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Acronyms 

AES All Electric Ship 

A Availability 

AC Alternate Current 

AIM Asynchronous Machine 

AP Power Absorbed 

CODAG Combined Diesel And Gas 

CODOG Combined Diesel Or Gas 

CSI Current Source Inverter 

CV 550 Cavour Aircraft Carrier 
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FECs Front End Converters 

Gas Gate Turn Off Thyristor 

GTO Gate Turn Off Thyristors 

HP High Pass Filter 

HVAC Heating Ventilation And Air Conditioning Systems 

Icm A Nominal Short-Circuit Closing Capacity 

Ics Nominal Short-Circuit Breaking Capacity 

Icu Extreme Short-Circuit Breaking Capacity 

If Field Circuit Current 

IGBT Insulated Gate Bipolar Transistor 

IGCT Integrated Gate Commutated Thyristors 

IGCT Hard Driven GTO 

IHD Individual Harmonic Distortion 

IM Induction Motor 

IPS Integrated Electrical System 

JSF Joint Strike Fighter 

LV Low Voltage 

m.m.f. Magnetomotive Force 

MCR Maximum Continuous Rating 

MPDCC Multi-Port DC/DC Converter 

MTBF Mean Time Between Failures (h) 

MTTR Mean Time To Repair (h) 

MV Medium Voltage 

MVAC Medium Voltage – Alternate Current 

MVDC Medium Voltage – Direct Current 

NaSG Naval Smart Grid 

NP Nominal Power 

PDs Propulsion Drives 

PF Power Factor 

PQ Power Quality 

Psc Short Circuit Power 

PTO Power Take Off 

PWM Pulse-Width Modulation 

Q, Unavailability 

QM Quality Factor 

Rdt Repair Downtime 

RMS Root Mean Square 

RPM Revolution Per Minute 

RV Random Variable 

SCR Silicon Controlled Rectifier Or Thyristor 

SG Shaft Generator 
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SM Simulink Model 
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Tp Total Period 

Vd Armature Circuit Supplying Voltage 
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Z(f) Network Impedance 

ZEDSs Zonal Electrical Distribution Systems 
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Introduction 

Nowadays electric propulsion has become a valid alternative to mechanical propulsion for large ships 

that require high speed. 

The electric propulsion advantages are well known and widely documented in the literature: higher 

dynamic performance of the electric propulsion motors; internal combustion engines separation from 

shafts; increased flexibility in space/zones subdivision; increased efficiency through the modulation 

of number of running generators; noise and vibration reduction; increasing in automation, with a 

consequent crew reduction. 

The use of electric propulsion along with the progressive increase, in number and power, in electrical 

loads used for ship services, led to the development of the All Electric Ship (AES) concept. Over the 

last years, the All Electric Ships (AESs) concept has begun to be adopted by the most important 

Navies, principally by the U.S. Navy, giving a boost to the technological research. 

An AES is a ship where all onboard electrical loads (including propulsion) are powered by a single 

electrical system, called Integrated Electrical System (IPS). The IPS requires careful design and 

management in order to ensure both high Power Quality standard and the continuity of the service. 

With the technological progress, the shipboard electrical systems have changed considerably, rising 

from few MW of installed power to values of the order of hundred MW, both in cruises and military 

ships.  

Especially in military vessels, considering the number of special devices that are present on board 

(weapon systems, communication equipment, radar, sonar, and missile guidance systems), a 

performing and reliable electrical systems is required. Moreover, it is necessary to notice that some 

of the new electrical pulsed loads specific to military applications (e.g. radar, electromagnetic 

launchers, etc.) together with electric drives for propulsion engines can cause strong disturbances to 

the system, thus causing the malfunction of other electric utilities that may endanger the continuity 

of the service. The penetration of power electronics converters is the main issue for the contribution 

of harmonic distortion in AC grids, which must be limited not to increase system power losses, and 

to allow the correct operation of system and user devices. Standards dictate the maximum admissible 

values of the total voltage harmonic distortion and of the individual harmonics amplitudes, as a 

function of the rated system voltage.  

The relatively limited short-circuit power available on board also exposes the IPS to significant 

voltage sags and flickers caused by switching and/or intermittent loads. In this scenario, DC electrical 

distribution systems can be very attractive, thanks to their intrinsic immunity to harmonic problems. 

If DC micro-grids are interfaced to AC networks by means of Front End Converters (FECs), both 

AC/DC grid decoupling and considerable AC-side harmonic distortion reduction can be achieved. In 

addition, they simplify the power supply of converter-fed loads and the interfacing of storage 

systems. The latter can perform several tasks, including ensuring power supply in case of AC grid 

loss, peak-shaving and levelling pulsating loads further improving both the quality and the continuity 

of supply to DC islands loads. 

In the light of the above, it is evident that the electric power system is of primary importance for a 

modern ship. Moreover, if high-performance is required, careful analysis of the disturbances in the 

power system is mandatory. In fact, in order to achieve a reliable and performing power system, 

together with a high-Power Quality, it is necessary to assess this situation and propose guidelines to 

be observed for the solution of various problems. 

The definition and evaluation of possible IPS architectures should take into account AC/DC 

protection devices in order to carry out an integrated analysis of the system. Different MVAC/MVDC 

electrical distribution layouts coupling with all-electric or hybrid propulsion (electric/diesel/gas 

turbine) needs to be accurately investigated to show its advantages in terms of reliability, safety and 

quality of power.  
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The thesis focusses on the Naval Smart Grid (NaSG) research project completed in partnership with 

the University of Trieste and the Polytechnic University of Milan. The aim of the research is to 

produce useful results for the design of a new ship, equipped with the following innovative features: 

modular power system; subsystem flexible integration; efficiency improvement; security 

improvement; new weapon systems; survivability improvement and high Power Quality standard.  

The main focus was the study of methodologies/solutions able to improve and define the onboard 

Power Quality (PQ). The research project reports Power Quality analysis about aspects of continuity 

of service, harmonic disturbances, pulsed power loads impact on the system, electromechanical 

transient evaluation and use of power and energy storage systems.  

An exhaustive investigation was carried out on system architectures in frequency domain to identify 

resonances and non-linear loads to detect disturbance frequencies. 

Moreover, the guidelines for the correct coordination of all the elements of the power system design 

affecting system performance (protections, converters, control systems, energy storage systems, etc.) 

are reported.  

A brief abstract for each Chapter is reported. 

 

Chapter 1 and 2 - Overview of Electrical Naval Systems and Integrated Power System in Military 

Ships  

The chapter reports the complete state of the art on naval electrical system and a brief description of 

naval classification, showing technological improvements and historical evolution. Details about 

electric propulsion, electrical generation on board, energy distribution and network layout are carried 

out. A complete description of the main IPS military ships with their own architecture and features 

is reported. 

 

Chapter 3 - Methodologies for Harmonic Disturbances Analysis and Power Quality (Service 

Continuity) 

In the field of Power quality (harmonic content, asymmetries, voltage sags, power factor), 

methodologies applied for the analysis/detection of harmonic disturbances are reported with an 

overview of electrical systems dependability in order to evaluate the service continuity of the system. 

Harmonic distortion could affect equipment on shipboard causing its outages, consequently, in an 

island system, power distribution network should ensure high re-configurability after faults, damage 

or untimely switch off. However, the increased interest in system’s safety and resilience generates, 

in turn, an increase in design burden necessary to analyze the consequences of faults and demonstrate 

the system’s compliance with the relevant regulations. 

The chapter presents the models and calculation code used for simulation activities. A Simulink 

model for time domain analysis and for time varying non-linear load, as well as a Fortran model for 

harmonic domain are described. 

 

Chapter 4 and 5 - Characterization of a military aircraft carrier and Aircraft Cavour – Measurement 

campaign 

A measurement campaign onboard the ship Cavour was carried out with the aim to characterize the 

relevant electric loads on board military vessel and to validate the models of the system’s components 

to be used. 

The analysis of data collected, allows to model the behavior of loads in terms of time and frequency 

domains, thus permitting their use for the required studies. Some specific electrical loads, such as 

new electrically pulsed loads specific for military applications (e.g. radar, electromagnetic launchers, 

etc.) with high distorted current absorption were identified. Their characterization was carried out in 

order to define their contribution to harmonic disturbances and their impact on the network. A model 

validation based on a measurement campaign is carried out.  
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Chapter 6 - A New layout for an Integrated Power System Naval Unit-All Electric/Hybrid 

Different IPS architectures are defined: a full MVAC (Medium Voltage Alternate Current) power 

system, a hybrid MVAC plus MVDC/LVDC islands (Medium/Low Voltage Direct Current) and a 

MVAC 50-60 Hz, with a hybrid (electric/diesel/gas turbine) propulsion. In the architecture of the 

latter, the power of the installed engines is much lower than the first two cases. 

 

Chapter 7 - Network Equivalents in Harmonic Domain 

The needs to easily represent a complex network with high accuracy, lead to the development of a 

methodology based on aggregation of loads, creating a simplified network to carry out harmonic 

analysis. 

Different equivalent network models have been proposed that show their accuracy, through network 

impedances, and compare them with the overall representation of the network. The influence of 

cables was also studied. The best radial equivalent network was identified. 

 

Chapter 8 - Harmonic Analysis  

In order to propose appropriate solutions designed to improve power quality, the study of system 

impedance and power systems in frequency domain were studied. This analysis, carried out on the 

basis of the schematics and data load obtained in cooperation with the IT Navy, revealed some 

criticalities in the frequency range for both the systems architectures. 

As to full MVAC (Medium Voltage Alternate Current) power system and hybrid MVAC plus 

MVDC/LVDC islands, the aim was to evaluate whether or not the inclusion of capacitors (on shore, 

for power factor correction in shore connections) or filters (onboard, to reduce harmonic disturbances 

produced by propulsion systems) cause special issues, because of the high power of installed 

propulsion engines. Moreover, the advantages of DC island on electrical distribution in order to 

ensure high reliability and quality of service, in addition to the need to increase the efficiency of the 

ships’ power systems are highlighted. 

For the MVAC 50-60 Hz layout, the goal is to show how the use of hybrid (electric/diesel/gas turbine) 

propulsion where the power of engines is significantly reduced as compared to previous cases could 

solve some issues relating to power quality aspects. 

 

Chapter 9 - Reliability Analysis 

Preliminary studies about dependability, re-configurability and some top-events relevant for the 

vessel, were evaluated for all electric MVAC/MVAC "hybrid" models. The analysis of electrical 

disconnection of load areas due to a fault or an untimely tripping of the switches caused by harmonic 

disturbances was carried out. 

 

Chapter 10 - Three-Phase Short Circuit Analysis For MVAC 50-60 Hz Layout 

Preliminary evaluations were performed by analyzing the system within the perspective of given 

faults to perform system analysis in both permanent and short-circuit conditions. To highlight 

possible protection issues, the steady state condition and the three-phase short-circuit faults were 

studied and simulated under different load conditions for the MVAC architecture plus rotary 

converters, with hybrid (electric/diesel/gas turbine) propulsion. 
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Chapter I: Overview of Electrical Maritime Systems  

1.1 Electrical Propulsion System in Ships 

The concept of electric propulsion was introduced in the naval field since the nineteenth century. The 

vessels used in Europe were driven by electric motors fed by direct current [1] both in the civil and 

military field. The electric propulsion developed thanks to this technology, was favoured by the 

difficulty to create gear reducer systems, necessary to couple the propeller shaft1 with the high- power 

steam turbines axis, as they operate at different rotational speeds. 

Through the use of specific electric machines2 it is possible to diversify the speed of both engines 

and propellers. Once the difficulties related to the development of speed reducers were solved, the 

mechanical propulsion became the main system adopted in naval applications. 

The technological development of electric propulsion was to become a topic of interest after the 

Second World War, thanks to the evolution of power electronics. 

Nowadays, electric propulsion systems are widespread for passenger ships and other types of vessels 

(ferry boats, icebreakers, tugboats, etc.). 

Based on the definition, electric propulsion occurs when the motor that drives the propellers is an 

electric engine; instead mechanical propulsion is when the main engine is typically a diesel or gas 

turbine. 

The use of a diesel engine to generate the motor torque necessary to provide propulsion, implies a 

major economic disadvantage: in order to vary the power supplied to the propeller (also called brake 

power) it is necessary to operate the engine under variable rotation levels, based on sea conditions, 

ship speed, and – sometimes – on the adjustment of propeller’s pitch, when the vessel is equipped 

with controllable pitch propellers (CPP), rather than fixed pitch propellers (FPP). Adjusting the 

power by means of rotation speed variation does not allow to maintain the diesel engine at its 

maximum efficiency, i.e. at a constant RPM. This causes an increase in the specific consumption of 

fuel that, also because of engines size and hours of navigation, may result in higher operating costs. 

When performing power regulation, varying the rotation speed, it is not possible to maintain the 

diesel engine at the point of maximum efficiency (RPM constant). For this reason, an increase in 

operating costs is due to higher fuel consumption. Furthermore, it is still necessary to have additional 

prime movers to generate electricity to supply ship services. 

This system is defined as "not integrated", in so far there is a separation between the prime movers 

used for propulsion systems and those used for electricity generation to supply ship loads. There is 

no possibility for the two systems to interact. 

The evolution of the architecture was developed to share the generators both for electric propulsion 

systems and for the power supply of ship loads. This system is defined "Integrated", and allows to 

install fewer prime movers on board and, consequently, fewer auxiliary systems necessary for their 

operation; it became a flexible system, with a reduction in specific fuel consumption, operating costs, 

and an increase in plant reliability. 

The invasive adoption of electric powered equipment, both for electric propulsion and electric 

devices, led to the origin of the so-called All Electric Ships (AESs). Such ships are equipped with a 

power system supplying all shipboard loads, included propulsion, by means of a common set of 

generators. Because of this, and thanks to its possibility to reroute the power wherever is needed at 

a specific time, the power system was called Integrated Power System (IPS). 

                                                      
1 In the mechanical propulsion, it is necessary to develop a shaft that connects the axis of the main motor to the 

axis line on which the propeller is keyed. This shaft across the entire distance between the engine room and the 

installation point of the propeller, sometimes reaches considerable lengths. 
2 For example, a coaxial group with an internal combustion engine, a dynamo, a direct current motor, allows 

to vary the propeller speed keeping the main mover at constant RPM, therefore working at the point of 

maximum efficiency 
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An Integrated Power System can be considered equivalent to a land power grid, where generation, 

distribution, and utilization of the electric power coexists in a limited space (an example is shown in 

Figure 1). In an All Electric Ship, the Integrated Power System is the core system, being every load 

electrically powered. Losing power generation (blackout) means losing the ship control, which can 

lead to harmful consequences for people, things, and the environment. 

Nowadays the AES concept is widely applied on large ships: only ships with special requirements, 

such as high speed or peculiar fuel, still use mechanical propulsion. 

Other applications of AES concepts are: ferries, oceanographic ships, gas carriers, cable/pipe laying 

vessels, oil & gas dedicated vessels and platforms, icebreakers, and mega-yachts.  

Different reference should be made for the military area, where mechanical propulsion solutions have 

so far been the only option considered. This is because of both high speed and reliability requirements 

of naval vessels, which led designers to focus on well-proven technologies. However, in recent times 

greater attention was paid to electric propulsion also in the military area. This was clearly 

demonstrated by the growing number of research projects on this type of propulsion in all the most 

technologically advanced navies with the construction of new all-electric military ships [2] [3] [4]. 

 

 

Figure 1 - Typical cruise all electric ship integrated power system [5] 
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1.2 Electric Propulsion – Historical overview 

Figure 2 reports a timeline listing the main milestones in marine vessels power systems [6]. 

A brief description of famous and historical ships that used electric propulsion in the past is reported. 

 

Figure 2 - Historical highlights of the evolution of marine vessels’ electrical power systems: timeline. 

Amerigo Vespucci - Figure 3 

The ship has been in service since 1931, and it is currently employed by the Italian Navy as a school 

ship of the Naval Academy in Livorno. Built as a sailing ship, over the years it received a lot of 

upgrades/refitting’s and today it is equipped with 2 diesel/dynamo Fiat B-306-ESS groups, and a 

Marelli electric engine which drives 1 axis with a fixed blade propeller. The total power installed is 

1471 kW [7]. 

 

Figure 3 - Amerigo Vespucci 
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Normandie - Figure 4 

It was built in France as an ocean liner that connected "Le Havre" to "New York". In service since 

1935, it reached a speed of over 30 knots. It was equipped with:  

 29 boilers with naphtha combustion;  

 4 cylindrical auxiliary boilers with smoking pipes, which operated 4 steam turbines 

connected to alternators. 

The generators, which powered 4 synchronous electric motors (each by 30 MW power) coupled to 4 

propellers, produced a variable electric system frequency (0 ÷ 81 Hz) for a 120 MW total power.  

The advantages were: 

 the possibility of rotating the propellers at different speeds from those of steam turbines 

without mechanical speed reducers; 

 steam turbines were installed in the lower areas of the hull, to the advantage of stability, since 

the generators did not need to be mechanically connected to the electric propulsion engines; 

 propeller reversal rotation was obtained without the use of an auxiliary turbine [8]. 

 

Figure 4 - Normandie 

Queen Elizabeth 2 – Figure 5 

Property of Cunard Line from 1969 to 2008, it was used both as a transatlantic and cruise ship (apart 

from a short period during the Falklands War, when it was used for troops transportation). Originally 

equipped with three boilers supplying 2 steam turbines, as a consequence of serious reliability issues 

and operating costs due to fuel consumption, it was upgraded with the replacement of the steam 

system with a Diesel-Electric system. The new architecture had nine motor-generator groups (10.5 

MW) at 10 kV rated voltage. The system powered both the ship services and the two 60Hz 

synchronous electric motors (44 MW at 144 RPM), which operated two variable pitch propellers. 

The two propulsion engines were powered by a synchronous inverter, at low speeds up to 72 RPM, 

and directly from the 60 Hz network for speeds above 18 knots, varying propellers pitch [9]. 

 

Figure 5 - Queen Elizabeth 2 
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1.3 Naval Classification 

Nowadays, many ships characterized by different power, dimensions and utilizations, sail the 

commercial routes in maritime world transport. 

Ships are classified based on their field of use and the type of on-board energy generation system.  

A general overview of the various types of ships in the world is reported in [1]. 

1.3.1 Field of use  

Ships for passenger transport  

It includes cruise ships, transatlantic ships, ferryboats and yachts. This type of boat is characterized 

by high standards in terms of comfort and hull vibrations, as well as high standards of safety and 

system reliability. 

Private companies rather than public ones own these ships; a common prerogative is to reduce 

operation costs and increase ship manoeuvrability (a cruise ship is currently able to rotate with 

millimetric precision). 

 

Figure 6 - From left to right Cruise ship (Costa Diadema), Ocean Liner (Queen Mary 2), Ferryboat (Normandie 

Express), and Yacht (Fincantieri Mars) 

Cargo ships  

Cargo ships are both Tankers (oil tankers, chemical tankers, gas tankers or methane tankers), used 

for fluid or gas carriage and ships the carriage of solid materials (container or bulk carriers). In the 

first category, common safety standards for the carriage of flammable fluids and gases, or for highly 

dangerous chemicals are required. The second has a high load capacity with a heavy ship weight. 

Sophisticated loading/unloading and materials storage systems are required. 

 

Figure 7- From left to right Oil tanker, Gas tanker (Golar Frost), Container ship (Maersk Triple E), and Bulk Carrier 

(Beluga Nomination) 

Ships for the Oil & Gas application 

This category includes units for oil and natural gas drilling, extraction and treatment, ships for oil 

platforms building, transportation and assembly, as well as production support vessels. All the above-

mentioned ships meet the same requirements: oil and gas are often located in extreme environments, 

especially for offshore platforms, and the structures are therefore subject to high mechanical stress 

within adverse climatic conditions. For these reasons and for the need to operate them in specific 

locations, all these units are equipped with a "Dynamic Positioning": using GPS technology and radar 

systems for geolocation.  
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Figure 8 - From left to right: oil platform (Troll A), Lifting platform (Saipem 7000), Pipelayer (MV Solitaire), and 

Floating production platform (Maersk Peregrino) 

Warships  

Warships require maximum performance in terms of speed and autonomy, as well as resistance to 

damage. Different innovative technologies converge on on-board systems and high reliability 

standards are required. Warships include a very large number of categories, depending on the mission 

they perform. 

 

Figure 9 - From left to the right FREMM (F590 Carlo Bergamini), USS Ohio (SSGN 726), USS Nimitz (CVN-68), USS 

Independence (LCS-2) 

Other ships 

Other types of ships are listed below: 

 

 icebreakers: ships equipped to sail through frozen areas and open the route to other ships 

that, otherwise, would be unable to reach some areas of the world. Some of these ships also 

carry out scientific research activities; 

 dredges: ships equipped to underwater excavation of harbours seabed, canals, rivers or lakes. 

They remove any deposited sediment, dangerous for navigation; 

 fishing Ships: cover almost all world seas, engaged in fishing activities preserving also a 

great variety of fish species; 

 semi-submersible ships: units designed for sea transportation of big structures that cannot be 

transported by land or sea. Moreover, they are suitable for the sea recovery of ships and/or 

platforms unable to get back to ports because of damages. 

 

 

Figure 10 - From left to right: Icebreakers (CCGS Amundsen), Dredge (TSHD Cristobal Colon), Fishing ship (Northern 

eagle), and Semi-submersible ship (Dockwise Vanguard) 
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1.3.2 On-Board Power 

Ships are commonly defined based on the typology of power plant systems installed on board.  

In particular, the three typical architectures are the following: not integrated, integrated and hybrid.    

Not integrated system 

In a non-integrated power system, some engines are dedicated for ship propulsion, while others are 

destined to feed the engines’ auxiliary systems and ship services. These two systems are completely 

separate and unable to mutually interact. Moreover, there are mechanical propulsion issues, such as 

the variable RPM engine (maximum efficiency is not reachable), critical speed of the propulsion 

system3, and complex manoeuvres for crash stops4. 

Integrated systems 

On-board power systems share the electric generators to feed both ship services and electric motors’ 

auxiliary systems as well as the electric propulsion system. 

Hybrid systems 

All electric systems require the installation of high power and generally very bulky machines.   

A hybridization of generation systems is carried out to obtain more space available on board.  

In the military field these types of systems are often used, even for the high speeds required.  

Possible configurations are reported: 

 CODAG (COmbined Diesel And Gas) and CODOG (COmbined Diesel Or Gas): these 

systems involve the use of diesel engines and gas turbines for propulsion, and they differ for 

the simultaneous use (CODAG) or the exclusive use (CODOG) of two generation systems. 

In both cases, diesel engines are used in lower speed ranges, while gas turbines are used to 

reach maximum speeds. 

 

 

Figure 11 - a) CODAG; b) CODOG 

1.4 Electrical Generation On Board  

The choice of the system for electrical generation is the main important step of electrical naval 

design. The choice of generation units selected based on their type, number and size takes into 

account a great number of aspects and technical-economic requirements. 

A difference with a common electrical industrial grid is the surrounding environment of use.  

                                                      
3 Rotational speeds of the axis-motor in which the vibrations are greater, sometimes even dangerous, as 

compared to other speed ranges, due to resonance phenomena of the rotating systems.  
4 Operations to perform an emergency stop. A ship sailing at a constant speed, has greater inertia, due to its 

weight. It moves forward for a few miles if no braking action is carried out. 
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On board humidity levels and ambient temperature (45° and 55° C, respectively for common zones 

and electrical panels/machines rooms) may reach high values with possible difficulties for heat 

dissipation.  

Moreover, many standards and regulations affect design decisions related to safety and security, 

reliability, vulnerability and systems redundancy. First of all, the International Convention for the 

Safety of Life at Seas imposes fundamental requirements (IMO SOLAS 19745 [10]). The first version 

was written in 1914 in response to the Titanic disaster. The most important concept, upon which the 

standard is based, is that the ships, engaged on international voyages, must return back to port in 

whatever condition (damage and malfunctioning) to ensure the safety of the people and equipment 

on board.  The standard reports that the normal operational and habitable condition is a condition 

under which the ship as a whole, the machinery, services, means and aids ensuring propulsion, ability 

to steer, safe navigation, fire and flooding safety, internal and external communications and signals, 

means of escape, and emergency boat winches, as well as the designed comfortable conditions of 

habitability are in working order and functioning normally. Emergency condition is a condition under 

which any services needed for normal operational and habitable conditions are not in working order 

due to failure of the main source of electrical power. 

Electrical installations shall be such that: all electrical auxiliary services necessary for maintaining 

the ship in normal operational and habitable conditions will be ensured without recourse to the 

emergency source of electrical power, electrical services essential for safety will be ensured under 

various emergency conditions; and the safety of passengers, crew and ship from electrical hazards 

will be ensured. 

Starting from these simple rules, a common design is the installation of two electric power generation 

plants located in two different sections of the ship in separate compartments.  

As a result of a fire, a flooding or malfunction of one electric generation plant, it is however possible 

to get back to port with a system performance degradation due to the limited power available from 

the other generator. The same approach could be applied to propulsion systems. It is possible to 

increase the ship’s reliability by installing propellers with two axis lines and two propulsions motors 

with two drivers installed in different and separate zones of the ship [11].  

In addition, the generating sets shall be such as to ensure that with any one generator or its primary 

source of power out of operation, the remaining generating sets shall be capable of providing the 

electrical services necessary to start the main propulsion plant from a dead ship condition. The 

emergency source of electrical power may be used for the purpose of starting from a dead ship 

condition if its capability either alone or combined with that of any other source of electrical power 

is sufficient to provide at the same time those services required to be supplied by regulations. 

A total system failure need two failures events at the same time and its probability is the product of 

the singular failure probability. Therefore, by increasing redundancy of the equipment, the overall 

reliability will improve.  

Inside the power plants, the power is subdivided into two or more groups (DDGG – Diesel Generator) 

in order to ensure the nominal power also in case of unavailability of one generator (N-1) and manage 

the navigation operational profile of the electrical system operating the Diesel generator at function 

point with maximum efficiency (75% for Diesel relating to MCR6) as shown in Figure 12.   

In power plants design a 10 % more of power is consider to taken into account the increase of 

electrical loads or new equipment that will be install during the years (Life cycle is 20-30 years).  

                                                      
5 The present regulations, unless expressly provided otherwise, do not apply to: ships of war and troopships, 

cargo ships of less than 500 gross tonnage, ships not propelled by mechanical means, wooden ships of primitive 

build, pleasure yachts not engaged in tradem, Fishing vessels. 
6 Max Continuous Rating: nominal power in continuous service 
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Figure 12 - Specific Fuel Consumption Related To The Percentage Power   

Over the years, as regards the electric machines used for electrical generation, the evolution from a 

synchronous machine with main coaxial exciter (DC current generator) was a synchronous machine 

with static exciter or a permanent magnets machine with 50 or 60 Hz frequency. The polar pairs 

ranging between 1 and 8 respectively for high-speed turbo-generator (3000/36007 RPM) and 

generator coupled with a medium speed Diesel engine (375-4506 RPM). 

In naval power network, the short circuit power (Psc) is low8, especially in operation profile with low 

power consumption, with one or two operating generation groups. 

The break of one generation unit during navigation is more dangerous than in land systems, where 

the power deficit could be filled by the rotating reserve thanks to the grid interconnection.  

Inside the ship the rotating reserve assumes lower values that could pose a critical situation. 

Another aspect influencing the stability of the network is that electrical loads with a nominal power 

comparable with the size of power generators are installed on board. 

To manage the insertion of high power loads it is necessary to adopt a soft starter strategy or 

sequential insertion and frequency and voltage regulators having stability dynamic performance. 

The frequency and voltage regulator combined with the automation system coordinates generators 

insertion and detachment, thus reconfiguring the network thanks to generators operation ad faults. 

A gas turbine could be coupled with diesel generators reaching 50 MW nominal power. 

Gas turbines are lighter and with greater power density; it is possible to install them in areas above 

the vessel’s gravity center without any loss of stability. 

For example a Rolls Royce MT7 gas turbine (5 MW) weighs 440 kg and occupies 1 m3 volume, 

while a Wartsila 16V26 Diesel Generator of the same electrical power weighs 70 Tons and occupies 

96 m3 volume.  

The use of gas turbines is limited to specific applications because the high specific consumption of 

fuel increases if the turbines operate under 50 % of their nominal power, as show in Figure 13. 

 

                                                      
7 Referred to 60 Hz application. 
8 In naval network it is not possible to adopt the short circuit equivalent model adopted for generator with 

infinite Psc 
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Figure 13- Specific Fuel Consumption Related to the Axis Power Generated 

Moreover, an axis gear speed reducer is required to make the turbines speed compatible with the 

propellers speed or the electric generator. It introduces extra losses that constitute a weakness of the 

system.  

The gas turbines are used to reach high speed (frigates, cruisers, aircraft carrier, etc.). 

To improve the overall efficiency of gas turbines it is possible to couple a steam system with thermal 

energy recover to produce electrical energy and hot water for on board auxiliary system. 

1.5 Energy distribution  

Energy distribution starts from power stations, where power generation is subdivided and installed 

in the main electrical panels. The groups9 are divided into at least two bars (reliability standard), with 

the possibility of parallel operation by closing a special bar-joint.  

The on board power plants supply the entire vessel’s loads dislocated into different areas of the ship.  

For example ambient temperatures in engine rooms reach high value and these rooms are subject to 

fire and explosion risks; the equipment installed outside the ship is subject to bad weather condition, 

electrical loads for medical use, indeed, need high safety standard, etc. 

Network layouts, voltage levels and neutral operation, generally adopted on board are illustrated in 

the following chapters [12] [13]. 

1.5.1 Network layout 

The energy distribution system could be defined as radial, double radial, or meshed network. 

 radial network (Figure 14a): it is the simplest layout, the main electrical panel has a single 

section from which all sub-electrical panels are supplied. This layout is the least reliable, 

because any failure of the main bus-bars can lead to the collapse of the entire electrical 

system. 

 compound Radial network (Figure 14b): it is an evolution of radial network where the main 

bus-bar is divided into two section with Sub-electrical panel distribution. They divide the 

power supply to various areas of the ship. Essential load (high continuity requirement) could 

provide a cross connection supply coming from a separate section, powered by an 

independent power source. An evolution, adopted by Italian Navy, is the double radial 

network where each ship zone can be fed from one power station or another. 

                                                      
9 For example, in power plants only Diesel generators are installed, while in others there are only gas turbines. 
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 meshed network (Figure 14c): this system has high reliability level, it is possible to 

reconfigure the system during a fault, by isolating the faulty electrical section. In this type of 

network, it is possible to adopt directional protections to increase fault selectivity. 

 

 

Figure 14- a) Radial b) Compound Radial c) Meshed 

1.5.2 Voltage levels 

Voltage levels are dictated by power generators and loads installed on board, and classes and 

insulation distances of the equipment, as well as the type and number of power wires must be sized 

based on them. Depending on network layout and installed power, more voltage levels are suitable, 

differentiating into primary, secondary and terminal distribution. In primary distribution voltage 

levels depend on the total power installed. Medium voltage generation and distribution systems for 

large ships normally provide 11 kV voltage level for 20 MW generation power plant and engines 

with power greater than 400 kW, while 6.6 kV distribution voltage is adopted from 10MW to 20MW 

generation power plants and engines with maximum powers around 300 kW. Other standardized 

voltage levels (4.16 kV, 3.3 kV, 1 kV) are used according to the geographical area of ship 

construction, in compliance with the different standards in force. In small boats such as yachts 

ranging from a few megawatts up to about 12 MW of installed power, voltage generation and 

distribution level normally occurs with 400 V and 690 V at 50 Hz, 115 V and 440 V at 60 Hz [14], 

[15].  Figure 15 shows the range of voltage levels relating to the power installed. 

 

Figure 15 - Nominal Voltage Related to the Power Installed 
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1.5.3 Neutral operation 

In three-phase four-wire networks, the neutral conductor is connected to the neutral point of the 

transformer or the generator that supplies the network.  

In normal operation (symmetrical sinusoidal regime), the neutral conductor is located at ground 

potential and therefore voltage and current do not change. In perturbed conditions, during short-

circuits dissymmetric on the ground, voltage and currents on the ground depend on neutral 

connection. 

The three-phase transmission and distribution networks are designed and operated in such a way that 

they are as much symmetrical as possible. However, networks can work in a dissymmetric regime 

when phase to ground or phase to phase short circuits occurs. 

The value of the fault current must be evaluated as it depends on the coordination of protections and 

the damaging effects at the point of failure, as well as the pitch and contact voltages that are generated 

to the ground. The value of temporary overvoltage must be evaluated for the dimensioning of the 

equipment insulation, components and users, as well as for the assessment of the risks of 

electrocution by direct contact. 

We can devise two diametrically opposed ways of operating the network neutral: 

 Neutral connected directly to the ground; 

 Neutral isolated from the ground. 

A third mode of neutral operation the ground connection through impedance is also implemented by 

several network operators, especially in MV networks. 

This solution permits to limit the current values and, at the same time, to reduce over-voltage phases 

not affected by failure. The ground connection impedances of the neutral can be of different types 

and values; among them, the solutions generally adopted are: resistance, inductive reactance, and 

inductive reactance in parallel with resistance. 

Neutral Grounding via resistor allows to limit single-phase fault currents to ground and permits line 

protection through simple homo-polar amperometric relays. The use of inductance instead reduces 

the earth fault current at negligible values. Neutral grounding through inductance in parallel with a 

resistor compensate the capacitive earth fault current and keeps the current at low values that are 

detectable by traditional relays. Figure 16 shows, the various neutral layout admissible [16]. 

 

Figure 16 - a) Neutral Isolated b) Neutral Grounded Directly c) Neutral Grounded by Resistance d) 

Neutral Grounded Via Impedance 

Common neutral operation architecture in maritime electrical systems are discussed. In particular, 

the list below reports the common neutral operation solution for power generators, and for primary 

and secondary distribution of naval systems [13]. 

 power generators and primary distribution: it is better to operate generators with neutral 

isolated from the ground, or connected by impedance. In this case the earth fault currents 

are reduced to low values (few amps) generally tolerated by the machine windings. 
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The solution with grounded neutral by high value impedance is a compromise between 

isolated neutral systems (high over-voltages and low ground fault currents) and systems 

with neutral directly connected to the ground (high ground fault currents). In both cases, a 

first fault with relative insulation loss allows to keep the system operating without tripping 

the protections. Obviously, is necessary to repair the fault to avoid that the first fault evolves 

into a double ground fault, that is more dangerous in an isolated system. The insulation level 

is continuously monitored; 

 secondary distribution: in the past, when the on-board systems were not very large and with 

low power generation, the secondary distribution system was a single-phase network with 

two/three insulated conductors with a medium point of the transformer connected to the 

ground. Today, due to the increase in power generation, the three-phase system with 

distributed neutral is, in most cases, not connected to the ground. Therefore, it is possible to 

arrange the phase-to-phase and phase to ground voltage. The secondary distribution network 

is generally distributed radially with the possibility of double switchboard power supply via 

two different lines, implementing the reserve connection. 

 

Table 1 summarizes the distribution systems used on board, differentiated by voltage level and by 

sector of use. 

Table 1 - Neutral Operation for Different Distribution Systems 

 Medium Voltage Low voltage 

Power Generators Ground with impedance  isolated  

Primary distribution Ground with impedance  isolated  

Secondary distribution/essential 

load 
 isolated  

Secondary distribution/non 

essential load 
 

To the ground with differential 

protection device 

Electric propulsion supply 
Isolated or to the ground with high 

value impedance 

Isolated or to the ground with high 

value impedance  

 

1.6 Electric propulsion system 

A brief description on common electric propulsion engines is reported; it highlights different 

characteristic and performance based on their field of use [13].  

DC motor: it was the first type of electric machine used for ship propulsion. Nowadays DC engines 

have been replaced by synchronous or asynchronous alternating current engines because of better 

performances. DC motors were limited to low power applications, due to the problems related to 

high currents switching on the machine’s collector and the presence of brushes. 

Asynchronous AC motor: it is the most widespread and used engine in the world thanks to its low 

manufacturing costs, robustness and reliability, as a result of the limited number of constituent parts 

and the absence of sliding contact. Rotation speed depends on frequency of voltage supply and it is 

characterized by lower starting torques as compared to nominal ones. 

As for weight and dimensions, they are similar to synchronous AC motors also in size. For example, 

a 20 MW asynchronous machine (AIM) occupies about 18 m3 and weighs about 70 tons, while a 

synchronous equivalent with permanent magnets (Jeumont axial flow) occupies about 17 m3 and 

weighs about 65 tons [17]. 

The definition of poles number and stator winging phases, as well as a targeted structures design, 

could reduce the noise produced. This is an important aspect for passenger transport vessels but even 

more in military vessels, whose safety also depends on their level of detection, so it is essential for 

them to reduce acoustic emissions. 
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Synchronous AC motor: it is widely used, on cruise and military ships. These machines are versatile 

and operate indifferently either as electric motors or as generators, without performance losses. 

Synchronous machines, in a CODLAG system, operate as electric motors to drive propellers, and 

also as generators (SG) producing electrical energy when the propulsion is entrusted to the gas 

turbines that are coupled to the axis lines through speed reducers. 

Synchronous machines can be subdivided into two manufacturing types: with rotor winging field and 

permanent magnets. The first ones regulate the machine excitation both in normal and emergency 

operation; they have additional losses (Joule losses in the inductor windings). 

Adopting a brush and ring system for feeding the rotor circuits, they are globally more cumbersome 

compared to permanent magnet machines. For these reasons, they are not used as engines for ship 

propulsion. 

