in the engine room. Two generators are connected to first switchboard 
(distance 10 m) and the third is connected to the second switchboard (distance 30 m). Another 
two generators are located on the top deck at a distance of 30 m from the engine room. They 
are connected to one switchboard each (distance 10 m and 30 m respectively). The two 
distribution converters are located inside the switchboards connected directly to the bus bar. A 
400 V net is supplied from the two converters in parallel where the rated value of the load is 1 
MW in total. The switchboards are inter-connected (distance 30 m). The maximum power 
through the cable is 9 MW at rated level since this is the maximum load per switchboard. 
However the installed power at switchboard 1 is 12 MW which is the maximum power that 
can be transferred to switchboard 2. The motor loads are mechanically connected so that two 
motors of 4 MW work in parallel on one propulsion shaft. The motors within the pair are 
connected to different switchboards.  
 
In Fig. 2 the general arrangement is seen where the motors are shaped as cylinders placed on 
the lower deck. The generators are divided between the top deck (2 generators) and the 
compartment beneath (3 generators). 
 
 

 
Figure 2: Physical Arrangement of the Electric Propulsion System. 
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The electrical layout is seen in Fig. 3 where all the connections are clarified. There are two 
converters connected to a 400 V distribution net. They are explicitly shown in the figure 
although they are planned to be placed inside the switchboards directly on the bus bar. 
 

MSMS

MSMS

SWITCHBOARD 2

SWITCHBOARD 1

10 m

30 m

10 m

10 m

30 m

10 m

10 m

400 V, 50 Hz

400 V, 50 Hz

30 m
30 m

30 m

 
Figure 3: General Layout of the Electric System. 

 
2.4.1 Propulsion - Motor 
The propulsion motor is a three-phase PMSM, which is to be speed regulated. The load 
consists of a water jet unit which basically is the same thing as a water pump with the water 
flowing in the shaft’s direction. Thus the load torque is proportional to the square of the 
rotating speed and the power to the cube of the rotating speed [10]. The speed of the ship is 
set by choosing an appropriate thrust, i.e. an appropriate rotating speed. The rated power is set 
to be 4 MW per motor at the same rated speed as the propulsion motors used today. The 
motors will most likely be connected to a pulse-width modulated (PWM) voltage source 
converter (VSC). There will be four PMSM motors in pairs connected to the two water jet 
units.  
 
2.4.2 Propulsion - Load 
The water jet unit will most likely be the same one as currently used. Data from this unit is 
comprehensively known although this is the only sensitive component in the project in 
regards of defence and commercial secrecy. The rated power is 8 MW per shaft and water jet 
unit and rated speed approximately 500 rpm. The load is easily predicted with a model based 
on measured values of power versus speed on the KaMeWa water jet unit onboard the Visby-
class corvette. This is recalculated into torque, T, versus speed and a polynomial of the second 
degree is derived. Thereby the load torque as a function of speed is known for all speeds of 
the propulsion machinery. In addition to this the mass moment of inertia of the impeller is 
known from data supplied by KaMeWa.  
 
2.4.3 Propulsion - Drive 
The PMSM is supplied from a dc source via a PWM-VSC and fed with a 3-phase alternating 
voltage. The motor is running at synchronous speed therefore there will be no need for 
measuring or calculating the slip. Instead there is a possibility that the motor will loose its 
synchronism and fall out of phase. The basic theory of speed control is fairly simple as the 
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speed is directly proportional to the frequency of the supply voltage at the motor terminals. 
The voltage regulator for the ac side must be able to compensate for voltage variations on the 
dc side. The rectifiers and the inverters interact without any synchronization. 
 
2.4.4 Speed Control 
There is only one control signal used as input to the control system, i.e. the requested rotating 
speed. Besides this signal there are two measured quantities from the motor: actual rotating 
speed and stator current. Since the motor is rotating synchronously (as opposed to an 
induction motor) the rotor angle can easily be derived by integrating the speed. The output 
from the block is a sinusoidal reference voltage which is used to produce the PWM stator 
voltage feed to the motor [11]. 
 
The speed control system can be explained by walking through the following steps [12]: 

• The speed regulator: 
o The requested rotating speed is compared to the measured quantity. The 

difference is then recalculated into required torque. This step is regulated to 
maintain the requested speed upon changes in the load torque. 

• The torque control block: 
o The required torque is recalculated into required current and compared with 

the measured quantity.  
• The current control block: 

o The required voltage is calculated in order to achieve the required current.  
• The voltage reference is transformed into a three-phase reference signal and sent to the 

VSC which supplies the motor with the actual power from the dc link. 
 
The majority of high power static converters have so far mostly used semi-conductors such as 
Gate Turn Off Thyristors (GTO). The major advantage of using Insulated Gate Bi-Polar 
Transistor (IGBT) is that the control circuits are much simpler and smaller since the device is 
voltage driven compared to the current-driven GTO. The latter needs a negative current pulse 
to switch off which increases the control efforts. The IGBT can be switched at frequencies 
greater than ten times of the GTO, approximately 20 kHz. The IGBT has an insulated base 
plate which simplifies the cooling arrangement and allows usage of non-demineralised water. 
The majority of high power static converters use GTO:s with ratings up to 4 kV and 3.5 kA. 
The latest developments of IGBT:s aim for ratings at 20 MW in PWM applications [7]. 
 
2.4.5 Power Production - Prime Movers 
The high speed propulsion engines onboard the Visby corvette today are four AlliedSignal 
TF50A marine gas turbines from Honeywell / Vericor. The engine is a two shaft turbine 
which means that the gas producing turbine is separated from the power turbine. When 
regulating the fuel flow the primary change of speed occurs in the first turbine, i.e. the gas 
producing or compressor turbine. At a secondary stage a change of speed occurs in the power 
turbine as a result of the new gas flow rate. The power turbine is connected to the outgoing 
shaft which is connected to the generator (or as today the propulsion gear box). There is a 
fundamental difference in running the gas turbine as a generator prime mover or as a 
propulsion engine. The latter requires power over a wide range of rotating speeds. The former 
is working at a constant speed (i.e. at constant frequency). The speed governor is either of the 
N1 type or the N2 type. N1 is referring to the speed of the gas producing turbine and N2 is 
referring to the power turbine. A standard marine engine is N1 speed controlled where the 
throttle lever is connected to the rotating speed of the gas producing turbine. When using the 
gas turbine as a generator prime mover the speed governor maintains the speed of the power 



System Design 17 

 
turbine and hence the outgoing shaft at a certain level. The governor has a speed droop 
characteristic of approximately six percent. Since Kockums AB bought the TF50A as a 
propulsion engine the governor must be replaced. The rated data for the engine is 4 MW at 
16000 rpm. 
 
2.4.6 Power Production - Generators 
The generators are three-phase PMSM. A general summary has been made available from the 
manufacturer setting the rated power to 4 MW at the rotating speed of 16000 rpm. Since the 
generators are equipped with permanent magnets instead of an exciter, the regulation of the 
voltage level on the dc link must be solved inside the converter.  
 
2.4.7 Power Production – Rectifiers 
The question is whether to use a diode bridge as an uncontrolled rectifier or a thyristor / 
transistor bridge as a controlled rectifier. The former is a cheaper solution but results in a 
decreasing voltage level as the power consumption increases. The latter utilizes the PWM-
method as previously described. The control system is maintaining the dc-link voltage at the 
reference level. The principle layout of the rectifier is seen in Fig. 4 [13]. 
 

 
Figure 4: Three-Phase Controlled Rectifier. 

 
 
2.5 Cables 
 
The system is a dc system where the cable losses are smaller than in an ac system. Losses 
such as those due to skin effect (increasing with frequency) and dielectric losses are small or 
not occurring at all since there is no continues charging current. Dielectric loss is the 
dominating loss at power frequencies and above. At lower frequencies and dc the losses are 
dominated by the conduction current [14][15]. 
 
The cables will be constructed with four conductors, which will reduce the magnetic field 
[16]. This is a special requirement to address since the military standards are very strict on 
this subject. When building a ship the weight is an important parameter to consider which sets 
a limit to the amount of cables installer onboard. Required parameters are maximum current, 
limited by heat, and resistance, a function of the conductor area. These parameters can only be 
estimated based on basic theory since this type cable has to be specially manufactured. The 
cable design is seen in Fig. 5. 
 

 
Figure 5: Principle Cable Design for Reduction of Magnetic Field. 
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2.5.1 Switchboard Interconnection 
In order to get a picture of the amount of cables onboard the ship some hypothetical 
assumptions are made. The dc bus between the switchboards must be able to transfer 12 MW 
at a voltage of 3 kV since this is the installed power at switchboard 1. This will cause a 
current of 4 kA to run through the cables. Supposing that 240 mm2 conductors are used, the 
maximum current through each conductor is approximately 500 A [17]. With four conductors 
bundled in one cable the maximum current through each conductor is reduced by 
multiplication with a correction factor of 0.7 [18]. The maximum current thus becomes 350 A 
per conductor. This requires the usage of twelve conductors bundled in four cables. 
  
2.5.2 Motor Cables 
The cables between the switchboards and the motors must be able to transfer 4 MW, i.e. 1333 
A at 3 kV. To carry the nominal current four parallel conductors with the size of 240 mm2 
could be used resulting in two physical cables of the type above. 
 
2.5.3 Generator Cables 
The cables between the generators and the switchboards must withstand 10 % overload for at 
least 15 min [19]. This equals to 1467 A. Using the same size of the conductor as before 
would require five conductors in parallel which is a non-optimal value since that would result 
in two cables with three conductors more than necessary. This means an unwanted increase of 
the ship’s weight. By using 120 mm2 conductors instead the maximum current becomes 330 
A x 0.7 = 231 A which results in seven conductors. Therefore two cables bundling eight 
conductors are used. This means that the number of cables is exactly the same but the 
dimensions are smaller thus reducing weight. 
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3. Modelling 
 
In order to build a reasonable model of the system the questions to be addressed must be 
defined in order to make assumptions and simplifications for the model ruling out 
unnecessary components. The focus of this thesis lies on the dc buses. The stability of the 
system is dependent upon the ability to maintain the rated dc voltage. This is the only 
parameter to control in comparison to an ac system where the frequency is added. The 
behaviour of the dc system with rectifiers in parallel is to be investigated in this thesis. The 
detailed models of the prime movers and other components on the ac side are therefore 
omitted. Instead the focus lies on the dc network were the sources and loads are studied from 
the dc side.  
 
The parameters are only general in this project since the selection of the real components is 
not a part of this thesis. In the previous chapter the physical system was described and in this 
chapter the relevant parts will be modelled. The tool selected for the modelling is 
SimPowerSystems® which is a toolbox for Simulink® in Matlab® created by MathWorks®. 
One of the reasons for using this tool is that the sponsor already is familiar with Matlab. 
Another reason is that the Swedish Defence Research Agency tried different tools for this 
type of study and chose SimPowerSystems because of the integration with Matlab [20]. 
 
Although the components on the ac side are left out it can be said that the Simulink toolbox 
includes several components applicable on this system such as motors and generators. The 
possibility to integrate the electrical components with the standard toolbox of Simulink makes 
it possible to build a detailed model of e.g. the prime mover. The computer tool utilizes 
transfer functions, which can be used for describing the engine with parameters such as the 
time delay between the changes of fuel rate, and changes of gas flow rate through the power 
turbine; mass moment of inertia for the compressor turbine, and physical restraints regarding 
thermodynamics in the combustion chambers. The speed droop characteristics can be fairly 
estimated to five or six percent based on [21] and [22] and included in the model.  
 
