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Abstract:

Electrical propulsion concept is not new. It has already been tested in late 19th century.  There were only few civil Trans-Atlantic ships in operation by early 1920s with implemented electrical shaft concept. On the other hand, by that time it was widely accepted onboard the submarines and war ships (Tennessee class battleships). The advantages of that new technology, like easy reversing, silent work and great maneuverability were ideal for navy ships. There was a continuous development of the electrical propulsion technology since then, but mostly focused to the military usage. It has been used occasionally onboard commercial vessels, but more as an exception than the rule. The 80s and early 90s of the twentieth century was the time when electrical propulsion finally found its way to the commercial market as well. At that time, the Integrated Electrical Propulsion (IEP) concept was born and become the foundation for next generations of navy and commercial ship concepts like All Electrical Ship (AES) and SMART SHIP.
The purpose of this article is to provide inside to the information and electronics technologies behind smart ship propulsion systems, and their future development.

I. INTRODUCTION
The foundation of every electric propulsion system is driving electrical motor. Working theories for those machines are more or less fully developed. The current improvement of their electrical and mechanical characteristics is mostly connected with the development of new materials and construction techniques. Permanent Magnet Rotor (PM) motors, and High Temperature Semiconductor (HTS) motors are the most promising new technologies for future ship propulsions driving elements.
Electrical motor, no matter how advanced it is can hardly satisfy the demands of modern IEP systems, without having a fully developed and reliable real time speed and moment regulation. Development of the variable speed drives for the electrical motors with rated powers of 10 and more MW was not possible until the semiconductor power devices capable of switching high voltages and currents were available. When the high power semiconductor become available in the large scale commercial applications, this technology found its way to many industrial areas making variable speed drives (VSD) widely available. The VSD technology developed very fast and by the beginning of 1980s was ready be considered for implementation inside the ship propulsion systems. By that time first static frequency converters or cycloconverters with thzristors were already constructed. In combination with synchronous motors they offered an excellent torque control and power transmission characteristics. The first ship equipped with VSD diesel-electric propulsion system was cruiser Queen Elizabeth II. There the old steam turbines were replaced with modern diesel electric propulsion during the reconstruction. The new system showed a lot of advantages in comparison to the classical propulsion systems (at that time mostly diesel engines). Very soon it became almost a standard choice for cruise, DP and Off-Shore vessels. 
The other two technologies that enabled such a fast development of efficient IEP systems were information and digital computer technologies. Without the micro processors (at that time still with very low capabilities comparing to micro controllers we have today) it would be impossible to develop efficient control algorithms for VSDs that are used in modern IEP systems.
From the early beginnings until today, there is almost 30 years of continuous development within the field of VSD and IEP systems, and there is still a lot of room for improvement. During that time a lot of promising new technologies found their way to the commercial market, just waiting to be implemented inside future IEP systems.

The authors will try to express their view of future development and implementation of IE technologies for Smart Ship propulsion systems, based on current situation and personal experience.[3,5]

II. IEP SYSTEM 
Integrated, fully electrical systems that we can found today in use onboard civil and war ships follows the same basic platform. Of course, there are lot of differences in the supporting equipment and sub systems, depending on the vessel’s main purpose. 

The expectances from the IEP are better productivity, reduced long term maintenance and exploitation costs, performance improvement and lower gas emissions. To achieve those goals the systematic engineering approach during whole design and exploitation cycle is necessary. The focus has to be toward the best possible synergy of different technologies during the process of integration. From the integration point of view it is necessary to have fully developed technologies inside the different areas such as:
· production and distribution of electrical energy

· automation, and control

· measurement and sensors

· communications

· information technologies (IT) 
Without those technologies, and especially IT and simulation methods it would be very hard to achieve the goals of designing next generation IEP systems to satisfy the AES and Smart Ship concepts.
III. POWER ELECTRONICS IN IEP 

The efficiency of the VSDs inside IEP systems is of outmost importance. The loses of solid state devices (SSD) built inside VSD has to be as small as possible during conducting and commutation process. Semiconductor devices inside power converters are usually operating as switches. When a semiconductor is operating as a switch it is possible to deliver a high power to the load with minimum loses. Even small, those losses cannot be neglected, especially when are used inside a confined environments like ships where heat generation and dimensions of VSD play an important role. First component that make possible the construction of VSD that is suitable for use onboard ships was a thyrisor or SCR (silicone controlled rectifier). It was invented back in 1957 by General Electric.