Exceptions are synchronous machines with rotating diode excitation, in which a transformer with 

wound stator and rotor, is used instead of the ring and brush system. The rotor is connected to a 

rectifier bridge, which feeds DC power supply to the field winding of the synchronous machine. The 

transformer and the synchronous machine are coaxial, and the transformer’s rotor, the diode bridge 

and the synchronous machine field winding are arranged on the same drive shaft. 

Permanent magnet synchronous motors could be adopted in ships. The inductor’s magnetic field is 

not provided by a winding, but by permanent magnets installed inside the rotor. They are extremely 

compact and need low maintenance, while it is possible to regulate the magnetic field produced by 

the rotor only with appropriate modulation techniques through electronic drives. The permanent 

magnet synchronous machines are classified, according to the type of magnetic structure, in axial 

flow, radial flow and transverse flow. The first ones are characterized by a flat rotor upon which the 

permanent magnets are mounted, and by a stator (flat) where stator windings are placed. 

The magnetic flux spreads in axial direction, parallel to the rotation axis, making the machine 

extremely compact. Moreover, it is possible to exploit modular structures, through several rotor and 

stator stages, to increase the nominal power and maintain a high power density in extremely compact 

spaces. Radial flow machines are the most traditional, they have a mainly axial distribution and are 

the ones with higher rotation speeds performance, unlike axial flow synchronous machines that 

display problems due to centrifugal forces. Transverse flow machines are composed of a ring 

comprising the permanent magnets, which rotates between two rings constituting the stator windings 

and being coaxial to the rotor ring. The magnetic flux produced by these windings passes through 

the rotor ring through a series of stator expansions. In addition to the described categories, engines 

for naval propulsion exploiting the technology of high-temperature superconducting materials are 

being developed to obtain more compact and higher power density machines. 

Figure 17 shows a comparison between a traditional synchronous motor and a synchronous motor 

with high temperature superconductors. 

. 

Figure 17 - Comparison Between A Traditional Synchronous Motor and A Synchronous Motor with High Temperature 

Superconductors 
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1.7 Electric propulsion’s driver 

Widely used power converters for electric propulsion’s drivers are: 

 AC/DC converters for direct current engines; 

 current source inverter (CSI) for AC engines, generally synchronous motors; 

 cyclo-converters for AC motors, generally synchronous motors; 

 voltage source inverter (VSI), generally for asynchronous motors. 

DC Converters for direct current motors 

The most commonly used naval propulsion’s DC engine had an independent excitation circuit, in 

which the power supply of the excitation winding was separated from that of the armature winding.  

A converter manages mechanical parameters, such as the torque and the rotation speed.  

In particular:  

𝑉𝑑 = 𝑘 ∙ 𝜙(𝐼𝑓) ∙ 𝑛 

 

Where Vd is the Armature circuit supplying voltage, k is a manufacture constant, 𝜙(𝐼𝑓) is the 

excitation flux generated by the field circuit current (𝐼𝑓) and n is the mechanical rotation speed.  

To speed adjustment, armature voltage or magnetic flux excitation control is required, keeping one 

of the two variables constant and adjusting the second one. Moreover, the supplied torque is 

proportional to: 

𝑇 = 𝑘 ∙ 𝐼𝑑 ∙ 𝜙(𝐼𝑓) 

 

Where T is the axis mechanical torque produced and Id is the current of the armature circuit. Also, in 

this case, by alternately adjusting one of the two variables it is possible to adjust the mechanical axis 

torque produced.  

A main thyristor bridge is used to supply the armature circuit, while an auxiliary rectifier supplies 

the excitation circuit power supply. If the engine drives a fixed pitch propeller, it is possible to 

guarantee the maximum available torque for all the speed range, up to the nominal value, performing 

speed regulation by controlling the armature voltage.  

The Vd is linked to the supply voltage of the AC system: 

𝑉𝑑 =
3√2

𝜋
∙ 𝑉𝐿𝐿 ∙ 𝑐𝑜𝑠 𝛼 ≅  𝑉𝑑0 ∙ 𝑐𝑜𝑠 𝛼 

Where VLL is the nominal rated voltage of AC system, α is the thyristors’ triggering angle. By varying 

the angle α between 0 ° and 180 ° (for stability reasons the variation range is about 15 ° ÷ 150 °) it is 

possible to supply the dc engine with a voltage ranging between ± Vd0.  

The disadvantage is that, since the cos 𝛼 ≅ cos 𝜑 relation is valid, the drive absorbs current with a 

variable power factor between 0° and 180°, and proportional to speed rotation [18]. 

 

 

Figure 18 - A) Thyristor Bridge Drive for DC Propulsion Motor B) Grid Side Voltage And Current Absorbed By Converter C) Trend 

Of The Electrical Parameters According To The Rotation Speed 
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CSI current source inverter 

A current source inverter, also called Synchronous inverter, is characterized by: a thyristor bridge 

that performs AC/DC conversion, a direct current link with smoothing inductor and a full bridge 

DC/AC converter that feeds the electric motor. This type of drive is often used to supply synchronous 

engine but, with some changes, it can also supply asynchronous engines. 

The polarization of the thyristors is obtained by means of e.m.f. generated by the synchronous motor 

in over-excitation, absorbing capacitive reactive power. 

The synchronous converter can supply only a synchronous motor. To couple it with an asynchronous 

motor, it is necessary to insert a capacitor bank between inverter and engine, to supply the reactive 

power needed and an auxiliary thyristors switching, to manage speeds lower than 60% of nominal 

speed due to insufficient e.m.f. when the valves are turned off. 

With synchronous motor, the stator windings absorb rectangular currents from the inverter, as shown 

in Figure 19.a, with a high harmonic content [19]. 

 

 

Figure 19 - a) Stator Currents Absorbed By The Synchronous Motor From The Inverter b) Trend of The Magneto-motive 

Stator Force Within The Period of The Mains Supply Voltage 

Figure 19a shows that within a period of the network voltage each thyristor conducts for 60 electric 

degree. Figure 19b shows that also the magneto-motive force related to the stator phases vary every 

1/6 of the period. The trend of the stator magnetomotive force (m.m.f.) is transformed into multiple 

frequency torque pulses, in so far it is linked to the stator magnetic flow by the following: 

𝑇𝑒𝑚 = 𝑘 ∙ 𝛷𝑒 ∙ 𝛷𝑎 ∙ 𝑠𝑖𝑛 𝛽 

Where Tem is the air gab electromagnetic torque, k is a manufacture constant, Φ𝑒 and Φa are 

respectively the excitation and armature magnetic flux, β is the electrical angle between Φ𝑒 and 

Φavectors. 

While the excitation magnetic field rotates at a constant speed, the one induced by the stator currents 

takes on a jerky pattern, from which the high frequency ripple of the driving torque arises. 

To mitigate this phenomenon it is possible to adopt double stator windings, to obtain homonymous 

phases e.m.f. of 30 electric degree offset. The number of positions assumed by the magnetic field 

passes from 6 to 12, decreasing the torque ripple. 

Finally, to reduce the currents harmonic distortion, it is possible to use multiple-pulse reactions, 12, 

18 or 24 pulses, significantly reducing the current total harmonic distortion. 

Figure 20 shows an electric drive with two synchro-converters supplying a synchronous motor with 

dodecaphase reaction. 
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Figure 20 - a) Synchronous Converter for Synchronous Motor b) Trend of The Electrical Parameters Relating Rotations 

Peed 

Cyclonverters 

The cycloconverter is a device consisting of two full bridge thyristors connected in antiparallel. It 

converts an alternating voltage with constant frequency and amplitude into an alternating voltage 

with variable frequency and amplitude. This conversion occurs in a single stage, without continuous 

connection (DC link), linearly varying the α trigger angle of the thyristors. A voltage close to the 

sine wave is obtained. 

This drive is mainly used with synchronous motors; with three single-phase cycloconverters it is 

possible to supply the stator windings of the synchronous machine (Figure 21a). 

 

Figure 21- a) Drive with Three-Phase Cycloconverter to Supply a Synchronous Motor b) Motor Supply Voltage Obtained 

By Selecting Defined Segments Of Network Voltages 

Figure 21b shows output voltage waveform obtained by selecting a defined segment of the input 

waveform. The current harmonic content of the input depends on the ratio between the input/output 

voltage frequency which cannot decrease below 2.5 (the output frequency can be maximum 40% of 

the input frequency). The main advantage is the high torque value available at low speed, being 

therefore suitable for propeller systems of icebreakers, passenger and dynamic positioning ships. The 

network power factor depends on the engine’s voltage and varies with the speed ranging between 0 

÷ 0.75. It is possible to fulfil multi-pulse configurations to limit the current harmonic content 

absorbed by the network, Figure 22 shows a diagram of a three-phase cycloconverter with 

dodecaphase configuration. 
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Figure 22– Cycloconverter for Synchronous Motor 

VSI voltage source inverter 

The most widely used voltage source inverter electronic switches with forced commutation are: 

 IGBT (Insulated Gate Bipolar Transistor); 

 GTO (Gate Turn Off Thyristors); 

 IGCT (Integrated Gate Commutated Thyristors). 

The frequency conversion is performed in three stages as reported in Figure 23: a direct current stage 

(DC link) is obtained from the power supply via rectifier. It is characterized by a constant voltage Vd 

maintained by a LC filter designed to dampen the voltage ripple limiting the absorption of current 

harmonics from the network.  The DC voltage is transformed into a symmetrical three-phase voltage 

by an inverter using voltage modulation techniques for feeding the engine windings.   

The interdiction of the circuit-breakers is operated through an external control logic circuit. Thanks 

to this solution it is possible to use this type of converter with asynchronous motors, reaching 

significant powers, also at low speed. 

 

 

Figure 23 - Driver with Impressed Voltage Inverter 

The most common modulation techniques to obtain output voltage are: 

 scalar control: it is the simplest control technique based on the stationary electric model of 

the asynchronous motor. It has a poor dynamic performance, as model parameters strongly 

depend on frequency, temperature, etc. Furthermore, the output voltage contains high 

frequency oscillations and widely varying switching losses; 
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 rotor flux vector control: the method is based on the voltage vector model, flow and motor 

currents in a rotating coordinates system. It is possible to decouple the machine flux and the 

torque, and independently control the two parameters. This technique requires coordinates 

transformation and contains highly variable parameters, especially resistances varying with 

temperature. A sensor system is therefore necessary for monitoring these parameters; 

 direct Torque Control: based on machine flux and torque decoupling, direct Torque Control 

can be obtained using electrical parameters in a coordinate system that is integral with the 

stator. Independence from the machine’s parametric variations is ensured; on the contrary, it 

requires a greater calculation capacity than the rotating coordinates. The main advantage is 

the use of a system without speed sensors, as only power voltages and currents are detected. 

For Medium Voltage drives, it is necessary to have appropriately designed electronic switches, which 

can tolerate higher voltages, currents and frequencies involved.  

Multilevel converters can be used, these are converters in which the output voltage takes three or 

more output values, thus improving the output waveform and its harmonic content.  

Figure 24 shows a three-level source voltage-drive diagram (Integrated Gate Commutated 

Thyristors) for a 3.3 kV MV system, and the related output quantities. 

 

Figure 24- a) 3.3 kV Integrated Gate Commutated Thyristors Drive b) Drive Architecture c) Output Trend 

Table 2 summarizes the drivers’ characteristics seen previously; the first column reports the 

characteristics related to the engines’ direct insertion into the network. 
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Table 2- Drive Features 

 
DOL10 

SCR DC Motor 

Drive 
cycle converter 11 CSI12 (LCI) VSI13 DTC 

Insertion current 5 ∙ 𝐼𝑛 ≈ 0 ≈ 0 ≈ 0 ≈ 0 

Starting torque 2÷3 x nominal 

torque 
≈ 0 ≈ 0 

Up to a 50% 

nominal torque 
≈ 0 

Power consumption, for low 

thrust 

≈ 15% nominal 

power 
≈ 0 ≈ 0 ≈ 0 ≈ 0 

Current, for low thrust 45÷55% della 

nominale 
f (torque) f (torque) f (torque) ≈ 0 

Power factor, at nominal load ≈ 0.85 > 0.9 > 0.76 > 0.9 > 0.95 

Variation of the power factor 

with the load (cosφ) 
0.15 ÷ 0.85 

(non linear) 

0 ÷ 0.9 

(proportional 

speed) 

0 ÷ 0.76 

(proportional 

speed) 

0 ÷ 0.9 

(proportional 

speed) 

> 0.95 

(constant) 

Dynamic response (power, 

torque) 

3÷5 sec 

(propeller pitch 

control) 

<100 ms <100 ms lower <10 ms 

Pulsations of torque nothing smooth smooth pulsating smooth 

Zero push transition Smooth if 

negative thrust is 

allowed 

Non continuous smooth pulsating smooth 

Full load efficiency high low high high high 

Harmonic distortion a 

- low speed / thrust 

- high speed / thrust 

None 

None 

f (torque) 

f (torque) 

f (torque) 

f (torque) 

f (torque) 

f (torque) 

None 

f (power) 

Short circuit contribution 5x nominal 

power 
No No No No 

Changes for adaptation to 

some types of engines 
- Several Several Yes No 

Switch presence No Yes No No No 

 

1.8 Regulatory requirements and naval registers relating to environmental conditions  

The environmental conditions that arise on board the ship are very critical, high humidity and 

temperatures, mechanical stresses, such as vibrations as a result of the ship’s movement or of 

mechanical origin (engines first), all contribute to creating an extremely heavy and aggressive 

environment that requires the use of particularly robust electrical equipment. 

For ships without navigation restrictions the reference temperature for enclosed spaces varies from 

+ 5° C to + 45° C, for ships with navigation in specific areas (e.g. outside tropical areas) the maximum 

operating temperature assumed is equal to 40° C. Standard provisions for humidity conditions 

provide a value of 95% at 55° C. 

The required level of vibrations varies in relation to the location of the electrical component. For 

installations in command and control stations, on exposed bridges or in entertainment spaces of the 

various rooms on board, the field verification required for the responsiveness to vibrations varies 

from 2 Hz to 13.2 Hz with a width of 1mm and from 13.2 Hz to 100 Hz with an acceleration of 0.7g 

(1g = 9.8 m/s2). Power quality parameters such as voltage variations between +6% and -10%, and 

+/-5% frequency values are also provided by standards. For the harmonic content of systems without 

main loads, controlled by power converters through synchronous generators, the total level of 

harmonic distortion of the voltage must not exceed 5% and the single harmonic must not exceed 3% 

of the fundamental. In the presence of loads controlled by static converters the single harmonic does 

not exceed 5% of nominal voltage up to the 15th order of harmonics and the total level of harmonic 

distortion admitted not must exceed 10%. For the presence of those equipment which allow the 

                                                      
10 Asynchronous motor coupled with orientable propeller  
11 Synchronous engine 
12 Synchronous engine 
13 Induction asynchronous motor 
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dissemination or transfer of signals through electromagnetic waves or for radar plants or radio link, 

registers also prescribe checks for aspects related to phenomena that are generally defined as 

electromagnetic compatibility and that, for example, include tests for noise immunity caused by 

conducted and irradiated emissions. The main Naval Register and Standard Parameters are reported 

in [13]. 

1.9 Overall reflection about “All electric ship” 

The simplest definition of an "All Electric Ship" can be: a vessel equipped with electric propulsion, 

having all on-board loads electric powered, and with a single power system dedicated to supply both, 

called Integrated Power System. The main benefits of the AES concept [20] made possible by both 

the electric propulsion and the integrated power system application, are [2]: 

 better dynamic response; 

 flexibility in space and weight allocation (propulsion motors and electric generators can be 

installed in different places, short shafts); 

 more degrees of freedom in power system layout design; 

 availability of podded-drive solution (removal of shafts and rudders, increased 

manoeuvrability); 

 enhanced control of electric propulsion systems (acceleration and manoeuvring); 

 increased overall efficiency (possibility to modulate the number of running generators to reach 

the optimal operating point, better management of Heating Ventilation and Air Conditioning 

systems - HVAC); 

 noise and vibration attenuation (with consequently increased comfort); 

 advanced automation and reduction of the crew; 

 increased survivability (generator sets distributed, better ship compartmentation); 

 increased maintainability; 

 enhanced operating life (less mechanical components, fewer stress on prime movers). 

As far as loads are concerned, these are commonly formed by: 

Main propulsion system 

Used to propel the ship forward and backward, main propulsion systems are the highest power single 

loads on-board (commonly cruise ships nowadays have 10÷20 MW for each propulsion axis, while 

other vessels can reach ever-higher power levels [3]. Power electronic converters feed variable speed 

electric motors directly connected to fixed pitch propellers. Variable pitch propellers can be used in 

high performance applications, but are not necessary due to the regulation capability of the electric 

propulsion system. Cycloconverters and synchroconverters coupled with synchronous machines are 

common on-board, but nowadays high power systems using PWM converters and induction motors 

are becoming popular. 

Manoeuvring propulsion systems (thrusters) 

Auxiliary propellers installed on board are used to improve ship manoeuvring during navigation, and 

to allow side movement (such as in berthing operations). The most common solution is a Direct On 

Line (DOL) induction motor coupled with a variable pitch propeller. However, PWM supplied 

motors coupled with fixed pitch propellers may be a future solution, when such systems will be able 

to achieve the same hydrodynamic performance of conventional ones. 

HVAC systems 

This set of subsystems keeps the ship in inhabitable conditions, through heating, cooling, and air 

exchange. Ventilation and heating subsystems are usually scattered throughout the whole ship, and 
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are electrically powered, while air-cooling is usually achieved through a cold-water closed loop 

system. Heat exchangers and high power electrical compressors, directly connected to the main 

switchboard, provide cold water. 

Hotel loads 

This definition is used to classify loads, such as lighting systems, kitchens, waste management, 

entertainment, and so on. Hotel load can be a minimum quota of the total ship loads, as it is the case 

in most merchant and naval vessels, or can be the most relevant load on board (either comparable or 

higher than main propulsion), in cruise vessels. 

Navigation system loads 

To keep the ship on the right route, avoiding dangerous collisions at the same time, a set of 

subsystems are needed. Radar systems, GPS, satellite and radio systems, all of them can be defined 

as navigation systems. Such loads commonly require high power quality, so they are fed through 

dedicated power converters. 

Other loads 

All the loads not included in the above classification are included in this category, such as firefighting 

pumps, fuel management, etc. 

1.10 Electrical system protection devices 

The design of the protection of an electrical system is fundamental both to guarantee its correct 

operation and functionality, and to minimize the problems caused by anomalous service conditions 

or by faults that may occur.  

Protection devices are important to ensure the system’s and people’s safety, identifying only the area 

affected by fault. 

Any electrical system needs the highest requirements in terms of reliability allowing protection 

interventions even in case of a malfunctioning device.  

However, faults must not only be detected and isolated, but it is always necessary to provide service 

restoration in the shortest time and with the minimum network perturbations. 

IEC or CEI EN 60947-1 and IEC or CEI EN 60947-2 are the standard requirements for protection 

devices. 

It is important to determine the short-circuit currents in different operating conditions. In particular, 

the maximum short-circuit currents are important for the sizing of the equipment, while the minimum 

short-circuit currents allow to verify the coordination of the protections. 

The reference standards for short-circuit currents calculation in naval applications are [13]: 

 IEC 60909-0 2016: Short-circuit currents in three-phase AC systems - Part 0: Calculation of 

currents; 

 IEC 61363-1 1998: Electrical installations of ships and mobile and fixed offshore units - Part 1: 

procedures for calculating short-circuit currents in the three-phase AC systems. 

 IEC 60092-202:2016 Electrical installations in ships - Part 202: System design - Protection 

IEC 61363 standard provides a calculation methodology that is well suited to small networks 

powered by generators as it provides for the calculation of short-circuit currents over time taking into 

account the time constants of the rotating machines, i.e. motors and generators. In fact, a naval 

electrical system includes generators, both synchronous and asynchronous motors, and transformers. 

For calculating the short-circuit current we should consider the maximum number of simultaneously 

operating generators and the total number of engines that are normally connected to the electricity 

grid at the same time. 
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The short-circuit current according to the IEC 61363 standard, provides for the determination of the 

component Iac (t) which is characterized by the sub-transitory, transitory, and synchronous or regime 

contribution. The Standard reports the following relation taking into account also the contribution 

linked to the aperiodic component Idc the component of the current that manifests itself in a circuit 
immediately after the short circuit: 

𝐼𝑝 = √2 ∙ 𝐼𝑎𝑐(𝑡) + 𝐼𝑑𝑐(𝑡) 

 

This relationship allows to determine the peak value of the short-circuit current depending on preload 

conditions and typical generator parameters. 

All types of circuit breakers used on board the ship will therefore have to be chosen on the basis of 

the parameters of current and nominal voltage as well as on the basis of the performance in conditions 

of short circuit according to the following constraints: 

 a nominal short-circuit closing capacity, referred to the operating voltage, which must not be 

lower than the peak calculated according to the requirements of the IEC 61363 Standard at 

the point of installation of the device itself; 

 a rated short-circuit breaking capacity with reference to the operating voltage, which must 

not be lower than the value calculated for the alternating component Iac (t). 

In general, the types of faults that can occur in a three-phase system are: 

 three-phase short-circuit; 

 two-phase short-circuit; 

 two-phase short-circuit on the ground; 

 single-phase short-circuit on the ground. 

The electrical systems on board are characterized by the presence of high power generators installed 

in a delimited area. The short-circuit current can also have a high value, reaching higher peak values 

due to the non-linearity and the time-varying of the impedance of the active components during short 

circuit and due to the high-section and reduced-length wires deriving from the layout of the plant 

(reduced distances between generator and the main fault points). 

Ship protection devices must be chosen and based on the current and nominal voltage parameters 

also on the basis of their performance in short-circuit conditions according to the following 

constraints: 

 a nominal short-circuit closing capacity (Icm) referred to the nominal voltage, which must not 

be lower than the peak of current calculated according to the requirements of IEC 61363 

standard at the point of device installation; 

 an extreme or nominal short-circuit breaking capacity (Icu or Ics ) referred to the nominal 

voltage, which must not be lower than Iac (t) to T/2;  

 a peak value factor at the failure point ensured by circuit breaker nominal performance. 

Moreover (back-up protection) between two switches is not allowed. 

The naval standard introduces further clarification indicating the type of circuits for which the 

protection devices must be chosen with reference to its value of Icu or Ics. 

For circuits of non-essential load or circuits redundant of essential load the switch can be chosen 

with reference to Icu value. Protection devices chosen with reference to Ics values are those for 

generators protection and those for which there is no redundancy supply. 

Naval registers provide prescriptions; the main and most important prescriptions to be followed are 

discussed below. Every power distribution system, (heating or lighting) primary-powered directly 

from generators or secondary, powered by transformers being isolated must be equipped with a 
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device capable of continuously monitoring the insulation level on the ground and emit a visible and 

audible signal in order to indicate isolation values. 

In systems directly connected to the ground or through low impedance the circuit affected by failure 

must be automatically disconnected. 

Protection devices must ensure safety against short circuit and overload for each conductor not 

connected to the ground, while conductors connected to the ground must not be interrupted. 

Specific measures must to be adopted for example for auxiliary control circuit or rudders supply 

systems for which ad-hoc protection against the short circuit must be provided. 

Protections must be provided for generators against short circuit with immediate intervention for 

a current less than the steady state current, and overload for current values from 10 % to 50 % of the 

nominal current with an intervention time no longer than 2 minutes. 

Engine circuit protection must include a thermal protection based on the type of engine starting and 

magnetic protection must ensure the establishment of high currents during the transient starting 

phase. The transformers are built to withstand the thermal and mechanical effects following a failure 

on the secondary circuit without damage and for 2 seconds. 

The primary circuit of transformers (normally dry type with air cooling) must be protected by a 

device with overload protection and short circuit. This device must ensure selectivity towards the 

circuits fed by the transformer’s secondary side. 

As for service continuity, the selectivity between the different line arrival and departures switches to 

other users must be pursued and implemented for the purpose of isolating only the part of the plant 

concerned with the failure without putting other essential services out of order. 

For overcurrent protection, switches, combined switches with fuses or only fuses are generally used; 

however, it should be noted that the use of the switches is recommended as it avoids the replacement 

of the melted parts. The medium voltage zones are usually protected with sulfur hexafluoride circuit-

breakers, since these are more effective, compact and require less maintenance than those in oil bath 

or air used in the past. For low voltage, air circuit-breakers are used with wide use of current limiters, 

i.e. devices able to subdivide the system into parts, thus reducing short-circuit currents.  

The overcurrent relays are generally very high settled, about 5-10 times the rated current, while for 

overload relays this value drops to 1.2-1.5. 

For the latters, it is preferable to use relays with mechanical delay on high flow circuits, which have 

the advantage of being independent from ambient temperature and do not require any waiting time 

for restarting after the operation. On board, strong cables grouping, limited space, reduced ventilation 

and high temperature in the various environments determine particularly unfavourable operating 

conditions and above all high ambient temperatures. 

Small and medium circuit-breakers use a bimetallic thermal relay, whose operation occurs after 1-3 

minutes with currents of 1.5 times the nominal maximum at 45° C. 

Protection devices must guarantee an extremely high level of performance thanks to their overall 

dimensions, easy installation and an ever-greater safety guarantee for the operator. In addition to 

protection performance, most switches also include communication systems, particularly suitable for 

automation, measurements, network analysis and energy savings. In fact, these functions allow the 

complete monitoring of the load and the generation conditions through the interaction with the ship 

control systems, depending on the different navigation operational profiles.  

AC/DC protection device  

Thanks to the well know literature in this field, in this paragraph a brief description on consolidate 

technology on common switches is reported. A focus on new DC breaker architecture is highlighted. 

Different various types of AC switches are commonly used in MV systems depending on 

characteristic type, method used for extinguishing the arc and system voltage. The most 

representative switches are: oil, sulfur hexafluoride, magnetic deionization air and vacuum switches. 
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Moreover, for LV systems the circuit breakers can be divided into three types: open, boxed and 

modular [21] [22] [13] [23]. 

In DC systems the most representative is the extra-rapid switch used in railway systems but the 

disadvantages of not having an instantaneous action and not being able to operating repetitively fast, 

could easily create stability problems in the network. Interruption time, inevitably linked to the 

operation of complexes mechanical systems, is necessarily long; it is often difficult to interrupt the 

fault current and at the same time fully meet the needs of the system. Nodaway, due to the increasing 

of electronic equipment and the development of new dc complex architecture greater attention has 

been paid on solid state switch. 

In the next future, new solid state limiters could provide a very reliable service with little 

maintenance, limited floor space and many advantages as high interruption speed, limitation of the 

fault current, possibility of repetitive operation with no arcs generation. 

Solid state switches are widely used in DC low voltage systems. An example of application is the 

"solid-state power controller" (SSPC) in the aircraft system distribution. Solid state power controllers 

have outputs and logical inputs that allow remote external monitoring so they can be placed close to 

the load by reducing the complexity of connections. These devices, therefore, simplify the 

installation, reduce weights and encumbrance and improve the system reliability at the same time. 

Limited voltage and current values and the high losses associated with semiconductor power devices, 

hinder the spread of solid state switches in higher power applications. However, there are some 

critical applications that require a high rate of power failure, such as in the case of inverters (which 

require large inductors on the power supply side), switches in the DC drive systems, network 

protection distribution on board aircraft and ships, where the solid state break would bring 

considerable advantages [24]. 

Solid state switches can meet high speed requirements, without arcs, providing a limiting effect and 

guaranteeing a greater quality and continuity of the power system supply. Solid-state switches could 

have few hundred microseconds of open time, which is about two orders lower than that of 

mechanical switches. With the new and emerging power switches equipped with IGCT and ETO, the 

speed of solid state switches can be further increased: in 2004, for example, a state switch was 

developed based on IGCT, for medium voltage systems (1800 A / 9000 V c.a.), capable to perform 

an interruption within 100 μs. In the subsequent years some prototypes have been realized that have 

successfully passed laboratory tests, tracing a new path for the development of solid state switches. 

Experimental results indicated that an ultra-rapid interruption of only 5 μs was achieved with a 

continuous current of 5000 A. An ideal device should have the following features: 

 ability to conduct high currents with no voltage drops; 

 ability to limit high voltages with no leakage currents; 

 no turn-on/turn-off delay; 

 current detection capability; 

 overcurrent protection and limitation; 

 reduced weight and dimensions; 

 high reliability; 

 low costs. 

Currently, no device can guarantee all the features listed; therefore equipment performance is 

necessarily limited. 

At the moment IGBT (Insulated Gate Bipolar Transistor), IGCT (Hard driven GTO) and ETO 

(Emitter Turn Off) seem to be the most suitable components for the development of solid state 

switches and limiters, while the SCR (Silicon Controlled Rectifier or Thyristor) does not belong to 

the category of fully controlled devices, and Gas (Gate Turn Off Thyristor) has now evolved towards 

a hard-driven type.  
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Furthermore, latest generation IGBTs are more and more undermining the primacy of Gas in almost 

all fields of application. 

Both mechanical and solid state switches are characterized by positive and negative aspects. The 

integration of solid state devices with mechanical switches constitute the so-called hybrid technology 

(Hybrid Switching Technique), where the advantages of one or the other technique are intentionally 

used to eliminate negative characteristics: for example, the rapidity of intervention of the 

semiconductors is exploited contextually with lower losses of mechanical contacts. 

Generally, a hybrid system includes two different mechanical switches: the main (with a solid-state 

switch in parallel) and the second isolation switch. The first provides a path for the direct current, 

while the second allows the dielectric separation of the load after a fault [25]. 

 

Figure 25 - Hybrid Switch Architecture 

Figure 25 shows a hybrid switch architecture. In parallel to the main switch there is a commutation 

path that includes a transient damper circuit (snubber) and a voltage limiting element (energy 

absorber). During normal operation, the snubber circuit and the limiter constitute a high-impedance 

reclosing path. The commutation path is activated by a solid-state switch only during the interruption 

process. All switches are controlled by electronic circuits; since the reaction times of solid state 

switches are much shorter than the mechanical ones, the mechanical command of the hybrid switches 

must be as fast as possible. For higher rated current, the mass of contacts must be greater not getting 

high speed intervention. Moreover, the main switch must be able to maintain the insulation when the 

first zero crossing of the current occurs; consequently, a vacuum circuit breaker is very suitable for 

its excellent insulation properties. The time required for failure, is within the 1-10 ms range. 

Figure 26 shows the state of the art in relation to the intervention times and the powers of solid state 

and hybrid switches that are still undergoing intense analysis, despite many prototypes have already 

been created and tested. 

 

Figure 26 - Solid State and Hybrid Switch State of Art 



36 

 

1.10.1 Selectivity techniques 

Different selectivity techniques and their application field are described [16] [26]. 

Time-current 

Generally, the overload protections have a time dependent characteristic. With the increase of the 

current, the switch tripping time is reduced. Having protections with these characteristics, the 

selectivity technique used is time-current selectivity. Intervention selectivity is obtained by adjusting 

the protections so that the downstream protection, for every possible overcurrent value, intervenes 

more quickly than upstream protection. 

Amperometric 

It is possible to discriminate the area where the fault occurred by calibrating the instantaneous 

protections at different current values. Normally it is possible to obtain total selectivity only in 

specific cases where the fault current is not high and where there is a high impedance component 

interposed between the two protections (a transformer or a cable of reduced section) and therefore a 

great difference between the values of the short-circuit current. This type is mainly used in the 

terminal distribution where there are low nominal current values, low short-circuit current values 

and high impedance of the connection cables. It is inherently fast, easy to implement and economical. 

The selectivity is often only partial; furthermore, the setting level of the protections against 

overcurrent rises rapidly and finally it is not possible to have a redundancy of the protections which 

guarantees the elimination of the fault in a short time in the event of failure of one of them. It is a 

type of selectivity that can also be realized between switches of the same size and without protection 

from the delayed short-circuit. 

Chronometric  

In addition to the current threshold, an intervention time is also defined. A given current value, in 

fact, will cause the protections to intervene after a defined period of time, so as to allow any 

protections placed closer to the fault to operate, excluding the area where the fault occurs. The 

regulation strategy is therefore to gradually increase the current thresholds and operation time delays 

as one approaches the power sources by relating the level of setting with the hierarchical level. The 

delayed thresholds must take into account the tolerances of the two protection devices and of the 

actual current flows. The difference between the delays set for protections devices in series must take 

into account the detection and elimination times of the downstream device failure and the inertia time 

of the upstream device. The operational times and the energy flowing through the protections, 

especially those near the sources, are high. It is a type of selectivity that can also be realized between 

switches of the same size, equipped with electronic releases with protection against delayed short-

circuit. 

Energy 

If no time-delayed switches are used, it is not possible to perform time selectivity, but it is possible 

to extend the selectivity limit, beyond the magnetic threshold of the upstream circuit-breaker. It is 

necessary to use downstream limit switches. A limiting switch is, according to the IEC 60947-2 

standard, "a circuit breaker with a sufficiently short interruption time to prevent the short-circuit 

current from reaching the peak value that would otherwise reach". In short-circuit conditions, these 

switches are extremely fast (few milliseconds) and open even with a strong asymmetric component. 

The energetic selectivity is based on the comparison of the characteristics of specific energy passing 

through the two series switches of which the downstream one must be a type limiter. 
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Zone 

It is an evolution of the chronometric. In general, zone selectivity is achieved through the 

communication between the current measuring devices which, once the setting threshold is exceeded, 

allows to correctly identify and switch off the supply from the fault zone only. It can be realized 

through measuring devices, which send the information related to the exceeding of the current 

regulation threshold to a supervision system, thus identifying which protection must intervene. 

Another method is that any protection devices sending a blocking signal to the hierarchically superior 

protection (upstream from the direction of the power flow) through a direct connection or a bus, by 

checking that, before intervening, a similar blocking signal has not come from the protection 

downstream. Only through this approach, the protection immediately upstream the fault intervenes.  

The delay can be reduced to the time necessary to rule out the presence of a blocking signal coming 

from the downstream protection. It is suitable for radial networks and in the case of coupling with 

directional protection also for meshed networks. Compared to a chronometric coordination, the zone 

selectivity allows to reduce the times to values lower than one hundred milliseconds, reducing both 

the damage caused by the failure and the perturbations to the power supply system. It is more 

expensive both in terms of cost and complexity of the plant and requires an auxiliary power supply. 

This solution is therefore mainly used in systems with high values of the rated current and of the 

short-circuit current, with mandatory requirements both for safety and continuity of service. 

Differential 

If the sum of the currents belonging to the same node is different from zero it means that there is a 

fault. The most popular application is with differential relays (transformer, generator, motor, bus-

bar). With this criterion, the protection only detects faults within the component assigned and 

consequently no selectivity control with other protections of the network is necessary and the 

intervention can be immediate. This selectivity criterion finds its full application even with high 

voltage in the regulation of the minimum impedance (or distance measurement) protections that 

detect faults only in the area of their competence. 
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Chapter II: Integrated Power System in Military Ships 

In this chapter, some Integrated Power Systems of relatively recent military ships are examined [27]. 

2.1 Frigate Type 23 

The frigate type 23 proved to be a very successful design project, were the advantages of electric 

propulsion are highlighted. Figure 27 shows a simplified architecture of the propulsion and power 

system. 

 

 
 

 

Figure 27 - Frigate Type 23 Architecture 

The system was the first installation (the first Type 23 in 1989) of an electric power system with 

generators operating in parallel in a Royal Navy warship. The system employs a unidirectional semi-

controlled AC-DC main converter. The choice of a half-controlled bridge was adopted to reduce 

thyristors number, very expensive in the years when this plant was developed. A four-quadrant 

electric propulsion system is able to produce thrust in both directions and absorb the regenerated 

power (braking phases) in both directions, but with a unidirectional current flow linked to the 

characteristics of the rectifier bridge.  

The field converter was designed with a fully controlled rectifier (number of double thyristors 

compared to a half-controlled bridge) to allow the converter to invert the current more quickly. This 

system is characterized by acceptable costs, as the field converter achieves lower current and power 

values than the main converter of the armature circuit. 

To limit the propulsion currents, the propulsion system is designed to operate with an AC voltage set 

at 600 V RMS, which supplies a continuous 900 V maximum system voltage downstream the main 

rectifier, so as not to exceed the voltage limit set in LV systems. The propulsion rectifiers have 

introduced a significant harmonic distortion on the ship's electrical system; to provide high power 
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quality standard, these subsystems were isolated from the propulsion system through the use of rotary 

converters, consisting of an electric motor coupled to an electric generator. However, the use of 

induction motors for rotary converters introduces a difference in frequency between the upstream 

and downstream voltages, due essentially to the slip of the asynchronous motor. The electricity 

generation system has been designed to operate at 61.5 Hz, while the supply of the downstream 

services of the rotary converters is 60 Hz. 

2.2 Type 2400 Submarines (Victoria Class) 

The propulsion system for the Type 2400 conventional submarine was developed in the same years 

of the Type 23 frigates system. Figure 28 shows the simplified diagram of the power and propulsion 

system. The main DC engine has a double armature winding, contained in the same stator tank. For 

the first time the compensating windings connected in series to the main windings were removed to 

improve acoustic performance. 

 

 
 

 

Figure 28 - Type 2400 Submarines (Victoria Class) 

Also in this case the available technologies of electronic power converters have been used, except 

for the drives to controlling the engine armature voltage, due to the high currents. The maximum 

control of the armature voltage, however, was implemented through series/parallel connection of 

batteries and electric motors. It was a widely used technique for conventional submarines. This 

control technique was implemented through an automated system of contactors managed by the 

electric propulsion panel. 