It is possible to use standard components. However the motor drive is a special subject where 
a special model must be developed since the standard model is fed with ac only. The speed 
control system of the ship is also a component which is fully possible to integrate into the 
model, but this is beyond the scope of this thesis. This type of model was developed in 
Simulink as seen in [23]. 
 
 
3.1 System Components 
 
The loads connected to the dc link are of two types, the PMSM for propulsion, and the low 
voltage distribution network. These are supplied from the switchboards via inverters. These 
are considered to operate at a constant power level. The power flow in the PMSM is likely to 
change in reality as the regulator compensates for pressure variations in the water tunnel, but 
this is omitted in this thesis. 
 
The inverters supplying the auxiliary loads are self-regulating maintaining the voltage and 
frequency on the ac side. They are also assumed to have a constant power characteristic. The 
ac side is, as said before, not studied here.  
 
The model also includes general cable data. It will therefore be able to estimate short-circuit 
currents on the dc net as well as rate of rise which is of interest when choosing protection 
circuit breakers.  
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The components included in the model are voltage source, cable, and load. 
 
3.1.1 Rectifier 
The rectifier is modelled as a current source in parallel with a capacitance. The deviation of 
the dc voltage, udc, is corrected by the regulator which is controlling the current. The ac side 
of the rectifier is omitted, since this side is not investigated. The schematic is seen in Fig. 6. 
 
 

Ψ∠e

 
Figure 6: Simplification of Rectifier. 

 
There are different controller designs and the one tested in this thesis is derived from ‘Internal 
Mode Control’ [13]. The balance is at equilibrium when the power flow from the ac net is 
equal to the power flow into the dc net. All deviations from this are compensated by the 
energy stored in the capacitor. The energy formula for a capacitor is:  

2
)(

)(
2 tCu

tw dc= . (3.1) 

The change of energy stored in the capacitor is equal to the sum of the power from the 
generator minus the load power. This can be written as:  

loadgen PP
dt
dw

−= . (3.2) 

This is rewritten into a function of voltage and current as: 

dcdc
dc

dc iu
dt

du
uC ⋅=⋅⋅ . (3.3) 

In order to derive a proportional and integral controller (PI) the equations are translated into 
transfer functions using the Laplace method. The relation between voltage and current is 
written as:  

G
sCsI

sU
==

1
)(
)( . (3.4) 

The PI-regulator is seen in Fig. 7 where F(s) is the regulator and G(s) the physical system 
responding to the current reference signal by changing the voltage. An additional transfer 
function Ga(s) is proposed in order to stabilize the controller [13]. 
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Figure 7: Voltage Regulator in Rectifiers. 

 
The regulator transfers the voltage error signal into a current reference signal sent to the 
current generator. Designing the system as closed-loop PI-regulator gives:  

s
k

ksF i
p +=)( . (3.5) 

The constants are set in accordance to [13]: 

2
Ck p

α
=  (3.6) 

Cki
2α=  (3.7) 

CGa α= . (3.8) 

C is the capacitance in parallel with the current source. The bandwidth α is the angular 
velocity in [rad/s] which is a central parameter as it sets the speed of the regulator. This will 
be further studied later on in the thesis. 
 
There are two closed loops in the regulator where the inner is defined as: 

)(1
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sG

sGsG
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=′ . (3.9) 

The outer loop, i.e. the complete controller, is expressed on the common form as seen below 
where the prim denotes the inner loop: 

)(')(1
)(')()(
sGsF

sGsFsGc +
= . (3.10) 

Thus the system is simply described by the following equation. 

refc usGu ⋅= )(  (3.11) 

The error signal, ε = uref – u, is the deviation between the voltage reference and the measured 
voltage level. The current reference signal, iref , is used as an input to the generators. 
 
It is likely that the system will have current limiters implemented since the transistors in the 
converters must be protected. Following the theory above the VSC connected to the loads 
would increase the current as a result of a voltage drop in the system. This increase must of 
course be limited. The question is whether to accept a lower performance as a result of 
insufficient voltage and current or to disconnect the load at this stage. One could probably 
assume that in cases where the current limiters in the load would come to operate, there is a 
fault in the supplying net and therefore the loads should be disconnected. The system must be 
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designed with a safety margin to prevent disconnection of the loads due to temporary voltage 
drops. Therefore the current controller in the converter has a maximum current setting.  
 
Applying a step on the voltage reference signal gives current curve a smooth shape which is 
the typical characteristics of a PI-regulated quantity. A small simulation with an arbitrary load 
is seen in Fig. 8 where there is no overshoot in the current when stepping up the voltage level. 
This is because of the virtual resistance Ga, which was proposed in [13] in order to stabilize 
the controller. 
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Figure 8: Step Response from Voltage Regulator. 

 
Another test is performed at a constant voltage level where the load is changed by applying a 
positive step to the power reference signal at t = 2 s from 0 p.u. to 1 p.u. The voltage level is 
momentarily lowered as the current increases. The PI-regulator successfully restores the 
voltage level to the reference value. The behaviour of the voltage regulator is seen in Fig. 9. 
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Figure 9: Step Response at Load Step-Up. 
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3.1.2 Motor Drive 
The motor drive is modelled from the dc net point of view, where it can be compared to a so 
called electronic load [13] or a constant power load [9][24]. This type of load includes power 
converters used e.g. in power converters for computers [13]. The behaviour of such a device 
connected to a dc distribution network has been investigated and is modelled as seen in Fig. 
10. 
 

 
Figure 10: Equivalent Circuit of a Computer Voltage Converter. 

 
Normally the current is rectified and inverted by modulation in order to maintain the 
requested voltage level at the secondary side. Here the rectification is already taken care of at 
the network source. A low pass filter, built with an inductance and a capacitance, is needed on 
the dc link in order to maintain a stable dc voltage level and to reduce unwanted ac 
components. In the case with the computer converter there are diodes preventing the power 
flow going back to the net. The capacitor is charged from the supplying net and discharged 
whenever the voltage level is reduced. The current is not fed back to the supply. Instead the 
current runs through the load causing the load not to draw any power from the supply during 
the time of discharge. This state will last until the voltage levels on both sides of the rectifier 
are equal.  
 
A constant power load continuously calculates the needed current depending on the voltage 
level at the terminal points in order to keep the power at a rated level. This is a realistic 
assumption since the motors are likely to be vector controlled. The regulator will ensure that 
the correct level of torque is combined with the rotational speed. If the voltage level on the dc 
link is changed this would result in a change of speed which would be compensated by the PI 
controllers. Effectively the current flow from the net would increase if the voltage level would 
decrease. This is modelled with a controllable current source where the voltage is measured at 
the connection point of the load and compensated by adjusting the current [12]. 
 
The behaviour of the computer load is verified with the simulation tool. The certain 
characteristic where the load stops drawing power for a short period from the net whenever 
there is a voltage dip on the net is triggered by applying a step down on the voltage reference 
signal to the source. Using the suggested parameters [13] in the model gives the following 
data for a computer supply unit: R = 7 Ω, L = 25 mH, C = 350 μF. A negative step is applied 
onto the voltage reference at t = 2 s from 1 p.u. to 0.8 p.u. The per unit scale is calculated by 
setting Ubase = 650 V = 1.0 p.u. and Pbase = 350 W = 1.0 p.u. [13]. The result is seen in Fig. 
11. 
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Figure 11: Characteristic Behavior of a Computer Voltage Converter. 

 
The load is built as a current generator with the mathematical function I  =  P/U. Where the 
power is a reference value and the voltage is measured at the connection point. The diode 
from the computer load is omitted in order to simplify the simulation with the complete 
system. This is likely to have an effect where the capacitor may be discharged and supply the 
net instead of the load. However the inductance will have a damping effect and therefore the 
current from the capacitor is easier lead through the load than through the inductance. The 
load model that will be used in the following simulations is seen in Fig. 12. 
 

 
Figure 12: Equivalent Circuit of a Constant Power Load. 

 
Different configurations of the capacitors are tested in order to check the impact on the 
system. Lowering the capacitance at the load causes ringing to increase in time and amplitude 
after the step. 
 
3.1.3 Cables 
The electrical parameters of a conductor are series resistance, series inductance, shunt 
capacitance, and shunt conductance (equivalent resistance in parallel with the capacitance). 
Both cables and overhead lines are affected by these parameters. The equivalent circuit in Fig. 
13 shows the placement of the parameters. It should be noted that a real cable must be 
measured or otherwise modelled with a finite element program in order to get the correct 
values of a cable. This section merely offers an estimation of the properties for a small cable. 
Calculating cable parameters is a deeper study than can be included in this thesis. 
 

 
Figure 13: Equivalent Circuit of a Short Cable. 
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For a long line the model above is limited for a certain conductor length and duplicated or 
repeated to the full length of the line. This is called a distributed parameter model which is 
seen in Fig. 14. It can be reduced into the so called ‘pi-model’ or ‘t-model’ which are widely 
used in power system analysis for lines longer than 100 km [25]. The models for overhead 
lines are applicable to cable modelling, but with the capacitance omitted [32]. 
 

 
Figure 14: Lumped Parameters for a Long Overhead Line. 

 
Some basic electromagnetic theory is addressed in order to give an understanding for the 
cable data. An example follows where the computer load from before is connected to the 
source with a soft cupper cable of 1.5 mm2. The resisitivity of soft cupper is ρ = 17.24 nΩm 
[15] giving a resistance per unit length of r = 11.5 mΩ/m according to: 
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In order to make a fair estimation of the effects of these properties some assumptions have to 
be made such as e.g. that the conductor insulation thickness is set to 0.5 mm; and that the 
cable type is likely to be constructed with paired conductors.  
 
The total self-inductance for a two-wire line is calculated accordingly with: 
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where μ0 = 1.257·10-12 H/m and μr = 1 for copper [26][27]. It must be noted that the equation 
adds the inductances for the two wires to one parameter. The assumed geometrical data is 
seen in Fig. 15. 
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Figure 15: Paired Conductors. 

 
The distance between the centres of the conductors is set to d and the inner radius (conductor) 
is set to a. With A = 1.5 mm2 the radius becomes a = 0.69 mm. The insulation thickness of 0.5 
mm is added to a and thus b = 1.19 (outer radius). The distance d equals twice the distance b 
and therefore d = 2.38. Altogether the cable properties for a twin-conductor cable are 
approximately r = 23.0 mΩ and l = 0.5 μH. The resistance is doubled since the parameter 
includes both cables. 
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As said previously the capacitance of the short cables are omitted in the short-circuit 
calculations for dc networks. Out of curiosity the capacitance for a twin conductor is here 
calculated according to: 
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where ε0 = 8.854·10-12 F/m and εr = 2.5. The dielectric constant for the cable insulation varies 
greatly but the most common plastic materials mentioned in [15] vary between 2.1 to 2.5. As 
a reference the value 3.5 was given by Habia Cables AB, concerning high power cables in the 
3 kV range [17]. 
 
The natural logarithm is a function of the geometry which equals 

a

add 2
2

42ln
−+

. (3.15) 

The expression can be simplified if d>>r and then becomes α1 = d and α2 = a [27]. Using the 
above input data the capacitance becomes c = 0.12 nF/m. In combination with the cable 
resistance of r = 23 mΩ/m the time constant for a 30 m cable (which is a reasonable distance 
onboard a ship) is calculated as R·C = 8.3·10-11 s which is a much smaller value than the one 
calculated for the inductance L/R = 0.65 ms. 
 
The paired conductor cable can be compared to a coaxial cable with the returning current in 
the sheath. The parameters per unit length are calculated with respect to the sheath instead of 
another conductor as before. The applicable equations are: 
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The geometrical data is related to the former case and is explicitly shown in Fig. 16. 
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Figure 16: Coaxial Cable. 

