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Abstract:

 Power requirement is increasing day by day due to the maximum power utilization. In order to meet this demand a large power has to be generated in an efficient way. A new machine namely “Powerformer” can do this. This paper gives an over view about generation of power &transmission in an efficient manner. The conventional plant generated voltage is limited to 30KV. This voltage is stepped up to a high voltage level in the order of 800KV with the help of power step-up transformers. The step-up transformer imposes great drawbacks on the power plant as a whole, starting from reduction in efficiency, high maintenance costs, and more space, less availability and not to forget the increased environmental impact of the plant. During the last century, a number of attempts were made at developing a high-voltage generator that could be connected directly to the power grid, i.e. without going via the step-up transformer. The powerformer gives also less impact on environment.

The powerformer has opened a new chapter in the generation and transmission of electrical energy

1. Introduction

Today’s high-voltage generators are constructed in such a way that limits their output voltage to a maximum of 30 kV. Those generators cannot, directly supply the power grid with voltages up to 800 kV, a reason why large power plants nowadays are using power step-up transformers in order to transform their generated voltage to a higher voltage level suitable for the interface with the transmission grid.

The step-up transformer imposes great drawbacks on the power plant as a whole, starting from reduction in efficiency, high maintenance costs, and more space, less availability and not to forget the increased environmental impact of the plant.

During the last century, a number of attempts were made at developing a high-voltage generator that could be connected directly to the power grid, i.e. without going via the step-up transformer. However, although grid voltages can reach 800 kV or more, generators are presently constructed for voltages up to 30 kV only, as stated above.

ABB has developed in close co-operation with Vattenfall (the Swedish state-owned power utility) a new high-voltage generator with innovative features that enables it to be connected directly to the transmission grid; its output voltage can reach levels up to 400 kV. With the new technology, future transformer-less power plants can be constructed leading to a new concept of energy systems.

The new machine has been named Powerformer; its benefits such as higher efficiency, better availability, lower maintenance costs and reduced environmental impact are straightforward consequences of transformer-less power plants.

2. Powerformer Concept 

Powerformer, although a new machine, it is a 3-phase AC generator with a rotor of conventional design. The difference compared with conventional generator lies in the stator windings. In Powerformer stator winding consists of high-voltage cables instead of today’s windings with a square cross-section.  By using high-voltage cables as generator stator winding, it is possible to highly increase the generated voltage. The decisive difference between this design and present-day technology is that Powerformer allows direct connection to the high-voltage grid. This is illustrated in Figure (1).
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Figure 1. Schematic diagram of a conventional plant with step-up transformer (a), and the same plant when the new technology is used (b). 

This design implies the omission of the generator circuit breaker, the high current bus bar and the step-up power transformer from the power plant, because Powerformer comprises the functions of both generator and step-up transformer as realized from Figure (1). 

As a consequence there is an increase up to 1.5% in total electric power efficiency compared with today’s best designs, without using superconductive materials. Reactive power output and overload capability are also improved. There are also major changes in design, construction, manufacturing and production of the total plant. These give a total reduction in size and weight, thereby giving less environmental impact. 

Other advantages achieved by the utilization of Powerformer will be discussed shortly in more details. The technological bases of the new machine gives a promising future possibility for both hydro and thermo power plants as will as for other electrical equipment. 

3. Innovative Design 

Powerformer has been designed with several unique features that allow it to exceed the 30kV limit, including a winding consisting of power cables and an innovative stator design. 

3.1 Powerformer windings 

The magnetic circuit of Powerformer makes certain demands on the winding. The winding consists of a power cable with solid insulation and two semiconducting layers, one surrounds the conductor and the other outside the insulation, the semiconducting layers serves as an equi-potential surface that forces the electric field to be uniform around the circumference (see Figure (2)).
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Figure 2. A cross section of the power cable used in the stator winding of Powerformer. 

The insulation material is cross-linked polyethylene (XLPE), a material successfully used in high-voltage power cables since the 1960s. The cables are threaded through the stator slots to form a winding that produces the desired high-voltage. 

The use of high-voltage cables in Powerformer windings offers major advantages over conventional designs. Firstly, in conventional generators maximizing the current loading in the machine favor the use of rectangular conductors in order to obtain maximum copper packing density for the stator windings. 

These conductor shapes are, however, characterized by an uneven field distribution having high field concentrations in the corners of the conductors as shown in Figure (3). 

[image: image3.emf]
Figure 3. Powerformer cable versus conventional rectangular conductors.

Such a field concentrations produces material stress and prevent the output voltage of the generator from reaching levels higher than 30 kV. On the other hand the circular geometry of Powerformer windings provides an evenly distributed electric field. This means that the insulation material will be uniformly stressed and utilized in an optimum way. Secondly, Powerformer cable is designed for an electric field stress of 10 kV/mm,Which should be compared with the 3kV/mm, that today’s generator windings can manage (see figure (3)).

These features in combination highly increase the generated voltage. With high-voltage cables the generator windings will be fully insolated, an arrangement that minimizes the risk of partial discharge as well as of internal two and three phase faults.

The stator current of Powerformer is considerably lower than that for conventional generators - having same ratings- due to the highly generated voltage, the low current means that the mechanical forces on the end winding will be low.

By this means, the bracing system for the end winding can be simplified compared to that of conventional generators.  Using high-voltage cables also has positive effect in terms of reliability of the generator. In a comparison of the number of faults in high-voltage cables statistics show that high voltage cables have fewer faults. Powerformer itself is consequently expected to have fewer faults than conventional generators.