Fine speed regulation within each discrete speed range was achieved using a fully controlled field 

converter, which was able to reverse the excitation voltage to reverse the engine rotation direction. 

It was equipped with a single shaft line and there was no possibility of connecting the four reel 
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windings of the propulsion engine in series, and therefore a dedicated drive train was installed to 

apply a reduced voltage to one of the two propulsion engine armature windings. 

2.3 Type 45 destroyer 

The Type 45 destroyer is the first implementation of a main propulsion drive with source voltage 

converter and PWM modulation in a warship. The PWM modulation, which still entails some 

disadvantages (high dv/dt that urges the windings and high switching losses), has become a widely 

used standard in naval applications.  

The system implemented in the Type 45 destroyer uses a H-bridge for each single phase of the 

asynchronous propulsion engine. This configuration requires 15 different H-bridges arranged in 3 

balanced groups of pentaphase converters. 

 

 
 

 

Figure 29 - Type 45 Destroyer Architecture 

The power density required was achieved by adopting an advanced air cooling system for the 

converter by water and dielectric oil. HV and LV filters work in combination to reduce the harmonic 

distortion caused by the propulsion converter; while the HV filter consists of passive components, 

the LV filter is an active filter that can also compensate for harmonics generated by the LV system. 

Both filters are cooled with Midel14, air and chilled water. 

                                                      

14 Natural and synthetic esters transformer oils 
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2.4 FREMM  

FREMM is the acronym that identifies a new generation of frigates (European Multi-Mission 

Frigates), named in France “Class Aquitaine” and in Italy “Class Bergamini” (Figure 30 shows the 

master class F 590 Carlo Bergamini), the result of a joint project between Italy and France. The 

choice to realize a hybrid CODLAG type integrated power system, rather than an Integrated Full 

Electric Propulsion system, is a technical-economic compromise, since the system adopted manages 

to combine the advantages of electric propulsion while maintaining weights, dimensions and costs 

within acceptable, lower limits compared to an Integrated Full Electric Propulsion system. Figure 

30a shows the architecture of the hybrid propulsion system, while Figure 30b shows the distribution 

system architecture. 

 

 

Figure 30 - Frigade F590 Carlo Bergamini a) Hybrid Propulsion System b) Electric architecture of Distribution System 

It is equipped with equal diesel generators, 2.15 MW each, respectively installed in the bow and stern 

main switchboard panel. The distribution system is 6.6 kV at 60 Hz, three-phase with grounded 

neutral via impedance. The neutral connection adopted is the best compromise for the reduction of 

fault currents and switching overvoltage. The two main low voltage switchboards are both connected 

to the medium voltage bus-bars via a 1.8 MVA distribution transformer, connected in parallel to a 

pre-magnetization transformer to eliminate the insertion currents, which can be dangerous for other 

electrical devices on board. The three-phase LV distribution system is operated with isolated neutral. 

The electric propulsion engines are permanent magnet synchronous with four triples of separate 

stator windings, driven at variable speed by a modular drive with source voltage inverter, supplied 

by a dedicated propulsion transformers. The rotor is permanent magnet type “NdFeB” mounted on 

the external rotor surface. The rotor drives the propeller shaft line through an elastic joint connected 

to it which passes through a hole obtained in the rotor shaft. 
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The use of one TAG, General Electric - 32 MW AVIO LM 2500 + G4, instead of two turbines with 

lower power, is motivated by the expected ship operational profile, considering the highest risk of 

not reaching the maximum speed acceptable due to the unavailability of the TAG. TAG has high 

level of reliability and low impact in the ship operating profile with high-speed, with the advantage 

of lower total volumes and weights. 

A disadvantage of this solution is the "X" connection that requires the use of a more complicated, 

cumbersome and noisy cross connection type, with a clutch input for the TAG and two outputs with 

two clutches for the shafts of the electric engines, installed in three enclosures rigidly connected to 

each other.  

Figure 31 shows the arrangement of the propulsion system and the relative dimensions inside the 

hull [28]. 

 

 

Figure 31- Arrangement of The Integrated Propulsion And Power System In The Fremms 

CODLAG architecture design: 

 exclusive use of electric propulsion engines, powered by the electrical distribution system, 

for 16 knots navigation profile; 

 at high speeds ranging from 16 to 26 knots, the propulsion is entrusted exclusively by the 

Gas turbine. If necessary, it allows the electric propulsion engines to work as a Shaft 

Generator; 

 to reach the maximum speed, all 4 diesel generators with the gas turbine are used 

simultaneously. 

This configuration has some peculiarities allowing an optimal use of the equipment: 

 operating electric propulsion engines as axis generators powered by the turbine; 

 by rotating pitch propellers, the ship's speed variation is obtained by changing the rotation 

speed of the propellers adjusting blades’ incidence angle, increasing overall efficiency; 

 Gas turbine with propeller pitch variation increase speed, accuracy and efficiency during the 

operation; 

 to maneuverer the ship backwards, no reversing electric engines are required. The operation 

is carried out by adjusting the blades angle orientation. This avoids the temporary and rapid 

transition from the first to the third quadrant, which would require an accurate energy control 

strategy by the converters. 

 

2.5 Queen Elizabeth Class aircraft carrier 

The Queen Elizabeth class aircraft carrier is the largest and most powerful surface warships ever 

built for the Royal Navy (in service since 2017, it replaced the HMS Ark Royal R07) disposed of in 

2013. This class of aircraft carriers, unlike conventional units, has been designed with twin command 

centres, separating ship management from flight operations, resulting in greater visibility of flight 

activities. 



43 

 

The automation level is high to limit the ship operating costs during its entire life; a minimum number 

of sailors is required. 

An example is the ammunition loading system. Missiles and bombs for F-35 fighter jets are taken 

automatically from the depot and placed in the lower levels of the ship, through mobile platforms 

and elevators.  

The design architecture includes: 

 CODLAG system (diesel-electric combined propulsion and TAG); 

 two 36 MW Rolls Royce turbines; 

 two 11.6 MW Wartsila 16V38 diesel generators and two 8,8 MW Wartsila 12V38 diesel 

generators, both with a turbocharger to increase performance; 

 a 2MW Wartsila 12V200 emergency Diesel generator; 

 two drive shafts, each with two 15-phase electric 150-RPM Alstom engines in a compound 

tandem configuration, with 80 MW total propulsion power. 

The aircraft carrier has an Integrated Full Electric Propulsion system consisting of 4 electric engines 

of 20 MW each, supplied by Converteam UK. These engines are similar to those used on the Royal 

Navy Type 45 destroyer. The engines are powered by a Converteam VDM 25000 drive, which can 

operate at variable output frequency allowing the control of the axis line speed in all the operating 

range, eliminates the speed reducer in the propulsion system.  

A summary of the IPS of the QE class aircraft carriers is shown in Figure 32. The distribution system 

adopted is a 11 kV three-wire at 60 Hz, with neutral point connected to the ground via impedance. 

The electric propulsion equipped with triple penta-phase stator triplet, each powered by its 

transformer-converter unit. In order to reduce the harmonic distortion produced by the passive diode 

front end converters, a 24-pulse network-side reaction was carried out, by suitably shunting the 

primaries of the propulsion transformers. Passive filters are also provided to attenuate the harmonics 

produced by the propulsion drive. The 2 Diesel generators Wartsila 16V38 are located in the lower 

levels of the ship for stability reasons, while the two MT30 turbines are installed in the higher level, 

adopting a shorter air intake and exhaust system. The 4 propulsion engines are positioned in 3 

separate compartments, to guarantee a better survival capacity. 
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Figure 32 Queen Elizabeth R08, Unit– Integrated Power System 
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Chapter III: Methodologies for Harmonic Disturbances Analysis and 

Power Quality (Service Continuity) 

3.1 Power Quality – Harmonic discussion 

The power quality (PQ) of electric grids was investigated by many researchers and concerned 

different issues [29]. The waveform deviations (of voltage and current) compared to the sinusoidal 

trend involved signal processing techniques, classifications and mitigation systems. The 

International Standards covered different application fields: best practices for PQ monitoring and 

classification (IEEE 1159), Standards for distribution system voltage characteristics and PQ 

classification (EN 50160); Standard testing techniques, measurements ad interpretations of PQ in 

systems at 50-60 Hz (IEC 61000-4-30), Measurements techniques for voltage fluctuations and 

flicker in AC and their limitations (IEEE 1453). Regarding the general problems caused by high 

waveform deviations and their identification, many studies were also recently conducted [30] [31] 

[32] [33] [34] [35]. Many studies were conducted on disturbance detection [36] [37] [38] [39]. 

Great attention was placed on signal processing techniques in the years ranging from 1990 to 2000 

[40] [41] [42] [43] [44] [45] [46] and more recently [47] [48] [49], focused on the use of  Fourier 

Transform, Wavelet Transform [50] [51] [52], Stockwell Transform, Kalman Filter, etc.. As for 

mitigation systems, many studies focused on the use of filters (passive, active, hybrid) [53] [54] 

[55], FACTS (flexible AC transmission systems - switches, power converters, storage systems) 

[56] [57] [58], DG (distribution generation [59] [60] [61]). 

Some studies concerned non-sinusoidal waveform with frequency different from fundamental, 

integer harmonics, inter harmonics (with frequency greater than the fundamental and not multiple 

of fundamental), and sub harmonics [30] [62] [63] [64]. 

Most of the studies were based on the modelling and simulation of electrical systems 

components and required a detailed knowledge of non-linear loads harmonic spectra [65] [66] 

[67]. It is well known that voltage and current harmonics are usually time-variant by effect of 

variations of system configurations and load demand [68] [69]; these variations have a non-

deterministic nature and give origin to stochastic processes [70] [71]. Furthermore, harmonic 

sources produce different harmonic currents as a function of different loading levels and changes 

of harmonic voltages at the point of point of common coupling [72]. The phenomenon is time-

varying, and therefore it is very difficult to model and to predetermine the magnitudes and phase 

angles of harmonic currents at each moment in the time [73]. More recently, harmonic and inter-

harmonic estimation methods for stationary and time-varying signals have been proposed [74] [75] 

[76]. The scenarios are further changing with the introduction of new equipment, such as led lamps 

[77], and the dissemination of renewable energy sources, such as wind and photovoltaic systems 

[78] [79]. Therefore, the harmonic disturbances introduced into the grid may change and need new 

models and procedures for a correct evaluation [80] [81]. Authors discussed about some failures 

of protection relays badly affected by non-sinusoidal current or voltage waveforms [82]. Thus, the 

predetermination of harmonic distortions remains a goal to be further investigated. 

In the last twenty years, there has been an increase in the number and variety of electric 

propulsion ships being built around the world with everything from cruise liners to amphibious 

assault ships (Chapter 1 and 2). This revolution occurred due to power electronic drive technology 

which is used for the electric propulsion system. The drive adjusts the propeller speed by varying 

the motor frequency. This was accomplished by the development of high power solid state 

switching devices. 

Nowadays the increase of electronically controlled loads and pulsed loads added to shipboard 

power systems led to an increase of harmonic distortions [83] [84] . Moreover, due to the increase 

of the harmonic disturbances the possibility of incurring untimely tripping of the switches with a 

consequent disconnection of load areas is an issue to be taken into account. 
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So, the need to be properly evaluated from a standard of harmonic limitation perspective is 

mandatory. 

When limiting harmonics, several aspects need to be considered besides the total harmonic 

distortion (THD). The time dependence nature of the distortions and the type of equipment need 

to be taken into account in order to provide an effective way to control any damaging or disturbing 

effect of harmonic pollution [85]. Moreover, the network component parameter uncertainty and/or 

the network, supply and load configuration changing may cause significant variations in the 

amplitude and phase of the nodal equivalent impedances. In particular, the effect of supply or load 

changing is relevant mainly when resonances are present [80]. 

3.2 Software and models 

     Software and models developed both in time and frequency domain are reported.  In particular, 

simulation models for the disturbances analysis caused by the injection of harmonic currents in the 

three-phase power system, models for time-varying waveform distortion analysis and network 

impedance calculation, are discussed. 

3.2.1 Generators, cable and loads  

The generators were represented by the Behn Eschemburg model [86] with their synchronous 

reactance and stator resistance. They must be defined with the following parameters:  

 VN = Nominal voltage; 

 fN = Nominal frequency; 

 ωN = Revolutions per minute [RPM]; 

 p = Poles; 

 SN = Power [kVA]; 

 Cos ϕN = Power Factor; 

 RS = Stator resistance [p.u.]; 

 XS = Stator reactance [p.u.]. 

The electrical cables parameters used in the simulations are taken from [87]. The model used to 

represent the LV cables is the Pai model, in order to reduce the number of nodes in the network and 

take into account the capacities derived to earth. The model is shown in Figure 33. 

 

Figure 33 - Cable Equivalent Pi Model 

Electrical parameters are obtained through the following formulas: 

 

𝑅𝐿 = 𝑅20°′ ∙ [1 + 𝛼 ∙ (𝑇𝑎𝑚𝑏 − 20°𝐶)] ∙ 𝑆𝐾𝐹 ∙ 𝐿                                    (1) 

𝑋𝐿 = 2𝜋𝑓𝑁 ∙ 𝐿𝐿′ ∙ 𝐿               (2) 

𝐶𝐿 =
𝐵𝐶′∙𝐿

2𝜋𝑓𝑁
                             (3) 

where: 
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 R20 ° C is the electrical resistance of copper conductors per length unit referred to 20° C, 

expressed in [Ω/km]; 

 α is copper temperature coefficient, equal to 0.004° C-1; 

 Tamb is the ambient temperature of the area where the cable is installed. If it crosses areas 

with different room temperatures, the highest Tamb is considered [°C]. 

SKF = dimensionless incremental coefficient linked to the skin effect of the conductors. 

Calculated by: 𝑆𝐾𝐹 = [1 +
1

48
(

𝑅

𝑎
)

4
] with R radius of the conductor in mm, and at the 

penetration depth of the electric current at 50 Hz equal to 9.3 mm; 

 L = line length [km]; 

 fN = 50 Hz nominal frequency; 

 LL '= service inductance for single-core cables [mH/km]; 

 BC '= capacitive service susceptibility for single-core cables [μS/km]. 

The cables feeding the three aggregate loads categories (equivalent loads) were obtained using the 

equivalent electric moment method [87], having deduced the equivalent distance from the electrical 

panel of the sum of the loads concentrated in a single load. The formula used is as follows: 

𝐿𝑒𝑞 =
∑ 𝐿𝑖 ∙ 𝑃𝑁𝑖

𝑁
𝑖=1

∑ 𝑃𝑁𝑖
𝑁
𝑖=1

 

Leq being the equivalent length, PNi and Li the nominal power and the length of the cable relative to 

the i-th load, and N the total number of the considered loads. For each equivalent load three categories 

have been found to represent and define the loads behavior: static, converter and rotating (they will 

be described in Chapter 4). According to IEC 60092-352 [10] and Italian Standard [88] the sections 

and the cables ampacity have been chosen. 

Further hypotheses have been made: for the circuits supplying the transformers from which the main 

and secondary distribution panels are derived, in the absence of data provided by the datasheets, the 

value of the power factor is assigned to 0.85. 

The rotary converters, consisting of the coupling of an electric motor and a synchronous machine 

running from a generator, have been assigned the power factor related to an electric machine with 

rated power equal to the power absorbed by the converter, as this value is not provided by the 

datasheet. 

The models used to represent the static and rotating loads are three-phase RL series loads, triangle 

connected, with the R and L parameters obtained respectively from the active and reactive powers, 

resulting from the electrical balance with the application of the global coefficients.  

In order to represent the complete model when the exact list of equipment in operation is unavailable, 

nor is their absorbed power and the arrangement inside the ship, global coefficients to obtain values 

of powers compatible with the real absorption are defined. This coefficient contains both the 

coefficient of use and contemporaneity, and it is obtained starting from Table 7 that reports an 

example of electric balance sheet of the vessel in a specific operational profile). 

The global factor applied to the electrical loads belonging to the network included in the equivalent 

model is given by: 

𝐾𝐺 =
𝑃𝐴

𝑃𝑇𝑂𝑇
         (4) 

Where N, PA and PTOT are obtained respectively from: 

N = number of active devices referred to the total number installed 

𝑃𝑇𝑂𝑇 = 𝑁 ∙ 𝑝𝑜𝑤𝑒𝑟 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑     (5) 

𝑃𝐴 = 𝑁 ∙ 𝑃𝑜𝑤𝑒𝑟 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 ∙ 𝑐𝑜𝑛𝑡𝑒𝑚𝑝𝑜𝑟𝑎𝑛𝑒𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟     (6) 

As far as the converters are concerned, their equivalent model consists of two sections: 
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 in the first converter there is a three-phase R-L series load, which takes into account the 

active and reactive power absorbed by the distorting devices; 

 in the second there are current-controlled generators, to represent the harmonic absorption 

of the converters. Starting from the value of the rated current at 50 Hz absorbed, the single 

harmonic components were calculated using the disturbance table and added in phase to the 

fundamental. The possibility that the totality of harmonics are in phase among themselves is 

remote, but through this choice one gets in worse conditions. 

 

The model to represent the harmonic content of non-linear load will be extended and improved with 

a dedicated software illustrated in 3.2.3. 

Figure 34 shows the first simple model to represent the converter and in general a non-linear load. 

 

Figure 34- First Simple Electrical Model of Converter 

The network model presents obvious simplifications, but is however valid. 

3.2.2 Fortran Software: model for harmonic analysis 

Simulation models for the disturbances analysis caused by the injection of harmonic currents in the 

three-phase power system are discussed for instance in [89]. The network impedances at harmonic 

frequencies and harmonic distortion were evaluated by means of dedicated software “HARMAN”, 

whose outputs include the equivalent network impedance as a function of frequency, harmonic 

disturbances on node voltages, series and shunt current flows. “HARMAN” also provides the 

composition of the elementary harmonics contributions. Lastly, comprehensive assessment indices 

of the harmonics effects on the electrical network are calculated. 

Lines are represented by pi circuits calculated at each frequency of interest. Transformers’ series 

impedances use constant inductances and a frequency dependent resistance defined as:  

 

𝑅𝑓 = (1 + 𝛼 ∙ (
𝑓

𝑓0
)

1.8

) ∙ 𝑅𝑓0         (7) 

where: 

 𝛼 = 0.1; 

 f= generic frequency; 
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 f0= power frequency; 

 Rfo= resistances at power frequency; 

 Rf= resistances at generic frequency. 

The transformer equivalent model is reported in Figure 35. 

 

Figure 35 - Transformer Equivalent Model 

The shunt magnetizing inductance is assumed to be constant; all winding capacitances are neglected 

because the frequencies of interest do not exceed 2 kHz (i.e. 40th harmonics of a 50 Hz power 

frequency). Sub-transient inductances are used in positive and negative phase sequence generators 

models. For represent generators, direct and homopolar sequences assume a model with constant 

inductances obtained from those supplied as input at the fundamental frequency. The approximate 

expression is assumed in the reverse sequence: 

𝑋𝑖𝑓 = 𝑋𝑑𝑓      (8) 

The LV static plus rotating load model [90] in Figure 36 is defined by the following equations, where 

subscripts “s” and “a” stand for “stating” and “rotating” respectively. Equations (2), (3), (4) and (5) 

describe the model of the LV static-rotating load. 

 

Rs=
V2

P∙(1-p)
                           (9) 

Xs=0.05∙h∙Rs                    (10) 

Ra=Rm∙ [1+k∙(h∙f
0
)

0.5
]     (11) 

Xa=
V2

P∙p
∙Xlr∙h∙2∙(h∙f

0
)

β
        (12) 

where: 

• P, Q are active and reactive load power; 

• V is 50 Hz nominal voltage; 

• P is rotating load as a fraction of the total, at power frequency (p.u.); 

• XLR is locked rotor reactance (p.u.); 

• Rm is equivalent motor series resistance; 

• f0 is power frequency. 

 

Figure 36 - LV Stating and Rotating Equivalent Circuit Model 

Xlr, Rm, k and β typically assume different values depending on load (LV or MV). For LV induction 

motors k is in the (0.15 ÷ 0.75) range, with β ranging between 0.12 and - 0.17 [90]. 
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3.2.3 Simulink model for time varying non-linear load  

The Simulink Model (SM) developed for modelling time varying non-linear load uncertainties in 

power systems is useful to evaluate the harmonic distortion when the behaviour of each load (time-

varying) is unknown. The procedure takes into account known and unknown aspects. The first ones 

are the maximum and minimum values of active power, power factor and of each single order of 

current harmonic percentage. The second ones derive from the typical uncertainties of an electric 

system mainly caused by simultaneously active loads according to the work cycles. At the end, the 

voltage total harmonic distortion at the point of common couple and its spectra are obtained. 

In the probabilistic phase, the system parameters relevant to power consumption of each load and 

harmonic spectra, are extracted to represent all the possible electric scenarios. Therefore, in digital 

simulation, the introduction of the contribution of random variable to simulate the effect of non-

deterministic events is a good approach. 

These contributions can generally be represented by: 

 changes in temperature, current, humidity, wind speed and so on; 

 non-predictable or chaotic effects; 

 effects that cannot be described deterministically. 

A random variable (RV) can be described by a distribution function. The distribution functions (DF) 

are divided into continuous and discrete and, can regulate the behaviour of RV [91].  

Some of the best-known DF are the Uniform, the Normal, the Binomial, and the Poissonian DF. 

Normal distribution is used to describe many chaotic phenomena addressed at the same time; the 

uniform function applies when a phenomenon is related to a single event (i.e. a dice throw). 

The Uniform and Normal distributions have been selected and implemented in the SM because, if 

on the one hand, it seemed obvious that the non-deterministic factors of the phenomenon 

experimentally analysed are regulated by many uncontrollable events (the 'normal' nature of the 

model), on the other hand a comparison of this hypothesis with another distribution appeared 

worthwhile. For this purpose, a comparison between two distributions was considered: a uniform and 

normal distribution. Figure 37a shows the SM input, Figure 37b highlights the selection phase 

correlated to the fundamental current calculation, necessary to define the harmonics spectra of each 

load, and the harmonic, voltage profile and waveforms output values. 

 

a)       b)                     

Figure 37 - a) SM Input; b) SM Procedure                                          

Using common Simulink block, two sub-models were developed to compose SM in order to represent 

the electrical system.  
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The main sub-models are: 

 harmonic generator; 

 distortion load.  

Harmonic Generator sub-model  

This sub-model permits to simulate the injection of harmonic currents for each load into a three-

phase power system. It can accept any harmonic spectrum related to a particular load as input. In 

Figure 38 the sub-model to generate harmonic disturbances is represented. In the “wave generator” 

block a function calculating the instantaneous value of a sinusoidal function was implemented by 

using:  

 the clock of simulation;  

 the peak value of the fundamental component;  

 the vector containing the harmonic components of the wave; 

 the vector containing the harmonic (in percent) for the respective harmonics;  

 the vector containing the harmonic shift angle for the harmonic components. 

Figure 39 shows the detail of “current fonts” block, in particular, a three-current controlled source 

was implemented. 

 

Figure 38 - Harmonic Generator Sub-Model 

 

Figure 39 - Three-Current Controlled Block 

The following steps describe in an example, the code implemented to generate variable harmonic 

spectrum using the model described in Figure 38, starting from vectors of parameter set. By way of 
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example, the code reported in the following is referred to uniform random distribution. The values 

reported in the following code are only to example, to explain the data input. 

Harmonic input 

Harmonic Order = [1 3 5 7 9 11], (13) 

Max % each harmonic = [1 0.01 0.018 0.007 0.007 0.007], (14) 

Min % each harmonic = [1 0.007 0.003 0.001 0.001 0.001], (15) 

Max Phase each harmonic = (pi/180)*[0 20 20 20 20 20], (16) 

Min Phase each harmonic = (pi/180)*[0 -20 -20 -20 -20 -20], (17) 

Uniform distribution random values for each harmonic 

for i = 1:length(Harmonic Order), (18) 

Real %(i) = Min % each harmonic (i) + (Max % each harmonic(i) - Min % each harmonic (i)) 

* rand, 
(19) 

Real phase(i) = Min Phase each harmonic (i) + (Max Phase each harmonic (i) - Min Phase 

each harmonic (i)) * rand, 
(20) 

End (21) 

Input values for three phase current source 

for i = 2: length (Harmonic Order), (22) 

Ia = fundamental current * Real%(i) * sin ((2 * π * 50 * t) * Harmonic Order(i)+ Real 

phase(i)), 
(23) 

Ib = fundamental current * Real%(i) * sin ((2 *π *50 * t) *Harmonic Order(i)+ Real phase(i) - 

120 * π / 180), 
(24) 

Ic = fundamental current * Real%(i) * sin ((2 *π *50 * t) * Harmonic Order(i)+ Real phase(i) 

+ 120 * π / 180), 
(25) 

End, (26) 

Distortion load sub-model 

Figure 40 represents a generic variable load with its active and reactive power and its harmonic 

disturbances related to fundamental peak current absorbed by the loads.  

Trough an example, the following steps describe the code implemented to generate active and 

reactive power for each random simulation, starting from a range of maximum and minimum active 

power and the power factor set by the user.  

 

Figure 40 - Model of Load with Harmonic Disturbances 
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Active power and Power factor input 

Active Power max = Pmax [kW], (27) 

Power Factor Max = PFmax [kW], (28) 

Power factor Min = PFmin [kW], (29) 

Uniform distribution random values for P and Q 

Real power factor = Power factor Min + (Power Factor Max - Power factor Min) * rand, (30) 

Real Active Power = Active Power min + (Active Power max - Active Power min) * rand, (31) 

Real Reactive = sqrt ((Real Active Power / Real power factor) * (Real Active Power / Real 

power factor) - (Real Active Power * Real Active Power)), 
(32) 

Peak current = 1.4 * [Real Active Power / (Real Power Factor * Nominal voltage * 1.7)], (33) 

 

3.3 Electrical System Dependability [2] 

A power distribution network should guarantee a high reconfigurability after faults, damage or 

untimely switch off.  

In this context, the innovative approach given by the dependability theory can be the tool which can 

provide and analyse the consequences of faults and demonstrate the system’s compliancy with the 

relevant regulations [92]. 

The key concepts of the Dependability theory are threats, attributes and enforcing techniques [93].  

Figure 41 shows a conceptual map of these key concepts highlighting their interconnections and their 

further decomposition. 

 

Figure 41 - Dependability Key Concepts, Conceptual Map 

The basic definitions and concepts of the Dependability Theory are: 

System: a set of components grouped together into a single entity with the purpose of delivering a 

service. 

Service: the set of operations performed by a system in favour of its user(s). To achieve this, the 

system executes a number of operations. If the system activity meets the user 

expectations/requirements, the service is correct. Otherwise, the service is not correct and this is due 

to a fail in executing one (or more) operations. 

Dependability: the capability of a system to deliver the correct service with an acceptable trust. 
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Two different mechanism could lead to a system failure: generation and propagation. 

Generation: the mechanism inherent in the passage of harmful events from one layer to the other. 

Failure is generated by errors, and errors are generated by faults. 

Propagation: the mechanism inherent in the passage of harmful events in the same layer. Faults, 

errors, and failures can be caused by other faults, errors, and failures respectively (propagation within 

the same layer).  The relations between threats and failure mechanisms are depicted in Figure 42. 

 

 

Figure 42- Failure Mechanisms 

Table 3 and Table 4 report the main Mathematical relations between dependability indices and 

Dependability Enforcing Techniques. 

Table 3 - Mathematical Relations Between Dependability Indices 

Calculated data Formula for calculation 

A, availability A=MTBF/(MTBF+MTTR) 

Q, unavailability Q=1-A=MTTR/(MTTR+MTTF) 

λ, failure rate (f/h) λ=Tf/Tp 

λ, failure rate  (f/y) λ=Tf/(Tp/8760) 

MTBF, mean time between failures (h) MTBF=Tp/Tf 

MTTR, mean time to repair (h) MTTR=r=Rdt/Tf 

R(t), reliability at time t R(t)=e-Λt 

 

where:  

 repair downtime (Rdt) is the total downtime for unscheduled maintenance (excluding 

logistics time) for a given Tp (hours). 

 total failures (Tf): the total number of failures during the Tp. 

 total period (Tp): the calendar time over which data for the item was collected (hours). 

Table 4 - Dependability Enforcing Techniques. 

Enforcing Technique Action 

Fault-prevention Aimed at avoiding the occurrence of a fault. 
Applied during system design, development and test stages. 

Fault-tolerance Aimed at coping with a fault. 
Applied during system operation (common implementation: redundancy). 

Fault-removal Aimed at finding and eradicating a fault, at verifying system’s compliance with requirements. 

Applied during both system design and operation. 

Fault-forecasting Aimed at evaluating dependability attributes. 

Applied during both system design and operation. 

A peculiar case of fail-operational level is the fail-degraded operation, which implies the delivery of 

a degraded, but still acceptable, service. Fail-safe requirements are commonly applied to subsystems 

whose incorrect service is acceptable, provided that it is safe. Fail-silent requirements are needed 

when the delivered service is not critical, so the user prefers to have any service instead of having an 

incorrect one. Fault-tolerance techniques exploit the concept of redundancy, which is the installation 

of one or more extra subsystems within a system to cope with a fault detected in one or more systems. 
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Some examples of different potential implementations of the redundancy concept on the same system 

are offered in [94]. Fault-tolerance may be applied through two different strategies: 

 system reconfiguration, implying the detection of the fault, its location, and the recovery 

of the correct service through system reconfiguration (thus removing the fault element from 

the system operations); 

 fault masking, implying a ride through the fault using redundant systems, thus avoiding 

modifications at operational level. 

Fault-removal techniques: techniques aimed at assessing system compliance with the requirements 

(namely verification), include those related to dependability. These techniques applied both during 

system design development and system use, become part of the design procedure in the former, and 

belong to evaluation (tests and trials) in the latter. Verification during system design development 

does not require a running system, and it is performed through inspections, reviews, walk-throughs 

and model checking. Verification during system use is carried out by means of tests (on the real 

system or a prototype) and simulations (on a virtual replica). If verification process highlights 

differences between expected and actual performance, corrective procedures have to be adopted. 

Fault-forecasting techniques: such techniques aim at assessing system failure modes and 

dependability attributes for a system. The techniques lying in this category can be separated in 

qualitative and quantitative, depending on the results given. Qualitative techniques are aimed at 

identifying, locating, and classifying the faults, and the interactions between components that may 

fail, that can cause a failure (failure modes). Quantitative techniques are aimed at assessing, in terms 

of probabilistic indices, the dependability attributes for the system. 
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Chapter IV: Characterization of A Military Aircraft Carrier 

Cavour aircraft carrier (CV 550) is taken as a reference ship in order to define the impact of the 

relevant and particular electric loads, finalizing its behaviour in the power system. Moreover, thanks 

to the measurement campaign carried out on board, models, new network proposals, survey 

methodologies and analysis technique have been proposed and validated.  

4.1 System description 

The Cavour (shown in Figure 43) is an aircraft carrier produced by Fincantieri launched in 2008. The 

ship, in STOVL configuration (Short Take Off & Vertical Landing), is a multirole ship that 

incorporates 4 different functions in a single unit: aircraft carrier, logistics and amphibious platform, 

a command station unit and a hospital. The ship is able to embark and operate with all types of aircraft 

supplied to the Navy: Helicopters (AB 212, EH 101, NH 90), aircraft AV-8B (Harrier), as well as, 

in the future, JSF type aircraft (Joint Strike Fighter pe F35B).  

Record numbers for the Italian Navy: 

• displacement: 27100 tons at full load; 

• overall length: 244 m; 

• 544 permanent military crew units + 641 seats to accommodate mobile flight 

components, Marina San Marco Brigade, health personnel, civilian personnel; 

• 4 AVM / GE LM2500 gas turbines of 22 MW each; 

• 2 variable pitch propellers Fincantieri C.P.; 

• 6 generation groups Wärtsilä CW 12V200, 2.200 kW each; 

• 2 axis generators, 2200 kW each; 

• main voltage 660V-50Hz through passive distribution ring; 

• 2 rudders; 

• HVAC in all areas (accommodation and work); 

• 6 inverted osmosis desalination plants; 

• 2 active stabilizer pairs; 

• operating bow and stern thruster; 

• 2 aircraft lifts (at the bow and stern straight side). 

The propulsion system allows the ship to reach 29 knots with 85% of Maximum Continuous Rating 

(MCR) of engine and 7000 miles of autonomy at 16 knots [7] [95]. The electrical system, built with 

technologies available at the end of the 90 s, is unique: the generation and primary distribution is via 

a 660 V and 50 Hz meshed network, with a three-phase system and non-distributed neutral conductor, 

the same is applied to the 380 V secondary distribution system. The use of a nominal voltage of 660 

V inevitably leads to the use of numerous cables with a high cross-section with particular room 

requirements inside the ship's premises and related problems.  Figure 44 shows the generation ring 

at 660 V.  



57 

 

 

Figure 43 - Aircraft Carrier Cavour 

 

Figure 44 – Cavour Network Layout 

The presence of 8 generation groups makes the system very modular and partial, depending on the 

operating roles required by the ship, and increases the system reliability having 8 independent sources 

(5 operating simultaneously and 3 generators readily in standby). Moreover, with this type of 

generation, the power splitting diesel generators operate at their maximum efficiency in each 

operation role. 

The disadvantage is represented by installation costs (purchase and installation of the groups, 

maintenance, and number of bus-bars on board due to the high safety standards required).  

The presence of 8 power plants coupled with the use of directional protection installed in the meshed 

electrical panels, allows to limit the disservices and the number of users involved. 

The presence of a primary distribution mesh network allows the ship to be directly powered via the 

shore connection without the need to set up a special distribution network only requiring the 

installation of appropriate electrical panels for this function. Finally, the Cavour employs two axis 

generators. 

The synchronous machine can be used as a generator when the axis line is driven by the gas turbines, 

transferring energy to the network allowing to put some diesel generators on standby. 

To interface with the constant frequency network, axis generators require a converter consisting of 

two rectifiers, each connected to a stator winding of the machine feeding the DC stage. Subsequently, 
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four IGBT inverters power the AC network at a constant frequency, delivering 2750 kVA between 

80 and 140 RPM and providing reactive energy, thanks to the type of converter used. Figure 45 

shows the drive architecture. 

 

Figure 45 - Drive Architecture of Axis Generator  

4.2 On-board electrical loads characterization 

A military ship is characterized by a great variety of loads, in number and power, essential and non-

essential, and performing different functions. In this chapter, a description of different classes of 

loads with their characteristic is carried out. Moreover, different operation roles defining the power 

consumption of each group of loads is highlighted.  

4.2.1 SWBS groups 

The starting point is the classification of the various loads present on board the aircraft carrier. In 

general, a ship contains a large number of electrical devices, ranging from the various pumps and 

engines of the air cooling system, to auxiliary systems for generators and propulsion, to 

indoor/outdoor lighting systems and navigation lights, as well as the whole electronic network for 

audio/visual communication, data transmission, automation system and weapon systems. 

The SWBS (Ship Work Breakdown Systems) groups reported in 

Table 5 shows a general classification according to which the various electric loads have been 

grouped in the ship's electrical balances provided by the manufacturer. A complete listing of the 

various SWBS is provided in Annex H of IEEE Standard 45 "A guide to electrical installations" [96]. 

Table 5 - SWBS (Ship Work Breakdown Systems) Groups 

SWBS Description 

200 Propulsion system 

300 Electrical system 

400÷446 Command & Supervision 1 

450÷492 Command & Supervision 2 

500÷517 Extraction/Ventilation - HVAC 

520÷569 Auxiliary Systems 1 

570÷593 Auxiliary Systems 2 

600 Mounting 

700 Armament 
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Table 6 - SWBS Groups Electric Loads 

Application Description of  Electric Loads  

Propulsion system Fan cooling turbines, generators, fuel cleaner, washing module turbine blades, etc. 

Electrical system Local Lighting, 24V battery charger, auxiliary alternator shaft, winch cable recovery, rotary 

converter 400 Hz, and so on. 

Command & Supervision Navigation and weather system, internal communications, radar, magnetic compensation 

system, surveillance systems and so on. 

HVAC Air conditioners, fans, local, chillers, boilers, fan coils, and so on. 

Auxiliary system Electrical fire pump, water maker, kerosene purifier, air rudder, thruster, cranes, elevators, 

lifts, side ramp, and so on 

Mounting Food, health area, laundry room, compactor, workshop 

Arming Machine gun, short-range defense system, rocket launchers and so on. 

4.2.2 Operating role 

Depending on the ship operating role, the power consumption of various electrical loads can undergo 

significant variations, passing for example from the less energizing stages of parking and 

manoeuvring in port, up to special roles that require maximum electrical requirements as in combats. 

In order to define the electrical scenario it is necessary to identify the operational role adopted by the 

ship to identify the total and specific needs of each SWBS group. 

A table defines the consumption of each SWBS group power for each specific operating role, 

defining some parameters as show in Figure 46. 

 

 

Figure 46- Caption of Real Table That Define A SWBS Consumption in a Operation Role 

The first line indicates the SWBS group and in the second row the first three columns are descriptive 

of the reported electrical equipment. From the fourth column onwards, we have: 

 N: total number of installed devices; 

 nominal: rated power in kW; 

 nominal efficiency; 

 absorption: power absorbed in kW considering nominal efficiency; 

 power factor; 

 real consumption: indicates the total power absorbed by the grid, taking into account the 

efficiency and power factor. 