 
Using the previous input data the inductance and capacitance becomes l = 0.16 μH/m and c = 
0.26 nF/m. As before the time constants are derived as R·C = 1.8·10-10 s and L/R = 0.21 ms. 
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Once again it is seen that the capacitance is not the dominating parameter for this cable 
length. 
A simulation is performed with a paired ‘RL-cable’ where a load is applied causing a 
disturbance in the voltage level. The cable seems to have very little effect, although some 
damping is noticeable, for lengths below 100 m as seen in Fig. 17. Above that, the ringing 
effect of the current is faded-out and at 1000 m it is completely removed as seen in Fig. 18. 
The load step-response is seen below for a cable with R and L properties only. 
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Figure 17: Step Response for a 30 m Cable. 

 
 

1.95 2 2.05 2.1 2.15
0.997

0.998

0.999

1

1.001

[p
.u

.]

VOLTAGE

[s ]
1.95 2 2.05 2.1 2.15
0

0.5

1

1.5

[p
.u

.]

CURRENT

[s ]
 

Figure 18: Step Response for a 1000 m Cable. 
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Results from the simulation with an ‘RLC-cable’ shows that the capacitance has a very small 
effect on the current for cable lengths applicable onboard the ship. The curves in Fig. 19 are 
identical with the ones in Fig. 17. 
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Figure 19: Step-Response for a 30 m Cable Including Capacitance Parameter. 

 
 
3.2 Assembly 
 
The system in this thesis is a hypothetical system with no real component data to insert into 
the model. Some assumptions have been made on how to model the different parts. Putting it 
all together raises mainly one question to address, i.e. the voltage stability with rectifiers 
operating in parallel. 
 
3.2.1 Cables 
The hypothetical example for the cables as previously described in the ’System Layout’-
section is combined with the theoretical calculations from the ‘Cables’-section. This result in 
the following data showed in Table 1. 
  

Conductor 120 mm2 240 mm2 
rCu 6.18 mm 8.74 mm 
tiso 2.5 mm 2.5 mm 
a = dout 17.36 mm 22.48 mm 
r (per conductor) 1.46·10-4 Ω/m 7.29·10-5 Ω/m 
l (per pair) 5.13·10-7 H/m 4.79·10-7 H/m 

Table 1: Cable Parameters. 

 
Based on the configuration of the system the cables to be modelled are summarized in Table 
2. 
  

  
Connection 

Length Conductor
area 

Number of 
conductors

Number 
of cables 

SB1 – SB2 30 m 240 mm2 12 3 
SB – motor 10 m 240 mm2 4 1 
SB – motor 30 m 240 mm2 4 1 
Generator - SB 10 m 120 mm2 8 2 
Generator - SB 30 m 120 mm2 8 2 

Table 2: Cable Approximations. 



Modelling 29 

 
3.2.2 Voltage Stability and Capacitance 
The influence on the voltage stability from the capacitors in the system is to be investigated. 
The rectifiers are modelled as previously described with a capacitor, which serves as an 
energy storage, in parallel with a current source. They are now to be enlarged in proportion to 
the new rated power level of the sources. Earlier a small scale model of a computer load was 
tested which is a constant power load as the motor drives in this system. The computer load is 
now up-scaled from 350 W to 4 MW. This must be done within some constraints as the size 
of a capacitor is a function of the rated voltage. The isolation and dielectric material must 
withstand a larger electric field. Using e.g. 165 μF with 650 V is not the same thing as using 
165 μF with 3 kV since the dielectric material would suffer a break-through. Hence the 
distance between the capacitor plates must be wider to prevent this from happening which 
causes the size to increase [15].  
 
The initial assumption here is based on keeping the time constant the same and the 
capacitance proportional to rated power and voltage. The relation for the time constant, Tc, is:  
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where C is capacitance, Udc is dc voltage and Sn is rated power. Keeping the same value of the 
time constant for the voltage source using the original data (Udc = 650 V, Sn = 3 kVA, C = 165 
μF) would give the up-scaled values: U’dc = 3 kV, S’n = 4 MVA, C’ = 10 mF. It should be 
noted that the capacitance is quite high resulting in a large sized capacitor. 
 
Repeating the same calculations for the computer load would result in the following data 
(using: Udc = 650 V, Sn = 350 VA, C = 350 μF, and L = 25 mH): U’dc = 3 kV, S’n = 4 MVA, 
C’ = 187 mF, and L’ = 46.8 μH. Where L’ was calculated using the relation for the cut-off 
frequency given by: 

CL ′⋅′=0ω  (3.19) 

where L is inductance and C is capacitance. However the question is if the load capacitances 
should be almost twenty times bigger as the source. The regulators of the voltage sources are 
related to the size of the capacitance at the source. Is seems more logical to put the energy 
storage at the sources where the regulation is performed. Studying converters using internal 
dc links shows that only one capacitor is connected to the link [12]. Comparing this to the 
cable model, the so-called PI-model, the capacitance should be distributed equally over space, 
i.e. the same capacitance should be used on both sides of the cable. Looking at a HVDC-
model [28] it can be seen that this is the fact in a VSC-HVDC link. It was also found that the 
capacitance and inductance at the constant power load merely serves as a filter and not energy 
storage [24]. On the other hand it was found in [29] that each converter, source and load 
should have a dc side capacitance (for a 750 V dc distribution system) related to the rated 
power as: 
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Using this value results in Cdc = 49.8 mF re-calculated for a 3 kV system using (3.20) gives: 
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The interesting fact here is that the capacitance is the same on both sides of the link. It is 
concluded that simulations must be performed in order to investigate the influence of different 
capacitors in the system. This is done with one source and one load in order to study the 
influence of the capacitors. A low-pass filter with a rise-time of 0.2 s is added to the current 
source inside the constant power load. This can be interpreted as the load having a bandwidth 
of b = 5 Hz. The reason for this is to make the load regulator slower than the source regulator. 
Higher bandwidth equals faster regulator. Unless this is done the system may suffer a voltage 
breakdown since the consumption may be higher than the production. This was not mentioned 
in the previous section since the problem arises here when building the complete system. 
 
The next step is to build the complete model with all the loads, but with one source only. 
Hence the source is five times larger than calculated above and with a capacitance also five 
times larger. The source capacitance is set to C = 10 mF at Sn = 4 MVA since this seemed to 
work before. Given the experience from the simplified model the parameters are chosen to be 
equally large for the motors and the generators (L = 0.88 mH). The smaller distribution loads 
are downscaled by four compared to the motors giving C = 2.5 mF and L = 3.53 mH. 
 
The system is tested by applying a step to the power reference signal to the motors as shown 
in Fig. 20. The step is applied at stationary conditions where the distribution loads are 
consuming 1 MW in total. The motor loads are equipped with a low-pass filter as above and 
the bandwidth of the sources is set to 30 Hz making them faster than the loads at 5 Hz as 
stated previously. The voltage is measured at the switchboards and at the terminals of all the 
loads. The source is directly connected to switchboard 1. 
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Figure 20: Power Reference Signals to the Motor Loads. 
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The first result is that the system is completely unstable as the source fails to keep the voltage 
level at the rated value and instead increasing the system voltage to an extreme over voltage. 
Fig. 21 shows that the result is unusable for the system. 
 

3 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4

0

50

100

[p
.u

.]

SWITCHBOARDS - VOLTAGE

[s ]
 

Figure 21: Voltage at Switchboard 1. 

 
The source capacitance is divided by 20 which results in CS = 500 μF. The motor load 
capacitance is set to the same value. The inductance is now LM = 17.6 mH in maintaining the 
cut-off frequency as reasoned above. The result is seen in Fig. 22 where 1.0 p.u. equals 3.0 
kV. 
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Figure 22: Step-Response at a Power Step-Up. 

 
The system seems stable and the load capacitance is investigated further in order to reduce the 
size. It is downscaled by factor 10 to CL = 50 μF and maintaining the cut-off frequency gives 
LM = 176 mH. The simulation is seen in Fig. 23. 
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Figure 23: Voltage Instability. 

 
Again it is seen that the source is unable to maintain the voltage level to the reference value 
and the system seems undamped. A reduction of the inductance by 10 gives the value of LM = 
17.6 mH. The result is seen in Fig. 24. 
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Figure 24: Voltage Step Response at Optimal Parameters. 

 
The optimal parameters when using only one source are seen in Table 3. In order to get a 
picture of the load data the components are seen in Fig. 12. 
 

Source Motor Load Distribution Load 
Cs = 500 μF CLM = 50 μF CLD = 12.5 μF 
 LLM = 17.6 μH LLD = 70.4 μH 

Table 3: Optimal Parameters. 

 
It seems that the capacitor at the loads can be quite small as opposed to the source where the 
energy storage must be kept on a high rate. It is thereby established that the cut-off frequency 
suitable for the computer load must be abandoned. 
 
3.2.3 Droop 
The model is now expanded with additional four rectifiers and hence the model is completed. 
This introduces a new issue to deal with, i.e. load sharing between the sources. The source 
investigated this far in the thesis is equipped with a PI-regulated controller. The rectifiers are 
located at different distances with individual cable lengths and hence connected with different 
resistances to the switchboards. Altogether these properties contribute to an unequal loading 
of the generators. The currents through the generator cables and the output power from the 
sources are seen in Fig. 25 where it is clearly shown that the difference between the 
generators is increasing. 
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Figure 25: Source Currents during 250 s. 

 
Since the generators are supposed to maintain the reference value of 3000 V at the terminals 
the power is directly proportional to the current which is seen in Fig. 26. This clarifies the 
picture of the fact that the generators and the prime movers indeed will work at different load 
levels. 
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Figure 26: Source Power during 250 s. 

 
It seems that the PI-regulator wants to reach a stable condition although it is quite far away. 
This result is compared to the one with static ideal sources where the stable condition is 
reached almost immediately which is seen in Fig. 27. 
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Figure 27: Load Sharing with Static Voltage Sources. 

 
When running generators in parallel in an ac system the frequency is affected by the balance 
between active power consumed and produced. When using a single ac generator the speed / 
frequency governor can be of an isochronous type. This means that the frequency is brought 
back to its reference value with a PI-controller whenever there is a disturbance. When 
connecting multiple generators in parallel to the system this control strategy will result in 
oscillating power on the net. The reason for this is that each PI-controller is likely to have an 
overshoot which will increase the frequency for a short while. The other regulators will try to 
reduce the frequency resulting in a cyclic decreasing and increasing. One could also suppose 
that the different governors would have a deviation in their reference values where they would 
fight each other for frequency control. This problem is worked around by introducing a speed 
droop characteristic which means that the speed is not restored to its reference value but 
instead lowered as the load increases. Hence the speed reference is a function of load. The 
principle construction of a droop regulator is seen in Fig. 28 where Kd simply refers to some 
sort of a constant for correcting the voltage reference. This constant will be explained further 
on. F and G are general expressions for the regulator and the system respectively. 
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Figure 28: Droop Regulator. 

 
The value of Kd gives the information of frequency change in proportion to the load change.  
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From the formula above it is seen that a droop at 5 % results in a frequency deviation of 5 % 
at a load change of 100 %. When operating in parallel the speed droop of each generator sets 
the proportion of the load picked up at a change in the system [21]. 
 
The well established theory for running ac generators in parallel must be translated and 
applied onto the dc system in this thesis. Instead of adding a droop characteristic to the 
frequency controller (of which there is none in a dc system) this property must be added to the 
voltage regulator.  
 
In the ac system the frequency droop is implemented by modifying the frequency reference 
signal as a function of the output power. Here we are implementing the droop by modifying 
the voltage reference signal as a function of the output current. There is an individual voltage 
drop over the cables connecting each generator to the switchboard or bus bar. This will cause 
the contribution from each generator to be dependant of the cable length since this is a 
‘natural’ droop function. The more power that is drawn from the generator the lower the 
voltage becomes and thus the contribution is degraded [30]. The voltage droop function is 
implemented into the regulator with: 

dcdrefdcdroopdc iKuu ⋅−= ,,  (3.23) 

which is schematically shown in Fig. 29. 