First VSDs that used thyristors and lead to the development of IEP systems were cycloconverters. The cycloconverter is an SCR converter system which converts a fixed frequency, fixed voltage input into a variable frequency, variable voltage output in a single stage without the need for a DC link and may be used to power either synchronous or asynchronous motor. In IEP applications it is always used with an AC synchronous motor. They are still an ideal choice in applications where a high torque at low speed is required.
Slowly, cycloconverters were replaced with synchro converters but mostly on the large cruise ships. They are characterized by a DC link which is fed from the power system by a diode rectifier. The DC link inductor L is used to smooth the dc current. The machine side converter (output side converter) normally operates in the inversion mode. Inverter thyristors are commutated by the synchronous motor induced voltage [4].
Even they are still not in operation, PM motors will certainly have a big role as a driving elements for future IEP systems. The price of rare earth magnets like NdFeB (neodymium, iron and boron alloy) is down enough to be considered for using in a commercial applications. 
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Fig. 1 Comparison of converter types
In 2008 the American military research company “DRS Technologies” successfully tested a 500 hp PM motor that weights only 195 kg. For now, there is no technology present that promises better weight per power unit ratio. When and if developed, those motors will be perfect for poded propulsion drives. The best solutions for PM motors are VSDs that use pulse width modulation (PWM). Converters that are using PWM are present on the market for a long time already, but they have not been used for high power applications until recently. That was not possible until new types of SSD components have been developed. Insulated gate bipolar transistors (IGBT) and gate turn off thyristors (GTO) were the components of choice for building efficient high power PWM converters. By putting more IGBT component together inside one power module it is possible to achieve operating voltages and currents that are high enough for use in high power converters.
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Fig. 2 Application of power SSD
The future trends will be most probably focused toward further development of more advanced bipolar power modules and GTO devices. Development of the new types of heat sinks built together with semiconductor components into power modules will lead to significant reduction of dimensions and costs per power unit. Manufacturers are also making a lot of efforts to develop a more effective ways of component packing inside the modules. 
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Fig. 3 IGBT module 3300V, 1200A 
(reduction in dimensions is obvious)

Power modules will continue to have a big influence on further development of power electronics devices. Their advantages are uniformity, relatively low costs in comparison with discrete components, ease of installation, low maintenance costs, and what is most important the easier diagnostics. With the time it can be expected that a new smart SSD components will be available. That will lead to development of complex power modules where smart SSD components will be packed together with control logic integrated circuits. That could decrease the dimensions and component number inside converters and increase reliability even more.
There is another type of semiconductor devices that should be mentioned due to their huge potential in power application. Those are the SIT devices. SIT stands for static induction transistor/thyristor. Those devices were invented in 1975 by Dr. Nishizawa, the same Japanese scientist that invented PIN diode. The SIT devices have extremely low voltage drop during conducting, very high switching frequencies and better radiation resistance when comparing to other semiconductors.
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Fig. 4 SIT (Static Induction Thyristor) 

The SIT can operate with the power over 100 kW at 100 kHz; above 150 W at 3 GHz.
The power modules built with SIT devices can bring a new revolution in power electronics when and if the technology become commercially available [3].
IV. INFORMATION TECHNOLOGIES IN PROPULSION CONTROL SYSTEMS  

Modern ships usually have more system functions implemented together inside control and automation system. Typical configurations of control systems include:

· The operator’s user interface to the automation system through Human-Machine interface (HMI)

· Centralized computers with scalable processing capabilities and I/O capacities

· Distributed computers or PLCs typically with local control and interfaces to process and centralized computers.