The following columns contain data relating to the various operating roles, in this case “in port”: 

 N: number of active devices referred to the total number installed; 

 contemporaneity factor: indicates the ratio between the absorbed power at the same time and 

the total power of the active devices; 

 power request: is the total power value requested by the load, obtained by multiplying the 

total power absorbed by the factor of contemporaneity and by the number of active devices. 
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4.2.3 On-board loads - Macro categories definition   

The electrical loads for each electrical panel have been grouped into three macro categories, based 

on the type of electric load and the harmonic behaviour. The three groupings are: 

 static loads;  

 non-linear loads - converters; 

 rotating loads. 

This subdivision will be useful in simulations and system modelling in order to consider those loads 

that cause harmonic disturbances, or those loads contain a significant percentage of rotating load, 

consisting of heterogeneous electric motors. 
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Chapter V: Cavour Aircraft Carrier– Measurement campaign [97] 

5.1 Measurement campaign organization 

A measurement campaign was carried out on board aircraft carrier Cavour, in order to determine the 

power quality of the power system (harmonic content, asymmetries, voltage sags, power factor) and 

the impact of the relevant electric loads.  The analysis of the data records, allows to model the loads 

behaviour in time and frequency domains, thus permitting their use for the required studies. 

Measurements have been carried out in port, with shore disconnected connection, and with a reduced 

number of electrical loads. The results have been subdivided and evaluated in relation to: electrical 

system areas, electrical load measured, loads working cycle, network behaviour in time domain, 

voltage and current harmonic distortion. In order to properly assess the data needed for the models 

realization, different measures have been taken. A first measurement has been made with the entire 

distribution network connected and energized, with the aim of checking the network status in steady 

state. Then, for each load considered, the area of the network interested by the measure was restricted 

to the minimum. This was achieved thanks to the high reconfiguration capabilities of the Cavour 

distribution system, feeding the loads with a subset of the distribution network (comprising at least 

one generator) isolated from the rest of the ship. Some specific electrical loads presenting high 

distorted current absorption have been identified. Their characterization was considered particularly 

relevant, and has been carried out in order to define their contribution to harmonic disturbance and 

their impact on the network. 

The instrument used for measurements is the Chauvin Arnoux CA 8335 network analyser. It 

measures four voltages and four currents, thus calculating all the relevant power quality parameters. 

Thanks to that, it was possible to record voltages, currents and power values for every measure, and 

to perform harmonic disturbance analysis. The features of the measuring instrument are reported in 

Annex A. The presence of large-diameter cables bundles (up to 16 conductors of 240 mm2 each) in 

some cases forced to the installation of current probes to only a part of the cables of a bundle, being 

the total beam diameter greater than the current probes. Therefore, a uniform current distribution in 

the cable bundle was assumed (a condition favoured by the cables' transposition every 15 m). By 

doing that, the entire cable current was obtained as a product of the measured current by the ratio 

between the total number of the cables in the bundle and the probed cables (maximum single-core 

cables cross-section: 185 mm2) [98]. 

Cavour’s power system presents different configurations, depending on the operational role.  

The electrical power absorbed during the operative configurations can be found in the electrical 

balance, the most common are described in Table 7. 
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Table 7 – Electrical Balance in Different Operational Profiles 

SWBS Service 
Port 

[kW] 

Low speeds 

[kW] 

Training 

operating [kW] 

Battle operating 

[kW] 

Emergency 

[kW] 

200 Propulsion system 49.3 497.5 457.3 645.3 0.0 

300 Electrical system 469.6 616.6 859.5 1158.5 79.0 

400÷446 Command/ Supervision 1 72.7 74.0 260.9 398.5 249.4 

450÷492 Command/Supervision 2 3.5 210.3 452.8 535.4 7.0 

500÷517 Extraction/Ventilation 

HVAC 

1807.7 2326.4 2478.8 2488.4 0.0 

520÷569 Auxiliary Systems 1 181.5 2456.1 435.4 1181.6 374.9 

570÷593 Auxiliary Systems 2 249.8 388.1 202.8 269.56 1.7 

600 Mounting 629.7 574.9 574.9 225.9 0.0 

700 Armament 54.5 0.0 159.7 166.1 491.2 

3518 7145 5882 7069 1202 

5.2 Measurement campaign results  

The measurement campaign was carried out at port, with the ship detached from the shore 

connection. Accordingly, onboard generators supplied the power system. A preliminary study of the 

plant layout identified the most relevant loads to be analyzed through the measurement campaign. A 

simplified diagram of the Cavour power grid is shown in Figure 47, where the electrical loads 

monitored are marked in red. The results have been analyzed paying attention to: power system 

configuration; characteristics of the electrical load monitored; load work cycle during measurement; 

network behavior in the time domain; voltage and current harmonic distortion. 

 

Figure 47 - Electrical Network Diagram of Cavour Used for Electrical Loads Measurements 
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The measurement campaign was conducted applying the instruments to the main electric panels: 

QEP3, QEP8, QA3, QA6, and QA9 (referring to Figure 47). Since the ship was in use, and in 

particular was under ordinary maintenance, it was necessary to limit disturbances produced by the 

measured loads, by isolating the feeders of the individual loads. This was done thanks to the 

reconfiguration options given by the ring distribution layout: the monitored network areas were 

disconnected from the rest of the ship, taking most generators and loads off service. The monitored 

loads are: 

 Side ramp (hangar access from shore) (in QEP3); 

 Shaft generator (in QEP8); 

 Radar EMPAR (in QDP17); 

 15 Tons elevator (in QDP9); 

 15 Tons crane and electrical fire pump (in QDP14). 

A first measurement was conducted connecting the instrument to the electrical panel QA9, with the 

network in closed loop configuration, and active diesel generators 1 and 4. The goal of the 

measurement was to acquire the standard network status for the ship during port operation, i.e. total 

energy demand, current, voltage, and frequency values. Then the ship network was reconfigured for 

the single loads measurement, sectioning the ring bus into two separated islands (shown in Figure 

47). In particular, the two sections were defined as follows: 

Configuration 1 - section comprising QA1 and QA3, with diesel generator 1active; 

Configuration 2 - section comprising QA8, QA6 and QA4, with diesel generator 4 active. Shaft 

generator (AA in Figure 47) active only for his single measurement. 

5.2.1 Time domain  

Standard network status, measured on QA9 

The preliminary test (aimed at assessing the standard network status), showed a very stable RMS 

value for the phase-phase voltage, with variations lower than 0.5%. The frequency was constant, 

equal to 49.95 Hz. The recorder current was almost constant, not less than 75 A and with two visible 

steps due to the insertion of small intermittent loads (such as compressors or pumps, widely used on 

board). Total power consumption was 90 kVA, with a power factor equal to 0.5. This value, despite 

being rather low, can be justified by the low load applied to the power system. In fact, at port the 

electric load is mainly constituted by HVAC system’s induction motors, whose power factor on light 

loads is low. 

Side ramp measurement, powered by QEP3 

The monitoring of the side ramp was performed with the network in Configuration 1. The working 

cycle of the ramp was the following: starting from the resting position 2 meters lifting, then complete 

descent, complete lifting and full descent. The measurement was made on electrical panel QEP3 and 

the test time was about 7 minutes. The voltage remained stable, with negligible changes, during ramp 

maneuvers. The frequency was constant, at about 49.95 Hz. Figure 48 shows the current and voltage 

RMS values. Figure 49 reports power consumption and power factor profile.  It can be noted that the 

average value of current is 15 A, with some steps due to the work cycle accomplished, and it reaches 

30 A as maximum values during steady state operation. The inrush current is about 90 A, with a 

current crest factor of five (at starting). The characteristic values, recorded on one of the three phases 

of the power system, are reported in Table 8. The average active power is approximately 15 kW, 

with low value steps during ramps maneuvering; conversely, reactive power is not affected by the 

load cycle, remaining constant at 14 kVAr. The power factor changes from 0.8 at the start, to 0.4 

when the current has its minimum values. 
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Table 8 - Characteristic Values for Side Ramp Measure 

Vmin [V] Vmax [V] V avg [V] 

657 665 658 

Imin [A] Imax [A] I avg [A] 

0.0 87.4 17.4 

Ptot min [kW] Ptot max [kW] Ptot avg [kW] 

0.0 27.9 14.3 

Power factor min Power factor max Power factor avg 

0.35 0.86 0.62 

 

Figure 48 - Current and Voltage Measured During Side Ramp Operation 

 

Figure 49 – Active Power and Power Factor During Side Ramp Operation 

EMPAR measurement, powered by QDP17 

EMPAR stands for "European Multifunction Phased Array Radar": a latest generation 

multifunctional radar that can simultaneously perform the following tasks: medium-range air 

surveillance, three-dimensional tracking of multiple targets, and anti-aircraft missiles guidance. The 

measurement was conducted on the QDP17 electric panel with network in Configuration 1. The 

EMPAR work cycle was: starting of antenna rotation, radar emission activation and subsequent 

deactivation. Voltage and frequency remained stable throughout the test. The current (Figure 50) 

switched from 25 A (EMPAR in stand-by) to 40 A, and remained steady during the operation. The 

power absorption changed from 24 kW to 40 kW, following the current variations, with a relatively 

high power factor, equal to 0.9.  

Table 9 shows the most relevant values recorded in one of the three phases during measurement. 
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Table 9 - Characteristic Values for Empar Measure 

Vmin [V] Vmax [V] V avg [V] 

659 662 661 

Imin [A] Imax [A] I avg[A] 

23.7 40.1 34.2 

Ptot min [kW] Ptot max [kW] Ptot avg [kW] 

22.5 41.2 34.4 

Power factor min Power factor max Power factor avg 

0.80 0.89 0.86 

 

Figure 50 - Current and Voltage Measured During EMPAR Operation. 

Shaft Generator measurement, on QEP8 

The shaft generator measurement was conducted with the Configuration 2 network: an island 

composed by QA8, QA6 and QA4 and their related distribution panels. The power supply of this 

section of the network was achieved by only using a Diesel generator 4 until the start of the shaft 

generator. The latter can supply his full power only at full speed, so it was impossible to test it in the 

full load condition. Indeed, when the ship is moored propellers speed rotation has to be kept at low 

RPM, with 0° of propeller pitch, so as not to produce any thrust on the hull. For this reasons, during 

measurements the shaft generator worked only at a reduced power, as compared to the nominal value. 

During the measurement some shaft power variations were recorded. They can be attributable to the 

interactions between the shaft generator and the Diesel generator 4 (load sharing transients and 

electromechanical oscillations), and to variations in the resistant torque applied to propellers (caused 

by the water turbulent conditions).  

The measurement was conducted on the main feeder that connects the shaft generator to the QEP8. 

The feeder consisted in a three-phase cable bundle, each phase constituted by 12 single core 240 mm2 

cables. In order to apply some load variations to the generator during the test, one aircraft elevator 

(powered by QDP15, distribution panel derived from QA8) was moved. The observation time was 

21 minutes. The measured voltage was stable and the frequency was kept at 50 Hz with only small 

oscillations, due both to load sharing dynamics and loads' activation. A first ramp, of about one 

minute length, is a consequence of the gradual load sharing between the shaft and Diesel generators.  

During this first transient power oscillations between the two generators can be easily observed. 

During the test the current varied from 400 to 600 A with some peaks during loads' activation.  

Figure 51 shows current and voltage RMS values. Figure 52 reports active power and power factor 

during Shaft Generator operation.  

Table 10 shows the characteristic values recorded in one of the three supply phases. The power factor 

was about 0.7, with some fluctuations both at start and in the last minutes of the measurement (0.13 

÷ 0.97).  
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Table 10 - Characteristic Values for Shaft Generator Measurement 

Vmin [V] Vmax [V] V avg [V] 

651 657 654 

Imin [A] Imax [A] I avg [A] 

109.2 627 452.6 

Ptot min [kW] Ptot max [kW] Ptot avg [kW] 

22.2 527.6 343.5 

Power factor min Power factor max Power factor avg 

0.13 0.97 0.70 

 

Figure 51 - Current and Voltage Measured During Shaft Generator Operation. 

 

Figure 52 - Active Power and Power Factor During Shaft Generator Operation 
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15 ton elevator measure, powered by QDP9 

This measurement was conducted with the network in Configuration 2. Being the elevator connected 

to QDP9, and through it to QA9, the network covered by the measurement was complementary to 

Configuration 2, thus comprising the following electrical panels: QA2-QA9-QA1-QA3-QA5-QA7-

QA10. During measurement, in order to limit disturbances, most of the loads powered by QDP9 were 

not enabled. A first measurement was made to assess the network state, and registered 80 kVA power 

consumption with a 0.5 power factor. Subsequently, one of the two 15 ton bow munitions elevators 

was activated. The work cycle consisted in a lifting followed by a complete descent, with some 

weights on the elevator platform. In this case, the measurement was conducted in QA9, on the QDP9 

main feeder. Being the three-phase wiring realized with three bundles cables, each of 6 unipolar 240 

mm2 cables, current probes were placed only around two cables of the bundle. Therefore, for this 

test, the current correction factor is equal to 3 (measured current has to be multiplied by the correction 

factor to obtain the real feeder current). Voltage reported negligible variations during the test, with 

some disturbances only during elevator start. The frequency remained stable too, in the range 

between 50 and 49.9 Hz. The current profile, shown in Figure 53, varies during the elevator 

movement from a 65 A base value. 

Figure 54 shows active power and power factor during 15-Ton elevator operation. Table 11 shows 

the relevant recorded values for one of the three supply phases. The elevators drive is of hydraulic 

type, with an oil pump that remains activated during the entire test. Therefore, the elevator system 

absorbs a constant 35 A current, excluding starting operation. During lifting operations the system 

absorbs an additional current of 45 A (from 16:27:20 to 16:28:10). The same happens during descent 

(from 16:29:00 to 16:29:50) with a 15 A absorption. This is due to the security systems embedded 

into the hydraulic actuators, which prevent the gravity descend of the elevator, so also the descent 

operation must be done by the pressurized oil of the electric pump (thus consuming additional power 

and reducing the overall system efficiency). 

Table 11 - Characteristic Values for Elevator 15 Ton Measure 

Vmin [V] Vmax [V] V avg [V] 

657 663 658 

Imin [A] Imax [A] I avg [A] 

66 215 90.5 

Ptot min [kW] Ptot max [kW] Ptot avg [kW] 

29.8 129.2 50.9 

Power factor min Power factor max Power factor avg 

0.30 0.72 0.46 

 

 

Figure 53 - Current and Voltage Measured During 15 Ton Elevator Operation 
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Figure 54 - Active Power and Power Factor During 15 Ton Elevator Operation 

15T crane and electrical fire pump measure, powered by QDP14 

The measurements were carried out with the network in Configuration 2. Monitored loads are two: 

a 15 Ton crane and an electrical fire pump (namely “EPAC”). From an initial measure performed on 

the QDP14 feeder, the steady state power consumption was equal to about 200 kVA, with a 0.65 

power factor, because there were other loads in the monitored area. Voltage and frequency were 

constant and stable. The devices were then operated individually, starting with the crane. Its work 

cycle consists in lifting and moving some weights. During crane operation, voltage remained stable, 

with only little variations. The frequency was also stable at 50 Hz, while current values changed from 

90 A before start to 110 A with the crane in operation. The crane inrush current was about 180 A 

(Figure 55). Table 12 shows some characteristic values recorded. The crane’s drive (Figure 56) 

absorbed about 20 kVA, with a 0.6 power factor.  

As regards the EPAC, it was loaded at 37% of his rated power during the tests. The measurements 

show a significant voltage drop at the load insertion, equal to 2.3% of the nominal voltage (rated 660 

V). The current absorption is 50 A, obtained as the difference between the currents recorded before 

and after pump start. The inrush current is 6 times the rated current, as shown in Figure 57. Table 13 

shows the characteristic values recorded on one of the three supply phases. The EPAC (Figure 58) 

absorbs about 60 kVA, with a 0.7 power factor. 
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Table 12 - Characteristic Values for 15 Ton Crane Measures 

Vmin [V] Vmax [V] V avg [V] 

656 660 656 

Imin [A] Imax [A] I avg [A] 

89.7 180.6 108.3 

Ptot min [kVA] Ptot max [kVA] Ptot avg [kVA] 

99.3 200.8 120.5 

Power factor min Power factor max Power factor avg 

0.46 0.70 0.62 

 

Figure 55 - Current and Voltage Measured During Crane 15 Ton Operation 

 

Figure 56- Active Power and Power Factor During Crane 15 Ton  Operation 
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Table 13 - Characteristic Values for EPAC Measure 

Vmin [V] Vmax [V] V avg [V] 

645 658 656 

Imin [A] Imax [A] I avg [A] 

83.1 393.9 136.0 

Ptot min [kVA] Ptot max [kVA] Ptot avg [kVA] 

99.8 461.2 167.7 

Power factor min Power factor max Power factor avg 

0.32 0.76 0.69 

 

Figure 57 - Current and Voltage Measured During EPAC Operation 

 

Figure 58 - Active Power and Power Factor During EPAC Operation 

5.2.2 Frequency domain  

Using the data obtained from the measurements, a frequency analysis on the single electrical 

devices monitored was carried out. This was done in order to assess the possibility of significant 

distortion levels in voltage and current waveforms. 
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Standard network status, measured on QA9 

The preliminary measurement performed on the QA9 electrical panel, carried out to assess the 

standard network status in closed ring configuration, showed that supply voltages had a limited 

harmonic content (Figure 59). The largest voltage harmonics were the 5th and 7th, respectively equal 

to 2.5 % and 2%, while the 11th harmonic was less than 1%. The three phase voltages did not show 

any asymmetries, and the THDV % was 4.2%. The current presented a significant 5th harmonic, equal 

to 5% (on a fundamental component of 78 A), and a negligible 7th harmonic. The 11th harmonic was 

equal to 1% of the fundamental. Finally, there were a negligible 3th harmonic, except in phase 1 where 

it assumed a value (2%) that was more than double as compared to the values of the remaining phases. 

Except for the specific case of the 3th harmonic, all the harmonic components were homogeneous on 

the three phases, and the THDI % was 6.5%.  

 

Figure 59 - Network Status: Voltage and Current Harmonic Content 

Individual loads 

As far as the analysis of individual loads is concerned, the ramp operation showed no critical point 

(Figure 60). Conversely, the EMPAR harmonic content showed that the current absorbed by the load 

(25 A at 50 Hz) was strongly distorted, presenting a waveform typical for a three-phase six-pulse 

bridge rectifier (Figure 61). The harmonic spectrum components showed values greater than 1% up 

to the 20th harmonic. As it can be expected from the waveform visual analysis, the current showed 

high values for the 6k ± 1 order harmonic components, with the 5th harmonic equal to 60% of the 

fundamental. The THDI current changes from values between 55% and 65%, with EMPAR turned 

off, to 45% with the device in operation. The harmonic content of the shaft generator shows high 

frequency components, in particular for voltage the 36th and 38th harmonics were present despite their 

values were less than 1%. The current harmonics with order 13, 17, 19, 25, 36, 38, 42, and 44 had 

values comprised between 1% and 2% (Figure 62). As regards the 15 ton crane, the THDI changed 

from 3% with the crane in standby to 1.5% during crane operation (Figure 63). The same applies for 

the electrical fire pump, where the THDI % remained at 3%, except for the start-up and shut down 

transients, where the peaks reached 20% (Figure 64). In the case of the 15 T elevator the voltage 

harmonics were exclusively the 5th and 7th equal to 1.5%, with a THDV % of 2.4%. The current, with 

a component of 100 A RMS, showed the 3th, the 5th harmonics, respectively 1% and 3%, and a 23th 

equal to 1% as relevant harmonics. The 7th, 11th and 13th harmonics are negligible (Figure 65).  
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The THDI % varied from values under 10% with the elevator in standby, to 4% with the elevator in 

operation. Table 14 and Table 15 show the rates of individual and total voltage and current harmonic 

distortion for each load considered. 

 

Figure 60 – Ramp: Current and Voltage Harmonic Content 

 

Figure 61 – Empar: Current and Voltage Harmonic Content 
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Figure 62 – Shaft Generator: Current and Voltage Harmonic Content 

 

Figure 63 - 15 Ton Crane: Current and Voltage Harmonic Content 
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Figure 64 – EPAC: Current and Voltage Harmonic Content 

 

Figure 65 – Elevator 15 Ton: Current and Voltage Harmonic Content 

Table 14 -  Voltage Harmonic Distortion 

Load THDv % V3 % V5 % V7 % V9 % V11 % 

Ramp 2.4 0.2 2.0 2.0 - - 

EMPAR 3.5 0.4 2.4 2.0 - 1.0 

Shaft generator 2.4 - 1.8 1.0 - 0.7 

Crane 3.6 - 3.0 2.0 - - 

Fire Pump 3.6 - 2.6 2.0 - - 

Table 15 - Current Harmonic Distortion 

Load THDI % I3 % I5      % I7 % I9 % I11 % 

Ramp 6.0 1.0 6.0 4.0 0.1 1.0 

EMPAR 45-65 23.0 60.0 30.0 5.0 12.0 

Shaft generator 11.0 0.2 11.0 5.0 0.1 2.0 

Crane 1.5-3.0 1.0 1.5 0.8 0.1 1.2 

Fire Pump 3-20 0.7 2.0 1.7 0.1 0.8 
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From the measurement campaign carried out, it can be inferred that the ring distribution system of 

the Cavour does not present harmonic distortion issues in standard conditions: the THDV % value is 

limited (4%). The side ramp operation showed no critical points, causing no disturbances to the 

supply voltage. Conversely, the EMPAR operation showed harmonic distortion problems due to 

strongly distorted current absorption by the load, with a THDI % equal to 50% during operation. This 

value increased further when the drive worked at reduced load. The shaft generator did not produce 

a strong voltage distortion, although there were some high frequency harmonic components (36th and 

38th harmonic). On the contrary the current harmonics were significant, especially considering their 

amplitude (tens amperes order) and distribution (high harmonic spectrum). The 15 ton crane and 

EPAC operations presented very stable and not distorted voltages. The only relevant issue was the 

voltage drop occurred at the start-up of the EPAC, which reached 2.4%. This is a significant value, 

considering that the pump was working at 37.5% of the rated load. Assuming a voltage drop 

proportional to the applied load, it can be inferred that in correspondence of the nominal load the 

voltage drop could reach 6.5%. 

5.3 Software and model validation   

The need to validate software and models starting from the measurement campaign carried out, 

allows to conduct new investigations proposing alternative solutions. The first step to use and 

develop a model is calibration; this approach makes it possible to identify critical issues by defining 

the best solutions for network modeling. 

The measurement campaign carried out on the Cavour Aircraft was used to validate and calibrate the 

software presented in chapter III and that will be used for future investigations on new architectures.  

5.3.1 Load Flow   

The load flow carried out with Simulink was obtained starting from some hypotheses set in the 

software. These hypotheses are: 

 the only generator in operation was set up as a swing source, which is a balance node. In this 

mode, the DG supplies exactly the active and reactive power required by the users in "port" 

operational profile, and the power necessary to compensate for the loss of joule in the cables 

and the self-consumption of reactors in the network, prevalent on the capacitive elements; 

 during the test on the crane supplied by the QDP14, according to the ship automation system 

data provided at the end of the measurements, the diesel generator number 4 provided an 

active power equal to 627 kW, a value very close to that obtained in the simulation; 

 the loads were considered to be constant active and reactive power absorption; 

 the voltage setpoint in the bars of the main electrical panels, where the diesel generators are 

installed, was set at 1 p.u. 

5.3.2 Network impedance analysis – Z(f)  

As previously mentioned, the Harman program is able to calculate the equivalent network impedance 

at the electrical nodes of the system analysed. This calculation is particularly indicated on a weak 

network, with limited short-circuit power, since any harmonic components can introduce strong 

distortions on the power supply voltages, causing disturbances also to other loads connected in the 

network. Moreover, it is possible to find, also for limited distortion currents, high harmonic distortion 

values on system voltages: this is due to the potential presence of electrical resonances in the network, 

due to the interaction of inductive components (longitudinal impedance cables, transformers, etc.) 

with capacitive elements (capacitance of cables to ground, presence of passive filters or banks of re-

phasing capacitors) that can amplify certain harmonic components. 

To verify possible resonance present in the analysed portion of the network, the equivalent 

impedances were calculated for each node, in the main electrical panels. The calculation program is 
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set up to calculate the network impedance module at each node up to the 40th harmonic (2 kHz), the 

latter being the validity limit of the low frequency models for three-phase AC networks. The 

calculation step was set at 5 Hz, so as to detect resonances even at frequencies corresponding to inter-

harmonic and subharmonic. The Network impedances calculated by software are reported in Figure 

66. 

 

 

Figure 66 – Network Impedance at Main Electrical Nodes Under Study 

Network impedance module is reported in p.u. (per unit) in vertical axis; the value of base impedance 

is: 

𝑍𝐵 =
𝑉2

𝑃𝐵
   (34) 

Where V is the nominal value of the phase-to-phase voltage, and PB is the base power (choice equal 

to the diesel generators size of 2750 kVA). Figure 66 shows that in the system there are no resonances 

in the frequency range analysed; an increasing monotonic trend with the frequency caused by the 

inductive part of the network impedance is shown. There are no harmonic filters or banks of 

capacitors; these elements could interact with the inductances present in the network and give rise to 

possible resonances. The only capacitive elements present in the model are the small service 

capacities of the cables, which have values of nF order, given the low unit capacity and the reduced 

lengths of the connections.  

Figure 67 shows the graph of Z (f) calculated in the SQDP4 electrical panel in a frequency range 

between 0 and 100 kHz, where it is possible to observe peaks in the value of the network impedance 

at 3 kHz 80 kHz and 90 kHz frequencies.  
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Figure 67 - Z(f) At SQDP4 Electrical Network Node 

5.3.3 Total Harmonic Distortion evaluation 

In the analysed network, converters have been considered with passive front ends with diodes, 

contain harmonic current components of 6k ± 1 order, with k = 0 ...N. This assumption is theoretically 

valid, since the converters, supplied with a voltage that is not perfectly sinusoidal (easily found in a 

naval system) and because of the constructive imperfections of the components, can introduce sub-

harmonics and inter-harmonic components in addition to the harmonics characteristics.  

In the simulation phase, it was decided to implement an absorption by the converters next to a 

theoretical disturbance table of a diode hexaphase rectifier. The disturbance table associated with 

these loads is shown in Table 16. 

Table 16- Converter Harmonic Disturbances 

h 1 5 7 11 13 17 19 23 25 

% IN 100 17.5 11.1 4.5 2.9 2.0 1.0 0.9 0.8 

 

Therefore, simulations for total harmonic distortion (THD) calculation in the network were carried 

out, using converters characterized by the harmonic absorption reported in Table 16. 

Figure 68 reports the data-file used in the simulation using Measurements data carried out during 

“port" operational profile. The network has 29 nodes, one of which is a generation node, and 28 

power lines. Figure 69 reports all the output values in which THD are shown (respectively unfiltered, 

vectorial and correlated) and IHD for each electrical panel (node) and the source of the maximum 

individual harmonic contribution. 
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Figure 68 - Data-File Used in The Simulation (Network Representation) 

 

Figure 69 – THD and IHD Output Values 
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By analysing Figure 69 it is possible to highlight that: 

 THDV found in the network is between the uncorrelated and vector values (between 1.4% 

and 3.1%). In the crane measurement carried out on the QDP14 electrical panel, a THDV of 

approximately 3.5% was found, a value in line with which calculated in the simulations; 

 The IHDV is in correspondence with the 5th harmonic and is 2.3%. In the absence of 

resonances, it is logical to expect that the harmonic that causes the greatest disturbance is the 

highest in module. In the converters, the harmonic content table, i.e. the amplitude of the 

single harmonics decreases with the h order as 1/h, the highest component is the 5th harmonic, 

equal to 20% of the fundamental. In all the analysed nodes, the source that makes the greatest 

harmonic contribution is the distorting load on the QDP15 electrical panel, which contributes 

with 0.6% on the 5th voltage harmonic. Specifically, the converters present on the QDP15 

absorb 2.5 A of the 5th harmonic, such values are much higher than the other harmonic 

sources. 

5.3.4 Simulink model for time varying non-linear load 

To validate and test the Simulink Model, developed for time varying non-linear load simulation, it 

was not possible to use the measurement campaign carried out on the Cavour Aircraft Carrier, 

because the measurement was conducted at a certain power consumption (port operational profile). 

In order to validate the model, that allows to evaluate the harmonic distortion when a non-perfect 

knowledge of the loads, at any time of the day occurs, a seven day measurement campaign on an 

industrial plant was considered. In particular, an industrial plant with several load consumption 

variations a day was chosen. The validation is reported in ANNEX B. 
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Chapter VI: A New layout for an Integrated Power System Naval Unit-All 

Electric/Hybrid  

6.1 Aims of the chapter [99] 

The use of full-electric or hybrid diesel-gas turbines-electric systems on-board marine vessels is 

nowadays common [100]. Most cruise ships are all-electric, which means that they only use electrical 

propulsion drives with no mechanical coupling between the on-board generators and the propulsion 

drives. Some marine vessels, conversely, use diesel-gas turbines-electric propulsion systems. These 

vessels have both mechanical propulsion drives, which are used during long-range, constant-speed 

operations and electrical propulsion drives that are used for low-speed and manoeuvring operations.  

At present, marine vessels primarily run on an AC distribution system. However, there was an 

increasing interest in a shift towards a DC distribution system. The latter is driven by a potential 

improvement in efficiency, fuel saving, power quality and reduction in weight and volume of the 

electrical equipment [101]. The main reasons of interest are the evolutionary development in power 

electronic technology and the emergence of high-performance energy storage devices. In this 

context, DC power distribution technologies are a comeback; however, they are considered 

increasingly interesting for the research field and industrial applications. Maritime power systems 

can be traced back to the 1880s, starting with the earliest record of a DC-based on-board power 

system on the SS Columbia, where Edison's DC lighting system was first installed. In the last century, 

maritime power systems were greatly developed along with the increasing demand for on-board 

electrical loads. During this evolution, shipboard power transformed from a DC power system into 

an AC power system, as the use of electricity extended from the initial lighting to almost every aspect 

aboard a vessel where it was necessary to build upon the advances in the ac distribution infrastructure. 

In recent years, government regulation on emissions has become increasingly strict, while customers' 

fuel-efficiency requirements have risen. In recent studies, the current integrated power system 

research trend is turning to DC power distribution systems. This has resulted in advanced research 

outcomes in the DC microgrid field, especially in its advanced control, management’ and 

optimization methods, all of which can be attributed to a wide body of all electric ship research. It is 

becoming clear that the DC power system has several major advantages over the AC system, and 

even some newly recognized advantages, such as: 

 replacing bulky ferromagnetic transformers with compact power electronic converters; 

 easier parallel connection or disconnection for DC power sources; 

 use of variable speed diesel generators with fuel savings achievement; 

 elimination of harmonic and imbalance problems; 

 elimination of synchronization problems; 

 elimination of reactive power flow. 

The chapter aims to outline and evaluate new integrated power system architectures with the aim of 

defining their advantages and disadvantages. The analysis of new architectures will allow us to 

evaluate their performance in terms of reliability, power quality and technologically innovative 

solutions. The objective of the analysis will be the identification of solutions aimed at giving the on-

board electrical system superior performance than those of the electrical systems previously 

implemented both civil and military ships. In detail, innovative solutions will be studied to obtain a 

high level of quality of the electricity supplied to users. 

Three electrical system architectures have been proposed, elaborated according to the requirements 

for the new naval unit. 
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1. All electric MVAC - alternating current MV system;  

2. All electric MVAC "hybrid" - MV system with alternating current with "islands" / electrical areas 

in direct current, MV and/or LV; 

3. Hybrid Propulsion (Electric/Diesel/Gas Turbines) - MVAC alternating current MV system 50-60 

Hz  

Table 17 reports the main features and difference of three architectures proposed. 

Table 17 – Main characteristic of the three architectures proposed 

Architecture Generators Propulsion Voltage levels 

1 – MVAC 

(All electric) 

4 Diesel + 2 Gas 

turbines 

 

121 MW 

 

 

 

 

All electric 

 

90 MW 

25 knot max speed 

 

2 MW  

manoeuvring thruster 

11 kV 

0.69 kV 

0.44 kV 

0.23 kV 

2 – MVAC hybrid 

with DC island 

(All electric) 

4 Diesel + 2 Gas 

turbines 

 

121 MW 

 

All electric 

 

90 MW 

25 knot max speed 

 

2 MW  

Manoeuvring thruster 

11 kV 

0.69 kV 

0.44 kV 

0.23 kV 

 

5 DC island 

3 – MVAC 50-60 HZ 

Hybrid Propulsion 

(Electric/Diesel/Gas 

Turbines) 

4 Diesel 

 

26 MW 

Hybrid 6 kV 

0.69 kV 

0.40 kV 

0.23 kV 

 

2 x 50/60 Hz rotating 

converters 

0.44 kV 

0.115 kV 

Electric  

5 MW 

0-10 knot 

Diesel 

22 MW 

10-18 

knot 

Gas 

Turbines 

74 MW 

18-25 knot 

 

3.6 MW  

Manoeuvring thruster 

The integrated power system proposed must meet redundancy, power availability and 

reconfigurability requirements. An example of such kind of requirements is to supply still half of the 

propulsion power and ship services even in case of two flooded compartments. Another requirement 

is the maintenance of an adequate quality of on board energy supplied by the network to the loads, 

above all in the case of "sensitive loads". The aim is to combine the typical needs of a combat unit 

with the desire to make the management of IPS simple and intuitive, while at the same time ensuring 

a sufficiently low impact on the ship (in terms of dimensions and weights). 

6.2 MV All electric ship  

The choice of the type, number and size of generators is a key aspect of the shipboard power system 

design, involving many technical/economical requirements and variables. In turn, shipboard electric 

distribution networks can have a purely radial, “composite” radial, or ring structure. The 50 Hz IPS 

under investigation is based on 6 generators (four diesel generators and two gas turbines) with a 121 

MW aggregate capacity: 

 Nr. 2 Diesel Generators (Wartsila, 9L38, 6.3 MW rated power, 600 RPM); 

 Nr. 2 Diesel Generators (Wartsila, 16V38, 11.2 MW rated power, 600 RPM);  

 Nr. 2 Gas Turbines (GE, LM6000-PF, 43 MW rated power). 

Table 18 shows the generated power for different ship operation profiles. 
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Table 18 - Total Power Demand as Function of Operation Profiles 

Operation profile 
Power 

[MW] 
Generators (x2) Load factor [%] 

Manoeuvring thrusters 9.6 9L38 76 

Navigation 8 kns, combat role 10.3 9L38 82 

Navigation 16 kns, 

operational training role 
33.7 

16V38 

9L38 
96 

Navigation 25 kns, 

operational training role 
102.7 

LM6000 

16V38 
95 

Navigation 25 kns, combat role 103.0 
LM6000 

16V38 
95 

Maximum navigation, 

gait operational role 
104.9 

LM6000 

16V38 
97 

Maximum navigation, 

gait combat role 
105.2 

LM6000 

16V38 
97 

Amphibious operations 9.6 9L38 76 

 

The structure of the two IPS proposals is fundamentally radial as regards the medium voltage section, 

and it is common to both architectures (All electric MVAC and MVAC "hybrid"). The 50 Hz radial 

distribution system has three voltage levels: 11 kV for primary distribution and propulsion, 0.69 kV 

for secondary distribution and supply of individual loads over 50 kW, and 0.44 kV for terminal 

circuits. The hypothesys is that the electrical devices deployed in the ship services are distributed 

similarly to those on the Cavour Aircraft Carrier. 

Figure 70 shows the preliminary architecture of MV all electric ship. 

 

Figure 70 – Basic Architecture of MV All Electric Ship 

The two proposals MVAC and MVAC "hybrid" layout differ in the electrical distribution to the ship 

services: in the first case, the secondary distribution is totally in alternating voltage, while for the 

second case there is a mixed alternating-continuous or even totally continuous distribution. 

Figure 70 highlights the presence of the four separate power plants, with the arrangement of 

individual generators. These plants are also equipped with connection links. The architecture has a 

structure similar to a mesh, however the system cannot be used with all the connections closed. 

Therefore, in every plant configuration is necessary to ensure at least one open junction switch. This 

is done in order to eliminate all design problems caused by the ring architecture (e.g. directional 

protection). 
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Propulsion Drive 

The 90 MW, two-shaft propulsion system in Figure 71 is based on two 22 MW induction motors 

(IMs) per shaft. The propulsion system includes also two 1 MW manoeuvring thrusters. Each IM is 

fed by three separate Propulsion Drives (PDs), as shown in Figure 72. In order to ensure reliability 

in case of failures and combat damages each PD is interfaced to the 11 kV AC busbar via a 

transformer and a three-phase, 6-pulse diode rectifier. DC/AC conversion is performed by a five-

phase PWM controlled voltage-source inverter. 

 

 

Figure 71 - Propulsion Architecture. 

Transformer connections are chosen to ensure 24-pulse operation with all IMs in service. In case of 

loss of an IM on each shaft (propulsion power reduced to 50 %), a 12-pulse operation is ensured. It 

should be pointed out, however, that PDs are redundant and moreover the motors’ multi-phase 

construction gives advantages, should one or more phases be lost. Appropriate control strategies 

allow the motor to operate at reduced power, with constant losses. It is also possible to keep the 

output torque at the pre-fault level but with an increase in losses of the propulsion system [102]. 