 
Figure 29: Regulator Including Droop Control for Voltage Source Converter. 

 
The original voltage reference signal is replaced with the compensated signal. The negative 
term consist of the droop constant multiplied with the measured dc current. The value of the 
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droop constant is set to 5 % which seems to be a normal value in ac systems [16]. The result 
is seen in Fig. 30. 
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Figure 30: Equal Load Sharing Using Droop Control. 

 
The power level reaches a steady state much quicker than before and with a load sharing 
characteristic. Simulation of the complete system shows that the load sharing technique is 
working satisfactorily.  
 
In this system all the generators have the same installed capacity and hence the same droop-
factor. This must be recalculated if the generators are of different sizes. It is concluded that Kd 
has the unit [V/A] in this dc system. If the system is supplied with one generator smaller than 
the other it would result in an equal load sharing as before but with a smaller margin to the 
maximum allowable current for the smaller generator. At a certain point the smaller generator 
could very well operate at maximum power while the others are barely loaded. By rescaling 
Kd the loading is related to the installed capacity of the generator. This is simply done with: 

d
b

d K
S
S

K ⋅=′
'

. (3.24) 

Suppose that the system is supplied by four generators at S = 1 p.u. and one generator at S’ = 
0.5 p.u. The droop is set to the default value of 5 % (Kd = 0.05). This results in a droop at 10 
% (K’d = 0.1) for the smaller generator. With a larger droop the generator will give less 
contribution than the others, which is expected. 
 
The system is simulated with four generators at 4 MVA and one generator at 2 MVA and has 
a load in total at 17 MW. The maximum current is set to 1.5 p.u. Fig. 31 shows the case with 
differently sized generators, but with the same droop factor. 
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Figure 31: Unproportional Load Sharing. 

 
When using the same droop-factor (Kd = 0.05) the smaller generator reaches the maximum 
allowable current before the others reaching their top. The steady-state current for the smaller 
generator is 0.75 p.u. where 0.5 p.u. was set to the rated value, thus the smaller generator 
operates at 150 %. The other sources are working at approximately 0.9 p.u. where 1.0 p.u. is 



36 Modelling 

 

rated and 1.5 p.u. is max. Hence the conclusion is that there is an unequal load sharing in the 
system causing the smaller source to be overloaded. 
The simulation is repeated but the droop-factor for the generator at 2 MW is set to Kd = 0.1 
following the theory above. The result is seen below where the smaller generator 
approximately operates at 0.48 p.u. and the larger generators also operate at 0.96 p.u. Thus all 
the generators operate at approximately 96 % of the rated value and it is proven that the droop 
technique works. The result is seen in Fig. 32. 
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Figure 32: Proportional Load Sharing. 

 
The alternative of not using droop characteristics implicates central control of load sharing 
with a so called master/slave system. This is a secondary control system which aims to restore 
the voltage to the reference value and the balance of the load between the generators. When 
using droop control no secondary regulation is needed nor any communication between the 
rectifiers. Instead this results in an under-voltage in the net where the voltage level is a 
function of the available capacity in the net. The question of acceptable under voltage must be 
separately solved. This is partly addressed in Chapter 5. The current will increase when 
lowering the voltage as the loads have a constant power characteristic. 
 
3.2.4 Load Shedding 
By implementing voltage droop into the system load shedding can be used as a safety 
function [30]. Load shedding is a way to restore the power balance in the system. It can be 
applied in two ways where either a central control unit is measuring the produced power and 
shutting down the motors if needed. The other way is to have the motors shutting down 
themselves when the measured voltage level is lower than a certain predefined level. The 
latter case requires a droop characteristic in the system, i.e. the system voltage is inversely 
proportional to the produced power. For the reason of simplicity the system is tried with a 
voltage droop and an under-voltage protection system at the loads. 
 
3.2.5 Variations of Parameters in Complete System 
Another investigation is performed with the sources operating in parallel. The droop 
characteristic was added for stable operation previously. The initial values of the parameters 
are set in accordance with the simulations with one source. They are seen in Table 4. 
 

Source Motor Load Distribution Load 
Cs = 500 μF CLM = 50 μF CLD = 12.5 μF 
 LLM = 17.6 μH LLD = 70.4 μH 

Table 4: Initial Parameters. 
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Again a step is added to the power reference signal to all the motor loads when the system is 
at stationary conditions consuming 1 MW. The step increases the load to 17 MW as before. 
The voltage level at switchboard 1 is seen in Fig. 33 where 1 p.u. equals 3 kV. 
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Figure 33: Step Response at a Load Step-Up. 

 
The system maintains a stable voltage level with a droop characteristic as expected. Leaving 
the LC-filter at the loads there are three more parameters to investigate in the system. These 
are the bandwidths of the source and load as well as the source capacitance. 
 
3.2.6 Source Capacitance 
The first test is performed as above but with a capacitance 4 times lower, i.e. CS = 125 μF. 
The voltage at switchboard 1 is seen in Fig. 34. 
 

1.95 2 2.05 2.1

-40

-20

0

[p
.u

.]

SWITCHBOARDS - VOLTAGE

[s]  
Figure 34: Voltage Collapse. 

 
The system becomes completely unstable and suffers a voltage collapse. The power reference 
step is replaced with a slower ramp and a satisfactory result is achieved when setting CS = 125 
μF and applying a ramp from 0 to 1 p.u. for 2 s (t = 2..4 s). The system maintains the voltage 
stability as seen in Fig. 35. 
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Figure 35: Voltage Step Response at a Load Step-Up. 

 
It is thereby concluded that the size of the source capacitance is a constraint for the 
performance regarding motor acceleration. There are no requirements given by the contractor 
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in this thesis therefore the acceleration, i.e. the load ramp, is quite fast in order to minimize 
simulation time. 
 
An additional test is performed examining the effects of parameter uncertainty. The capacitor 
in parallel is lowered by the factor of 0.8 but the control block is not compensated for this. 
The simulation from above is repeated, but no apparent effect is shown. A small difference 
between the currents from the generator is seen in Fig. 36. The picture is enlarged showing 
the currents increasing before reaching steady state maintaining the voltage at the switchboard 
at its rated value. There are two curves in the plot, one using C = 1.0 p.u. and one using C = 
0.8 p.u. where 1.0 p.u. = 500 μF. The difference is too small to draw any conclusions from as 
the curves can hardly be separated. The parameter uncertainty must be studied in some other 
way. The dashed line is the original value. The difference is very small and hard to see 
although the figure is enlarged. 
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Figure 36: Generator Currents as a Function of Different Capacitances. 

 
3.2.7 Load Capacitance 
The question about the influence on the system from the load capacitance is again raised and 
examined. The source capacitance is set to CS = 250 μF because this is the lowest value that 
the system can handle when applying a step onto the power reference signals. The power 
reference step is added as before. The motor load capacitance was earlier set to CLM = 50 μF 
which gave a stable system. The load capacitance is now lowered by the factor of 1000, i.e. 
CLM = 0.05 μF. The simulations are compared in Fig. 37 where almost no difference is seen. 
The voltage drop is slightly larger. 
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Figure 37: Comparison between Load Capacitances. 

 
The inductance is increased by the factor of 1000 for compensation and the result is compared 
with the previous. The dashed line in Fig. 38 is from the simulation with higher inductance. 
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Figure 38: Comparison between Load Inductances. 

 
The voltage drop is even larger than before. It is thereby concluded that the load capacitance 
has a positive influence on the voltage stability. The load inductance must match the load 
capacitance in order to operate as a LC-filter. This was pointed out earlier in the thesis and 
now explicitly shown. The basic configuration for the motor loads in the following 
simulations is therefore: CLM = 50 μF and LLM = 17.6 μH. The distribution loads are kept 
proportional. 
 
3.2.8 Load Bandwidth 
The test with the source capacitance at CS = 125 μF caused a voltage collapse earlier. The 
simulation is now repeated with a load bandwidth of 1 Hz instead of 5 Hz. A step is applied to 
the power reference signal giving the result below where the system no longer suffers a 
voltage collapse, which is seen in Fig. 39. 
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Figure 39: Voltage Step Response. 

 
The bandwidth of the load regulator will have an effect on the actual power output on the 
secondary side. The question is raised on how the loads are affected by disturbances in the 
system. If there is a large delay in the current reference signal the secondary side will suffer a 
voltage reduction which is either compensated by capacitors or a larger bandwidth in the 
regulator. 
 
3.2.9 Source Bandwidth 
Both the proportional and the integral terms in the voltage source controller are functions of 
the bandwidth: 

2
dclp

p

C
k

⋅
=
ω

 (3.25) 

dclpi Ck ⋅= 2ω . (3.26) 
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The bandwidth may be expressed in both angular speed [rad/s] and frequency [Hz]. Above the 
bandwidth is expressed in angular speed as a function of the low-pass filter implemented in 
the controller. 

flp ⋅⋅= πω 2  (3.27) 

This theory follows the one previously described. The frequency was proposed to be 30 Hz in 
order to reduce harmonics from the ac net [29]. In this thesis the ac net is omitted and no 
further investigation will be done on this filter. However the bandwidth is still an interesting 
property since it sets the speed of the PI-regulator. The bandwidth of the sources must at all 
times be larger than the constant power loads otherwise the system will not maintain the 
proper voltage level.  
 
A new simulation is performed comparing the system with CS = 125 μF, i.e. the simulation 
that crashed previously. It was shown that by reducing the load bandwidth the voltage level 
could be restored. Instead the load bandwidth is kept to 5 Hz and the source bandwidth is 
increased to 100 Hz. The result is seen in Fig. 40. 
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Figure 40: Voltage Step Response. 

 
The voltage dip is remarkably small and the time for restoration is low. To clarify the 
influence of the source capacitor the previous simulation is repeated where CS = 125 μF and 
compared with a new simulation in Fig. 41 where CS = 250 μF. 
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Figure 41: Comparison between Source Capacitances. 
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3.3 Conclusions 
 
It is concluded that the main energy storage should be placed at the rectifiers using capacitors.  
 
It is also concluded that the sources must act quicker than the load in regards of bandwidth. 
Should the situation be the opposite the system will suffer a break down because of the 
characteristic of the constant power loads where the consumption will increase while the 
voltage is decreasing. 
 
It is concluded that implementing a voltage droop control will have a positive effect on the 
load sharing between the generators. The droop factor may be altered in proportion to the size 
of the generator. Hence generators of different sizes may operate in parallel allowing load 
sharing to function proportionally to the size of the generator. However the contractor 
specifically pointed out that the generators must be of the same size throughout the ship. 
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4. Model Analysis 
 
The complete model is now assembled and the main parameters are set in order to give stable 
results. The contractor wants the model to answer some basic questions about the behaviour 
of the system. This thesis proposes the implementation of a ‘mission simulator’. A similar 
method was derived by the Swedish Defence Research Agency concerning the ‘All Electric 
Combat Vehicle’ [20]. Standard scenarios are established and modelled in the simulator. 
These are mainly including normal operation, but also some fault cases. The main fault case 
concerns short-circuiting for which a separate model will have to be developed. This will be 
further explained at a later stage. 
 