· Communication buses at different levels of control

· Associated cabling

One of the biggest challenges to the automation system designer is the network architecture layout. During design it needs to be determined how many local rings have to be created in the network and how many processors should be used on each ring [1,8].
By analyzing the number of signals and periodicity, the designer can predict the bandwidth utilization on each of the rings (also called sub net). For small systems this can be done manually. To design a larger system a more complex software design tools are required, in order to optimize network connections based on specific criteria [1]
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Fig. 5 Control system configuration
Physical integration based on network protocols allow a hierarchical layout organization of the automation control system. The number of layers in the hierarchy varies depending of the vessel requirements, but the automation systems are usually configured with 3 network layers (fig. 5). Field bus network layer is used for communication between devices and controllers in a real time. Control network layer connecting controllers and operator stations, and Office Plant Network is connecting various office systems and information management systems. The last level opens up for satellite communication to land offices, maintenance teams etc.[8].
Most probably the network infrastructure inside IEP systems and sub systems will completely switch to fiber optics. The price of optical components drops to the levels when economic justification for their use is not any more in question. Opto-electronics devices are ideal for electrical propulsion systems due to electromagnetic disturbance immunity and high bandwidths. For example, the “SMART SHIP” program that has been realized in US requires fiber optical LAN for linking all the subsystems within Integrated Navigation, Information and Ship Control systems.

Those advanced network infrastructures with high speeds and bandwidths are precondition for implementation of embedded systems as a part of the control system infrastructure. An embedded system (Fig. 5) is a special-purpose computer system designed to perform one or a few dedicated functions, often with real-time computing constraints. It is usually embedded as part of a complete device including hardware and mechanical parts. In contrast, a general-purpose computer, such as a personal computer, can do many different tasks depending on programming. Embedded systems control many of the common devices in use today.

They have to be designed to work without human intervention and to have a real time response to the events. As the computing power of embedded microprocessors increases, more and more middle and high level processing can be done by ES on lower servo or component level.
With this approach every sub system can be realized as a independent autonomous control system consisting of numerous computing nodes connected through the network.
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Fig. 6 Typical real time embedded system
To fully support the intelligent control systems based on ES it is necessary to provide all the information regarding the various resources required by IEP, in order to meet the requirements of the vessels mission. Those information are provided by the sensors. As the fast real time control algorithms for VSDs inside IEP systems requires precise information of the process at every instant, it is obvious that sensors are among most critical components for smart ship propulsion systems. 
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Sl.6. “Smart” sensor
“Smart Sensor” technology (Fig. 6), together  with embedded systems make an ideal base for the future intelligent control system (ICS) platforms.

Fuzzy logic based components and use of advanced stochastic control algorithms could also make a significant contribution in ICS development.
V. INFORMATION TECHNOLOGIES FOR SMART SHIP PROPULSION SYSTEMS
Usage of computing devices and information technologies that are part of the IEP system itself  have been discussed in a previous chapters. 

The main application of information technology for propulsion systems nowadays lies in designin, simulation, testing  and condition monitoring . Now that we have PCs on every engineer's desktop, simulation has become a common tool. Many engineers will either write a custom program to simulate the behavior of their product, or use an off-the-shelf tool. For instance, the controls engineer who designs the autopilot's control algorithm will very likely simulate it in MATLAB, or with a custom C program running much faster than the real system on his PC.
When IEPs for the smart ship platforms are considered the control and management of power is the key issue that needs to be addressed in order to determine the best possible system topology, control and operation modes. The importance of studying power systems as whole instead of looking into component level requires developed model of the electric ship propulsion system. The model allows us to simulate realistic operating scenarios, thereby providing an assessment of the power system performance under prescribed conditions. A computer simulation is an attempt to model a real-life or hypothetical situation on a computer so that it can be studied to see how the system works. By changing variables, predictions may be made about the behavior of the system.[10]
Most applicable simulating method for propulsion system is Hardware In the Loop (HIL).
Hardware-in-the-loop (HIL) simulation is a technique that is used in the development and test of complex real-time  systems. HIL simulation provides an effective platform by adding the complexity of the plant under control to the test platform. The complexity of the plant under control is included in test and development by adding a mathematical representation of all related dynamic systems. These mathematical representations are referred to as the plant simulation.
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Fig.7 HIL simulation
The typical HIL system (Fig. 7) consists of the following components:

· math model of the plant
· sensor model

· actuator model

· a real time target computer with I/O

· real or simulated loads

· fault insertion relay matrix

· Host computer with graphical user interface (GUI) application for analyzing simulation data