 

Figure 72 - Converter Topology of The Single Motor Drive 

On the basis of preliminary studies the power required for electric propulsion motors as a function 

of ship speed is reported in Table 19 and Figure 73. This power was then increased by 10% to take 

into account weather and sea conditions as well as the dirt of the hull and propellers. Finally, the 

power absorbed at the busbars was obtained assuming a yield of the "electric chain" (efficiency of 

motor + drive) of 90%. Finally, Figure 74 shows the expected operating profile for the new vessel, 

which indicates the estimated percentage of the operating life based on which the ship navigates at a 

generic speed between 0 knots (ship moored in port) and speed maximum (25 knots). 
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Table 19- Power Required For Electric Propulsion Motors as a Function Of Vessel Speed 

Ship speed [Knot] Axis rotation speed 

[RPM] 

Power [kW] Power +10 % of 

Margin [kW] 

Power Absorbed 

Bus-bar [kW] 

6 62 2789 3068 3409 

7 65 3696 4065 4517 

8 68 4800 5280 5867 

9 73 6129 6742 7492 

10 78 7711 8482 9424 

11 84 9571 10528 11698 

12 90 11737 12911 14346 

13 98 14236 15660 17400 

14 106 17095 18805 20894 

15 115 20341 22375 24861 

16 125 24000 26400 29333 

17 135 28100 30910 34345 

18 145 32668 35935 39927 

19 156 37730 41503 46115 

20 166 43314 47645 52939 

21 176 49446 54391 60434 

22 186 56154 61770 68633 

23 194 63465 69811 77568 

24 200 71404 78545 97272 

25 204 8001 88001 97778 

 

 

Figure 73 – Trend of Power Required For Electric Propulsion Motors as a Function of Vessel Speed 

 

Figure 74 – Operating Profile Estimated For New Naval Unit (2500 Hours in Navigation and 720 Hours In Port) 

As a requirement the Italian Navy is taking into account different filter configurations, that could be 

adopted for the generation of MV busbars [83], [103]. There is little literature on the design of passive 

filters applied to maritime power harmonics applications. The literature mainly covers the design of 

passive filters for ship propulsion drives [103], [104], [105], [106] and passive filter placement [107], 

[108], [109]. 
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The filter types used in different network configurations are: 

 High pass filter, with 12th
 harmonic cut-off frequency (HP); 

 11th and 13th harmonics single tuned filters (ST), plus high pass filter with a 24th
 harmonic 

cut-off frequency (HP+ST). 

Figure 75 shows the basic configuration of filter configuration. 

Ca

La

Ra

A)

C

RL

B)  

Figure 75 - A) Single Tuned Filter B) High Pass Filter 

Filters sizing was obtained by means of the expressions shown in Table 20. Filtering around the 12th 

harmonics is meant to cope with the loss of half the propulsion power, entailing 12-pulse operation 

of front end converters. 

Table 20 - Filter Sizing 

ST FILTER HP FILTER 

C =
Q

i
∙(h

 2
-1)

ω0∙h
 2

∙V 2
 

L=[(ω0∙h0) 2∙C] -1 

R= X Q
M

⁄           Q
M

=20 

PassBand= ω0 Q
M

⁄  

C=
Q

i

ω0∙V 2
 

L=[(ω0∙h0) 2∙C] -1 

R=Q
M

∙X          Q
M

=2 

PassBand= ω0 Q
M

⁄  

 

QM : quality factor 

V : line voltage 

C: capacitance 

L: inductance 

R: resistance 

ω0 : angular pulsation at frequency network 

Qi : reactive power of single filter 

h0 : tuned harmonic order 

X : reactance at tuning frequency 

 

The QM factors of the filters have been chosen considering minimum joule losses, since the values 

of the damping resistors depend on this parameter. On the other hand, the filter bandwidth is inversely 

proportional to the QM factor, i.e. the frequency range centred on fN whose frequency are a threshold 

value for which filter reactance is equal to resistance (impedance is  √𝑅𝑒±𝑗𝜋 4⁄ ). Much higher is the 

QM factor and the more selective is the filter. 

The sizing reactive power (Qi) of each filter is computed as a part of the total reactive power (Qc) 

required to increase the power factor (PF) of the overall system. In combat role, Qc must be equal to 

12.39 MVAr to improve PF from 0.8 to 0.85. The following configuration was taken into account 

during simulations: 
 

 HP filters only: each of the four filter capacitors is sized for Qc/4; 

 Combined filters: reactive output equally subdivided between HP and ST filters (HP, Qc/8 

each; ST, Qc/16 each). 

Reactive power thus has been split on the four 11 kV generation busbars. 
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6.3 All electric MVAC - alternating current MV system 

The first proposed layout, called "MVAC", is shown in figure VII.8. 

 

Figure 76 - All Electric MVAC - Alternating Current MV System Layout 
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Table 21 reports loads distribution, subdivided by electrical panels, for the MVAC layout. The power 

consumption is reported in combat condition at 25 navigation kns, when engines require maximum 

power and the electric equipment needs the highest reliability. 

Table 21 – Loads Distribution for Each Electrical Subpanel In Combat 25 Knot Operation For MVAC  

  Static loads Converter Rotating Total Combat Role 

  P [kW] Q [kVAr] P [kW] Q [kVAr] P [kW] Q [kVAr] S [kVA] P [kW] Q [kVAr] S [kVA] 

 QEP1 121 31 618 261 291 142 1118 256 116 281 

 QEP2 36 19 688 301 423 182 1252 293 143 326 

 QEP3 232 91 1106 548 494 269 2044 498 265 565 

 QEP4     153 83 174 18 11 21 

 QEP5 96 16 361 68 145 29 612 66 19 69 

 QEP6 108 28 327 135 110 62 590 53 21 57 

 QEP7 128 79 1059 583 505 274 1934 502 278 574 

 QEP8 46 25 465 262 264 150 890 106 59 122 

 SQDP8 101 62 630 355 308 169 1192 36 22 42 

 SQDP4 41 25 212 128 100 60 412 70 44 82 

 QDP9 31 19 205 121 106 62 397 35 17 39 

 QDP10 112 70 660 385 267 157 1205 190 117 224 

 QDP11 66 41 452 289 152 89 790 9 5 10 

 QDP12 233 144 836 473 181 101 1442 218 132 255 

 QDP13 274 164 1047 555 123 61 1641 201 116 232 

 QDP14 140 81 895 534 391 244 1665 136 79 157 

 QDP15 336 215 1221 763 291 162 2171 648 428 777 

 QDP16 281 174 687 390 0 0 1120 197 119 230 

 QDP17 120 63 432 95 0 0 574 230 63 239 

 QDP18 107 66 224 130 42 20 432 170 102 198 

 QDS1 35 17 173 101 59 40 310 51 27 58 

 QDS2 27 11 219 129 92 61 393 61 32 68 

 QDS3 53 17 315 153 139 77 563 100 49 111 

 QDS4 42 3 380 176 132 76 610 146 60 158 

 QDS5 21 6 186 105 80 53 331 43 26 50 

 QDS6 19 11 175 104 51 35 288 41 22 47 

 QDS7 25 6 246 139 106 71 435 103 54 116 

 QDS8 58 29 335 199 138 91 620 88 49 101 

 QDS9 19 11 155 95 67 44 283 59 36 69 

 QDS10 9 4 93 53 25 17 147 21 11 23 

 QDS11 11 0 148 86 70 49 266 63 35 73 

 QDS12 24 17 114 72 30 21 201 45 30 54 

 QDS13 45 18 281 174 123 89 529 106 61 123 

 QDS14 48 23 258 154 85 61 458 87 47 99 

 QDS15 81 36 406 237 165 110 756 143 76 162 

 QDS16 33 12 165 94 59 42 297 72 39 82 

 QDS17 50 26 162 89 35 24 283 77 41 87 

 QDS18 17 11 119 73 45 29 214 53 33 62 

Total 
Static loads Converter Rotating Total Combat Role 

P [kW] Q [kVAr] P [kW] Q [kVAr] P [kW] Q [kVAr] S [kVA] P [kW] Q [kVAr] S [kVA] 

  3223 1671 16056 8608 5848 3304 28638 5290 2882 6039 

 

6.3.1 Normal operation (full propulsion power) 

The distribution is 50 Hz in radial configuration with three voltage levels (specified in 6.2). The loads 

related to electric propulsion are divided as follows: 

 two 1 MW thruster tunnels each, powered respectively by the 11 kV busbars of the QEP5 

and QEP3 main electrical panels; 
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 four "Electric propulsion engines" (MEP), each powered by MV QEP3, QEP4, QEP5, QEP8 

main electrical panels. With MEP users we mean the set of three three-phase lines derived 

from the MV busbars that feed the three transformer-converters groups of each MEP. 

Two electrical panels have been placed in MV dedicated to the shore connection [110], necessary for 

the ship to be powered from the shore side during mooring at port, positioned in the QEP5 (stern 

area) and in the QEP4 (forward area). 

4 electrical panels are directly connected with the bus-bars of each MV power generation plant 

installed in different rooms of the ship, in addition to the LV section of the central unit's QEP. 

Four interconnections between power plants have been planned: 

 two connected power stations where different power sources are installed, i.e. DG and TAG, 

and they are the Cross Connection 1 (connection QEP8-QEP3) and the Cross Connection 2 

(connection QEP5-QEP4); 

 two connected central units with homogeneous sources, i.e. DG with DG and TAG with 

TAG, and are Tie Connection 1 (connection QEP8-QEP4) and Tie Connection 2 (connection 

QEP5-QEP3). 

By managing the interconnection lines, it is possible to cope with a relevant number of fault modes, 

achieving almost a double system redundancy. The two elements for which it was deemed necessary 

to guarantee a higher degree of safety are the two maneuvering thrusters. 

During a system failure, reconfigurations are envisaged such as to restore service continuity, but in 

the event of a breakdown in the power supply line of the maneuvering propulsions inevitably a loss 

of engines occurs. To increase the degree of reliability, the system was set up to receive power from 

two distinct sources, namely: 

 normal: power supply from QEP5 (Aft Thruster) and QEP3 (Bow Thruster); 

 reserve: power supply from QEP8 (Aft Thruster) and QEP4 (Bow Thruster). 

Upstream of the thrusters transformer15, a switch selects the line that feeds the motors by means of 

manual intervention or the automation system. 

6.3.2 Emerging operation (half propulsion power)   

During ship operations, the main busbars, where the drives are connected, are coupled for various 

reasons, including the goal of reaching the maximum propulsion power available. Therefore, under 

"normal" conditions the drive has a 24-pulse network side reaction. In the event of a mechanical, or 

electrical failure, or a failure that entails up to 2 contiguous compartments, the requirement is to use 

half of the propulsion power. Therefore, in the hypothesis of losing 2 propulsion drives, the other 

two must continue to operate. 

In this case, the network side reaction becomes 12 pulses (if the drives are suitably arranged in the 

various zones). Finally, in the event of an electrical fault that makes only one branch of an engine 

drive unusable (failure of one of the transformers, of one of the converters, or an entire stator winding 

of an engine), the drive must continue to operate. In this case, the main side will always have a 24-

pulse response, but with an unbalanced load (one of the engines can absorb up to 2/3 of the power of 

the others). It is possible to compensate this event with appropriate control strategies, for example 

by reducing the power absorbed by the other motors to return to a balanced load. 

 

                                                      
15 The maneuvering thrusters are fed by LV distribution through a special transformer upstream of the 

electronic drive 
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6.4 All electric MVAC "hybrid" - MV system with alternating current with "islands" / 

electrical areas in direct current, in MV and/or Low Voltage (BT). 

The second layout proposed, called "MVAC hybrid", is shown in Figure 77.  

 

Figure 77 - All Electric MVAC "Hybrid" - MV System With Alternating Current With "Islands" / Electrical Areas In 

Direct Current, In MV and/or Low Voltage (BT). 



90 

 

Table 22 - Loads Distribution for Each Electrical Subpanel in Combat 25 Knot Operation For MVAC Hybrid 

  Static loads Converter Rotating Total Combat Role 

  P [kW] Q [kVAr] P [kW] Q [kVAr] P [kW] Q [kVAr] S [kVA] P [kW] Q [kVAr] S [kVA] 

 QEP1 
121 31 618 261 291 142 1118 256 116 281 

 QEP2 36 19 688 301 423 182 1252 293 143 326 

 QEP3 1338 638 0 0 494 269 2044 498 265 565 

 QEP4     451 259 520 18 11 21 

 QEP5 96 16 361 68 145 29 612 66 19 69 

 QEP6 108 28 327 135 110 62 590 53 21 57 

 QEP7 1187 1642 0 0 505 274 2556 502 278 574 

 QEP8 46 25 714 410 430 249 1373 78 44 90 

 SQDP8 101 62 630 355 308 169 1192 36 22 42 

 SQDP4 658 404 0 0 77 46 862 70 44 82 

 QDP9 31 19 205 121 106 62 397 35 17 39 

 QDP10 112 70 660 385 267 157 1205 190 117 224 

 QDP11 66 41 452 289 152 89 790 9 5 10 

 QDP12 233 144 836 473 181 101 1442 218 132 255 

 QDP13 1321 719 0 0 123 61 1641 201 116 232 

 QDP14 320 180 787 474 319 204 1665 136 79 157 

 QDP15 1547 950 0 0 349 202 2218 648 428 777 

 QDP16 281 174 687 390 0 0 1120 197 119 230 

 QDP17 209 110 343 157 0 0 613 230 111 256 

 QDP18 327 189 46 28 0 0 432 170 102 198 

 QDS1 35 17 173 101 59 40 310 51 27 58 

 QDS2 27 11 219 129 92 61 393 61 32 68 

 QDS3 53 17 315 153 139 77 563 100 49 111 

 QDS4 42 3 380 176 132 76 610 146 60 158 

 QDS5 21 6 186 105 80 53 331 43 26 50 

 QDS6 19 11 175 104 51 35 288 41 22 47 

 QDS7 25 6 246 139 106 71 435 103 54 116 

 QDS8 58 29 335 199 138 91 620 88 49 101 

 QDS9 19 11 155 95 67 44 283 59 36 69 

 QDS10 9 4 93 53 25 17 147 21 11 23 

 QDS11 11 0 148 86 70 49 266 63 35 73 

 QDS12 24 17 114 72 30 21 201 45 30 54 

 QDS13 45 18 281 174 123 89 529 106 61 123 

 QDS14 48 23 258 154 85 61 458 87 47 99 

 QDS15 81 36 406 237 165 110 756 143 76 162 

 QDS16 33 12 165 94 59 42 297 72 39 82 

 QDS17 50 26 162 89 35 24 283 77 41 87 

 QDS18 17 11 119 73 45 29 214 53 33 62 

Totale 
Static loads Converter Rotating Total Combat Role 

P [kW] Q [kVAr] P [kW] Q [kVAr] P [kW] Q [kVAr] S [kVA] P [kW] Q [kVAr] S [kVA] 

  8753 5719 11286 6081 6232 3544 30626 5262 2916 6024 

 

6.4.1 Normal operation (full propulsion power)   

Compared to the previous layout (MVAC), 5 electrical panels have been identified, they are 

characterized by high power absorption (QEP3, QEP5, QDP13, QDP15) and by sensitive/essential 

loads (SQDP4), which will be defined as DC islands. These network sections are interfaced with the 

alternating current network through active front ends converters, characterized by sinusoidal 

absorption which allows energy recovery in the network. The utilities contained in the grouping of 

the distorting loads were inserted into the static loads, making the disturbances produced by the six-

phase converters disappear. The other part of the system remains unchanged, including voltage 
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values based on the module and phase of the voltage, since the power balance at the nodes of the 

network remains unchanged. 

6.4.2 Emerging operation (half propulsion power) 

Also in this case the system will be analysed in the hypothesis of loss of propulsion power equal to 

50% of the total. In particular, since the propelling engines are directly connected to the axis line in 

a compound tandem configuration, the loss of one of the two engines on both shafts (for example the 

loss of EPM1 and EPM3, or alternatively EPM2 and EPM4) will be taken into consideration. The 

scenario in which both axis lines maintain 50 % of the propulsion power does not provide for any 

countermeasures to be taken to compensate for this situation, with the exception of the different 

distribution of power between the power plants to be taken into account. In the event of loss of two 

motors of the same shaft line, besides the need for changing power distribution on board, the 

asymmetric thrust on the ship must also be compensated (one of the two propellers is driven, while 

the other is blocked in a position of lower drag or drag drag) by means of corrective actions of the 

rudders, thus decreasing the overall efficiency. 

6.4.3 DC island 

The “traditional” low voltage DC island topology is shown in Figure 78 and includes: i) a FEC used 

to interface the AC grid, ii) two DC/DC converters to connect an Energy Storage System (ESS) and 

a Power Storage System (PSS) to the DC grid and iii) other DC/DC converters to adapt feeder 

voltages to DC loads. The presence of ESSs and PSSs ensures both energy and power performances 

and improves the continuity and quality of the supply to the DC network. In fact, they can to 

counteract the loss of the AC grid and/or DC grid power unbalances, due to load steps, i.e. pulsating 

or impulsive loads. In addition, they permit to decouple the AC grid from DC islands, as 

demonstrated by experimental tests [111]. 

DC loads and storage systems, whose operating voltage generally differs from that of the DC island, 

are interfaced to the DC micro-grid through DC/DC converters: due to the characteristics of storage 

devices, converters usually “boost” towards the grid. Depending on the type of FEC and DC/DC 

converters, faults occurring in the DC micro-grid might damage power semiconductors so they must 

be cleared in a short time. Since circuit breakers suitable for this application are not available on the 

market yet three main design solutions to avoid semiconductor damage in case of DC faults are (at 

least in theory) considered,: i) over-dimensioning of converter power semiconductors, ii) installation 

of static circuit breakers downstream of converters and iii) introduction of a new DC grid 

configuration, based on multi-port DC/DC converters (MPDCCs).  

Systematic over-dimensioning of converters would involve a substantial increase in costs, whereas 

studies on static suitable circuit breakers are still in progress and their installation would decrease 

the efficiency of the DC island, because of breakers conduction losses. 

 

Figure 78- Traditional DC Island Topology. 
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The installation of multi-port DC/DC converters seems, however, very promising. The new system 

structure is shown in Figure 79 The FEC, storage systems and DC feeders are connected to the 

MPDCC, which acts as a power router and also protects the micro-grid: in [112] - [113] some of the 

Authors propose a topology of such converter. Its control strategy permits to manage power flows 

during normal working conditions as well as limit fault currents, avoiding damages. Ports connected 

to the storage systems and the FEC are controlled by means of voltage droop algorithms, while DC 

feeders ports are managed in order to regulate their voltages according to DC loads requirements. 

The MPDCC itself is bi-directional, so the installation of a four quadrant FEC would extend the 

benefits of the storage systems also to the AC system upstream. 

 

 

Figure 79- DC Island Topology Including The MPDCC. 

High standards are required for supply continuity, especially for military applications. Consequently, 

the Zonal Electrical Distribution Systems (ZEDSs) can be adopted to supply DC islands and achieve 

quality, reliability and redundancy levels [114] - [115]. The distribution system can be 

compartmentalized, with different feeders supplying separate zones (each corresponding to a DC 

microgrid) of the ship (the first division between zones being e.g. port and starboard), to minimize 

the effects of faults and battle damages. If “Zones” (i.e. the relevant DC microgrids) are supplied by 

AC feeders, the AC/DC conversion is distributed; DC supply implies, in turn, centralized AC/DC 

conversion. The former trades off higher reliability with increased costs. 

A potential AC/DC distributed conversion topology is shown in Figure 80. Each zone can be supplied 

by MV or LV AC feeders, depending on the DC island rated power. The AC MV to DC LV 

conversion must be achieved by means of AC/DC converters with isolating transformers, for security 

and MPDCC optimal functioning reasons. Otherwise, traditional FECs can be installed for LV 

AC/DC conversion. The latters require zero-sequence current control, in order to limit loop currents 

among different islands. 

Within the DC microgrid, loads not requiring the highest level of the quality of service (QoS) are fed 

by only one MPDCC port. On the other hand, uninterruptible DC loads are connected to two 

MPDCCs through the auctioneering diodes Dik3 and Djk3 installed at the positive poles. It must be 

highlighted that this kind of utilities can be simultaneously supplied by both DC feeders with a 

different load factor. This operation modality is possible thanks to the implementation of a voltage 

droop control also for the MPDCC ports number 3 in Figure 80. At the steady-state, uninterruptible 

DC loads are operated at a voltage that depends on the intersection of these voltage droop curves. 

These mathematical functions can be changed by the DC island supervisor, in order to manage power 

flows. Auctioneering diodes are necessary to decouple the two DC feeders, improving the continuity 

of loads supply. 
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Figure 80 - Proposed K-Th DC Island Topology In A ZEDS And Including Mpdccs. 

It is important to analyse system behaviour in case of line-to-line faults; Figure 80 shows some 

studied fault locations. Ground faults have not been taken into account, because the overall 

distribution system is usually operated with ungrounded or high-resistance grounded neutral, to 

improve the continuity of supply. The same practices are also adopted for DC islands, where they 

also help reducing corrosion phenomena. 

Case 1 represents a fault that occurs at the AC feeder. This event would not interrupt the supply of 

any DC load, thanks to storage systems, and only affects the AC part of the plant. 

Case 2 shows a fault at the DC feeder, upstream of auctioneering diodes. This fault would reduce the 

voltage of the affected feeder, making the relevant auctioneering diode inversely polarized. In this 

situation, uninterruptible DC loads would be supplied only by the other grid; the system must be 

properly designed in order to limit the ensuing voltage dip to acceptable values (usually, the 

maximum admissible voltage variation is ± 10 % of the rated voltage). The power exchange between 

all ports of the relevant MPDCC would not be possible until the tripping of the protection device 

installed downstream of port number 3. Communication between the MPDCC supervisor and all 

protection devices would lead to a faster fault clearance. This consideration is also valid for cases 3 

and 4. 

Case 3 represents a fault downstream of auctioneering diodes, which would have severe 

consequences, in that it would stop the supply to uninterruptible DC loads. As for case 2, the power 

exchange between all ports of both MPDCCs is not possible until the tripping of protection device(s) 

installed downstream of port number 3. 

Finally, Case 4 shows a fault at a port supplying “standard” DC loads. Again, this event would stop 

the power exchange inside the MPDCC till relevant protection device would trip. During this period, 

uninterruptible DC loads would be supplied only by the other MPDCC. 

6.5 Definition and characterization of a "hybrid" propulsion naval unit 

A hybrid layout, different from the one presented before, is proposed; in particular, propulsion is 

entrusted to two aft propellers, which can be moved either by means of electric motors (electric 

navigation) or diesel and gas turbines (trims at maximum speed). In this case, the power consumption 

by propulsion drive is much lower than the MVAC and MVAC “hybrid” layouts presented in section 

6.2. 

Considering this new layout, a new electric balance and operational profile was delivered by the 

Italian Navy. Therefore, this chapter presents a completely different architecture as compared to the 

one outlined before. 
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Generation system 

The ship is equipped with four diesel generators (DDGG) with a nominal power of 6.52 MVA each. 

The alternators feed the medium voltage network at 6 kV, 50 Hz via the main electrical panels located 

at stern and bow of the ship. The variability of the electric load, due to the different operating 

conditions, involves the partial use of the 4 generating units. In particular, we move from the 

connection of a single diesel generator group during "port" operation, to 3 diesel generators in the 

operational profiles in which the electric propulsion is fundamental. In all other settings, two DDGG 

groups are sufficient at the same time. 

Distribution system 

The distribution system is a 6 kV-50 Hz medium voltage network, the LV network has multiple 

voltage levels (690 V, 400 V, 230 V) and a 440 V grid, 115 V at 60 Hz (STANAG16), to power 

military equipment, such as weapon and command and surveillance systems. STANAG network is 

connected to the 6 kV network by means of two 50/60 Hz rotating converters. Table 23 shows the 

voltage levels for the various types of load areas. 

Table 23 – Voltage Levels  

Electric propulsion 6kV 50 Hz 3ph 

Engines for propulsion 690V 3ph 

Pumps/air conditioning 690V 50 Hz 3ph 

Laundry, Hospital, Workshop 400V 50 Hz 3ph 

Light and LV service 230V 50 Hz 1/3ph 

Weapon equipment 440 V-3ph 60 Hz 

115 V 3ph o 1ph 60 Hz 

24 V DC 

Communication, control and monitoring 230 V 50 Hz 

115 V 60 Hz 

24 V DC 

Navigation systems 230 V 50 Hz 

115 V 60 Hz 

24 V DC 

Aircraft support 200/115 V 400 Hz 

The neutral distribution of the three-phase systems is differentiated according to the voltage level. In 

particular: 

 6kV, neutral point to ground via high resistance; 

 690, 440, 115 V, isolated neutral point; 

 400 - 230 V, neutral point directly to the ground. It is insulated for essential loads. 

Propulsion and manoeuvring system 

Two aft propellers ensure propulsion, they can be operated either by electric engines (from 0-10 

knot), or by Diesel engines (10-18 knot) and gas turbines (18-25 knot maximum speed). Electric 

propulsion is driven by the action of two 2.25 MW asynchronous motors (one per shaft line). These 

are powered by static converters at 690 V and absorb 5 MW average power; the efficiency of these 

converters is 0.90. These engines can also operate in PTO (power take off) configuration with a 

generation capacity of 2,186 MW each one. Two Diesel engines (each of 11 MW per shaft line) 

provide the propulsion in a middle range speed, optimizing consumption. Two Gas turbines (each of 

37 MW per shaft line) allow to rush to maximum speed. 

                                                      
16 A Standardization Agreement (STANAG) is a NATO standardization document that specifies the agreement 

of member nations to implement a standard, in whole or in part, with or without reservation, in order to meet 

an interoperability requirement. 
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There are also three manoeuvring propellers, two at the bow (2.2 MW each) and one at the stern 

(1.35 MW). Considering yields and contemporaneity coefficients during tight manoeuvres, two 

engines absorb an average power of 3.83 MW and one engine 1.13 MW respectively. 

Table 24 shows the main data concerning generation, propulsion, maneuver, converters and 

transformers. 

Table 24 - Main Characteristics of Power Generation, Propulsion, Maneuvering, Rotary Converters and Transformers 

4 DDGG 

 

6520 kVA 

6 kV 50 Hz 

Cosfi 0.8 

Unit in operation: 1 in port 

3 navigation totally electric (10knt) 

2 other operation profiles 

2 Asynchronous engines for 

propulsion / generation 

2250 kW propulsion 

2186 kW generation 

Converter 690V 50 Hz 

Power consumption of 5 MW during navigation totally electric 

1.46 MW maneuvering 

Efficiency of converter 0.90 

2 Diesel for propulsion 11000 kW 

 

Power consumption of 22 MW from 10 to 18 knot 

2 Gas Turbines 37000 kW Power consumption of 74 MW from 18 to 25 knot 

2 Propeller engines for 

maneuvering 

2200 kW 

 

Power consumption 3.83 MW 

Efficiency = 0.92 

Contemporary factor = 0.8 

1 Stern maneuver propeller 

engine 

1350 kW 

 

Power consumption 1.13 MW 

Efficiency = 0.95 

Contemporary factor= 0.8 

2 Rotary converters 50/60 Hz Power 1.5/2.8 MW (to define) 

Power factor 0.8 

Efficiency fra 0.86-0.89 

8 MV/LV transformers 

 

2 Mvz1 2.1 MVA 

2 Mvz2 4.1 MVA 

2 Mvz3 4.6 MVA 

2 Mvz4-5 1.5 MVA 

Efficiency= 0.98 

Vcc 7% 

Main electric loads 

Table 25 shows the main relevant electrical loads in terms of absorbed power. 

The table shows the nominal power (NP), the power absorbed (AP), the units in operation and the 

respective coefficient of contemporaneity (fco). 

Table 25 - The Main Relevant Electrical Loads In Terms Of Absorbed Power 

Rete 690v 50 Hz NP 

[kW] 

AP 

[kW] 

N Note 

                                                                                          200 propulsion 

4 233 lubricating pump backup 

MMTTPP 

107 118.89 2 Not present in any operational profile 

5 223 water preheating 206  223.9 2 Fco 0.1 

12 234 starter motor TG 96 96 2 2/2 maximum speed (fco 0.05) 

17 234 cooling fan TG  200 215.05 2 2/2 maximum speed (fco 1) 

23 241 stand-by pump lubricating 

gear reducer 

63 70.79 2 Only during maneuvering  (fco 0.5) 

26 245 pump for propeller pitch 90  96.77 4 In navigation 

30 264 engine oil heating 65 65 2 2/2 only in operational profile (fco 0.6) 

33 Engine oil purifier heating 60 60 2 2/2  

41 E/P diesel propulsion 90 97.83 6 4/6 only in operational profile 

42 256 sea water pump  

DDGG bow and stern 

55 60.44 6 3/6 when electrical propulsion is in operation 

2/6 in other operational profile 

                                                                                      300 users 

16 330 light  252 252.32   Average Power 158kW 

22 water preheater 81 88.04 4 2/4 with fco 0.10 

1/4 in combat operational profile (fco 0.10) 

                                                                                            400 command 

7 474 magnetic compensation 

system 

350 402.33 1 Not for port operational profile (fco 0.7) 

                                                                                         500 aux/maneuver 
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1 E/P fire pump 200 212.77 6  

2 524 sea water pump aux 35 38.89 2 2/2 for each operational profile fco 1 (0.5 port) 

3 524 sea water pump aux 35 38.89 2 2/2 for each operational profile fco 1 (0.5 port) 

17 531 reverse osmosis desalinator 21 22.83 5 4/5 Not for port operational profile (fco 1) 

33 551 compressor 350bar D/G 55 60.4 4 2/4 (fco 0.8 in combat operational profile) 

42 593 waste treatment 75 82.42 2 1/2 with fco 0.25  

49 561 rudder 100 106.38 4 4/4 (fco 0.6 in combat and maneuvering operational profile) 

50 565 stabilizer fins 110 120.88 2 2/2 in navigation (fco 0.4) 

56 572 crane 20 t 75 81.52 2 Fco 0.2 in port otherwise 0.1 

58 575 stern ramp 200 224.72 1 Only in port 

59 581 hydraulic units –bow  95 103.26 2 1/2 in maneuver 

60 581 hydraulic unit CN 55 60.4 2 1/2 in maneuver 

61 581 hydraulic units –stern 80 87.91 2 1/2 in maneuver 

62 Crane boats 15m 65 70.65 2 2/2 only in port 

69 589 elevator - bow 400 425.53 1 Fco 0.2 in combat operational profile, 0.1 otherwise 

Switch off during maneuver 

70 589 elevator -stern 400 425.53 1 Fco 0.2 in combat operational profile, 0.1 otherwise 

Switch off during maneuver 

73 589 elevator for food 80 87.91 1 Not in combat operational profile 

74 589 elevator garage/hangar 120 131.87 1 Only at port 

75 Munitions elevator - bow and 

stern  

150 166.67 2 Only at port 

500 air conditioning (summer) 

6 513 garage puller 55 64.71 4 2/4 in operation 

7 513 garage puller reversible  55 64.71 2 2/2 in operation 

8 513 hangar puller 37 43.53 4 4/4 in operation  

9 513 hangar puller 44 51.76 4 4/4 in operation 

10 514 fridge groups 390 402.06 8 During the summer 4/8 (5/8 humanitarian mission) (fco 0.76/0.82) 

11 514 sea water pump 32 33.56 8 During the summer 4/8 (5/8 humanitarian mission)  

12 514 pump refrigerator water 80 88.89 8 During the summer 4/8 (5/8 humanitarian mission)  

13 514 air handling units 470 552.94 1  

14 514 extractor 131 154.12 1  

15 514 fan coils 171 213.75 1  

18 514 room ventilation 494 581.18 1  

500 air conditioning (winter) 

6 513 puller garage 55 64.71 4 2/4 in operation 

7 513 garage puller reversible 55 64.71 2 2/2 in operation 

8 513 puller hangar 37 43.53 4 4/4 in operation 

9 513 puller hangar 44 51.76 4 4/4 in operation 

10 514 fridge groups 390 402.06 8 During the winter 2 (fco 0.4 in combat operational profile) 

11 514 sea water pump 32 33.56 8 During the winter 2/8  

12 514 pump refrigerator water 80 88.89 8 During the winter 2/8 

13 514 air handling units 470 552.94 1 in maneuver 

14 514 extractor 131 154.12 1  

15 514 fan coils 171 213.75 1 in maneuver 

18 514 room ventilation 494 581.18 1 Fco 0.9 

19 514 humidificator system 799 799 1 Only in winter (fco 0.95) 683kW Average power 

20 514 electric heater 163 163 1 Only in winter (fco 0.85) 

29 517 hot water pump 25 27.78 4 During the winter 3 - 83.33kW Average power 

600 mounting 

8 651 kitchens 190.6  1 Reserve 

9 651 kitchens 380.9  1 137kW Average power 

19 652 hospital 400v - 100.6 1 54 kW Average power 

20 655 laundry 263.4 280.21 1 100kW Average power 

126kW di Average power in humanitarian mission 

Rete 440v 60 Hz    Rotating converters supply STANAG network 

they start in 3steps, with absorption steps of 545 kVA spaced 10-

15 s or 30 sec 

The minimum power factor is 0.8 

It is possible for guns and firearms to operate at the same time, 

while all other loads are fully operational 

400 communication and security 

1 411 CMS CSS  74.2  always in operation 

5 441 commununication  354  always in operation (fco 0.5 in combat operational profile) 
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8 453 radar dbr x  228  fco 0.7 5 in combat operational profile 

228 kVA not in emission 

250 kVA in emission (200usec) 

T= 1.34ms 

Minimum power factor = 0.8 

9 453 radar dbr c  448  fco 0.7 in combat operational profile 

448 kVA not in emission 

518 kVA in emission (200usec) 

T= 1.34ms 

Minimum power factor = 0.8 

10 453 radar early - AESA L  250 1 fco 0.7 in combat operational profile 

250 kVA not in emission 

450 kVA in emission (200usec) 

T= 1.34msec  

Minimum power factor = 0.8 

21 400 GFE item   67 - fco 0.4 in combat operational profile e fco 0.5  in amphibious 

operations) 

power absorbtion step: 10 kVA every 10 s 

Minimum power factor = 0.8 

700 weapons system 

2 711 MCG guns  80 3 fco 0.8 in combat operational profile 

50 kVA DC motor for per handling 

load: 135 kVA inrush; 20-25kVA basic; 42 kVA pressure 

restoring 

10 second for the start of two successive guns 

4 721 anti-missile defense  50 1 fco 0.8 in combat operational profile 

 

        6.5.1 Network architecture  

Figure 81 shows the network layout with diesel generator, main electrical panels, propulsion engines, 

manoeuvring thruster, rotary converter and main 50-60 Hz distribution systems. 

 

 

Figure 81 – Network Layout 
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         6.5.2 50 Hz network - load conditions  

The paragraph shows the classification and characterization of ship loads, for different voltage and 

frequency levels. In relation to the electric balance of the various operational profiles of the ship, the 

power absorptions of the various loads installed on board are specified. Operational profiles taken 

into account are referred to the summer season electrical balance. Table 26 shows the operational 

profiles the ship. 

Table 26 – Operational Profiles 

Operational Profiles Number 

Port 1 

Port Operational Role / Training 2 

Humanitarian Mission 3 

Maneuver 4 

Navigation (10 knots) Operational Role / Training with Electric Propulsion 5 

Navigation (16 nodes) Operational Role / Training 6 

Navigation (18 knots) Operational Role / Training 7 

Navigation (Maximum Speed) Operational Role / Training 8 

Anchor Ship Operational Role / Training 9 

Navigation (10 knots) Role Combat with Electric Propulsion 10 

Navigation (Maximum Speed) Combat Role 11 

Amphibious Operations Combat Role with Electric Propulsion 12 

Figure 82 shows the total power absorbed at 6 kV - 50 Hz bus-bars, Bow and Stern, including losses, 

project margins (10%) and growth (5%). It ranges from a minimum of 4.382 kW for the first 

operational profile, “Port”, to a maximum of 14.032 kW for the Navigation (10 knots) Combating 

Role with Electric Propulsion. 

 

Figure 82 – Active Power Consumption  

It is possible to highlight how the absorption for some operational profile is similar to others. It was 

therefore decided to group the operational profiles of the ship based on similar power absorption. 

Table 27 shows the five operational profiles of the ship, grouped as follows: 

 Operational profile A1: Port (4.382 kW); 

 Operational profile A2: Port Operational Role/Training (6.351 kW), Humanitarian Mission 

in Port (7.010 kW); 

 Operational profile A3: Navigation (16 knots) Operational Role/Training (8.919 kW), 

Navigation (18 knots) Operational Role/Training (8.925 kW), Navigation (Maximum 

0

2000

4000

6000

8000

10000

12000

14000

16000

1 2 3 4 5 6 7 8 9 10 11 12

A
ct

iv
e 

P
o

w
er

 [
kW

]

Operational Profile

Power at 6 kV - 50 Hz



99 

 

Speed) Operational Role/Training (8.397 kW), Anchor Ship Operating Role/Training 

(8.459 kW), Navigation (Maximum Speed) Combat Role (9.081 kW); 

 Operational profile A4: Navigation (10 knots) Operational Role/Training with Electric 

Propulsion (13.383 kW), Navigation (10 knots) Combating Role with Electric Propulsion 

(14.032 kW); 

 Operational Structure A5: Maneuverer (13.993 kW), Amphibious Operations Combat Role 

with electric propulsion (13.785 kW). 