 
4.1 Normal Operation 
 
The tactical scenarios of operation must be translated into technical counterparts used in the 
model. The tactical scenarios include mainly three operational speeds and some behaviours of 
the ship. These have been discussed with the surface ship construction division at Kockums 
AB. During combat operations the ship must be able to take evasive actions which include 
quick changes of speed and course. This will demand the propulsion system to quickly 
respond to steering commands without overloading the power supply. A common issue 
throughout the scenarios is the rate-of-rise of the power reference ramp. The question remains 
unanswered on what rate to use. Is has been shown that a weaker system demands a lower 
rate-of-rise in order to maintain the voltage stability. In the following simulations a fairly 
strong system is modelled in order to keep the rate-of-rise at a high level. This saves 
simulation time. 
 
 
4.2 Modelling Operational Scenarios 
 
The scenarios to be modelled here are compiled in Table 5. 
 
 

Tactical Scenario Technical Counterpart 
High speed Maximum power  - 16 MW (4 motors) 
Economical speed Medium power – 4.4 MW (2 motors) 
Low speed Low power – 2.5 MW (2 motors) 
Hovering Minimum power – 0.312 MW (1 motor) 
Assault  and evasive manoeuvres with 
acceleration and retardation 

Low power  Maximum power 
 

Sudden course change Unbalanced loading 
Starting Load step-up 
Stopping Load step-down 

Table 5: Operational Scenarios 
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4.2.1 Assault and Evasive Manoeuvres 
The manoeuvres are a combination of acceleration and retardation which will be added 
together in order to form a scenario. A so-called crash stop is a special move in which the ship 
is brought to stop. During the crash-stop manoeuvre the steering system is assumed to reduce 
the axial power to 25 % and then lowering the ladle in combination with an increase of thrust 
to 50 % of rated power.  
 
4.2.2 Course Change 
During yawing the ship will tilt causing the water jets to operate at different depths and hence 
pressures. This can be further explained by the following steps: 

• One of the water jets is displaced upwards in the water which causes the water on the 
low pressure side to mix with air. 

• The pressure is suddenly lowered causing the impeller to loose resistance and increase 
in speed.  

• The speed regulator will wrongfully think that the over-speeding means that the thrust 
is increased (since there normally is a proportional relation between the two). Thus the 
regulator will decrease its power demand from the net in order to reduce the rotating 
speed of the motor. 

• The water pressure is suddenly restored causing the impeller to reduce speed due to 
water inertia. 

• The speed regulator will demand more power from the net so that the rotating speed is 
restored. 

• The other water jet is displaced downwards in the water not causing any operational 
difference. 

 
4.2.3 Starting and Stopping the Motors 
It is obvious that the loads can not be applied directly as a step from 0 MW to 8 MW unless 
the system is equipped with extremely large capacitors. When operating the ship at different 
speeds the steering system should work with ramped signals. It was previously shown that the 
bandwidth of the loads must be lower than that of the sources otherwise the system will suffer 
a voltage collapse. There will of course be mechanical constraints where the shafts would 
most likely break when suddenly applying full load. 
 
4.2.4 An Operational Scenario 
The contractor has proposed a scenario over 24 hours were three operational levels are to be 
modelled. Operational mode 1 comprises a low power consumption over 12 hours (50 %) at 2 
MW (0.25 p.u.) in total consumption. Operational mode 2 stretches over a time period of 11 h 
(46 %) where the power consumption is set to hovering at 0.3 MW for 10 hours and high 
power at 16 MW for 1 hour. Operational mode 3 consists of a high speed at 1.0 p.u. for 1 
hour. This scenario is rescaled into a much smaller amount of time since the only interesting 
thing to investigate is the affects when changing something in the system. The model is 
expected to show a stable system at steady-state operation. The power reference ramp is set to 
2 seconds. It was earlier explained that this ramp must be slower in a weaker system. The 
power reference signals for the mission simulator are seen Fig 42. 
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Figure 42: Power Reference Signals for the Mission Simulator. 

 
The difference between the voltage levels at the switchboards is very small and is not suitable 
to plot in one figure. The level at switchboard 1 is seen in Fig. 43 for the time where the 
acceleration to full speed is performed. The different voltage levels before and after the ramp 
is a result of the droop characteristic.  
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Figure 43: Voltage Level at Switchboard 1. 

 
During the load ramp to full power there is a clear voltage dip in the system. The question is 
how this will affect the distribution net. It was earlier concluded that the loads must have a 
lower bandwidth than the sources. However the distribution net is a small load in comparison 
to the motors. The simulation is therefore performed without any lagging at the distribution 
converters. One of the converters is further studied in Fig. 44. 
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Figure 44: Voltage and Power Levels at a Distribution Converter Using No Delay. 

 
The system seems to be able to maintain the voltage stability and the converter almost 
maintains a constant power level as expected. As seen on the scale of the y-axis the deviation 
is very small. If this would keep the distribution net stable is beyond the scope of this thesis to 
solve. Supposing that the converters would not be quick enough the following events would 
occur as seen in Fig. 45. Simulations with the converter bandwidth set to 5 Hz. 
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Figure 45: Voltage and Power Levels at a Distribution Converter Using Lagging. 

 
It is clearly seen that the power level is not constant, which will have effects on the secondary 
side of the converter. The opposite occurs at the end of the ramp. It is concluded that the 
power stability on the secondary side of the distribution converters is dependant upon a quick 
responsive regulator. It was previously said that the loads must not have a larger bandwidth 
than the sources. Should this be the case the capacitors in the system should compensate for 
this. However the distribution loads in this system are set to consume 1 MW at maximum 
which is compared to 16 MW of motor load. The power producers are dimensioned for the 
propulsion system hence the distribution loads will not cause a voltage breakdown in the 
system. 
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4.3 Fault Inventory 
 
When modelling scenarios the tactical situations were translated into technical counterparts. 
This will be done in the same way when modelling faults. From discussions with the surface 
ship construction division at Kockums AB some faults are summarized in Table 6. 
 

Tactical Scenarios Technical Counterparts 
Fire and water intake Short circuits 
Emergency shut down of prime mover Loss of power producer 
Emergency shut down of propulsion motor Loss of load 
Partial cable cut-off Sudden impedance increase or decrease 
Foreign objects in water jet unit Overload 
Human factor Short circuits in switchboards 

Table 6: Fault Scenarios. 

 
4.4 Short-Circuits  
 
The most obvious fault to investigate is zero-impedance short-circuits. This simulation 
requires that the cable impedances are known. They are stated by the manufacturer as a 
function of length. The length is estimated from the system layout. Naturally the short-circuit 
currents are larger as they occur closer to the source. The system will suffer a voltage dip 
while the short-circuit is sustained therefore it is essential to clear the fault before a complete 
collapse. For ac systems there is a well established standard used by the contractor derived by 
IEC [31]. However this thesis refers to the standard developed by the IEEE which is more 
suitable when performing calculations on dc cables [32].  
 
There is an IEC standard concerning short-circuits onboard ships, but the particular standard 
is not applicable for faults on the dc side of the converters [33]. 
 
IEC has written a draft to address the certain issues concerning dc systems. However the draft 
explicitly declares that the standard is not applicability onto shipboard distribution systems. 
The IEC draft includes calculations on two different test systems, one 220 V dc auxiliary 
system, and one 24 V dc emergency system. The cables only include resistance and 
inductance as parameters which is here interpreted that the capacitance is of no concern in 
these types of studies [34]. 
  
4.4.1 Short-Circuit Simulations 
There are three different investigations to be made [32]. The first is to check the cable through 
a simple short-circuit simulation establishing the steady-state value of the short-circuit current 
and the rate-of-rise based on the cable inductance. This is simply done by connecting the 
cable model to a source at one end and the breaker at the other end. In the following examples 
a 30 m cable will be studied using the parameters approximated for the interconnection cable 
between the switchboards.  
 
4.4.2 Maximum Steady-State Short-Circuit Currents  
The standard deals with the time characteristics of a short-circuit current from initiation until 
its end. It is pointed out that there is a maximum and a minimum short-circuit current. The 
former sets the rating for the equipment and the latter is used as basis for setting up protection 
devices. The maximum short-circuit currents are calculated not taking into account the bus 
bar resistances; and supposing that the current limiting function is in-effective. The minimum 
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short-circuit currents are calculated taking into account that the rectifiers are operating at 
limited current. When performing the calculations (both cases) the load resistances are 
neglected at the assumption if zero fault impedance. The inductance and resistance parameters 
for the cables are included [35]. The parameters used in this example are seen in Fig. 46. 
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Urated = 3000 V 
Rcable = 0.36 mΩ 
Lcable = 1.20 μH  

Figure 46: Simple Short-Circuit. 

 
This property is the theoretical maximum value derived by connecting the cable to an ideal 
voltage source. The equation for this is simply Ohm’s law U = R·I where the voltage is set to 
the initial value at the beginning of the short circuit. The short-circuit current is illustrated in 
Fig. 47. 
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Figure 47: Maximum Short-Circuit Current. 

 
The stationary short-circuit current is calculated to be 8.2·106 A which is consistent with the 
simulation result from above. However this value is not likely to be seen in the system since 
there is no ideal voltage source. 
 
4.4.3 Minimum Steady-State Short-Circuit Currents  
When calculating minimum short-circuit currents the limiter function is taken into 
consideration where electronic sources normally have an integral current limiting circuit with 
a set point at 150% of the rated current [36]. 
 
The test is repeated but the ideal source is replaced with a PI-regulated source used before in 
this thesis using the parameters seen in Fig. 49. The maximum allowable current is set to 1.1 
p.u (1467 A). The source capacitance is set to 250 μF and the equivalent series resistance is 
set to 1 Ω. The simulation result is seen in Fig. 48. 
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Figure 48: Minimum Short-Circuit Current. 

 
It is seen that the current is remarkably lower than the previous simulation. The current 
actually flows from two sources, i.e. the current source and the capacitor in parallel. That 
means that the capacitor is discharged over the zero impedance fault meanwhile the current 
source continues sending the rated current through the cable. The equation describing the 
discharge is: 

RC
t

e
R

U
I

−
= 0 . (4.1) 

At t = 0 the maximum current has the same value as in the stationary calculations. However 
there is a new resistance added to this problem, i.e. the resistance of the capacitor itself. In the 
previous simulation an arbitrary value was tested, Rc = 1 Ω. This value is dominating the 
circuit since Rc >> Rcable therefore the peak of the short-circuit current was reduced by several 
amps. By inserting an extra resistance in series with the capacitor the short-circuit current is 
easily reduced. However this may not be advantageous as it may be hard to separate from an 
overload condition. Thus the system will not be able to protect itself from a short-circuit 
leading to a voltage collapse. 
 
4.4.4 Rate-of-Rise 
The cable includes a resistance and an inductance. The latter property has an influence on the 
system in a dynamical state, i.e. at changes of voltage level. A short-circuit could theoretically 
occur very sudden changing the system impedance discontinuously. One could compare a 
breaker closing the circuit introducing a very low impedance. However the cable inductances 
will counteract and hence delay the current rise, and therefore the event should not be 
regarded as discontinuous.   
 
The simulation in Fig. 47 with an ideal source shows that the rate of rise follows the 
theoretical value. At the time t = t0 + τ the current is 63 % of the peak value. 
 
In the system treated in this thesis there is a capacitor in parallel with the controlled current 
source and there are thus two parameters affecting the time constant. A summary of the data 
for the example cable and capacitor is seen in Fig. 49. 
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Rcable = 0.36 mΩ 
Lcable = 1.20 μH 
Csource = 250 μF 
Rcap = 1 Ω 
Rtot = 1.00036 Ω  

Figure 49: Equivalent Circuit at the Event of a Short-Circuit. 

 
The specific cable used in this example with data from the approximated interconnection 
gives the time constant of τL = 3.3 ms according to: 

cable
L

cable

L
R

τ = . (4.2) 

At the current rise the rate is damped by the cable inductance only. The time constant for the 
cable becomes much smaller as the 1 Ω in series with the capacitor is introduced. The new 
value is τ’L = 1.2 μs which becomes a problem since the simulation step is chosen in the same 
area. Reducing the step size will slow down the simulation remarkably. Conclusively it can be 
said that the rise time is extremely small and hard to measure with simulations. 
 