With HIL it is possible to test each component of the  IEP in the realistic working environment without putting expensive  system in danger.
Recently, the Norwegian company “Marine Cybernetics AS” started with a successful HIL testing on new buildings and those results are accepted with the classification societies. For this purpose a new “Cyber Sea” simulator has been developed together with NTNU. It can be expected that more and more 3rd party companies will start to offer a HIL testing services in the future [8].
The propulsion systems onboard AES concept ships present extraordinary demands on the design and operations teams, and across many disciplines. The system is comprised on many subsystems, each of which may contain significant nonlinear and switching elements, and spanning many different time scales. For that reason the more complex stochastic simulation methods are developed where the statistics are computed more directly than from conventional Monte Carlo techniques chosen so that the maximum information is obtained with the minimum computational expense.
Another very important issue where the information technologies have a key role is condition monitoring of the IEP plant. Condition monitoring (Fig. 8) is the process of monitoring a parameter of condition in machinery, such that a significant change is indicative of a developing failure. It is a major component of predictive maintenance. The use of conditional monitoring allows maintenance to be scheduled, or other actions to be taken to avoid the consequences of failure, before the failure occurs. Nevertheless, a deviation from a reference value (e.g. temperature or vibration behavior) must occur to identify impeding damages. Predictive Maintenance does not predict failure; it only helps predicting the time of failure. The failure has already commenced and CM systems can only measure the deterioration of the condition. It is typically much more cost effective than allowing the machinery to fail. 
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Fig.8 Condition monitoring system
In such a complex environment as smart ship propulsion system this is of outmost importance, both from economy and maintenance point of view.  

Internet technologies are also very important onboard smart ship platforms. It is used for advanced logistic and maintenance support in combination with condition monitoring and automated stores inventory. The immediate benefit of this is instantaneous awareness of stock of spare parts and state of the equipment, allowing shore based support teams to react on time [1].
VI. SMART SHIP ELECTRONICS AND INFORMATION TECHNOLOGIES CHALENGES
Electronics and information technology behind smart ship propulsion systems reach its maturity phase. During almost 30 years of exploitation a lot of studies and analyses have been made about smart ship electrical propulsion systems and its influence to maritime industry. Ships with IEP are designed for average life time about 20 years. Those 20 years represent very long period from the EI technologies point of view. Cycles between appearance of new technologies and components based on those technologies are shorter and shorter. It is to believe that those trends will continue in the same direction.
It is often happening that old technologies are abandoned in favor of new ones. This is especially concerning system components manufactured by another vendor for the original manufacturer of the IEP system, like PLC controllers, measuring equipment etc. Those are the factors that cannot be ignored any more during the design process.

It is happening, even nowadays that completely different generations of equipment are built into the ships that belongs to same class and share the same platform.
For that reason the following factors needs to be considered during the design process of smart ship equipment:

· future availability of spare parts and software support

· capability of system to be upgraded within the shortest possible time and without affecting the infrastructure of existing platform

· availability of trained personnel during the life cycle of the vessel and possibility for future training
· capability of network infrastructure to accommodate future changes and ensure required speed and bandwidth for without changing the basic network infrastructure if possible
Implementation of the future technologies was the one of the main goals during design process of Royal Navy T45 class destroyers that should fulfill AES concept. Those are among most advanced electrically propelled smart ships platforms nowadays, together with US Navy DD-21 battle ships.  Is the smooth implementation of future technologies onboard those platforms going to be possible and how will the future smart ships accommodate technology implementation challenges is jet to be seen. 
VII. CONCLUSION

Information and electronics technologies had a huge influence on development of integrated electrical propulsion systems as a base for AES and SMART SHIP concept platforms. It can be noticed that the key elements that those technologies steam towards are integration, modularity and multidisciplinary.
New simulation methods together with smart power modules and embedded systems will lead towards development of new, more advanced smart ship propulsion platforms. The further introduction of information and electronics technologies will certainly lead towards changes in the established design systems, construction and maintenance of the ships.

All of this will be impossible to achieve without highly qualified engineers and crew. Smart people are the key element for successful implementation of the smart ship concept.
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