The operational profiles A4 and A5 show similar power absorption but different load features, in 

particular, the use of the bow and stern thrusters in A5, led to the following further division. 

Table 27- Operationl Profile Grouped 

Operational profile subdivided for power consumption Number 

A1 1 

A2 2 – 3 

A3 6 – 7 – 8 – 9 – 11 

A4 5 – 10  

A5 4 – 12  

Figure 83 shows the total power absorbed at 6 kV - 50 Hz for grouped operational profile. 

 

Figure 83 - Power Absorbed At 6 kV - 50 Hz for Grouped Operational Profile. 

Figure 84 shows the power absorbed by Ventilation and Conditioning.        

 

Figure 84 - Power Absorbed By Ventilation and Conditioning 
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Figure 85 shows the powers absorbed by the Ship equipment: the power absorbed by the electrical 

systems, command, surveillance, auxiliary systems, fittings and furniture. 

 

 

Figure 85 - The Power Absorbed by The Electrical Systems, Command, Surveillance, Auxiliary Systems, Fittings and 

Furniture 

Figure 86 shows the powers absorbed by the STANAG network, 440 V- 60 Hz. 

 

 

Figure 86 - STANAG Power Absorbed Power 440 V - 60 Hz 

Figure 87 shows the power absorbed by the electric propulsion engines, active only in the A4 and 

A5 operational profiles 

 

Figure 87- Power Absorbed by Electric Propulsion Engines 
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Figure 88 and Figure 89 show the power absorbed in A5 and A3 operational profiles, for stern and 

bow maneuvering propellers.  

 

 

Figure 88 – Power Consumption by Bow Maneuvering Propellers 

 

Figure 89 - Power Consumption by Stern Maneuvering Propellers  

Figure 90 shows the percentage of static and rotating load for each operational profile. 

 

 

Figure 90 - Percentage of Static And Rotating Load For Each Operational Profile. 

Figure 91 shows the total power absorbed, at 6 kV - 50 Hz, bus bars (bow and stern) for each 

operational profile, highlighting the power absorbed by each group of utilities.  

0

1000

2000

3000

4000

5000

1 2 3 4 5 6 7 8 9 10 11 12

A
ct

iv
e 

P
o

w
er

 [
kW

]

Operational Profile

Power Consumption by Bow maneuvrering propellers 

0

200

400

600

800

1000

1200

1 2 3 4 5 6 7 8 9 10 11 12

A
ct

iv
e 

P
o

w
er

 [
kW

]

Operational Profile

Power Consumption by Stern maneuvrering propellers 

0
10
20
30
40
50
60
70
80
90

100

A1 A2 A3 A4 A5

%

Operational Profile

% Static and Rotating



102 

 

 

Figure 91 - Total Powers Detail by Each Group of Utilities 

It is possible to highlight that ventilation and air conditioning are a fundamental and continuous load, 

with a power value which stands at 4 MW of power, as compared to small deviations depending on 

different operational profiles. 

6.5.3 60 Hz network -load conditions 

The STANAG network supply at 60 Hz 440 V and 115 V military equipment, such as weapon 

systems, command and surveillance. 

Figure 92 shows the power absorbed by the STANAG network in the various operational profiles. 

 

Figure 92- Power Absorbed By The STANAG Network 

Table 28 shows the three operational profiles of the ship grouped, they are divided as follows: 

 Operational Profile B1: Port (111 kW), Port Operative Role/Training (227 kW), Port 

Humanitarian Mission (203 kW), Maneuver (398 kW); 

 Operational Profile B2: Navigation (10 nodes) Operational Role/Electric Propulsion 

Training (967 kW), Navigation (16 nodes) Operational Role/Training (967 kW), Navigation 

(18 nodes) Operational Role/Training (967 kW), Navigation (Maximum Speed) Operational 

Role/Training (967 kW), Anchor Ship Operational Role/Training (958 kW); 
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 Operational Profile B3: Navigation (10 knots) Combat Role with Electric Propulsion (1.473 

kW), Navigation (Maximum Speed) Combat Role (1.473 kW), Amphibious Operations 

Combat Role with Electric Propulsion (1.477 kW). 

Table 28 – Operational Profiles Grouped  

Operational Profile subdivided for Power Consumption Number 

B1 1 – 2 – 3 – 4  

B2 
5 – 6 – 7 – 8 – 

9  

B3 10 – 11 – 12  

Figure 93 shows the total power absorbed by rotary converters for operational profiles, considering 

the rotary converter efficiency and losses. 

 

Figure 93 - Total Power Absorbed By Rotary Converters Considering Efficiency and Losses.  

It is also useful specify the different power absorptions by command, surveillance and weapon 

systems. Figure 94 shows the power absorbed by the command and surveillance system. 

 

Figure 94 - Power Absorbed By The Command And Surveillance System. 

Figure 95 shows the power absorbed by the weapon system. The weapon system is not in operation 

in operational profiles 1, 3, and 4. 
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Figure 95 - Power Absorbed By The Weapon System 

Figure 96 shows the total power absorbed by the STANAG network in relation to the power required 

by the command and surveillance systems as well as the weapon system. 

 

Figure 96 - Total power absorbed by the STANAG network 

It is also possible to classify and highlight all the devices connected to the individual rotary 

converters.  Radar, Local VLS Apparatus, Shooting Direction Equipment, Radio equipment, Local 

Gyro, and Weapon system are connected to the Stern converter. 

Local SDC, SR2, Celd, Radio Operator, Local Backup COC, Helmsman, SR3, MAOC 28, Shooting 

Control Room, REA – METOC, SDC, COC Nave 1, COC Nave 2, VLS devices, Local Electrical 

Devices, and Weapon system are connected to the Bow converter.  
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Chapter VII: Network Equivalents in Frequency Domain  

This chapter reports the methodology to carry out a simplification of the network and maintain results 

accuracy based on network impedance analysis. The aim of this methodology is to find the best 

solutions to represent the network and aggregating loads, in order to reach the closest accuracy to the 

real representation with each simulated load. It was verified how the network equivalents have an 

impact on the calculated values. 

To perform the analysis of the two electrical systems (Chapter VI) in the frequency domain, the 

calculation codes and models presented in Chapter V were used. The code was developed by 

researchers of the Department of Astronautics, Electrical and Energy Engineering (DIAEE) and was 

calibrated on measurements carried out on the Cavour aircraft [99] [97] [116]. 

An area of the 50 Hz distribution network of the Hybrid Electric/Diesel/Gas Turbines propulsion 

MVAC – alternating current MV system 50-60 Hz (6.5.1 Figure 81) was chosen and 5 layouts were 

derived, each characterized by different loads aggregation. The results achieved with the layout 

characterized by maximum adherence of the simulated scheme with the real one were compared with 

those obtained with the layouts where some equivalents replace some parts of the network. A further 

sensitivity analysis was carried out on the cables in order to assess the impact of some possible 

uncertainties on their actual lengths.  

Moreover, since the presence of rotary converters is an obstacle to the mutual influence of the 

disturbances generated by the distorting loads supplied at 50 Hz and 60 Hz respectively, the two 

network sections were simulated separately. 

7.1. Electrical network case study  

The chosen network section is shown in Figure 97. The Area includes the following features: 

 6 kV generation board (stern main panel); 

 6.5 MVA generator; 

 95 m cable length between 6 kV panel and 6kV/690 V transformer for the MVZ4-5 panel; 

 110 m; cable length between the secondary of the 6kV/690V transformer and the MVZ 4-5 

sub-panel; 

 50 m cable length between 6 kV panel and the rotating converter; 

 30 m cable length between 6 kV switchboard and the 6kV/690 V transformer of the 

propulsion; 

 18 power supplies connected to the MVZ4-5 690 V panel (represent the loads in operation); 

 1/2 of the total load of the 60 Hz network portion downstream of the rotary converter;  

 no connections between the electrical panels; 

 1600 kW transformer 6 kV/690 V for MVZ4-5 panel; 

 2800 kW transformer 6 kV /690 V for the propulsion engine; 

 2.5 MW propulsion engine. 
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Figure 97 - Area of The 50 Hz Distribution Network of Hybrid Electric/Diesel/Gas Turbines propulsion MVAC – 

Alternating Current MV System 50-60 Hz  

To perform the study of a model of the electrical distribution network, five layouts were analyzed, 

characterized by different equivalents of both loads and cables. In all schemes the 220 V distribution 

was incorporated in the equivalent load and it remained unchanged across the five layouts. The values 

used in the simulation are: 

 electric propulsion consumption equal to 2.5 MW; 

 equivalent load downstream of the rotary converter equal to 0.74 MW and 0.55 MVAr; 

 6.5 MVA generator; 

 95 m cable length between 6 kV panel and 6kV/690 V transformer for the MVZ4-5 panel 

with R = 0.308 [Ω/km] X = 0.123 [Ω/km] C = 199.2 [nF/km]; 

 50 m cable length between 6 kV electrical panel and rotary converter with R = 0.058 [Ω/km] 

X = 0.032 [Ω/km] C = 750.0 [nF/km]; 

 30 m cable length between 6 kV and 6kV/690 V propulsion engine transformer with                     

R = 0.154 [Ω/km] X = 0.059 [Ω/km] C = 399.8 [nF/km]; 

 6 kV/690 V 1600 kW transformer for MVZ4-5 panel; 

 6 kV/690 V transformer of 2800 kW for the propulsion engine. 

 

The cables lengths used for aggregation of loads, were obtained by calculating the electrical moment 

(equation (35)), cables sections were determined based on the value of the total load fed. 

  

Lequivalent= ∑ (𝑃𝑜 ∗ 𝐿𝑜𝑛
0 ) + ⋯ (𝑃𝑛 ∗ 𝐿𝑛)/ ∑ 𝑃𝑜 + ⋯ 𝑃𝑛𝑛

0    (35) 

 

The specific features of the five layouts are presented and analyzed. The nodes where impedance is 

calculated (alphanumeric abbreviation, Z (f), followed by a number), were identified for each 

representation. 
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Case-1 

Figure 98 shows the equivalent network model for Case-1. 

 

 

Figure 98 – Case 1 

Table 29 and Table 30 report the power absorbed by the loads, the lengths and the sections of the 

cables. In particular, L4 cable was obtained with the electrical moment formula (equation (1)) and 

the section was determined thanks to the value of the total load it feeds. 

Table 29 – Loads Features 

Aggregated Load  Active power [MW] Reactive power 

[MVAr] 

% Static % Rotating 

690 V 0.82 0.62 6 94 

400 V 0.06 0.04 100 0 

Table 30- Cables Features 

Line Name Length [m] R [Ω/km] L [Ω/km] C [nF/km] 

L1/b 110 0.017  0.011     5118.0 

L4 90 0.044  0.029     1919.0 

L440 20 0.172  0.090      639.0 
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Case-2 

Figure 99 shows the network model equivalent to Case-2. The loads supplied by the 690 V were 

grouped according the length of their power cables. In particular, three groups were identified: 0-50 

m (group 1), 50-100 m (group 2), 100-150 m (group 3).  

Each load was assigned to a group based on the length of its power cable. As a result, it was possible 

to subdivide all aggregate loads into three equivalent loads. 

 

 

Figure 99- Case 2  

Table 31 and Table 32 report the power absorbed by loads, lengths and sections of the cables. In 

particular, cables L4, L5, L6 were obtained by means of the electrical moment formula (equation (1)) 

and the section was determined thanks to the value of the total load it feeds. 

Table 31 - Loads Features 

Aggregated Load  Active power [MW] Reactive power 

[MVAr] 

% Static % Rotating 

Group 1 0.325 0.244 5 95 

Group 2 0.156 0.117 1 99 

Group 3 0.338 0.124 1 99 

400 V 0.06 0.04 100 0 

Table 32 - Cables Features 

Line Name Length [m] R [Ω/km] L [Ω/km] C [nF/km] 

L1/b 110 0.017 0.011 5118.0 

L4 50 0.104 0.088 650.0 

L5 70 0.433 0.101 535.0 

L6 110 0.044 0.029 1919.0 

L440 20 0.172 0.090 639.0 
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Case -3  

Figure 100 shows the real network model for Case-3. 

All feeders starting from the node Z (f)-3 have been considered; this case therefore, represents the 

network with the highest level of detail. A single equivalent load has been aggregated on the 

STANAG network (690/400 V). 

Case-3 was taken as a reference for determining the approximations of the results obtained with the 

other 4 equivalent network representations.Table 33 and Table 34 report the power absorbed by the 

loads, the lengths and the sections of the cables. Cables from L4, up to L18, were taken from the 

official report; in this case all loads were represented.   

 

 

Figure 100 – Case 3 

Table 33 - Loads Features 

Aggregated Load  Active power [MW] Reactive power 

[MVAr] 

% Static % Rotating 

Load 1 0.003 0.005 100 0 

Load 2 0.003 0.005 100 0 

Load 3 0.013 0.010 1 99 

Load 4 0.065 0.048 1 99 

Load 5 0.065 0.048 1 99 

Load 6 0.044 0.033 1 99 

Load 7 0.044 0.033 1 99 

Load 8 0.044 0.033 1 99 

Load 9 0.044 0.033 1 99 

Load 10 0.065 0.048 1 99 

Load 11 0.065 0.048 1 99 

Load 12 0.052 0.039 1 99 

Load 13 0.052 0.039 1 99 

Load 14 0.052 0.039 1 99 

Load 15 0.052 0.039 1 99 

Load 16 0.004 0.003 1 99 

Load 17 0.076 0.057 1 99 

Load 18 0.076 0.057 1 99 

400 V 0.06 0.04 100 0 
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Table 34 - Cables Features 

Line Name Length [m] R [Ω/km] L [Ω/km] C [nF/km] 

L1/b 110 0.017 0.011 5118.0 

L4 90 1.311 0.095 410 

L5 60 1.311 0.095 410 

L6 60 1.311 0.095 410 

L7 60 0.821 0.087 430 

L8 40 0.821 0.087 430 

L9 60 1.311 0.095 410 

L10 60 1.311 0.095 410 

L11 20 1.311 0.095 410 

L12 35 1.311 0.095 410 

L13 150 0.821 0.087 430 

L14 130 0.821 0.087 430 

L15 130 0.821 0.087 430 

L16 140 0.821 0.087 430 

L17 100 0.821 0.087 430 

L18 110 0.821 0.087 430 

L19 110 0.433 0.101 534 

L20 50 0.099 0.032 1680 

L21 50 0.099 0.032 1680 

L22 90 0.104 0.088 410 

L440 20 0.172 0.090 410 

 

Case - 4 

Figure 101 shows the network model for Case-4. 

It is equivalent to case 1 except for the representation of the L1/b and the L4 cable (Figure 98). The 

total load was concentrated directly after the transformer on the 690 V main electrical panel. This 

simplification was proposed to quantify the effect of the slight extension of cables present on board 

in network impedance values. For load power values and cables features, reference should be made 

to Table 29 and Table 30. 

 

Figure 101- Case 4 
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Case – 5 

Figure 102 shows the equivalent network model for Case-5. 

This is the most simplified case, through a unique representation of aggregate load (690/400 V). Only 

the L1 connection from the 6 kV panel to the 6 kV/690 V transformer was taken into account on the 

690 V main electrical panel. This configuration reports the smallest detail of the network elements. 

 

 

Figure 102- Case 5 

Features of aggregated load (690/400 V) are shown in Table 35. 

Table 35 – Load features 

Aggregated Load  Active power [MW] Reactive power 

[MVAr] 

% Static % Rotating 

690/400 V 0.88 0.66 7 93 

 

7.3 Network impedance  

       7.3.1 Network impedance evaluation for each equivalent network model 

For each equivalent network model (Case 1-5 in Chapter 7.2), the network impedances Z(f) were 

calculated at the nodes. Figure 103 reports the results achieved. 
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Figure 103 - Network Impedance for Each Case 
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The analysis of the Figures shows that the trend of Z (f) is increasing and without resonances.  

This last aspect is due to a limited effect of the transversal capacitances of the cables (a consequence 

from the moderate extension of the cables themselves) and from the absence of power factor 

correction like in capacitors or filters. 

In order to better quantify the differences between the values of the Z (f) calculated using different 

network schemes, Figure 104 gathers the calculated impedance trends for each node. 

 

Figure 104 – Network Impedance Trend VS Equivalent Network Model 

Figure 104a clearly shows that the values of Z (f) at 6 kV (Point of common coupling) are not 

influenced by the representation (greater or lesser detail) of the 690 V distribution network. This is 

justified by the predominant role of the 6 kV distribution compared to the 690 V and 400 V networks, 

which is not relevant thanks to the transformers. 

Some differences are found in the values calculated on the 690 V busbar, at the output of the 

transformer (Figure 104b and d) or at the Z (f) - 3 node (Figure 104c). In these cases, obviously, the 
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role assumed by the equivalent (cables and load) is more important therefore, the final choice of the 

optimal equivalent model to use for the analysis of harmonic penetration cannot be separated from a 

detailed analysis of the position of sensitive loads and non-linear loads.  

The values of the approximations obtained in Cases 1, 2, 4 and 5, in percent, compared to Case 3, 

are described in the following paragraph. 

7.3.2 – The Network Equivalent Accuracy  

7.3.2.1 Comparison among network equivalents 

In order to evaluate the network equivalent for the results obtained, the difference of the Z (f) values 

using network models Case - 1, 2, 4 and 5 was calculated. Z (f)-1 and Z (f)-2 values (PCC of the test 

network) have been compared to those obtained with the adoption of Case-3 network model, which 

represents the most detailed network taken into consideration.  

Figure 105 and Figure 106 show the values of approximation achieved using different network 

equivalent models. In particular, Figure 105 refers to the results achieved up to the 40th harmonic and 

Figure 106 summarizes the comparison up to the 19th harmonic; the latter being a limit for networks 

whose non-linear loads are mainly interfaced with converter bridges. 
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Figure 105 - Values of Approximation Achieved By Varying The Network Equivalents 
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Figure 106 – Approximation % for Each Harmonic on Network’s Impedance According Equivalent Network Cases 

The approximations calculated at the point of common coupling (PCC) are extremely limited up to 

the 19th harmonic, therefore, in presence of conducted disturbances generated by converter bridges, 

it is certainly possible to adopt a simplified equivalent network. The presence of non-linear loads 

with higher frequencies content, requires higher harmonic orders as compared to what is described 

above. Percentage variations obtained in Cases 4 and 5 with the calculation of the impedances for 

the node Z (f)-2 appear significant (up to over 8% with Case-5) and therefore an excessive 

simplification of the network does not appear suitable. 
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7.3.2.2 - Influence of cables length on network impedance calculation 

In order to take into account some uncertainties related the real length of network cables, a further 

analysis was carried out to evaluate if it has an impact on results accuracy. 

The test was carried out by referring to Case-1 (Figure 98). The length of the cable that reaches the 

MVZ4 main panel at 690 V (L1/B) originating from the secondary of the 6 kV/690 V transformer 

and that reaches the 440 V electrical panel (L440) from the secondary of the 690/400 V transformer 

was varied. 

Three simulations have been carried out, choosing the values of the minimum and maximum lengths 

according to the design documentation. Three cases were identified: 

 Case-1min - minimum lengths for both cables (L1/B = L440 = 15 m); 

 Case-1max - maximum lengths for both cables (L1/B = L440 = 120 m); 

 Case-1 - effective lengths (L1/B = 110 m; L440 = 20 m). 

 

Figure 107 shows the trend of network impedance at one of the common coupling points (Z(f)-2). 

 

 

Figure 107 - Trend of The Network Impedance According To The Length Of The Cables 

Figure 107 confirms that for networks with a limited cables extension, the uncertainties of their 

values have no impact on the accuracy of the results. 
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Chapter VIII: Harmonic Analysis  

8.1 Network impedance  

The best equivalent network model, described in chapter 7, was used to analyze harmonics on the 

three electrical system architectures proposed (chapter 6), according to the requirements for the new 

naval unit, taking into account different operational profiles.  

The architectures proposed are: 

 Hybrid Electric/Diesel/Gas Turbines propulsion MVAC – alternating current 50-60 Hz MV 

systems;  

 All electric MVAC - alternating current MV system;  

 All electric MVAC "hybrid"- MV system with alternating current and "islands"/electrical 

areas in direct current, both in MV and/or Low Voltage (BT); 

8.2 layout “Hybrid Electric/Diesel/Gas Turbines propulsion MVAC – alternating 

current MV system”  

8.2.1 - 50 Hz network 

Taking into account the absorption deriving from the specific operational profile, 5 load scenarios 

were identified for the 50 Hz network. Loads supplied at 220 V were not highlighted, but aggregated 

in the total load supplied at 690 V. Table 36 show the aggregated operational profiles for the Hybrid 

Electric/Diesel/Gas Turbines propulsion MVAC – alternating current MV system – 50 Hz network 

Table 36 – 50 Hz Network Aggregated Operational Profile For The Hybrid Electric/Diesel/ Gas Turbines propulsion 

MVAC – Alternating Current MV System – 50 Hz Network 

Operational profile group Operational profile Power 

Consumption 

(MW) 

A1 - I 

 

                                        Port (stern generator) 4.5 

A1 - II 

 

Port (bow generator) 4.5 

A2 1)    Port Operational Role / Training 

2)    Humanitarian Mission 

6-7 

A3 1) Navigation (16 nodes) Operational Role/Training 

2) Navigation (18 knots) Operational Role/Training 

3) Navigation (Maximum Speed) Operational Role/Training 

4) Anchor Ship Operational Role/Training 

5) Navigation (Maximum Speed) Combat Role 

8-9 

A4 1) Navigation (10 knots) Role Combat with Electric Propulsion 

2) Navigation (10 knots) Operational Role/Training with Electric 

Propulsion 

13 

A5 1)    Amphibious Operations Combat Role with Electric Propulsion 

2)    Maneuver 

13 

 

Figure 108 ÷ Figure 113 show the single-line diagrams with the aggregate loads, the lengths and the 

characteristic parameters of the entire 50 Hz network for each group of operational profiles. 

Network impedances were evaluated as a function of frequency at the nodes highlighted in red. 

Figure 114 ÷ Figure 119 show the trends of the network impedances as a function of the frequency 

in the nodes identified in red (Figure 108 ÷ Figure 113) with a number ranging from 1 to 7. 
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Figure 108 -  A1-I 

 

Figure 109 - A1–II 
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Figure 110 -  A2 

 

Figure 111 - A3 

 

Figure 112 - A4 
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Figure 113 - A5 
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Figure 114 - Network Impedances for A1 Operational Profile Group  

 

Figure 115 - Network Impedances for A1- II Operational Profile Group  
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Figure 116 - Network Impedances for A2 Operational Profile Group 

 

Figure 117- Network impedances for operational profile group A3 

0

10

20

30

40

50

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41

Z(
f)

 [
p

u
]

Harmonic order h

Stern

1 2 3

0

5

10

15

20

25

30

35

40

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41

Z(
f)

 [
p

u
]

Harmonic order h

Bow

4 5 6 7

0

10

20

30

40

50

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41

Z(
f)

 [
p

u
]

Harmonic order h

Stern

1 2 3

0

10

20

30

40

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41

Z(
f)

 [
p

u
]

Harmonic order h

Bow

4 5 6 7



124 

 

 

Figure 118 - Network impedances for operational profile group A4 

 

Figure 119 - Network impedances for operational profile group A5 
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Analyzing the network impedance it is possible affirm that there are no particular criticalities in the 

Groups A1 to A4. On the contrary, for the A5 operational profile group, a resonance between the 25th 

and the 31th harmonic was noticed. This aspect can be influenced by the predominantly rotating load 

and by the considerable power supplied through the main 6 kV electrical panel. In particular, a 

propulsion engine and two thrusters with a power consumption of about 900 kW, 1200 kW and 1200 

kW respectively are located in the main electrical panel of the bow. 

 8.2.2 –60 Hz network 

Taking into account the absorption deriving from the specific operational profile 6 load scenarios 

(three under normal conditions and 3 under load conditions on a single converter) for the STANAG 

- 60 Hz network were identified (Chapter 6). 

Only the 440 V network was simulated, including the load of the 115 V network. Table 36 shows the 

aggregated operational profiles for the 60 Hz network.  

Figure 120 ÷ Figure 122 show the 60 Hz network single-line diagrams with the aggregate loads, the 

lengths and the characteristic parameters of the entire 60 Hz network for each group of operational 

profile. The network impedances were evaluated as a function of frequency at the nodes highlighted 

in red. 

Table 37 –Aggregated Operational Profile for Hybrid Electric/Diesel/Gas Turbines propulsion MVAC – Alternating 

Current MV System” - 60 Hz Network 

Operational profile group Operational profile Power Consumption 

(kW) 

B1 

 

1) Port Operational Role / Training 

2) Humanitarian Mission 

3) Port 

4) Maneuver 

400 

B2 1) Navigation (16 nodes) Operational Role / Training 

2) Navigation (18 knots) Operational Role / Training 

3) Navigation (Maximum Speed) Operational Role / Training 

4) Anchor Ship Operational Role / Training 

5) Navigation (Maximum Speed) Combat Role 

6) Navigation (10 knots) Operational Role / Training with 

Electric Propulsion 

1000 

B3 1) Navigation (10 knots) Role Combat with Electric 

Propulsion 

2) Navigation (Maximum Speed) Combat Role 

3) Amphibious Operations Combat Role with Electric 

Propulsion 

1500 
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a) 

b) 

Figure 120 – B1 60 Hz a) Normal b) Supplied By Stern Rotary Converter 
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a) 

b) 

Figure 121 – B2 60 Hz a) Normal b) Supplied By Stern Rotary Converter 
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a) 

 b) 

Figure 122 - B3 – 60 Hz a) Normal b) Supplied By Stern Rotary Converter 

For the 60 Hz network, every aggregated operational profile group has been simulated either in 

normal conditions (two converters in operation), or in emergency conditions where a converter 

supplies the entire STANAG network. 

Since the lengths of each power supply cable are not reported on the circuit documents, hypotheses 

were developed for this network as a function of the maximum length of the cables found on circuit 

documents. 

Figure 123 ÷ Figure 125 show the trends of the network impedances as a function of the frequency 

of the nodes identified in red (Figure 113) with a value ranging from 1 to 7. 
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Figure 123 - Network Impedances for Operational Profile Group B1 

 

 

Figure 124 - Network Impedances for Operational Profile Group B2 
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Figure 125 - Network Impedances for Operational Profile Group B 

  8.3 All electric MVAC/MVAC "hybrid" 

This section describes the analyzes related to the MVAC and MVAC "hybrid" electrical network 

in the frequency domain. In particular, the values of network impedances were analyzed on the 

generation nodes and on those identified by the busbars of the electrical panels that supply the 

essential utilities. In this case, the equivalent network referred to the operational profile “Combat 

condition at 25 navigation kns” (Chapter 6.2 -Table 18) was reported. This operational profile takes 

into account the highest propulsion consumption. As shown in Figure 119 for Hybrid 

Electric/Diesel/Gas Turbines propulsion MVAC – by alternating current MV system architecture, a 

high amount of rotating load could cause resonance.  

The investigation of this particular case could be the most critical, where the maximum reliability 

operation for electric equipment is also required.  

Figure 126 shows the single-line diagrams of equivalent networks carried out. Electrical generation 

stations are distributed on interconnected 11 kV busbars. Each busbar is linked to two others, by 

means of a tie connection for busbars interfaced to power stations with the same kind of generators 

(2-4 and 1-3), or, otherwise through a cross connection (1-4 and 2-3). Through this approach, at least 

a double redundancy is performed and it is possible to react to a large number of failure modes by 

system reconfiguration. It is important to note that at least one connection must be open to achieve a 

radial distribution; in this case study, the tie connection 2-4 was analyzed. 

The network impedances were evaluated as a function of frequency at the nodes highlighted in red. 

In particular, the evaluations refer to the following nodes: 

 generation nodes: QEP3, QEP4, QEP5, QEP8; 

 essential user nodes: QDP13, QDP14, QDP15, QDP17, QDP18, SQDP4. 
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Figure 126 - (A) Equivalent Distribution Network Scheme. (B) Aggregate Loads in The Distribution Network. 

Table 38 ÷ Table 41 show: i) the total power absorbed by electrical loads, ii) static and rotating 

electrical power iii) non-linear power distribution on each feeder and iiii) feeder lengths in 

distribution network. The tables also show the total power demand subdivided between two BT 

distribution levels. 

Table 38 - Total Power Absorbed by Electrical Loads in Combat Role. 

P [kW] Q [kVAr] 

5250 2900 

Table 39 - Static and Rotating Power Absorbed, Sort by Distribution Level. 

Combat Role 690 V 440 V 

Static 
P [kW] 720 126 

Q [kVAr] 430 40 

Rotating 
P [kW] 730 270 

Q [kVAr] 380 180 
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Table 40 - Non-Linear Power Distribution on Each Feeder (% of Total Power S [kVA]) 

 
MVAC Hybrid-MVAC 

 
MVAC Hybrid-MVAC 

(%) (%) (%) (%) 

Feeder 
660 

V 

440 

V 

660 

V 

440 

V 
Feeder 

660 

V 

440 

V 

660 

V 

440 

V 

1 9 2 0 2 11 2 0 2 0 

2 1 1 1 1 12 2 1 2 1 

3 2 1 1 1 13 2 1 0 1 

4 0 1 0 1 14 6 1 0 1 

5 1 0 1 0 15 1 1 1 1 

6 0 2 0 2 16 6 1 0 1 

7 3 1 3 1 17 2 1 0 1 

8 3 1 3 1 18 3 1 2 1 

9 0 1 0 1 19 3 1 3 1 

10 0 0 0 0 20 0 1 0 1 

Table 41 - Feeder Lengths 

Feeder Length (m) Feeder Length (m) 

1 70 11 100 

2 50 12 110 

3 180 13 220 

4 50 14 100 

5 10 15 10 

6 30 16 10 

7 70 17 120 

8 80 18 120 

9 130 19 70 

10 10 20 190 

 

In the MVAC case, the total power generated by non-linear loads is 65 %, and it is distributed as 

follows: 47 % at 690 V and 18 % at 440 V. 

In Hybrid-MVAC case, the total power of non-linear load is 38 %; at 690 V the percentage of non-

linear load decreases from 47 % to 20 %. The difference (27 %) was distributed on network at 690 V 

level and added in static load family. 

In this operating condition, total active and reactive generated powers are equal to 103 MW and 

76 MVAr respectively. Only TAG 1 & 2 and DG 1 & 3 are functioning. 

Harmonic analyses were carried out at the generation MV busbars, considering three different filter 

configurations, namely: uncompensated, high pass filters and tuned filters plus high pass filter Filters 

sizing was obtained using the expressions shown in Chapter 6.2 - Table 20. 

The filters types used for different network configurations are: 

 High pass filter, with 12th harmonic cut-off frequency (HP); 

 11th and 13th harmonics single tuned filters (ST), plus high pass filter with a 24th harmonic 

cut-off frequency (HP+ST). 

Filtering around the 12th harmonics is meant to cope with the loss of half the propulsion power, 

entailing 12-pulse operation of front end converters. 

Figure 127 ÷ Figure 130 show network impedances at harmonic frequencies evaluated at 11 kV/690 

busbars (Figure 126) as a function of frequency, in the (0 ÷ 2000) Hz range for Hybrid-MVAC case. 

Figure 127 shows the response of the uncompensated system. Figure 128 shows the response of the 

power factor correction. Figure 129 and Figure 130 show the effect of high pass filters and the effects 

of a combination of tuned (11th /13th) and high pass filters, respectively. 
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Figure 127 - Network Impedances at Harmonic Frequencies: Uncompensated 
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Figure 128 - Network Impedances at Harmonic Frequencies: Power Factor Correction 
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Figure 129 - Network Impedances at Harmonic Frequencies: High Pass Filter 
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Figure 130 - Network Impedances At Harmonic Frequencies: Tuned Filters And High Pass Filter (HP+ST). 

In generation busbars without filters or capacitors, no resonances are found (Figure 127). With power 

factor correction a resonance on the 5th is detected (Figure 128), with the HPF filter (Figure 129) the 

resonance is between the 5th and 10th harmonic (375 Hz), meanwhile with ST and HP filters, three 

resonant frequencies are located at 340 Hz, 590 Hz and 955 Hz (Figure 130). 

Resonances are detected in all electrical panels that supply essential loads (QDP 17, QDP 13, QDP18, 

QDP15, QDP14, SQDP4), apart from QDP18 and QDP17. 

A resonance on the 5th harmonic with power factor correction is found (Figure 128), with the HPF 

filter the resonance is between the 5th and 10th harmonic (Figure 129).  With the STF + HPF filters 

three resonances were discovered, namely between the 5th and the 10th harmonic, the 10th and the 15th 

harmonic and between the 15th and the 20th harmonic (Figure 130). For QDP18 and QDP17 electrical 

panels the resonances indicated show a negligible magnitude with the exception of the 5th harmonic. 
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Network impedances for MVAC systems 

The results relating MVAC network were not reported since they were substantially similar to those 

relating to the "hybrid" MVAC network.  

The results of network impedance for MVAC network show difference respect MVAC "hybrid": 

 in the generation busbars Z (f) has the same resonance on the 5th harmonic, however the 

amplitude increases, passing from 18 p. u. to 50 p. u.; 

 in electrical panels supplying essential loads, Z (f) presents resonance on the 5th harmonic, 

and its amplitude increases from 20 ÷ 25 p. u. to 50 ÷ 60 p. u.; 

 with the HPF filters tuned to the 12th harmonic, Z (f) is the same; 

 with the STF + HPF filters the resonances identified are the same (340 Hz, 590 Hz, 955 Hz) 

and there is a difference in amplitudes limited to the resonance found at 340 Hz. In particular, 

the amplitude is greater than 5 p.u. in generation nodes and 10 p. u. on electrical panels that 

supply essential loads. 

8.3.1 Total Harmonic Distortion evaluation “all electric” 

Harmonic distortion was evaluated on the extremely simplified equivalent network of Figure 126. 

DC islands in the “Hybrid”- MVAC system were represented with the scheme of Figure 80. For each 

electrical switchboard, loads have been grouped into three main categories: Static loads; Non-linear 

loads-converters and Rotating loads (Chapter 4). Five switchboard/feeders (Figure 126 No. 1, 6, 14, 

16, 17) are characterizes by either large power absorption or by supplying essential loads (e.g. ship 

hospital, communications and navigation support), possibly via DC islands. The latter are interfaced 

with AC grid by active FECs, characterized by a sinusoidal current input waveform. 

Simulations have been carried out considering passive front-end converters, i.e. 6-pulse diode bridges 

with the harmonic magnitude spectrum reported in Table 42. 

Table 42 - Harmonic Disturbances Used in Harmonic Evaluation 

Harmonic order 1 5 7 11 13 17 19 23 25 

% I Nominal 100 17.5 11.1 4.5 2.9 2.0 1.0 0.9 0.8 

 

In practice, since the front-end propulsion system ensures 24-pulse operation, only the 23th and 25th 

harmonics were considered in unfaulted scenarios; 12-pulse operation was assumed in case of loss 

of 50 % of propulsion power, thus adding the 11th and 13th harmonics. 

Table 43 and Table 44 show THDV % evaluated at the 11kV generation busbar for the different filter 

configuration, along with values of IHD % for significant harmonics. Two sets of THDV % values 

are reported: the first is calculated assuming a uniform distribution of harmonic voltage phases (Case 

A); the second is the worst condition (in-phase harmonic voltages, Case B). 

As shown in Table 43 and in Figure 127 ÷ Figure 130, the large harmonic emission of the high-power 

propulsion system results in significantly high THDV % values in the absence of filters. 

Table 43 shows the effectiveness of filters in reducing the MVAC system THDV %, especially the 

HP+ST configuration. However, such filters also introduced new resonances (Figure 130) which 

actually increase the 7th harmonic distortion; as a result, the 8 % maximum THDV %, allowed by the 

Standard at the MV point of common coupling is complied with only in Case A, reaching instead a 

value of 10.9 % in Case B. 

Simulation results reported in Table 44 for the H-MVAC system evidence how the THDV % could 

be reduced with DC islands, and represents a valid solution in terms of continuity of supply on board. 
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Table 43 - THDV % In MVAC Configuration 

 MVAC 

A B 

THDV [%] THDV [%] h IHD [%] 

Uncompensated 9.8 20 23 14 

Power Factor correction 24.8 87 5 85 

HP 8.4 9.6 11 7.6 

ST+HP 6.5 10.9 7 9.2 

Table 44 - THDV % In Hybrid MVAC Configuration 

 Hybrid-MVAC 

A B 

THDV [%] THDV [%] h IHD [%] 

Uncompensated 9.8 20 23 14 

Power Factor correction 5.1 17 5 10 

HP 8.2 8.6 11 7.2 

ST+HP 5.4 6.2 23 4.2 

 

The large harmonic emission of the high-power propulsion system results in significantly high THDV 

%. So, it is necessary to install filters, in order to reduce harmonic disturbances. The HP+ST 

configuration represents the best solution for filters effectiveness in reducing the MVAC system 

THDV %. 

Filters introduce benefits regarding THDV, but, at the same time, create resonances, consequently, 

harmonic disturbances generated by onboard non-linear loads can be excited by system resonances 

and, thus, increase THDV % values. 