The resistance in series with the capacitor was originally inserted and set to 1 Ω in order to 
stabilize the model, i.e. prevent voltage oscillations. It is now decreased to 0.1 Ω and 0.01 Ω 
as the losses would decrease and the value would become more realistic. The simplified 
model is simulated where the short-circuit currents are compared using 0.1 Ω and 0.01 Ω. In 
Fig. 50 it is seen that the current is clearly oscillating when the equivalent resistance is set to 
0.01 Ω. Thus the value of 0.1 Ω will be used for further studies as is seems to give a stable 
result. 
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Figure 50: Short-Circuit Current at Different Capacitor Resistances. 

 
A smaller resistance remarkably increases the short-circuit current peak. With the lowest 
resistance of R = 0.01 Ω the damping of the system is no longer sufficient which gives a 
negative current peak of quite a large amplitude because of oscillations in the system. 
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Theoretically the discharging of the capacitor would last over a longer period of time in 
proportion to the size of the resistance. The reason for this is that the time constant increases 
with the resistance according to: 

RCC =τ . (4.3) 

A larger resistance will cause larger amount of losses since energy most certainly will flow 
into and out from the capacitor compensating voltage deviations quite frequently. However 
choosing a very small value has a negative effect on the system as it becomes undamped.  
 
4.4.5 A Short-Circuit in the System 
Investigating the complete model at a short-circuit is of interest in order to get an idea of the 
approximate value of the short-circuit current. It is also of interest when addressing the issue 
of voltage stability as earlier discussed when loosing a generator. 
 
The dynamical model with constant power loads can not be used when investigating the value 
of short-circuit currents. This analysis is performed using passive loads instead. The reason is 
that the current sources within the loads will drive a current through the short circuit as well 
as the sources themselves. This will result in a numerical error since the short-circuit current 
will be much larger in this way. To overcome this problem a secondary model is derived 
replacing the active loads with passive ones, i.e. resistances. The rated values are simply 
translated from power to resistance. The data is seen in Table 7. 
 

Motor Load Distribution Load 
Rated Power: P = 4 MW Rated Power: P = 1 MW 
Rated Voltage: U = 3 kV Rated Voltage: U = 3 kV 
Calculated Resistance: R = 2.25 Ω Calculated Resistance: R = 9 Ω 

Table 7: Passive Loads. 

 
The complete system is remodelled using passive loads as explained above. The parameters 
for the source are chosen as before Csource = 250 μF, Rcap = 0.1 Ω. A short-circuit is simulated 
to occur at switchboard 2. The currents through the cables are seen in Fig. 51 where they are 
presented in the following order: generators (top), interconnection cable (switchboard 1  
switchboard 2) (middle), and the actual short-circuit current (bottom). All the currents reach 
the stationary value of zero amperes since the current sources shut themselves down. They 
will not be able to produce any power while the dc net is at a zero voltage level. It must be 
noted that the current in the generator cable includes the discharging current from the 
capacitor in parallel with the source. The current sources shut themselves down which means 
that the energy flowing in the net is stored in the capacitors of the system. 
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Figure 51: Short-Circuit Currents. 
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The contractor specifically asked about the behaviour of the current through the 
interconnection cable. Both switchboards are separately exposed to zero-impedance faults and 
the currents are compared in Fig. 52 where the positive current indicates the direction from 
switchboard 1 to switchboard 2. The current through the interconnection cable is larger when 
the short-circuit occurs in switchboard 2 than in the opposite case. The reason is that the 
installed power in switchboard 1 is larger, thus the contribution to the short-circuit current 
will be larger from this switchboard. 
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Figure 52: Comparison of Short-Circuit Currents through Interconnection Cable. 

 
From the simulations above it is concluded that short-circuits in a dc systems differ 
substantially from those in ac systems. The characteristics shown here suggest that the 
maximum current is merely a spike that will go away in a couple of microseconds. The 
rectifiers will supply the fault with maximum current as long as the fault is not disconnected. 
 
 
4.5 Loss of Power Producer 
 
The most common electrical fault onboard a naval warship is loss of a generator which 
momentarily causes an unbalance between produced and consumed power. In an ac system, 
where the energy storage consists of rotating masses, this would cause a frequency dip as well 
as a voltage dip. In a dc system the storage consists of capacitors and a disturbance would 
cause a voltage level reduction. The other producers must increase their production. The 
constant power loads will increase their demand for current during the voltage dip. Should the 
loads act quicker than the sources the system will suffer a voltage collapse. 
 
A simulation is performed where a generator is disconnected when the system is at a 
stationary condition with full load (17 MW) resulting in a momentarily system disturbance. It 
must be noted that tests show that the bandwidth of the rectifier must be larger than 30 Hz 
(when setting the bandwidth of the loads to 5 Hz) otherwise there will be no restoration of 
power. It should also be noted (as previously pointed out) that the bandwidth of the source is 
inversely proportional to the voltage dip. The value will be set to b = 60 Hz during the 
following simulation. The voltage level at switchboard 1 is seen together with the power 
production at the generators in Fig. 53. 
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Figure 53: Loss of a Generator. 

 
The voltage level is restored to the reference value (including a larger droop). Thus it is 
shown that the system fulfils the (N-1) criterion, i.e. the safety margin allows for the loss of 
one generator. A second generator is disconnected resulting in a voltage collapse as seen in 
Fig. 54. 
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Figure 54: Loss of Two Generators. 
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For this reason a load shedding technique must be implemented to disconnect loads when the 
(N-1) criterion no longer is fulfilled and before the system is subjected to a collapse. The 
question is how to perform the actual shedding. The power consumption should simply be 
lowered and this can be done by disconnecting one of the engines or by reducing the power 
consumption at two of the engines by half which seems more practical when manoeuvring the 
ship. It is known that the voltage in the system will decrease proportionally to the loading of 
the generators because of the droop characteristic. This feature can be used for automatically 
disconnecting loads [30]. 
 
Supposing that each load is equipped with a controller that disconnects the load when the 
under-voltage condition is fulfilled for e.g. 30 seconds there would be no central controller. 
Without a central controller there is no way of guaranteeing that more than one load 
disconnects or is reduced. Immediately when one of the loads is reduced the voltage will rise 
and the other loads will continue their consumption as before unless there is enough voltage 
span. By setting the voltage reference level Uref to 3000 V droop Kd to 0.05 the resulting 
voltage level can be fairly predicted by combining the following equations: 

iKuu dref ⋅−=  (4.4) 

u
P

i gen=  (4.5) 

genPuu ⋅+⋅− 05.030002 . (4.6) 

The power per generator Pgen is estimated by dividing the total power consumption by the 
number of active generators. Some scenarios are compiled in Table 8 where the two allowable 
levels of power overload are compared to each other. The physical constraint in reality is the 
available axial power which for the TF50A is 4.1 MW (1.025 p.u.). This is compared to a 
hypothetical level of 4.8 MW (1.2 p.u.) showing different operational levels. The two leftmost 
columns show consumption versus installed power (generators in service). The column with 
the (N-1) criterion shows whether there is a redundancy in the system. ‘YES’ means that the 
system can afford loosing a generator and ‘NO’ is the opposite. ‘*’ means that the system has 
already collapsed. 
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(N-1) 
criterion fulfilled? 

Power 
consumption1 

 
 
[MW] 

No. of 
gen. in 
service 

Est. prod. 
per gen. 
 
 
[MW] 

TF50A 
Max  
4.1 [MW] 

Hyp.sys. 
Max  
4.8 [MW] 

Est. 
voltage 
level2 

 
[V] 

Est. 
voltage 
level2 

 
[p.u.] 

4x4 + 1 = 17 5 3.40 NO YES 2942 0.981 
4x4 + 1 = 17 4 4.25a NO NO 2927 0.976 
4x4 + 1 = 17 3 5.67ab * NO 2902 0.967 
3x4 + 1 = 13 4 3.25 NO YES 2944 0.981 
3x4 + 1 = 13 3 4.33a * NO 2926 0.975 
2x4 + 1 = 9 5 1.80 YES YES 2969 0.990 
2x4 + 1 = 9 4 2.25 YES YES 2962 0.987 
2x4 + 1 = 9 3 3.00 NO NO 2949 0.983 
2x4 + 1 = 9 2 4.50ab * * * * 
Note 1: The distribution net is included and estimated to consume 1 MW. 
Note 2: The estimation is done based on Kd = 0.05 using the equation above. 
Note a: The TF50A alternative is overloaded (> 4.1 p.u.). 
Note b: The hypothetical alternative is overloaded (> 4.4 p.u.) 
 

Table 8: Operational Levels. 

 
From Table 8 it is seen that the trigger condition must be changed depending on the number 
of generators and loads active. When running five generators with full load loosing one 
generator will result in a voltage level of 2927 V at stationary conditions. This voltage level 
could be used as a trigger level for load shedding as the (N-1) criterion no longer is fulfilled. 
However when running three generators connected to two motors (and the distribution 
converters) the stationary voltage level would be 2949 V which is a higher value resulting in 
the fact that no load shedding will occur although the (N-1) criterion no longer is fulfilled. 
This could be worked around by using a variable droop factor. E.g. setting Kd = 0.07 when 
running three generators with the same load would result in a voltage level at 2928 V. 
Conclusively from Table 8 using the TF50A will not offer redundancy in the system. Should 
this alternative be chosen the system will be shut down if a generator is lost. 
 
A hypothetical scenario is described as follows where the four different voltage levels are in 
italics in Table 8. One of the loads is equipped with a shedding control disconnecting it from 
the system at an under-voltage condition. This condition is set to 2930 V (0.977 p.u.). 
 
1. The shipboard system is at maximum consumption (17 MW) with all generators in service. 
2. One generator fails and disconnects. The system still consumes 17 MW. 
3. One load is disconnected and the system now consumes 13 MW. 
4. A second generator fails and disconnects. The system still consumes 13 MW. 
 
The scenario is illustrated in Fig. 55. 
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Figure 55: Loss of Two Generators Implementing Load Shedding. 

 
The disconnection is done by setting the current reference signal to zero in the load. This can 
be done in two ways either by sending the signal through the ordinary LP-filter or directly to 
the current source. The latter case would be the same as cutting off the cables which results in 
a large over-voltage in the system. This method is not preferred.  
 
 
4.6 Partial Cable Cut-off 
 
Each connection between the switchboards and the loads consist of multiple conductors which 
in some way will be divided into several physical cables. There is then the possibility that 
only one or a few of these are damaged. They are either disconnected or short-circuited. The 
former case will increase the cable impedance thus lowering the voltage at the load hence 
increasing the current to the load through the remaining cables. This may melt the cables as 
they are overloaded. Unfortunately the environment in which this model is built can not 
change impedances during the simulation. Instead this simulation must be done by increasing 
the load current.  
 
 
4.7 Foreign Object in the Water-Jet 
 
The shipbuilder is interested in a simulation of a mechanical fault in the motor, i.e. a locked 
shaft or an increased resistance in the impeller. The cause of events would be that the impeller 
meets an increased resistance and thus rotational speed is decreased. The speed regulator will 
then increase the power demand from the net in order to restore the rotating speed. Basically 
this means an overload which after a certain period of time would have to be disconnected. It 
could be simulated by applying a step to the power reference signal increasing it to 1.1 p.u. 
and then setting it to 0 p.u. 
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4.8 Conclusions 
 
It is concluded that it is possible to study the voltage stability in the system using operational 
scenarios.  
 