For this reason, the supply of such loads by means of DC islands is preferable, thanks to the harmonic 

disturbances immunity at the DC side and the installation of AC/DC converters with sinusoidal 

absorption at the AC side. In the case study, the introduction of only five DC islands in the “Hybrid” 

MVAC system reduces THDV %. In addition, the installation of storage systems and four-quadrant 

FECs would also improve AC network stability and continuity of supply, thanks to active and 

reactive power controls. High quality and continuity of supply are also provided to DC loads. 
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Chapter IX – Reliability Analysis 

In this chapter a preliminary analysis on the availability, reconfigurability and reliability of the naval 

integrated power system is reported. In order to consider fault events, which may cause main failures 

such as partial collapse of the network, the use of the connections between the busbar (cross 

connection) and the redundancy in the power supply systems was considered. Through system 

reconfiguration operations, this design solution allows to limit the number of disconnected loads due 

to a fault. In order to make this operation more efficient, a double power supply for essential loads 

was also envisaged through interconnections between different electrical panels, placed in different 

compartments, and powered by separate sources. This chapter reports the preliminary assessments 

relating to the reliability of the system, starting from some important failures related to the loss of 

power to essential users. The investigations carried out are directly connected with the reliability of 

the systems (in par 3.3 Electrical System Dependability). However, because we intended to advance 

some preliminary observations on the correlation between the system’s architecture and its reliability 

features, some basic concepts such as Fault detection, Fault tolerance, System reconfiguration and 

top event analysis were employed. 

9.1 Reliability of the electrical system for "all electric" layouts 

Preliminary evaluations on the system reliability are limited; in particular, the study was conducted 

on: 

 all the main components and electrical panels supplied by 11 kV medium voltage (QEP5, 

QEP8, QEP4, QEP3); 

 for the low voltage (690 V all the main components and electrical panels that supply essential 

loads/islands in DC (QDP14, QDP15, QDP18, SQDP4, QDP13, QDP17, QEP3 LV, QEP7 

LV). 

Table 45 shows all the components referred to MVAC and Hybrid MVAC shown in Figure 76 and 

in Figure 77  (such as busbars, switches, generators, motors, cables, etc.), identified by a code, with 

the respective functions within the system. 

Table 45 - Components of The Electrical System 

Component Description Function 

Busbarmv 1 Busbar QEP5 MT 11kV Busbar MT 11 kV 

Busbarmv 2 Busbar QEP4 MT 11kV Busbar MT 11 kV 

Busbarmv 4 Busbar QEP8 MT 11kV Busbar MT 11 kV 

Busbarmv 3 Busbar QEP3 MT 11kV Busbar MT 11 kV 

Cable Rth1 Power supply connection cable from QEP8 to TOft thruster Cable power supply reserve 

Cable Rth2 Power supply connection cable from QEP4 to Bow thruster Cable power supply reserve 

Cable Th1 power cable from QEP5 to Aft thruster Power cable th 

Cable Th2 Power cable connection from QEP3 to Bow Thruster Power cable th 

Cable Tie2 Power cable connection tie QEP3-QEP5 Power cable tie 

Cable Tie1 Power cable connection tie QEP8-QEP4 Power cable tie 

Cablec1 Power cable connection for cross connection QEP8-QEP3 Power cable cross connection 

Cablec2 Power cable connection for cross connection QEP5-QEP4 Power cable cross connection 

Cablemv3 Power cable  QEP3-QDP13 Power cable to LV 
Cablemv3-1 Power cable QEP3-QDP17 Power cable to LV 
Cablemv3-2 Power cable QEP3-QEP3bt Power cable to LV 
Cablemv2 Power cable QEP4-SQDP4 Power cable to LV 
Cablemv1 Power cable QEP5-QDP18 Power cable to LV 

Cablemv1-1 Power cable QEP5-QEP7LV Power cable to LV 
Cablemv4 Power cable QEP8-QDP14 Power cable to LV 

Cablemv4-1 Power cable QEP8-QDP15 Power cable to LV 

Cable EMP1 Power cable from QEP5 to propulsion engine EPM1 Power cable for propulsion 

Cable EMP2 Power cable from QEP4 to propulsion engine EPM2 Power cable for propulsion 
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Cable EMP3 Power cable from QEP3 to propulsion engine EPM3 Power cable for propulsion 

Cable EMP4 Power cable from QEP8 to propulsion engine EPM4 Power cable for propulsion 

DG1 Diesel generation (16V38) on QEP5 Diesel generation 

DG2 Diesel generation (9l38) on QEP5 Diesel generation 

DG3 Diesel generation (16V38) on QEP3 Diesel generation 

DG4 Diesel generation (9l38) on QEP3 Diesel generation 

TAG1 Gas turbine on QEP8 (LM6000-Pf) Gas turbine generation 

TAG2 Gas turbine on QEP4 (LM6000-Pf) Gas turbine generation 

IC1 Circuit breaker switch QEP8 side of  cross connection  QEP8 and QEP3 Circuit breaker switch cross connection 

IC2 Circuit breaker switch QEP3 side of  cross connection  QEP8 and QEP3 Circuit breaker switch cross connection 

IC3 Circuit breaker switch QEP5 side of  cross connection  QEP5 and QEP4 Circuit breaker switch cross connection 

IC4 Circuit breaker switch QEP4 side of  cross connection  QEP5 and QEP4 Circuit breaker switch cross connection 

IDG1 Circuit breaker switch DG1 on QEP5 (16V38) Circuit breaker switch Diesel generator 

IDG2 Circuit breaker switch DG2 on QEP5 (9L38) Circuit breaker switch Diesel generator 

IDG3 Circuit breaker switch DG3 on QEP3 (16V38) Circuit breaker switch Diesel generator 

IDG4 Circuit breaker switch DG4 on QEP3 (9L38) Circuit breaker switch Diesel generator 

Ip1 Circuit breaker switch on engine line EMP1 connected to QEP5 
Circuit breaker switch propulsion 

engine 

Ip2 Circuit breaker switch on engine line EMP2 connected to QEP4 
Circuit breaker switch propulsion 

engine 

Ip3 Circuit breaker switch on engine line EMP3 connected to QEP3 
Circuit breaker switch propulsion 

engine 

Ip4 Circuit breaker switch on engine line EMP4 connected to QEP8 
Circuit breaker switch propulsion 

engine 

IrTH1 Circuit breaker switch reserve power supply Aft Thruster on QEP8 Reserve circuit breaker switch Th 

IrTH2 Circuit breaker switch reserve power supply Bow Thruster on QEP4 Reserve circuit breaker switch Th 

IT1 Circuit breaker switch TAG QEP8 (LM6000-PF) Circuit breaker switch Gas turbine 

IT2 Circuit breaker switch TAG QEP4 (LM6000-PF) Circuit breaker switch Gas turbine 

ITH1 Circuit breaker switch Aft Thruster on QEP5 Circuit breaker switch Th 

ITH2 Circuit breaker switch Bow Thruster on QEP3 Circuit breaker switchT h 

Itie1 Circuit breaker switch QEP8 side of tie QEP8 and QEP4 Circuit breaker switch tie 

Itie2 Circuit breaker switch QP4 side of tie QEP8 and QEP4 Circuit breaker switch tie 

Itie3 Circuit breaker switch QEP5 side of tie QEP5 and QEP3 Circuit breaker switch tie 

Itie4 Circuit breaker switch QEP3 side of tie QEP5 and QEP3 Circuit breaker switch tie 

K1 Generation joint - Propulsion  of TAG1 on QEP8 Joint busbar circuit breaker switch MV 

K2 Generation joint - Propulsion  of TAG2 on QEP4 Joint busbar circuit breaker switch MV 

K3 Generation joint - Propulsion  of DG1-DG2 on QEP5 Joint busbar circuit breaker switch MV 

K4 Generation joint - Propulsion  of DG3-DG4 on QEP3 Joint busbar circuit breaker switch MV 

K5 Joint distribution - Propulsion on QEP8 Joint busbar circuit breaker switch MV 

K6 Joint distribution - Propulsion on QEP4 Joint busbar circuit breaker switch MV 

K7 Joint distribution - Propulsion on QEP5 Joint busbar circuit breaker switch MV 

K8 Joint distribution - Propulsion on QEP3 Joint busbar circuit breaker switch MV 

ILV4 
Circuit breaker switch QDP14 side for power cable connection to QEP8-

QDP14 
Circuit breaker switch LV 

ILV3 
Circuit breaker switch QDP13 side for power cable connection to QEP3-

QDP13 
Circuit breaker switch LV 

ILV4-1 
Circuit breaker switch QDP15 side for power cable connection to QEP8-

QDP15 
Circuit breaker switch LV 

ILV
 3-1 

Circuit breaker switch QDP17 side for power cable connection to QEP3-

QDP17 
Circuit breaker switch LV 

ILV
 3-2 

Circuit breaker switch QEP3 side for power cable connection to QEP3-

QEP3LV 
Circuit breaker switch LV 

ILV1 
Circuit breaker switch QDP18 side for power cable connection to QEP5-

QDP18 
Circuit breaker switch LV 

ILV1-1 
Circuit breaker switch QEP7 side for power cable connection to QEP5-

QEP7LV 
Circuit breaker switch LV 

ILV2 
Circuit breaker switch SQDP4 side for power cable connection to QEP4-

SQDP4 
Circuit breaker switch LV 

IMV3 
Circuit breaker switch QEP3 side for power cable connection to QEP3-

QDP13 
Circuit breaker switch MV 

IMV3-1 
Circuit breaker switch QEP3 side for power cable connection to QEP3-

QDP17 
Circuit breaker switch MV 

IMV3-2 
Circuit breaker switch QEP3 side for power cable connection to QEP3-

QEP3LV 
Circuit breaker switch MV 

IMV2 
Circuit breaker switch QEP4 side for power cable connection to QEP4-

Sqdp4 
Circuit breaker switch MV 
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IMV1 
Circuit breaker switch QEP5 side for power cable connection to QEP5-

QDP18 
Circuit breaker switch MV 

IMV1-1 
Circuit breaker switch QEP5 side for power cable connection to QEP5-

QEP7LV 
Circuit breaker switch MV 

IMV4 
Circuit breaker switch QEP8 side for power cable connection to QEP8-

QDP14 
Circuit breaker switch MV 

IMV4-1 
Circuit breaker switch QEP8 side for power cable connection to QEP8-

QDP15 
Circuit breaker switch MV 

Th1 Maneuvering  AftThruster Thruster 

Th2 Maneuvering Bow Thruster Thruster 

EPM1 Propulsion engine Propulsion engine 

EPM2 Propulsion engine Propulsion engine 

EPM3 Propulsion engine Propulsion engine 

EPM4 Propulsion engine Propulsion engine 

BusbarLV4 Busbar QDP14 to 690 V essential loads Busbar  LV 690 V 

BusbarLV4-1 Busbar QDP15 to 690 V essential loads /Island DC. Busbar LV 690 V 

BusbarLV1 Busbar  QDP18 to 690V essential loads Busbar LV 690 V 

BusbarLV1-1 Busbar QEP7LV to 690 V Island DC. Busbar  LV 690 V 

BusbarLV2 Busbar SQDP4 to 690 V essential loads /Island DC. Busbar LV 690 V 

BusbarLV3 Busbar QDP13 to 690V essential loads /Island DC. Busbar LV 690 V 

BusbarLV3-1 Busbar QDP17 to 690 V essential loads Busbar LV 690 V 

BusbarLV3-2 Busbar QEP3LV to 690 V Island DC. Busbar LV 690 V 

STrafo3 Transformer switch QEP3-QDP13 Transformer switch 

STrafo 3-2 Transformer switch QEP3-QEP3bt Transformer switch 

STrafo3-1 Transformer switch QEP3-QDP17 Transformer switch 

STrafo2 Transformer switch QEP4-SQDP4 Transformer switch 

STrafo1 Transformer switch QEP5-QDP18 Transformer switch 

STrafo1-1 Transformer switch QEP5-QEP7bt Transformer switch 

STrafo4 Transformer switch QEP8-QDP14 Transformer switch 

STrafo4-1 Transformer switch QEP8-QDP15 Transformer switch 

Trafo3 Transformer QEP3-QDP13 Transformer MV-LV 

Trafo 3-2 Transformer QEP3-QEP3bt Transformer MV-LV 

Trafo3-1 Transformer QEP3-QDP17 Transformer MV-LV 

Trafo2 Transformer QEP4-SQDP4 Transformer MV-LV 

Trafo1 Transformer QEP5-QDP18 Transformer MV-LV 

Trafo1-1 Transformer QEP5-QEP7bt Transformer MV-LV 

Trafo4-1 Transformer QEP8-QDP15 Transformer MV-LV 

Trafo4 Transformer QEP8-QDP14 Transformer MV-LV 

 

9.2 System Reconfigurability 

In order to ensure the continuity and reconfigurability requirements of some LV electrical panels, 

supplying essential loads, backup supplies were provided. Table 46 shows the connections provided 

for the backup supplies. 

Table 46 – Backup Supplies for Electrical Panels That Supply Essential Loads 

LV connections between electrical panels that supply essential loads 

From QDP18 to QDP15 

From QDP10 to QDP17 

From QDP11 to QDP13 

From QDP 14 to SQDP4 

 

9.3 Impact of faults on the electrical system 

For each possible failure of the electrical system components (Table 45), Table 47 shows the effects 

on the general system, both in terms of navigation and shutdown of the "essential" electrical panels 

and in the case of a reconfiguration following an event. In particular, the table shows how the failure 
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of a component cannot report consequences (in the table: "no effect") for the system, thanks to the 

network configuration. 

Table 47 – Failure Component Effects and Reconfiguration 

Component out 

of service 
Effects Reconfiguration 

BusbarMV 1 
QEP5 out of service (Unavailability EPM1 and QEP3 LV - 

QEP7 LV that power DC island) 
Supply QDP18 from QDP15 

BusbarMV 2 QEP4 out of service (unavailability EPM2) Supply SQDP4 from QDP14 

BusbarMV 4 QEP8 out of service (unavailability EPM4) 
Supply QDP14 from SQDP4 and QDP15 from 

QDP18 

BusbarMV 3 QEP3 out of service (unavailability EPM3) 
Supply QDP13 from QDP11 and QDP17 from 

QDP10 

Cable rth1 No effect (unavailability redundancy from QEP8)   

Cable rth2 No effect (unavailability redundancy from QEP4)   

Cable th1 
No effect 

Supply from QEP8 

Cable th2 
No effect 

Supply from QEP4 

Cable tie2 
No effect 

  

Cable tie1 
No effect 

  

Cable c1 
No effect 

Close tie connection QEP8-QEP4 

Cable c2 
No effect 

Close tie connection QEP8-QEP4 

Cable MV3 
No effect 

Supply from QDP11 

Cable MV3-1 
No effect 

Supply from QDP10 

Cable MV3-2 QEP3 LV out of service (island DC loss)   

Cable MV2 
No effect 

Supply from QDP14 

Cable MV1 
No effect 

Supply from QDP15 

Cable MV1-1 QEP7LV out of service (island DC loss)   

Cable MV4 
No effect 

Supply from SQDP4 

Cable MV4-1 
No effect 

Supply from QDP18 

Cable EMP1 Unavailability propulsion engine EPM1   

Cable EMP2 Unavailability propulsion engine EPM2   

Cable EMP3 Unavailability propulsion engine EPM3   

Cable EMP4 Unavailability propulsion engine EPM4   

DG1 Change ship configuration Operational profile 3-4-5-6-7 

DG2 Change ship configuration OPerational profile 4-5-6-7-8-9 

DG3 Change ship configuration Operational profile 3-4-5-6-7 

DG4 Change ship configuration Operational profile 4-5-6-7-8-9 

TAG1 Change ship configuration Operational profile 3-4-5 or 6 at 22kn 

TAG2 Change ship configuration Operational profile 3-4-5 or 6 at 22kn 

IC1 
No effect 

Close tie connection QEP8-QEP4 

IC2 
No effect 

Close tie connection QEP8-QEP4 

IC3 
No effect 

Close tie connection QEP8-QEP4 

IC4 
No effect 

Close tie connection QEP8-QEP4 
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IDG1 Change ship configuration Operational profile 3-4-5-6-7 

IDG2 Change ship configuration Operational profile 4-5-6-7-8-9 

IDG3 Change ship configuration Operational profile 3-4-5-6-7 

IDG4 Change ship configuration Operational profile 4-5-6-7-8-9 

Ip1 Unavailability propulsion engine EPM1   

Ip2 Unavailability propulsion engine EPM2   

Ip3 Unavailability propulsion engine EPM3   

Ip4 Unavailability propulsion engine EPM4   

IrTH1 No effect (unavailability of backup supply)   

IrTH2 No effect (unavailability of backup supply)   

IT1 
Change ship configuration 

Operational profile 3-4-5 or 6 at 22kn 

IT2 
Change ship configuration 

Operational profile 3-4-5 or 6 at 22kn 

ITH1 
No effect 

Supply from QEP8 

ITH2 
No effect 

Supply from QEP4 

Itie1 
No effect 

  

Itie2 
No effect 

  

Itie3 
No effect 

  

Itie4 
No effect 

  

K1 Change ship configuration Operational profile 3-4-5 or 6 at 22kn 

K2 Change ship configuration Operational profile 3-4-5 or 6 at 22kn 

K3 Change ship configuration Operational profile 4-5 or 6 at 24 kn 

K4 Change ship configuration Operational profile 4-5 or 6 at 24 kn 

K5 
No effect Close tie connection QEP8-QEP4 to maintain 

operational profile 6 

K6 
No effect Close tie connection QEP8-QEP4 to maintain 

operational profile 6 

K7 
No effect Close tie connection QEP8-QEP4 to maintain 

operational profile 6 

K8 
No effect Close tie connection QEP8-QEP4 to maintain 

operational profile 6 

ILV4 
No effect 

Supply from SQDP4 

ILV3 
No effect 

Supply from QDP11 

ILV4-1 
No effect 

Supply from QDP 18 

ILV
 3-1 

No effect 
Supply from QDP10 

ILV
 3-2 QEP3LV loss (supply DC island)   

ILV1 No effect Supply from QDP 15 

ILV1-1 QEP7LV loss (supply DC island)   

ILV2 
No effect 

Supply from QDP14 

IMV3 
No effect 

Supply from QDP11 

IMV3-1 
No effect 

Supply from QDP10 

IMV3-2 QEP3LV loss (supply DC island)   

IMV2 
No effect 

Supply from QDP14 

IMV1 
No effect 

Supply from QDP 15 
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IMV1-1 QEP7LV loss (supply DC island)   

IMV4 No effect Supply from SQDP4 

IMV4-1 No effect Supply from QDP 18 

Th1 Unavailability Aft thruster   

Th2 Unavailability bow thruster   

EPM1 Unavailability propulsion engine EPM1   

EPM2 Unavailability propulsion engine EPM2   

EPM3 Unavailability propulsion engine EPM3   

EPM4 Unavailability propulsion engine EPM4   

BusbarLV4 Out of service “essential” QDP 14 electrical panel    

BusbarLV4-1 
Out of service “essential” QDP15 electrical panel that supply 

DC island 
  

BusbarLV1 Out of service “essential” QDP18 electrical panel   

BusbarLV1-1 QEP7 out of service (supply DC island)   

BusbarLV2 
Out of service “essential” SQDP4 electrical panel that supply 

DC island 
  

BusbarLV3 Out of service “essential” QDP13 that supply DC island   

BusbarLV3-1 Out of service “essential” QDP17   

BusbarLV3-2 Out of service “essential” QDP15 that supply DC island   

STrafo3 No effect Supply from QDP11 

STrafo 3-2 QEP3LV out of service (supply DC island)  

STrafo3-1 
No effect 

Supply from QDP10  

STrafo2 
No effect 

Supply from QDP14 

STrafo1 
No effect 

Supply from QDP 15 

STrafo1-1 QEP7LV out of service (supply DC island)   

STrafo4 No effect Supply from SQDP4 

STrafo4-1 
No effect 

Supply from QDP 18 

Trafo3 No effect Supply from QDP11 

Trafo 3-2 QEP3LV out of service (supply DC island)   

Trafo 3-1 No effect Supply from QDP10 

Trafo 2 No effect Supply from QDP14 

Trafo 1 No effect Supply from QDP 15 

Trafo1-1 QEP7LV out of service (supply DC island)   

Trafo4-1 No effect Supply from QDP18 

Trafo 4 No effect Supply from SQDP4 

 

Top event (main failures) 

Main breakdown event were assessed for the naval unit. Two top events failures have been identified: 

1. loss of a propulsion engine;  

2. loss of an electrical panel that supplies essential users and/or DC islands. 

 The first, leads to a reduction of ship movements, while the latter causes service interruption of an 

essential load/area. Both these situations can be framed by the dependability theory as cases of 

incorrect service. 
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A brief evaluation about the failures leading to such unavailability was reported in order to apply the 

improvement techniques previously mentioned. This is a simplified application of fault forecasting 

techniques. 

Table 48 shows the failures of components that, individually or simultaneously, produce the first top 

event (loss of a propulsion engine), while in Table 49 are reported those that cause the second top 

event (essential users and/or DC islands). 

Table 48 - Top event 1: Failures That Cause The Out of Service of Propulsion Engine  

   Engine propulsion out of service (eg: EPM1)   

F
A

IL
U

R
E

 

ENGINE 

QEP5-

EPM1 

connection 

Feeding of 

the three 

stator triples 

Cross connection QEP8-QEP3 
Cross connection QEP4-

QEP5 
DG1 

   Cross connection QEP4-QEP5 
Tie connection QEP5-QEP3 

 
DG2 

   Tie connection QEP5-QEP3 
Generator-propulsion joint 

QEP5 

Cross connection 

QEP4-QEP5 

   Generator-propulsion joint 

QEP5 
 Tie connection 

QEP5-QEP3 

Table 49 - Top event 2: Failures That Cause The Out of Service of A Electrical Panel That Supply “Essential” Load or 

DC Island 

 Unavailability of "essential" electrical panel QDP15 (supply also DC island) 

F
A

IL
U

R
E

 

Busbar 

QDP 15 

690 V 

QEP8-QDP15 

connection 
TAG1 

Propulsion-

distribution joint 

QEP8 

Propulsion-

distribution joint  

QEP8 

 
QDP18-QDP15 

backup supply 

connection 

Tie connection QEP4-QEP8 
Generator-propulsion 

joint QEP8 

Cross connection 

QEP8-QEP3 

  Cross connection QEP8-QEP3 
Cross connection 

QEP8-QEP3 

 

QDP18-QDP15 

backup supply 

connection 

  QDP18-QDP15 backup supply 

connection 

QDP18-QDP15 

backup supply 

connection 

 

 

     

 
     

   Unavailability of "essential" electrical 

panel QDP14 
  

F
A

IL
U

R
E

 

Busbar 

QDP 14 

690 V 

QEP8-QDP14 

connection 
TAG1 

Propulsion-

distribution joint 

QEP8 

Propulsion-

distribution joint  

QEP8 

 
SQDP4-QDP14 

backup supply 

connection 

tie connection QEP4-QEP8 
Generator-propulsion 

joint QEP8 

Cross connection 

QEP8-QEP3 

  cross connection QEP8-QEP3 
Cross connection 

QEP8-QEP3 

 

SQDP4-QDP14 

backup supply 

connection 

  SQDP4-QDP14 backup supply 

connection 

SQDP4-QDP14 

backup supply 

connection 

 

      

      

      

    Unavailabilityof "essential" electrical 

panel QDP18 
  

F
A

IL
U

R

E
 

Busbar 

QDP 18 

690 V 

QEP5-QDP18 

connection 
DG1 

Propulsion-

distribution joint 

QEP5 

Propulsion-

distribution joint  

QEP5 
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QDP15-QDP18 

backup supply 

connection 

DG2 
Generator-propulsion 

joint QEP5 

Cross connection 

QEP4-QEP5 

  Tie connectionQEP3-QEP5 
Cross connection 

QEP4-QEP5 

 

QDP15-QDP18 

backup supply 

connection 

  Cross connection QEP4-QEP5 

 

QDP15-QDP18 

backup supply 

connection 

 

  QDP15-QDP18 backup supply 

connection 
  

      

      

      

    Unavailability of QEP3LV (supply DC 

island ) 
  

F
A

IL
U

R
E

 

 QEP5-QEP3LV 

connection 
DG3 

Propulsion-

distribution joint 

QEP3 

Propulsion-

distribution joint  

QEP3 

Busbar 

QEP3LV 

690 V 

 DG4 
Generator-propulsion 

joint QEP3 

Cross connection 

QEP8-QEP3 

  Tie connection QEP3-QEP5 
Cross connection 

QEP8-QEP3 
 

  Cross connection QEP8-QEP3   

      

      

    Unavailability of QEP7LV (supply DC 

island ) 
  

F
A

IL
U

R
E

 

Busbar 

QEP7LV 

690 V 

QEP5-QEP7LV 

connection 
DG1 

Propulsion-

distribution joint 

QEP5 

Propulsion-

distribution joint 

QEP5 

  DG2 
Generator-propulsion 

joint QEP5 

Cross connection 

QEP5-QEP4 

  Tie connection QEP3-QEP5 
Cross connection 

QEP5-QEP4 
 

  Cross connection QEP4-QEP5   
 

     

 

     

    Unavailability of "essential" electrical 

panel SQDP4 (supply also DC island) 
  

F
A

IL
U

R
E

 

Busbar 

SQDP4 690 

V 

QEP4-SQDP4 

connection 
TAG2 

Propulsion-

distribution joint 

QEP4 

Propulsion-

distribution joint 

QEP4 

 
QDP14-SQDP4 

backup supply 

connection 

Tie connection QEP4-QEP8 
Generator-propulsion 

joint QEP4 

Cross connection 

QEP5-QEP4 

  Cross connection QEP4-QEP5 
Cross connection 

QEP5-QEP4 

QDP14-SQDP4 

backup supply 

connection 

  QDP14-SQDP4 backup supply 

connection 

QDP14-SQDP4 

backup supply 

connection 

 

      

    Unavailability of "essential" electrical 

panel QDP13 (supply also DC island) 
  

F
A

IL
U

R

E
 

Busbar 

QDP13 690 

V 

QEP3-QDP13 

connection 
DG3 

Propulsion-

distribution joint 

QEP3 

Propulsion-

distribution joint 

QEP3 
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QDP11-QDP13 

backup supply 

connection 

DG4 
Generator-propulsion 

joint QEP3 

Cross connection 

QEP8-QEP3 

  Tie connection QEP3-QEP5 
Cross connection 

QEP8-QEP3 

QDP13-QDP11 

backup supply 

connection 

  Cross connection QEP8-QEP3 

QDP13-QDP11 

backup supply 

connection 

 

  QDP13-QDP11 backup supply 

connection 
  

      

    Unavailability of "essential" electrical 

panel QDP17 
  

F
A

IL
U

R
E

 

Busbar 

QDP17 690 

V 

QEP3-QDP17 

connection 
DG3 

Propulsion-

distribution joint 

QEP3 

Propulsion-

distribution joint 

QEP3 

 
QDP17-QDP10 

backup supply 

connection 

DG4 
Generator-propulsion 

joint QEP3 

Cross connection 

QEP8-QEP3 

 

  Tie connection QEP3-QEP5 

Cross connection 

QEP8-QEP3 

 

QDP17-QDP10 

backup supply 

connection 

  Cross connection QEP8-QEP3 

QDP17-QDP10 

backup supply 

connection 

 

  QDP17-QDP10 backup supply 

connection 
  

 

The analysis conducted showed that the use of backup supply, provided in the MVAC and MVAC 

"hybrid" network, make it possible to ensure power supply for the electrical panels that supply 

essential loads and/or DC islands. 

The main critical events are those related to propulsion engines, therefore it can be concluded that, 

from the preliminary analysis, the two network architectures have equivalent reliability features.  
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Chapter X: Three-Phase Short Circuit Analysis For MVAC 50-60 Hz 

Layout 

Preliminary evaluations were carried out to analyze the behavior of the system when certain faulty 

events occur. 

To perform system analyzes in steady-state and short circuit, the PSAF-Cyme simulation software 

was used. The calculation program allows to study the steady-state domain, i.e. load flow, optimal 

power flow, short circuits, voltage stability, harmonic analysis, electromechanical transients and 

motor starting. This software provides graphical results and numerical results [117]. 

The main features of the system (reported in chapter 6.5 “Definition and characterization of a 

"hybrid" propulsion naval unit”) are summarized below. 

Summary of the main equipment of the electrical system: 

 four diesel generators (DDGG), 6.52 MVA each; 

 6 kV-50 Hz medium voltage network with two main electrical panels positioned at bow and 

stern; 

 different operating conditions involves the partial use of the four generating units (at "port" 

setting, the connection of a single DDGG group is represented. In operational profile where 

the electric propulsion is expected, the simultaneous operation of three DDGG groups is 

needed, and in the remaining operational profiles only two generators are connected); 

 the distribution system consists of a 6 kV-50 Hz medium-voltage network, and a low voltage 

distribution network at 690 V, 400 V, 230 V. A 60 Hz STANAG network at 440 V and 115 V 

is specifically devoted to the military equipment, such as weapon systems and command and 

surveillance). The STANAG network is connected to the medium voltage network by means 

of two 50-60 Hz rotating converters; 

 the neutral distribution of the three-phase systems is differentiated according to the voltage 

level. In particular: 

- 6 kV, neutral to ground with high resistance; 

- 690, 440, 115 V, isolated; 

- 400-230 V, neutral directly on the ground and insulated only for essential loads. 

The propulsion of the ship is guaranteed by two aft propellers, which can be moved either by electric 

motors, for an "electric navigation", or by gas turbines for the sets at maximum speed. With electric 

propulsion, the ship is able to navigate at a speed of 10 knots, driven by the action of two 2.25 MW 

asynchronous motors, one per shaft line. These motors are powered by static converters at a voltage 

of 690 V and absorb a total of about 5 MW of power, the efficiency of these converters being 90%. 

There are three maneuvering thrusters, two are located at the bow (each of 2.2 MW) and one at the 

stern which is operated by a 1.35 MW motor. 

10.1 Assumptions  

Taking into account the subdivision into zones of the electrical network, the normal steady-state and 

three-phase short-circuit regimes were studied in different absorption conditions by analysing a 

singular zone.  

Such considerations are obviously extendable to other areas. 

We considered only one transformer in operation, and therefore an exercise of the network through 

a double radial scheme. The analyses carried out in steady-state domain refer to a global coefficient 

of use, given by the product of the coefficients of contemporaneity and utilization, equal to 0.4. 

Further simulations were carried out with a global coefficient of use equal to 1 to evaluate the 

existence of potentially dangerous overload conditions of the transformer. 
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Under the same conditions, the three-phase short-circuit currents were evaluated at all nodes of the 

network. 

The portion of the plant being simulated is the zone MVZ2, is highlighted in green in Figure 131.  

MVZ2 Zone was chosen because it includes the main MV bow electrical panel with diesel generators, 

the main MV loads installed on board (propulsion engine, two manoeuvring thruster) and the main 

LV electrical panel with relevant loads like Hospital, pumps, conditioning, lighting, gas turbine 

starting system, refrigerators and so on.) 

In order to consider the contributions to the short-circuit coming from the transom, the two generators 

in the MVZ3 area were also considered (highlighted in yellow in Figure 131). 

 

 

Figure 131 - The portion of the plant being simulated 

 

The 690 V low voltage electrical panel (MVZ2) supplies a large number of static and rotating loads. 

Figure 132 illustrates the structure of the main low voltage panel. 
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Figure 132 – Main Electrical Panel 690 V 

The complete layout for the analysed area is shown in Figure 133. 
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Figure 133 – Simulated Layout  

The hypotheses for modelling the components used in the simulation are explained below: 

 The synchronous generators have been simulated, in steady-state mode, as ideal voltage 

generators, characterized by the active and reactive power fed into the network. During a fault 

they were simulated with the sub-transitory impedance. The values  are shown in Table 51 in 

the paragraph "Report of the simulations" and were taken from the data sheets provided by 

Fincantieri S.p.A.; 
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 The cables were simulated with the pi equivalent circuit from the series impedances and 

derived from the direct sequence. The values shown in Table 54 in the "Report of the 

simulations" paragraph were obtained from the General Catalogue “HFX Prysmian Naval 

Cables”; 

 Asynchronous motors were simulated through the equivalent circuit, present in the PSAF-

Cyme, software for electromechanical transients simulations, shown in Figure 134. 

 

Figure 134 – Equivalent Circuit of Asynchronous Motor 

The impedance values of the equivalent circuit were obtained from the motor nameplate data: Vn, 

Pn, ηn, cosφn, Cavv, Cmax, Sn, p, Cage factor (CFr and CFx). Only the first four were inferred from 

the data reported in the documents of Fincantieri, while the others were hypothesized using typical 

values of similar commercial asynchronous motors. The impedances of the equivalent circuit in 

Figure 134  were obtained by solving a system of non-linear equations. In calculating the short-

circuit currents, the software routine simulate the asynchronous motor through their sub-transitory 

reactance, inferable from the equivalent circuit in the Figure 134.  IEC 60092-202:2016 suggests 

that the contribution of induction motors for determining the maximum peak value attainable by 

the short-circuit current (i.e. the value of the current to be added to the maximum peak value of 

the short-circuit due to the generators) can be taken as equal to 8 In where In is the sum of the 

rated currents of the motors estimated normally when simultaneously in service (In is an RMS 

value). The sub-transient reactance values have been imposed equal to 0.125 p.u. 

 The transformers were simulated through the equivalent circuit shown in Figure 135, in which 

only the Zcc is present: 

 

Figure 135 - Equivalent Circuit of The Transformer 

The value of the Zcc was obtained from the transformer datasheet, through the percentage short-

circuit voltage. 

 

 The nominal power of the loads were taken from the documents provided by Fincantieri. 

In the study of the steady-state network, the four generators were modelled with two equivalent 

generators, placed both the stern and bow busbars. The stern bar generation node was placed as a 

balance node; having imposed the module and the phase of the node voltage, the phases of voltages 

and currents are therefore referred to it. 

The node that represents the bus-bar was considered as a "generation node" and therefore the active 

and reactive power was fixed as external constraints. Within the calculation program, the load flow 

resolution is performed by the Newton-Raphson method. 
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10.2 Simulation Results 

Steady-state domain 

Figure 136 reports load flow results considering a global coefficient equal to 0.4. 

 

Figure 136 – Load Flow Results 
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Three-phase Short circuit directly to the ground 

Figure 137 reports results to three-phase short circuit at the busbars having applied a global 

coefficient equal to 0.4 

 

Figure 137 – Three-Phase Short Circuit on Each Busbar 
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A sensitivity analysis was carried out in order to evaluate the network even in conditions of 

transformer overload. The results of the three-phase short circuit at the bus bars are reported with a 

global coefficient value equal to 1. 

Three-phase Short circuit directly to the ground with global coefficient equal to 1 

Figure 138 reports results to three-phase short circuit at the busbars having applied a global 

coefficient equal to 1. 

 

 

Figure 138 – Three-Phase Short Circuit on Each Busbar With Global Coefficient Equal To 1 
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The results of three-phase short circuit with a global coefficient equal to 0.4 for the busbar are 

reported from Figure 139 to Figure 144: 

 for stern thruster; 

 for bow thruster 1; 

 for bow thruster 2; 

 for main 690 V low voltage electrical panel; 

 for auxiliary; 

 for motor. 
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Three-phase Short circuit directly to the ground on the stern thruster busbar with a global 

coefficient equal to 0.4 

 

Figure 139 - Three-Phase Short Circuit Directly To The Ground On The Stern Thruster Busbar With A Global 

Coefficient Equal To 0.4 
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Three-phase Short circuit directly to the ground on the bow thruster 1 busbar with a global 

coefficient equal to 0.4 

 

Figure 140 - Three-Phase Short Circuit Directly To The Ground On The Bow Thruster 1 Busbar With A Global 

Coefficient Equal To 0.4 
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Three-phase Short circuit directly to the ground on the bow thruster 2 busbar with a global 

coefficient equal to 0.4 

 

Figure 141- Three-Phase Short Circuit Directly To The Ground On The Bow Thruster 2 Busbar With A Global 

Coefficient Equal To 0.4 
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Three-phase Short circuit directly to the ground on the 690 V main electrical panel with a global 

coefficient equal to 0.4 

 

Figure 142 - Three-Phase Short Circuit Directly To The Ground On The 690 V Main Electrical Panel With A Global 

Coefficient Equal To 0.4 



161 

 

Three-phase Short circuit directly to the ground on the auxiliary busbar with a global coefficient 

equal to 0.4 

 

Figure 143 - Three-Phase Short Circuit Directly To The Ground On The Auxiliary Busbar With A Global Coefficient 

Equal To 0.4 
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Three-phase Short circuit directly to the ground on the engines busbar with a global coefficient 

equal to 0.4 

 

Figure 144 - Three-Phase Short Circuit Directly To The Ground On The Engines Busbar With A Global Coefficient 

Equal To 0.4 
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I/O Report 

The input data used for the simulations and the results of the short-circuit currents in the individual 

nodes are shown. In particular, input data on nodes, generators, engines, static loads, cables and the 

transformers used, are reported from Table 50 to Table 55.  

Table 56 and Table 57 show the values of the short-circuit currents for each nodes of the network, 

with the global coefficient respectively equal to 0.4 and 1. 

Table 50 – Input Bus Data  

 

Table 51 – Generators Input Data 

 

Table 52 – Engines Input Data 

 

ID Status Duplic
kV 

Nominal

Rated S

[MVA]

Generator 

Type

P Gen

[MW]

Q Gen

[MVAR]

Power 

Factor

[p.u.]