It is also concluded that short-circuits in a dc system is much different from an ac system 
whereas the energy is stored in capacitors separated from the actual sources. The sources will 
shut themselves down before the system reaches a state of zero voltage. Therefore the fault 
must be cleared before this happens. 
 
The TF50A will not be able to produce enough power during full load in order to fulfil the 
(N-1) criterion. It is also concluded that all the losses in the system must be taken into 
consideration when performing calculations of the redundancy. In this thesis the only loss 
taking into account is the cable losses in the dc net. However the distribution load is oversized 
as the Visby-class corvette does not consume 1 MW today.  
 
Further more the mechanical constraints regarding the propulsion system with motors and 
shafts must be studied in order to establish the profile of the loads. 
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5. Requirements 
 
The system design section previously referred to some applicable standardization documents. 
A quick study is performed in this section showing very little in this thesis is concerned by 
them. The reason is simply that there are no regulations dealing with dc systems above 1 kV. 
These systems are generally considered to be low voltage emergency distribution systems. 
Therefore all standards written for electric propulsion and electric shipboard distribution 
assume that an ac system is constructed. 
 
The main concern of the simulations in this thesis is to address the behaviour of the voltage 
level as a result of the dc voltage regulators in parallel. The simulation results can be used for 
further studying the secondary side of the converters for the distribution net and the 
propulsion motors. This is where the shipbuilder may set several requirements from the 
governing documents. Apart from this some general short-circuit calculations can be made 
which is of interest for the system constructor. 
 
The following documents are treated in this section: 

• IEC 60092 - ‘Electrical Installations in Ships’ 
• MIL-STD-1399C(NAVY) – ’Interface Standard for Shipboard Subsystem’ 

o SECTION 300A – ‘Electric Power, Alternating Current’ 
• DNV Part 5 Chapter 14 – ’Naval and Naval Support Vessels’ 

o With amendments from DNV Part 4 Chapter 8 – ‘Electrical Installations' 
 
The complete list of interesting standards can be found in the Appendix.  
 
The IEC 60092 ‘Electrical Installations in Ships’ explicitly concerns ac systems (all range) 
and dc systems up to 1 kV. Thereby the standard rules itself out from this project, but in order 
to get some guidelines the documents are studied anyway. 
 
The MIL-STD-1399C(NAVY) – ’Interface Standard for Shipboard Subsystem’ explicitly sets 
the standard for 440V, 60 Hz. Today the Visby corvette uses a 400 V, 50 Hz net supplied by 
three synchronous generators in parallel operation. All the standardization organisations 
mentioned previously have issued applicable rules for this type of system. Except for the U.S. 
DoD since the American standard is set to 440 V and 60 Hz. This was earlier used in the 
Swedish Navy, but with Visby the standard was abandoned. However Kockums AB still 
refers to this standard since the military standard in general is stricter than the civilian 
counterparts. The MIL-standard is still used without compensation for the different voltage 
levels and frequency levels. 
 
The DNV standard is the most comprehensive standard used for ship construction focusing on 
safety issues. 
 
 
5.1 Voltage tolerances 
 
The most regulated property is of course the acceptable voltage deviation in the system. There 
are different tolerances depending on which document to follow and whether it is a dc system 
or an ac system. A summary of the voltage regulations follows. The requirements set by the 
IEC 60092 are applicable to both ac standards (440 V, 60 Hz and 400 V, 50 Hz). However the 
voltage and frequency tolerances are more generous than the military standards. 
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5.1.1 IEC 
For a dc system the IEC states that the maximum allowable voltage deviation in a dc 
distribution system is ± 10 % [37]. The maximum allowable voltage ripple for dc systems 
(superposed ac component) is set to 10 % [37].  
 

My note: A dc distribution system normally refers to emergency or auxiliary 
power distribution. This thesis is not examining the effects of the ac generators 
or the interference of the converters. However the deviation is more than 10 % 
as seen in number of simulations especially when loosing a generator. 

 
When dealing with ac systems the IEC states that ac generators shall be equipped with voltage 
regulators maintaining the voltage level within ± 2.5 % of rated value [38].  
 

My note: This is a very interesting statement which could be analogically 
interpreted for this project. The contractor proposes the usage of permanent 
magnet generators. However the rectifiers are controllable and can keep the 
balance between active and reactive power on the primary ac side. 

 
When running generators in parallel load sharing is regulated by the IEC saying that no more 
than 25 % deviation per generator is allowed [38]. 
 

My note: This issue has been addressed and is not likely to be a problem. 
 
At load changes within rated levels the voltage deviation must not exceed 85 % - 120 % of 
rated value [38]. 
 

My note: This issue has been addressed and simulations show that the power 
reference signal must have a rate-of-rise limiter otherwise there will be 
difficulties concerning the voltage level. 

 
At a load change of the propulsion motor from zero to full the frequency of the generator 
must not exceed -5 % of the rated value [39].  
 

My note: Again it is seen that the standard was intended for an ac system. The 
requirement would have to be translated into voltage deviation. However there 
are ac generators on the primary side of the rectifiers where the impact on them 
is not studied here. 

 
A quick summary of the tolerances for the distribution net is seen below [37]. 

• Allowable deviation from rated frequency is ±  5 % 
• Allowable deviation from rated frequency is ±  10 % (short-term stability) 
• Maximum restoration time is 5 seconds. 
• Allowable deviation from rated voltage is + 6 % -- -10 % (average value) 
• Allowable deviation from rated voltage is ±  20 % (short-term stability) 
• Maximum restoration time is 1.5 seconds. 

 
My note: This may be investigated for the secondary side of the distribution 
converters, but not with this model. The requirements concerning short-term 
stability is not possible to investigate with this model as all the simplifications 
have rules out the dynamic behaviour. 
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5.1.2 DNV 
The DNV standard sets the requirements concerning effects on the switchboards caused by 
the distribution subnets. The summary is seen below [40][Section 2: A204]. 
 

• Allowable deviation from rated ac voltage is ±  2.5 % (average value) 
• Allowable deviation from rated dc voltage is ± 12 % (average value for battery 

installations) 
• Allowable deviation from rated voltage is -15 % -- +20 % (transient stability) 

o Maximum restoration time is 1.5 seconds. 
• Allowable deviation from rated dc voltage is ± 25 % (transient stability for battery 

installations) 
 

My note: Again it must be pointed out that the simplifications in the model rule 
out the dynamic behaviour. 

 
During a crash-stop manoeuvre the frequency deviation limits may be exceeded as this is not 
considered normal operation [40][Section 12: A401]. 
 

My note: Again it is seen that this standard was not intended for dc systems 
supplying propulsion motors. However the essence of the statement is that a 
crash-stop may be performed breaking the normal rules. The question thus 
becomes how this manoeuvre will affect the system which will further discussed 
later.  

 
5.1.3 MIL-STD 
This standard is only applicable to the ac distribution net. In this project it could very well be 
setting the constraints for the distribution net converters so that the propulsion motors do not 
cause negative effects on the secondary sides of the subnet converters. The distribution net is 
defined by this standard to be a three-phase ungrounded system where one-phase loads may 
be connected through transformers.  
 
A short summary is seen below [41]. 

• Allowable deviation from rated frequency is ± 3% 
• Allowable deviation from rated voltage is ± 5 % (average value) 
• Allowable deviation from rated voltage is ±  7 % (specific value) 
• Allowable deviation from rated voltage is ± 16 % (short-term stability) 

o Maximum restoration time is 2 seconds. 
• Allowable voltage spike is ± 2500 V for less than 0.01 s 
• During emergency conditions the deviations for 2 minutes may be: 

o 100 % - + 12 % for frequency 
o 100 % - + 35 % for voltage 

• The power factor for the system must not exceed -0.95 (cap) < cos φ < 0.8 (ind) 
 

My note: The military standards are stricter than the civilian standards regarding the 
tolerances of both frequency and voltage. 



62 Requirements 

 

5.2 Safety 
 
When dealing with safety issues related to the propulsion system there are special parts in 
both the IEC and DNV standards. 
 
The IEC have general requirements regarding safety and selectivity. This project will not treat 
personal safety such as e.g. isolation requirements. Only a stable operation of the system will 
be considered. However some of the requirements are brought up as they motivate the system 
design described in Chapter 2. 
 
5.2.1 IEC 
When using the same generators for power production supplying the propulsion system as 
well as the power distribution net the former will be setting the dimensioning parameter for 
the system [42]. 
 

My note: In this project the difference between the rated power of the motors 
and that of low voltage net is very large. Hence this is already considered.  

 
Over-current protection circuits must not be tripped due to manoeuvring or harsh sea [42].  
 

My note: Scenarios may be built with the model in this thesis implying that the 
behaviour of the propulsion system in harsh sea is known. 

 
Selectivity must be implemented isolating faults and ensuring power distribution to other 
parts of the system [19]. 
 

My note: This means that circuit breakers for 3 kV dc systems must be 
separately investigated.  

 
All generators must be connected to the net through multi-pole breakers [19].  
 

My note: This is most likely applicable between the generators and the rectifiers. 
The rectifiers will shut themselves down at a voltage breakdown which will 
occur during a short-circuit. However should protection breakers on the dc-side 
isolate the fault the net would still be supplied. At a secondary stage the 
rectifiers themselves should be protected with breakers on the ac side. 

 
The generator breaker must not close when the generator is not producing power or when the 
system is subjected to a voltage collapse [19].  
 

My note: This is also primarily intended for protecting ac generators. Closing 
the breaker at standstill would drive the generator as a motor. This will not 
happen here. 

 
When connecting transformers in parallel there must be protection breakers not only on the 
primary side, but also on the secondary side [19]. 
 

My note: This could be analogically translated to rectifiers in parallel which 
means that short-circuit calculations must be performed and trigger conditions 
set for the breakers. However finding applicable breakers for a 3 kV dc system 
is not a part of this thesis. 
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The generator must not be able to overload the prime mover [38].  
 

My note: The maximum rated power of the TF50A is 4.1 MW which 
complicates things regarding the (N-1) criterion. This issue was addressed in the 
section describing loss of a generator. 

 
D.C. generators are not allowed in a shipboard system [19]. 
 

My note: This requirement is also emphasized in the DNV standard. Here the 
generators proposed ac generators connected to rectifiers hence this will not be a 
constraint. 

 
The loads are classified as important and non-important loads where load shedding is 
implemented in the latter [19].  
 

My note: Load shedding or load reduction must be implemented in the 
propulsion motor control system. This will be further explained later on in the 
thesis. The load shedding function aims for a voltage restoration if a power 
producer is lost. 

 
Motors with a rated power at more than 0.5 kW must be protected against under-voltages. The 
trigger condition is set to 0.80 p.u. and the condition for restoration is set to 0.85 p.u. [19].  
 

My note: The motor it self is placed on the secondary side of a motor drive 
inverter. This requirement is clearly describing the protection of a directly 
connected motor to an ac net. However the inverters should still disconnect 
themselves at a certain voltage level as the current would exceed the allowable 
level. 

 
When a short-circuit occurs the generators must be able to produce a current of 3 p.u. for 2 s. 
Exceptions from this may be done if the selectivity of the system is sufficient [38].  
 

My note: Basically this means that the ship most not be blacked-out at the 
occurrence of a short-circuit. 

 
5.2.2 DNV 
When it comes to general construction and system design the DNV-documents are applicable 
regardless of the voltage standards. 
 
Machinery systems shall be arranged with built in redundancy so that the ship is able to 
maintain steerage way if an isolated fault occurs in one of the parts: propulsion motor, 
propeller shaft, water jet unit, or control system. Power production systems shall be arranged 
with built in redundancy so that the propulsion system is still supplied if an isolated fault 
occurs in one of the parts: prime mover, generator, shaft, switchboard, or control system 
[43][Section 7: C301]. 
 