Number 

of Poles

Q Max

 [MVAR]

Q Min

 [MVAR]

Winding

 

Connection

X''

 [ohm]

X'

 [ohm]

Internal 

R

 [ohm]

Internal 

X

 [ohm]

R0

 

[ohm]

X0

 

[ohm]

Rground

 [ohm]

Xground

 [ohm]

Gen-A ON 2 6 13,04 Swing 2,61 0 0,8 2 7,824 -4 YG 0,381 0,5135 0,018 4,61043 0,005 0,127 365 0,05

Gen-B OFF 1 6 6,52

Voltage 

Controlled 0,2 0 0,8 2 3,912 -2 YG 0,762 1,027 0,036 9,22086 0,01 0,254 730 0,1

Gen-C OFF 1 6 6,52

Voltage 

Controlled 0,2 0 0,8 2 3,912 -2 YG 0,762 1,027 0,036 9,22086 0,01 0,254 730 0,1

Gen-D ON 2 6 13,04

Fixed 

Gener 8 6 0,8 2 7,824 -4 YG 0,381 0,5135 0,018 4,61043 0,005 0,127 365 0,05

ID
kV 

Nominal

Rated S

[MVA]

Speed

[RPM]
HP kW

Efficiency

 [%]

R''

 [ohm]

X''

 [ohm]

Loading 

Factor

 [%]

Power 

Factor

[p.u.]

Stator R Stator X Rotor R Rotor X Mag. RL Mag. XM

ELICA_1 6 2,657 375 2949,5 2200 92 0,92405 2,28343 75 0,9 0,3113 1,2965 0,2675 1,2965 1,3283 24,0898

ELICA_2 6 2,657 375 2949,5 2200 92 0,92405 2,28343 75 0,9 0,3113 1,2965 0,2675 1,2965 1,3283 24,0898

Elica_Poppa 6 1,57 375 1742,8 1299,96 92 1,56382 3,86438 75 0,9 0,3113 1,2965 0,2675 1,2965 1,3283 24,0898

Mot-Equ-1 690 0,4278 750 412,95 308,02 90 81086,13 177608,2 100 0,9 0,05 1 0,1 1 1000 50

Mot-Equ-2 690 0,9132 750 881,49 657,5 90 40926,25 85496,76 100 0,9 0,05 1 0,1 1 1000 50

Mot-Equ-3 690 0,5319 750 513,43 382,97 90 71929,68 159962,1 100 0,9 0,05 1 0,1 1 1000 50

Mot-Equ-4 690 0,7083 750 683,71 509,98 90 59231,87 120681,9 100 0,9 0,05 1 0,1 1 1000 50

Mot_Equ-6 690 3,4959 1000 3412 2545,02 91 11076,18 24884,29 100 0,9 0,05 1 0,1 1 1000 50

Mot_Equ-7 690 0,0717 1000 70,75 52,77 92 500203,8 1230224 100 0,9 0,05 1 0,1 1 1000 50

Mot_Equ_5 690 1,3976 1000 1454 1084,54 97 18187,59 65657,92 100 0,9 0,05 1 0,1 1 1000 50

Mot_Equ_8 690 0,1158 1000 103,09 76,89 83 309711,7 761718,9 100 0,9 0,05 1 0,1 1 1000 50
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Table 53 – Static Load Input Data 

 

Table 54 – Cables Input Data 

 

Table 55 – Transformers Input Data 

 
 

 

 

 

 

 

 

 

ID

P Load

[MW]

Q Load

[MVAR]

AV_TAG 0,3 0,225

CAB_prelub 0,184 0,138

Carichi_UPS 0,2 0,0968

Carico_230V 0,45 0,2178

Mot_Prop 2,25 1,394

ID To Bus KVLEVEL
Length 

[km]

R1

 [ohm]

X1

 [ohm]

B1

 [uS]

R1'

 [ohm]

R0

 [ohm]

X0

 [ohm]

B0

 [uS]

R0'

 [ohm]

Loading 

Limit

[A]

Emergency 

Loading 

Limit

[A]

C0 6kV_Gen_C 6 0,04 0,00111 0,00062 20,143 0,0011 0,01676 0,00084 43,496 0,01676 2030 2450

C1 6kV_C1 6 0,105 0,00945 0,00413 19,53 0,00674 0,10265 0,00515 48,933 0,10265 714 855

C10 6kV_Eli_Po 6 0,105 0,01417 0,00619 13,02 0,01011 0,15398 0,00773 32,622 0,15398 476 570

C2 6kV_C2 6 0,035 0,00315 0,00138 6,51 0,00225 0,03422 0,00172 16,311 0,03422 714 855

C3 6kV_Eli_Pr_2 6 0,1 0,0135 0,0059 12,4 0,00963 0,14664 0,00736 31,069 0,14664 476 570

C4 6kV_Eli_Pr_1 6 0,105 0,01417 0,00619 13,02 0,01011 0,15398 0,00773 32,622 0,15398 476 570

C5 QP_690V- 0,6 0,045 0,00021 0,00022 89,019 0,00048 0,00733 0,00037 125,83 0,00733 4284 5130

C6 QP_690V- 0,6 0,035 0,00016 0,00017 69,237 0,00037 0,0057 0,00029 97,866 0,0057 4284 5130

C7
AV_TAG_0.6

90
0,6 0,03 0,00045 0,00015 59,346 0,00032 0,00489 0,00025 83,885 0,00489 4284 5130

C8
LOC-

AM_069kV
0,6 0,03 0,0023 0,00105 12,059 0,00289 0,04399 0,00221 9,3206 0,04399 476 570

C9
LOC_AUS_0.

69
0,6 0,05 0,00483 0,00175 17,9 0,00482 0,07332 0,00368 15,534 0,07332 476 570

ID
Rated S

 [MVA]

Primary

 [kV]

Secondary

 [kV]

Primary

 Winding

Secondary

 Winding

Phase

 Shift

Z1

 [ohm]

Z0

 [ohm]

X/R

 

Positive

X/R

 Zero
Type

Loading 

Limit

 [MVA]

TR_1 4,1 6 0,72 D Y 30 0,6146 0,1686 4,14 36
Shell 

type
4,1

TR_2 4,1 6 0,72 D Y 30 0,6146 0,1686 4,14 36
Shell 

type
4,1
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Table 56 – Report on Short-Circuit Current (global coefficient 0.4) 

 

Table 57 - Report on Short-Circuit Current (global coefficient 1) 

 
 

 

 

 

 

 

 

 

 

 



166 

 

The simulations carried out using a global coefficient equal to 0.4, show a correct operation of the 

system without overload of the transformer placed between the two electrical panels. In particular, 

in parallel operation of the generators, an appropriate adjustment was made to the active and reactive 

power supplied by the bow generation node, thanks to which it was possible to equally distribute the 

power supply.  

The simulations carried out with global coefficients equal to 1, on the contrary, showed a practically 

unachievable exercise because of the systematic overload of the transformer. The hypothesis of 

having all the active loads at the same time, appears very unlikely despite being possible, because of 

the different nature of the static and rotating electrical loads. It can therefore be assumed that the data 

obtained in the hypothesis of a global coefficient of 0.4 are realistic. 

For the simulations concerning the three-phase short-circuit, several calculations were carried out 

which allowed to estimate the short-circuit currents in each node of the network. Through this 

approach it was possible to calculate the short-circuit currents from the generation busbars to the 

low-voltage distribution boards. 

This constitutes the basis for a first sizing of the breaking switches and therefore of the electrical 

panels inside the naval unit. The correct evaluation of the short-circuit currents plays a very important 

role in the protection devices to be installed, especially in relation to the respective dimensions. It 

should be noted that high short-circuit currents would lead to physically larger circuit breakers and, 

consequently, to the installation of bulkier electrical panels. Therefore, especially on board, where 

the space available is limited, the quantification of short-circuit currents is of fundamental 

importance. 

Figure 137 to Figure 144 show the values of the short-circuit currents evaluated in different electrical 

panels of the ship. 

From the results obtained, it can be observed that, considering a global coefficient equal to 0.4 

(Figure 137), there are short-circuit currents values up to 60 kA, vice-versa, when using a global 

coefficient equal to 1 these values increase, even reaching 90 kA (Figure 138); these are unacceptable 

value for the transformer. As a consequence, for a more in-depth analysis several short-circuit 

simulations were carried out on the power supply busbars taken individually (Figure 139 to Figure 

144) using the global coefficient equal to 0.4. This made it possible to visualize the single 

contributions coming both from the medium voltage loads and from the motors connected to the low 

voltage distribution board. 

The results of the simulations illustrated in this report, using data derived from the documents 

provided by Fincantieri and hypothesized by drawing them from other sources, has allowed to 

conduct a pre-analysis of the modules and phases of the short-circuit currents on each branch and 

constitutes the premise to carry out a correct calibration of the protections. 
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Detection of DC faults 

DC zones requires significant changes in the management of fault conditions, determining the need 

for new protection and control approaches. A distribution with MVDC architecture, as shown in 

Figure 145, or the simple presence of DC islands in a naval electrical system, entails the presence of 

electronic converters necessary to interface the areas in alternating current with DC link. These 

devices limit fault current values, making it more difficult to detect them because the amplitude and 

rate of current increase may not be significantly different from the values expected during normal 

system operations. Therefore, while offering great advantages in terms of flexibility and reliability, 

direct current networks make fault localization difficult. 

 

 

Figure 145- Example of MVDC Configuration for A High Performance Naval System 

In this architecture, load zones are connected to the various sources and to the energy storage systems 

through a medium voltage ring bus, where the power can flow in every direction. 

Each power supply and energy storage system is connected to the distribution bus via controllable 

(and often bidirectional) electronic power converters. If the main bus were armed as in a conventional 

AC system, the switches placed between the ring segments would open in the event of a fault in order 

to isolate it. The power converters are able to actively limit the current fed into the bus during a fault 

event, making it possible to reconfigure the system without having to interrupt high currents. 

For naval plants, characterized by small direct current zone, fed by sources interfaced to a distribution 

bus via converters, some of the conventional detection methods used in alternating current are not 

easily applicable due to the limited current values, which are not much higher than the normal 

operating currents. 

Methods based on current thresholds and current transients cannot be effective because of the 

similarity between nominal operating currents (referred for example to load steps, connections of 

several loads at the same time, capacitor connections) and short-circuit currents, due to the active 

limitation that the power converters make on the fault inputs from the generation busbars. 

 An example is the detection procedure of the instantaneous "Z-source" circuit-breakers which are 

able to detect high di/dt: the limiting action of the converters can then cause such devices to fail. 

The detection method based on the estimation of the line inductance between protection devices 

through the measurement of the current gradient is similar: the high sensitivity to noise of the di/dt 

measurement makes it very difficult to implement a reliable detection circuit, in particular for DC 

networks in which the short-circuit currents are characterized by very fast transients. 
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However, there are methods based on detection of overcurrents, current gradients and differential 

currents; in these cases, however, the protection devices used must necessarily be solid state switches 

able to communicate with each other in order to provide adequate coordination. 

Through the measurement of the differential current and the use of centralized measurement systems, 

information concerning the measured current between the sections of the system can be obtained, 

thus allowing a rapid and highly selective coordination of the protection system; the disadvantage of 

these methods, however, lies in the absolute integrity and reliability required by the communication 

network. 

Some emerging methods then propose to measure the frequency spectrum of the bus impedance by 

injecting a broad-spectrum current and then measuring the resulting voltage perturbation, 

subsequently extracting the amplitude and phase of the associated impedance. However, the response 

times are necessarily dilated since the entire frequency spectrum must be scanned. Although the 

estimate of the impedance can then collect valuable information about the system, such a method 

requires high bandwidth and intensive computational capacity and is therefore more suitable for 

identifying the location of the fault after the system has been protected.  

The measurement in the time domain of the voltage-current ratio, requires low computational 

requirements and is therefore suitable for the rapid detection of faults through the use of very 

economical filters and sensors. 

Considering a MVDC network section where there are different load zones and converters for the 

interface with the generation systems RL is the resistances associated to the various loads, Rcable and 

Lcable are the parameters related to the sections of the cables constituting the bus and RF is the 

resistance of any failure that may occur anywhere on the network.  

Thus, it is possible to measure voltage and current at the output terminals of each contactor and 

converter. The equivalent impedance Zeq (s) can be defined in the frequency domain as the parallel 

between the branch failure and the different loads connected to the same converter: 

 

𝑍𝑒𝑞(𝑠) =
1

1

𝑅𝑐𝑎𝑏𝑙𝑒+𝑅𝐹+𝑠∙𝐿𝑐𝑎𝑏𝑙𝑒
+∑

1

𝑍𝐿𝑖

𝑛
𝑖=1

      (36) 

 

ZLi is the sum of the equivalent resistance of the load i with the impedance of the cable placed 

between the converter and the generic load i. 

Assuming that the impedance correlated to the fault resistance and the cable resistance is much 

smaller than the low frequency impedance of the parallel between the branches without faults, the 

impedance referred to the fault path dominates in the definition of the equivalent impedance and 

therefore is it is possible to neglect the contribution provided by the branches that are not affected by 

fault. 

Moreover, the inductance reported in the equation can be noticed only at high frequency, so the 

inductive contribution of the cable to the equivalent impedance is negligible. 

When a low impedance short circuits occurs, the fault resistance is then much lower than the cable 

resistance and therefore it is possible to implement the algorithm illustrated in order to obtain a 

distinction between faults near/far from the converter. 

Each converter is equipped with a device for current and voltage measurement at its output terminals; 

such device calculates the apparent instantaneous resistance value: 

 

𝑅𝑛(𝑡) =
𝑉𝑛(𝑡)

𝐼𝑛(𝑡)
  (37) 

 

Where 𝑉𝑛 e 𝐼𝑛 are respectively voltage and current measured and  𝑅𝑛 is the equivalent resistance 

calculated at output terminal of a generic device 𝑛.  
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This resistance is then compared with the thresholds set inside the controller in order to detect any 

failure located downstream of this device. The system selectivity is obtained through the use of 

several resistive thresholds which determine the opening of the contactors with different times, 

according to their distance from the fault. 

 

 

Figure 146 - Time-Resistance Characteristic for The Contactors Placed to Protect The Distribution Bus 

Figure 146 shows an example of the time-resistance tripping characteristic for the contactors placed 

to protect the main distribution bus, in which the intervention levels marked A, B, C, D are examples 

of intervention thresholds. 

Level A refers to the nearest section of the distribution bus that the contactor must protect; a 

minimum delay is associated. The intervention levels B, C and D are defined on the basis of 

progressively longer sections of dc bus to be protected. 

In this case, also the delays associated with B, C and D intervention level progressively increase, in 

order to provide a coordination hierarchy. 

Experimental studies have shown that is possible to limit the fault currents with intervention times 

of 10-20 minutes, allowing the system to be re-energized within 40-60 minutes. 
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Chapter XI: Conclusion 

The electrical power system in naval application underwent impressive evolution during the years. 

In the military field, the main innovations and technological transformations are due to the use of all 

electric or hybrid propulsion, the introduction of new equipment for ship’s service, the massive 

adoption of electronic power converter coupled to the loads, new high power impulsive loads and 

advanced weapon systems. Moreover, thanks to the evolutionary development in power electronic 

technologies and the emergence of high-performance energy storage devices there is new interest in 

DC power distribution systems, already adopted in the early 1900s, which testify significant increase 

in research interest and industrial applications. 

Nowadays the ship’s electrical system design is focused on the concept of Integrated Power System 

(IPS) providing electric power to the propulsion and ship service constituting an integrated plant. 

The IPS requiring careful design and management in order to ensure Power Quality standard: achieve 

higher performance and reliability, cost reduction and reconfigurability. 

Therefore, the electrical power architecture of new ships, that will be developed in the future, should 

consider these aspects and take into account several issues. It is necessary to develop guidelines and 

methodologies in order to investigate and analyze the several problems that may arise within the 

naval electrical systems. 

This dissertation focuses on the Naval Smart Grid (NaSG) research project, completed in partnership 

with the University of Trieste and the Polytechnic University of Milan. The proposal of innovative 

and advanced solutions, capable of improving the IPS is considered as a novel contribution; the 

dissertation reports new methodologies to improve analysis techniques for studying the IPS and 

shows the results of several issues relating to on-board Power Quality (PQ). Moreover, smart 

solutions able to significantly improve the performance of the ship IPS are defined. 

The research focuses on vessels endowed with electrical propulsion and either a full AC IPS or a 

hybrid AC/DC one, with particular attention to the integration of the best current technologies for 

on-board power systems with future technology.  

The first part of the research activity concerned a measurement campaign on-board the Cavour ship, 

allowing to identify and characterize the most relevant loads.  

The electrical loads installed on military ships are very diverse passing from common loads, that can 

be easily found also in commercial or industrial power plants such as lighting, fan coils, fridge groups 

to specific electric loads like radar, elevators, electric pumps, to impulsive loads such as weapon 

system that are specific of a warship. Moreover, aircraft carriers, like Cavour, incorporate hospital 

areas with relevant medical devices also having impulsive features, like TAC (Computerized Axial 

Tomography) that require high standards of power quality.  

It is necessary to notice that some of the new electrical pulsed loads specific for military applications 

(e.g. radar, electromagnetic launchers, etc.) can cause severe disturbances to the system, thus causing 

the malfunctioning of other electric utilities. Some specific electrical loads presenting high distorted 

current absorption have been identified. Their characterization was considered particularly relevant, 

and  was carried out in order to define their harmonic disturbance's contribution and their impact on 

the network. 

The need to characterize specific loads on board military vessel allowed therefore the validation of 

the models of the system’s components to be used.  

Subsequently, different IPS’s architectures have been defined in order to investigate possible and 

different solutions conceivable in the construction of new electric ships: a full all electric MVAC 

(Medium Voltage Alternate Current) power system, a hybrid all electric MVAC plus MVDC/LVDC 

islands (Medium/Low Voltage Direct Current) and a MVAC 50-60 Hz, with a hybrid 

(electric/diesel/gas turbine) propulsion. 

The renewed interest in DC applications made it possible to evaluate the introduction of DC 

subnetworks in one of the proposed layouts. They interface with AC grid by active FECs, 
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characterized by a sinusoidal current input waveform; FECs have been evaluated for 

zone/switchboard constituted by either a large power absorption or by the supply of essential loads 

(e.g. ship hospital, communication and navigation support) to improve supply efficiency, quality and 

continuity to the overall shipboard electric power system. 

Different and advanced solutions for the realization of the DC islands and for their interfaces with 

the AC network have been proposed, leading to a decoupling between AC and DC sections. The 

advantages of the adoption of storage systems and DC islands, that are useful to guarantee a high 

level of power quality and continuity of service to the loads, were  highlighted.  

The front-end converter decoupling action avoids disturbance propagation among the two power 

system sections, both in the steady state and during transients. Moreover, by introducing storage 

systems into the DC sections, a stable power supply can be obtained for a limited period, 

independently from the AC section state. Storage systems can also be used to manage either pulsed 

or periodical fast load variations, thus controlling transient power flows and performing peak-shaving 

functionality. By exploiting such functions, it is possible to reduce the whole distribution system 

sizing and limit the disturbances injected by the DC islands into the AC grid. 

A methodology to represent an equivalent network was reported. Different equivalent network 

models have been proposed, and their accuracy was demonstrated in order to develop the best radial 

equivalent network to be used for simulations. It enhances the need to develop new approaches to be 

taken into account, also for the introduction of new technologies that very often require accurate 

analysis. 

Once the loads were characterized and the most accurate network equivalent was identified, it was 

possible to carry out an exhaustive investigation on systems architecture in frequency domain with 

the aim to identifying resonances, non-linear loads, and detecting disturbances to frequencies by 

performing harmonic analysis. 

The increase of electronically controlled loads and pulsed loads added to shipboard power systems 

led to an increase in harmonic distortions. Moreover, due to the increase in harmonic disturbances 

and the risk of incurring untimely tripping of the switches with a consequent disconnection of load 

areas, is an issue to be taken into account. Preliminary evaluations were carried out to analyze the 

behavior of the system when certain faulty events occur and the state of the art of new AC -DC 

protection equipment also in relation to the immunity to disturbances. Therefore, it is necessary for 

these systems to be properly evaluated based on a Standard in the perspective of harmonic limitation. 

A complete study of the system’s impedance and harmonic disturbances for the layout proposed was 

carried out showing how this kind of advanced evaluation is important and must be considered during 

the design process.  

Moreover, for a complete Power Quality analysis the need to model time-varying non-linear load in 

power systems led to the development of a deterministic-probabilistic software. Depending on the 

ship operating role, in fact, the power consumption of various electrical loads can undergo significant 

variations, passing for example from the less energizing stages of parking and manoeuvring in port, 

up to special roles that require maximum electrical requirements such as in combat role. The main 

goal has been develop a complete analysis methodologies to assess harmonic disturbances. 

The main results achieved for full MVAC (Medium Voltage Alternate Current) power system and 

hybrid MVAC plus MVDC/LVDC islands (Medium/Low Voltage Direct Current) showed that the 

large harmonic emission of the high-power propulsion system results in significantly high THDV %. 

The need to install filters, in order to reduce harmonic disturbances is thus highlighted. The study 

reports that the High Pass + Single Tuned filter configuration represents the best solution of 

effectiveness for them in reducing the MVAC system THDV %. Filters introduce benefits regarding 

THDV %, but, at the same time, they create resonances. 
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Consequently, these resonances excite harmonic disturbances generated by on board non-linear 

loads, amplifying singular harmonic disturbances order. These aspects, however, increase THDV % 

values due to the resonance that could occur on a specific harmonic.  

For this reason, the supply of such loads by means of DC islands is preferable, thanks to the harmonic 

disturbances immunity at the DC side and the installation of AC/DC converters with sinusoidal 

absorption at the AC side. In the case study, the introduction of five DC islands in the H-MVAC 

system permits to reduce THDV %. In addition, the installation of storage systems and four-

quadrants FECs would also improve AC network stability and continuity of supply, thanks to active 

and reactive power controls. High quality and continuity of supply is also provided to DC loads. 

DC islands and storage systems help to improve efficiency, and quality and continuity of supply of 

the overall shipboard electric power system. 

On the contrary, the MVAC 50-60 Hz layout, with a hybrid (electric/diesel/gas turbine) propulsion, 

shows a significant reduction of electric motors’ power for propulsion. 

In this case, no particular criticalities were found except for the case in which both propulsion engines 

and two maneuvering thruster were in operation, generating a resonance between the 25th and the 

31th harmonic. This aspect can be influenced by the predominantly rotating load and by the 

considerable power present on the main panel. Particular care in techniques analysis was considered 

which permitted to carry out deep and accurate investigations for any type of network architecture.   

Finally, in order to analyze the continuity of the service, preliminary studies about availability, 

reconfigurability, some top-events and short-circuit faults were performed by applying consolidate 

methodologies such as the dependability theory and the well know common criteria for protection, 

coordination calculation of short-circuit faults, introducing also the improvements and new research 

in DC protection.  

The technology research activity carried out in the research project led to a relevant expertise 

improvement for the IT Navy, in terms of both analyses on the covered topics and evaluations about 

the commercial availability of the proposed solutions.  

The exploitation of the research results and methodologies proposed will be useful for the design and 

requirements of new IT Navy vessels, equipped with better mission capabilities, mission power, and 

fuel efficiency, and integrating new high energy pulsed weapon systems. Moreover, developed 

models, calculation codes and advanced analysis methodologies are considered as novel 

contributions of the work. They could be adopted also to take into account very promising technology 

improvement such as the introduction of static converters in lieu of well consolidated rotating 

converters that are used for 50/60 Hz applications or the implementation of Front End Converters to 

limit harmonic distortion, as well as multi-port DC/DC converters coupled to storage systems to 

improve the efficiency, quality and continuity of the overall shipboard electric power system.  
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ANNEX A - Measuring Instrument 

The instrument used for the measurements was the Chauvin Arnoux CA 8335 network analyser 

(Figure A1). It measures 4 voltages and 4 currents, thus calculating all the relevant power quality 

parameters. It was then possible to record voltages, currents and power values for each measurement, 

and to perform harmonic disturbance analysis. The analyzer can measure, and log all parameters 

simultaneously, as well as transient waveforms and inrush currents. Its memory capacity allows 

recording all variables with a sampling period of 1 second. It can be used directly with voltages up 

to 1200 V and currents up to 6500 A, and it is also able to perform data analysis in accordance with 

EN50160. The intrinsic instrument error is equal to ± (0.5 % + 0.2 V) for RMS Voltage phase to 

phase and ± (0.5 % + 1 A) RMS current, not considering the current sensor. 

For currents measure both calipers clamp (Figure A2 - MN93A - 100 A or 5 A with ± 0.7 % 

measurement error in RMS current) and Rogowsky coils (Figure A3 - AmpFLEXTM A 193 – 6500 

A with ± 3 % measurement error in RMS current) were used. More details about measuring 

instrument are reported in [118]. The instrument uses FFT (16 bit) with 1024 points over four periods 

with a rectangular window (see IEC 61000-4-7). 

   

Figure A1- Chauvin Arnoux CA 8335 Network Analyser 

 

Figure A3- MN93A - 100 A or 5 A Calipers Clamp 

 

 

Figure A3- AmpFLEXTM A 193 – 6500 A Calipers Clamp 
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ANNEX B – Simulink model validation 

The Annex B reports the case study used to modelling time-varying non-linear loads in power 

systems, based on demand conditions. The model allows a pre-evaluation of harmonic disturbances 

under variable conditions using normal and uniform distribution to randomize the electrical values 

of the non-linear loads and the related harmonic spectra.  

A measurement campaign conducted on an industrial area, a deposit/maintenance and repair site 

utilized for trains in operation on the metro line B of Rome, has been take into account to verify the 

model performance. The methodology allows estimating the voltage total harmonic distortion at the 

point of common coupling. Through a statistical analysis, the harmonic distortion distribution via 

common normality tests was evaluated.  

Case study  

Each underground line in Rome has large available areas where metro trains, deposits/maintenance, 

and a repair site are located. A measurement campaign was conducted on the deposit/maintenance 

and repair site utilized for trains in operation on the metro line B of Rome named Magliana [119]. 

In the areas of Magliana there are: Office, workplace canteen, Bar, dressing room, rolling stock 

maintenance, technological system, lighting towers and storehouses.  

Figure B1 shows the total  area of Magliana 

 

 

Figure B1 - Buildings in Magliana’s area 

The main activity is the rolling stock maintenance that is performed in the maintenance building 

no.02 and has an area of 14000 m2; this building shows the highest consumption of the entire area. 

The activities inside the building are mount and trolleys revision, tests, maintenance and faults repair. 

Others buildings, characterized by high power consumption, are: 

 Building no.03: office, workplace canteen, bar, dressing room; 

 Building no.5: a thermal power plant inside technological system; 

 Lighting towers located on an external area. 

The measurements were carried out first, for each of the above mentioned building connecting the 

instrument to the different lines and then on the main low voltage electrical panel located downstream 

of the transformer 20/0.4 kV to measure the global consumption of entire Magliana area.  

The measurement of active and reactive power and harmonic profile during a weekday (24 hours), 

characterized by a high consumption, is reported in the following section. Unfortunately, there are 
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no measurements about harmonics phases therefore, in the simulation the phases were evaluated in 

all range for each phase (e.g. -20 +20 degree for the first phase, (-20 + 20) degree -/+ 120*pi/180, 

for the second and third phase) using a random process. For the other buildings located in the 

Magliana area a total load characterized mainly by the lighting was supposed with disturbances by 

harmonic injection referred to a measurement campaign reported in [120]. 

Building no.02 - Rolling Stock Maintenance 

The main loads inside the maintenance building No.02 are: lighting, lathe in pit, miscellaneous tools 

used for maintenance work, small lathe and cranes. The three-phase feeding cable on the main 

electrical panel has a resistance of 0.022 Ω and an inductance of 42 µH. 

Table B1 and B2 show the main values about Maximum and Minimum power consumption for the 

building No.02 and its current harmonic profile reported in percentage for each harmonic order. 

 
Max Active Power [kW] Min Active Power [kW] Max PF Min PF 

120 80 0.9 0.8 

Table B1 - Rolling stock maintenance Active Power and Power factor 

Current 

Harmonic Order 

Max Value % Min Value % 

3 12 10 

5 1.5 0.7 

7 5 1.5 

9 2 0.5 

11 3 0.9 

13 0.1 0.1 

15 0.5 0.5 

17 0.4 0.4 

19 0.1 0.1 

21 0.9 0.3 

23 0.4 0.4 

25 0.4 0.4 

Table B2 - Rolling stock maintenance Current Harmonic spectrum 

Building no.03 - Office, Workplace Canteen, Bar, Dressing Room 

The area includes: 13 offices, a meeting room, a bathroom, a service dining room, a phone room, a 

canteen, a bar and a dressing room. The three-phase feeding cable from the main electrical panel has 

a resistance of 0.013 Ω and an inductance of 13µH. Table B3 and B4 show the main values about 

Maximum and Minimum power consumption for the building no.03 and its current harmonic profile, 

reported in percentage for each harmonic order. 

 
Max Active Power [kW] Min Active Power [kW] Max PF Min PF 

24 18 0.9 0.8 

Table B3 - Office, Workplace Canteen, Bar, Dressing Room Active Power and power factor 

Current Harmonic Order Max Value % Min Value % 

3 11 2 

5 12 8 

7 10 3 

9 8 3 

11 11 3 

13 3 0.2 

15 1.5 0.2 

17 1.5 0.2 

19 1.5 0.2 
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21 2.3 0.2 

23 1.8 0.2 

25 1 0.2 

27 6 0.2 

29 0.8 0.2 

31 2 0.2 

33 2 0.2 

35 2 0.2 

37 2 0.2 

39 2 0.2 

Table B4 - Office, Workplace Canteen, Bar, Dressing Room Current Harmonic spectrum 

Building n.05 Technological System 

The technological system is installed inside the building No.8 and produces heating and hot water 

for the entire Magliana area. It is equipped with five generators with pumps, 20 distribution pumps 

(KSB), 4 generators of 1,250,000 Kcal, 1 generator of 500000 Kcal. The three phase feeding cable 

from the main electrical panel that supplies the Technological system has a resistance of 0.013 Ω and 

an inductance of 13 µH. Table B5 and B6 show the main values about Maximum and Minimum 

power consumption of the technological system and its current harmonic profile, reported in 

percentage for each harmonic order. 

 
Max Active Power [kW] Min Active Power [kW] Max PF Min PF 

32 28 0.9 0.8 

Table B5 - Technological system Active Power and Power factor 

Current Harmonic Order Max Value % Min Value % 

3 1 0.7 

5 2 0.3 

7 0.7 0.1 

9 0.7 0.1 

11 0.7 0.1 

Table B6 - Technological system Current Harmonic spectrum 

Lighting Towers 

The lighting towers are located in the entire external area. 

There are 3 lighting towers and 40 single lamps distributed on a large square. Table B7 reports the 

numbers and power of the lamps inside each lighting tower. 

The feeding three-phase cable from the main electrical panel has a resistance of 0.013 Ω and an 

inductance of 13 µH.  

Table B8 and B9 report the main values for lighting towers’ Maximum and Minimum power 

consumption and current harmonic profile in percentage for each harmonic order. In this case no 

measure of the harmonic profile was carried out and so the Authors used the data reported in the 

literature [120]. 

 

Numbers of lamp Lighting towers 1 [W] 

2 40 

4 1000 

11 400 

Numbers of lamp Lighting towers 2 [W] 

2 40 

13 250 

Numbers of lamp Lighting towers 2 [W] 

2 40 
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3 1000 

12 400 

Numbers of lamp Lamps on large square [W] 

40 70 

Table B7- Lighting Towers and Lamps on External Area 

Max Active Power [kW] Min Active Power [kW] Max PF Min PF 

22 0 (switch off) 0.9 0.88 

Table B8- Lighting Towers and Lamps on External Area Active Power and Power Factor 

Current Harmonic 

Order 

Max values 

% 

Min Value 

% 

3 10 8 

5 6 2.5 

7 3 2 

9 2 0.5 

11 2 0.3 

13 3 0.1 

15 1.5 0.1 

17 1.5 0.1 

19 1.5 0.1 

Table B9- Lighting Towers and Lamps on External Area Current Harmonic Content 

Others Building 

The others buildings located in Magliana area are: 

 Recycling area - (white no.04);  

 Storehouse - (brown no.05); 

 Control tower - (green no.06 feeding by another substation);  

 Coverage maintenance wagon - (pink no.07); 

 Electrical component storehouse - (sky blue no.09); 

 Washing - (violet no.10). 

These buildings were not considered in the measurement but a total load of 80-120 kW can be 

considered in relation to the maximum power consumption recorded on the main busbar located 

downstream of the transformer 20/0.4 kV, where the lighting system is the main load.  

Total Consumption 

The measurements regarding active power and THDV% at point of common coupling were carried 

out on the main busbar located downstream of the transformer 20/0.4 kV. The Maximum and 

Minimum total power consumption is ranging between 180 kW and 330 kW. THDV% is ranging 

between 0.8 ÷ 2.4 % Table B10 show the Maximum values for voltage harmonic spectrum reported 

in percentage of each harmonic order. 

 
Harmonic 

Order 

Voltage Min 

Harmonic Value 

% 

Voltage Max 

Harmonic Value 

% 

3 0.3 0.8 

5 0.6 1.4 

7 0.1 1.2 

9 0.1 0.5 

11 0.1 0.8 

13 0.1 0.3 

15 0.01 0.1 

17 0.01 0.1 
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19 0.01 0.1 

21 0.01 0.1 

23 0.1 0.4 

25 0.01 0.1 

27 0.01 0.1 

29 0.01 0.1 

31 0.01 0.1 

33 0.01 0.1 

35 0.01 0.1 

37 0.01 0.1 

39 0.01 0.1 

Table B10 - Point Of Common Coupling Maximum Values for Voltage Harmonic Spectrum 

Electric power system of case study  

Figure B6 shows the case study represented and modelled by Simulink. 

 

 

Figure B6-Case Study Modelled 

SM is composed by a three-phase AC source, a three-phase distribution transformer, measurement 

blocks, three-phase LV feeder and loads represented by the sub-models presented previously. 

 

Results 

In figures B7 and B8 the results obtained through 500 simulations relevant to the total power 

absorbed by loads and the voltage total harmonic distortion (THDV %) are illustrated. 

 

 

Figure B7- Total Power Consumption by Loads 
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Figure B8 - THDV % at Point of Common Coupling 

Figures B7 and B8 show the simulation results using both uniform and normal distribution and they 

do not involve meaningful differences. The comparison demonstrated the possibility to use both the 

distributions to generate electrical load scenarios.  

Table B11 reports the maximum and minimum values of voltage harmonic spectrum, in percentage 

of each harmonic order. 

The number of simulations were chosen due to the computer’s processing times. 

 

Current 

Harmonic Order 

Voltage Min 

Harmonic Value 

% 

Voltage Max  

Harmonic 

Value % 

3 0.6 1.6 

5 0.3 0.9 

7 0.4 1.1 

9 0.2 0.7 

11 0.3 1.1 

13 0.1 0.7 

15 0.1 0.5 

17 0.1 0.5 

19 0.1 0.5 

21 0.1 0.4 

23 0.1 0.7 

25 0.2 0.6 

27 0.0 0.1 

29 0.0 0.2 

31 0.0 0.2 

33 0.0 0.2 

35 0.0 0.5 

37 0.0 0.3 

39 0.0 0.1 

Table B11- Maximum and Minimum Values for Voltage Harmonic Spectrum 

Table B12 reports the comparison between simulation and measurements (Section 2 - G. Total 

Consumption) results. The Values are referred to maximum and minimum of Power consumption 

and THDV.  

 
 Value  

Max THDV Value % measured 2.5 % 

Min THDV Value % measured 1.1 % 
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Max THDV Value % simulated 2.4 % 

Min THDV Value % simulated 0.8 % 

Max Power consumption measured 330 kW 

Min Power consumption measured 180 kW 

Max Power consumption simulated 320 kW 

Min Power consumption simulated 210 kW 

Table B12- Comparison Between Simulation and Measurements Results 

The comparison shows an agreement among the results. The maximum measured and calculated 

THD values are acceptable (2.4 % and 2.5%).  

Further investigations is necessary to verify if the small differences encountered between measures 

and simulation are due to the background distortion which was not considered in the study because 

of lack of information by the DSO.  

Some standard statistical tools were applied to analyse the simulation results that were compared 

both with a normal distribution and through a QQ-plot tool. The QQ-plot, or quantile-quantile plot, 

is a graphical tool that helps assessing if a set of data plausibly derives from some theoretical 

distribution such as a Normal or Exponential distribution [121]. 

As an example, the total power consumption and the THDV % were compared with a normal 

distribution, as reported in Figures B10 and B12; Figures B11 and B13 show their QQ-plot. 

 

 

Figure B10 - Total Power Consumption Distribution. The Orange Line Represents The Normal Distribution With The 

Same Mean and Variance of The Blue Line Representing The Total Power Distribution. 
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Figure B11- QQ-plot for Total Power Consumption 

 

Figure B12 - THDV % Distribution. The Orange Line Represents The Normal Distribution With The Same Mean and 

Variance of The Blue Line Representing The THDV % Distribution.. 

 

Figure B13- QQ-plot for THDV % 

Analyzing the figures, it is possible to observe that the THDV % does not ensue a normal distribution 

(Figure B12), as confirmed by the QQ-plot analysis (Figure B13), instead, the total power 

consumption appears to better ensue normal distribution. Probably, the THDV % voltage value 

deviates from the normal distribution due to the process of extracting data in the range of the 

harmonic currents phases. The background harmonic distortion caused by other loads, which is 

always present and of a time-varying nature, may cause an imprecision on the results of the 

simulation. 
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