My note:  Main system components must be doubled ensuring redundancy. This 
is taken into consideration in Chapter 2. 
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The power generators must be spread out over at least two watertight compartments with at 
least one compartment in between. The same applies to the affiliated switchboards 
[43][Section 8: C302].  
 

My note: Again it is seen that the main system components must be doubled 
ensuring redundancy. 

 
Prioritised load that is doubled shall be divided on separate switchboards. Prioritised load that 
is not doubled shall be supplied from a power selector choosing feed from one of the 
switchboards depending on where power is available [43][Section 8: C306 & C308].  
 

My note: The first statement is applicable onto the motors and the second is 
applicable onto the distribution net where the converters are doubled and still 
can supply the subnet if one of the switchboards is disabled. 

 
Special regulations for electric propulsion states that the prime movers connected to the 
generators are to be considered as propulsion prime movers when setting the standards. This 
is applicable to monitoring equipment. However the associated speed governing and control 
shall be arranged as for auxiliary prime movers [40][Section 12: A101].  
 

My note: The speed governor issue was commented previously where the 
TF50A will have to be modified. 

 
5.2.3 Cables 
The IEC standard sets regulations for cables. The aim is to prevent fire by overheating the 
cables. The cables must withstand short-circuits for a short period of time preventing a fire 
due to the heat. Naturally the cable must withstand normal heat generation during rated 
conditions. 
 
The maximum allowable current for cables containing several conductors must be 
recalculated using the correction factor of 0.7 [44].  
 

My note: The contractor suggests a special cable design where this will be a 
constraint. The design was described in Chapter 2 and the correction factor was 
counted in. 

 
The maximum allowable current for more than six bundled cables must be recalculated using 
the correction factor of 0.85 [44]. 
 

My note: In this project there is no possibility of knowing how the cables are to 
be bundled. However this regulation must be taken into consideration when 
planning the actual cable layout. 

 
The conductor area must be chosen so that the voltage level is not lower than 6 % of the rated 
value excepting starting-currents [44]. 
 

My note: Given the hypothetical values in this project this is not a problem. 
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5.3 Conclusions 
 
It is concluded that the standards regarding voltage tolerances are not applicable for this type 
of dc system. They are however applicable onto the distribution net which is supplied by the 
dc net in the system in this thesis. 
 
The requirements regarding safety onboard are applicable for general ship construction and 
hence in this project. It is again concluded that problems may arise regarding the usage of the 
TF50A as a prime mover. 
 
Selectivity and circuit breakers must be separately investigated in order to fulfil the 
requirements of redundancy for the propulsion system and, with that, safety of the ship. 
 
Requirements and standards must be found in similar industries such as the train-building 
industry. 
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6. Conclusions 
 
The voltage stability of the system is reliable upon a large storage capability in the capacitors 
at the sources. The rotating masses inside the ac generators will not provide the system with 
stored energy since it is ’trapped’ behind digitally controlled rectifiers. Thus the storage must 
be provided on the dc side using capacitors. It has been shown that the system may be 
subjected to voltage collapse using oversized capacitors. This may be a result from the 
voltage source itself. The question is left unanswered since this thesis only dealt with one type 
of voltage source controller. 
 
It is desirable to install large source capacitances, but the weight, size and cost will be a 
constraint that has been omitted in this report.  
 
The regulator at the source must at all times act quicker than the regulator at the loads. Thus a 
lagging of the signal must be implemented reducing the allowable rate-of-rise at the power 
reference. However this is not wanted at the smaller distribution net converters as a lagging 
function will hinder the converter to supply the secondary side with rated power. Tests have 
shown that the smaller converters are small enough to completely remove this lagging and 
thus increase stability in the distribution net. 
 
The power reference signal should be adjusted to a ramp with a certain allowable rate-of-rise. 
The constraints for this property is mainly allowable voltage drop and may also be of 
mechanical nature as the hull of the ship can not be subjected to infinite force. 
 
During a loss of a generator the system is subjected to a large under-voltage which must be 
compensated by stored energy from the capacitors. In this thesis it was shown that by 
increasing the bandwidth of the rectifiers the voltage may restored in a shorter time. However 
there will be a physical constraint in the generators as the fuel pumps will lag that increase. 
The manufacturer of the TF50A explicitly stated that the fuel pump must be replaced or 
altered before running the gas turbine as a generator prime mover. 
 
The secondary side of the distribution converters is likely to be equipped with an energy 
storage system to compensate the power loss when loosing a generator. It was previously said 
that this model is ideal restoring the voltage level much too quick in comparison to the real 
system.  
 
When running rectifiers in parallel is has been shown that a voltage droop characteristic must 
be implemented reducing the voltage level in proportion to supplied current. This thesis has 
shown that a droop of 5 % is enough for improving load sharing between the generators. 
However when building the real system the constructor may want this value to be increased in 
order to use a larger voltage span thus increasing the current loading in the cables. 
 
It has been shown that load shedding most effectively should be implemented in a central 
control unit. However each load should be equipped with an under-voltage protection system 
disconnection them at a voltage collapse. A special control strategy should be developed in 
order to keep the distribution converters connected longer than the motor loads. 
 
A short-circuit in the system must be detected within an extremely short time. It has been 
shown that the discharging of the capacitors will occur in parallel with the rectifiers 
increasing there current flow. When the rectifiers are operating with a zero voltage level on 
the secondary side no energy will be injected into the system thus the rectifiers will shut 
down. The duration of the short circuit current is proportional to the size of the capacitors. In 
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general it could be said that a short-circuit is quite hard to detect since it is comparable small 
and short in time duration.  
 
It is concluded that there is not enough regulations and standards for a shipboard medium 
voltage dc system. Only partly may the regulations concerning shipboard ac systems be 
analogically interpreted when constructing the system presented in this thesis.  
 
 
6.1 Limitations of the Model 
 
This thesis is to be considered as a first study of the system which means that the model must 
be further developed. The details of the system are mostly unknown and the simplifications 
done in this work makes it imperative to extend the model. 
 
Only the dc side in the model is studied and no dynamical phenomena originating from the ac 
side of the rectifiers and inverters can be studied. This means that the generators and motors 
are likely to have an impact on the system which can not be studied here. 
 
Each load must be equipped with a low pass filter suppressing ac components on the dc net. 
The model in this thesis is not adequate for investigating dynamic behaviour caused by the 
rectifiers themselves. 
 
No dynamic phenomena such as resonance between distributed capacitors are seen in the 
simulations. Each source is equipped with one capacitor each. In reality the source capacitors 
may be distributed and connected in parallel. 
 
The model is built with variable parameters such as cable impedance, source capacitance, 
low-pass filter and bandwidth of both the sources and the motor drives. In this thesis different 
values were compared, but without any relation to real components. It must be assumed that 
the system will act much slower in reality. The main constraint is likely to be the fuel pumps 
in the generators which will delay the voltage restoration after a disturbance. All other 
converters must be set to act slower than the generators. The time constants for this are 
completely unknown. 
 
The model does not take any other losses into consideration except for the cable losses in the 
dc net.  This means that the rate of efficiency for the prime mover, generator, and rectifier as 
well as the inverter, motor, and water jet must be separately investigated. 
 
 
6.2 Future Work 
 
In order to make satisfying simulation results each and every component must be chosen and 
manufactured. From various articles it is concluded that high energy density capacitors must 
be further studied. It has been said in this thesis that the voltage stability is dependant upon 
the presence of large storage capacitors. The size and weight will be a constraint and therefore 
the developments within this area must be followed. 
 
The sources need to be modelled in detail including the generators where the lagging time of 
the fuel pumps is taken into account. Further more the detailed characteristics of the rectifiers 
will have to be studied in order to develop proper filters. Different components within the 
rectifiers should also be compared such as transistors or thyristors. 
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The distribution net should also be studied where different measurements should be taken in 
order to increase stability on the secondary side of the inverters. It has been shown in this 
thesis that the voltage will deviate substantially and the effects on the distribution net must be 
further studied. The question about standards must also be solved regarding ac or dc, 400 V or 
440 V. 
 
The motor drives fed by direct current must be investigated. Filters must be dimensioned and 
components chosen such as transistors or thyristors. Special controller strategies must be 
studied concerning the usage of PWM together with PMSM motors.  
 
Physical constraints such as weight and size should be investigated. The constraints regarding 
the impact from the propulsion motors on the hull are most likely known and should be used 
in order to set the requirements for the electric propulsion drive.  
 
Cables must be further studied regarding magnetic field and thermal stress. This type of study 
is likely to be performed using computer tools for finite element calculation. When the cable 
is developed new short-circuit calculations must be performed. The properties of the cable 
must also be further studied regarding capacitance. At this point it has been assumed that this 
property is extremely small because of the short distances. However the environment in which 
the cable is to placed may have a negative effect on this assumption which is unknown at this 
time. 
 
DC breakers must be investigated for a 3 kV system. Extinguishing the arc will be a problem 
and for this different methods are used such as arc twisters and vacuum breakers. 
 
Regulations and standards should be revised and include medium voltage dc systems for 
shipboard installations. The subject is apparently a big research area for many countries 
therefore it would probably be in the interest of the participants to set the standards for this 
type of system. 
 
The ship-building industry should investigate the requirements set by the train-building 
industry as 3 kV dc exists in some railway systems. 
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1. Requirements Inventory 
 
1.1 Department of Defense  
 
MIL-STD-917E(NAVY) Electric Power Equipment - Basic Requirements 
MIL-STD-1399C(NAVY) Interface Standard for Shipboard Subsystems 

• SECTION 070 D.C. Magnetic Field Environment 
• SECTION 300A Electric Power, Alternating Current 

MIL-STD-461E Requirements for the Control of 
Electromagnetic Interference 
Characteristics of Subsystems and 
Equipment 

MIL-STD-464A Electromagnetic Environmental Effects 
Requirements for Systems 

MIL-STD-1310G(NAVY) Standard Practice for Shipboard Bonding, 
Grounding, and Other Techniques for Electromagnetic Compatibility and 
Safety 

DOD-STD-2143 Magnetic Silencing Requirements for the Construction of Nonmagnetic 
Ships and Craft 

 
1.2 IEC 
 
1.2.1 IEC 92 / IEC 60092 – Electrical Installations in Ships 

IEC 92-101 Definitions And General Requirements 
IEC 92-201 System Design – General 
IEC 92-202 System Design – Protection 
IEC 92-301 Generators and Motors 
IEC 92-302 Equipment – Switchgear and Control Gear 
IEC 92-401 Installation and Test of Completed Installation 
IEC 92-501 Special Features – Electric Propulsion Plant 
IEC 92-503 Special Features – Ac Supply Systems (1 kV – 11 kV) 

 
1.2.2 IEC 363 / IEC 61363 – Electrical Installations of Ships and Mobile and Fixed 
Offshore Units 

IEC 61363-1 Procedures for Calculating Short-Circuit Currents in Three-Phase A.C. 
 
1.2.3 IEC 865 / IEC 60865 - Short Circuit Currents – Calculations of Effects 

IEC 865-1 Definitions and Calculation Methods 
IEC 865-2 Examples of Calculation 

 
1.2.4 IEC 909 / IEC 60909 – Short-Circuit Currents in Three-Phase A.C. Systems 
IEC 60909-0 Calculation of Currents 
IEC 60909-1 Factors For the Calculation of Short-Circuit Currents 
IEC 60909-2 Data For Short-Circuit Current Calculations 
IEC 60909-3 Currents During Two Separate Simultaneous Line-To-Earth Short Circuits and Partial 

Short-Circuit Currents Flowing Through Earth 
IEC 60909-4 Examples for the Calculation of Short-Circuit Currents 
 