Since the potential along a winding increases with each turn (Maxwell’s equations), the demands made on the cable insulation increases accordingly. It is therefore possible to use thin insulation for the first turn and then increasingly thicker insulation for the sub-sequent turns an arrangement called “stepped insulation” it enables the utilization of the volume of the laminated core and the solid insulation material to be optimized.  The entire cable sheath (outer semiconducting layer) is connected to earth potential; hence, the electric field outside the cable (in the coil-end region) is close to zero. Since the outer sheath is at earth potential, there is no need for further control of the electric field. This eliminates field concentrations in the core, in the coil-end regions and in the transition between them. In conventional generators the field has to be controlled at several locations per turn. 

3.2 Non conventional stator design 

The design of the slots and teeth in the magnetic circuit plays a decisive role in the optimization of a rotating electrical machine.  The slots should enclose the casing of the coil as closely as possible. At the same time, the teeth should be as broad as possible at each radial level. This reduces the losses in the machine and also the need for excitation. 

The stator of Powerformer consists of a laminated core, built up from electrical sheet. Teeth in the outer section point inwards towards the rotor (at the center). The winding is located in the slots formed by the teeth, the cross section of the slots decreases towards the rotor since as already mentioned, each winding turn requires less cable insulation the closer it is to the rotor.

Each slot has circular bores at intervals, forming narrow waists between the winding layers, as depicted in Figure (4) below. 
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Figure 4. Section of the stator in Powerformer.

From analysis and synthesis, it was found that the main losses in Powerformer are associated with the laminated iron circuit. Therefore, the stator core of Powerformer (Figure (4)) is axiallynooled by water pipes of XLPE. The water-cooling is carried out at zero potential (in the core) totally separated from any E-fields. 

4. Advantages of Powerformer

Powerformer concept results in major changes in the design, manufacturing and construction of a complete power plant along with its operation, these changes can a improve the economy of the whole power plant.  The ability of Powerformer to replace the generator and step-up power transformer used in today’s power plants, and produce a generated high voltage level that enables the direct connection to the transmission power grid (see Figure (1)) has many benefits to the power plant as a whole. 

4.1 Efficiency

In general, a power plant with Powerformer has 0.5-1.5 % higher efficiency than a conventional power plant (Powerformer plants have 0.5-1.5 % less active losses than conventional plants). For a 120 MW plant the figure is about 1.5%. This means that a plant with Powerformer will produce 1.8 MW more power than a conventional plant. This extra power, obviously, improves the economy of the whole plant. 

4.2. Reactive Power Capability

The generation of reactive power is needed to compensate for the reactive power losses in the transmission networks. With Powerformer the reactive power losses in the step-up transformer is eliminated. With more reactive power capability, Powerformer will become competitive alternative to traditional Reactive Power Compensators (RPC), because Powerformer, unlike traditional RPCs can be overloaded over rather long period of time, due to its robust design. This feature is desired during disturbances in high voltage transmission networks. For example neither the copper windings nor the laminated core in Powerformer are affected by any rapid temperatures, this considerably reduces the risk of damage to the generator insulation. 

4.3.Maintenance and Availability.

Powerformer-based plants are simpler to operate with substantially smaller number of Components than their conventional counterparts, a realistic situation is provided by Figure (5) below. 
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Figure 5. Section through a conventional hydroelectric power station. With the new technology, everything to the right of plane A-A can be eliminated. 

With Powerformer, every thing to the right of plane A-A in Figure (5) can be eliminated, leading to power plants with fewer components.  For example Powerformer technology eliminates the step-up transformer, the handling of oils, generator circuit breaker and part of the bus-bar system. Fewer components mean fewer sources of potential faults and thus considerably lower maintenance and maintenance costs. 

With Powerformer the availability of the power plant will be improved, because again fewer components mean fewer faults and more availability. Powerformer operates with high voltage and low current, the heat developed in its stator windings will, therefore, be lower than in conventional generator stator windings having the same ratings. 

The stator of Powerformer will thus operate at lower temperature so that the materials making it are less stressed, which leads to fewer faults and higher availability.

By comparing statistical availability figures for conventional power plants with the expected availability of a plant based on Powerformer assuming a nominal operation period of 7000 hours per annum. It has been found  that a plant with Powerformer will have 1.0 % higher availability, this equals 70 hours of operation during which a Powerformer based-plant will keep on producing power and income while a conventional plant is out of operation (unavailable). 

4.4 Environmental Impact 

A Life-Cycle Assessment (LCA) is a tool to provide an overall picture of the environmental impact from a product or a system through out its lifetime from raw material extraction, production, use, recycling, and finally to disposal. LCA has been performed on two systems both connected to a 130 kV power grid. A 150 MVA Powerformer versus a conventional 136 MVA generator, breaker and transformer system. 

A lifetime of 30 years was assumed, the environmental impact is expressed in Environmental  Load Unit (ELU), a high impact on the environment gives large ELU number. The results are shown in Figure (6), which shows that the Powerformer system has lower environmental impact than a traditional system during all of its life time phases; this is mainly because Powerformer has less energy losses. 
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Power former is clean and safe; a conventional step-up transformer contains several tones of oil. The handling of the oil-based insulation and cooling systems with the associated fire and leakage risks are avoided, giving a cleaner and safe power plant. Powerformer fully insulated winding minimizes the risk of partial discharge, hence, less risk of ozone production and more environmentally friendly power plants. Finally, much of the material used in Powerformer can be easily recycled after the decommission of the machine. A matter that has been considered with concern in the design of Powerformer and in the material used.

5.Tabular Comparisons.
Table (1) compares the data of a conventional generator with a Powerformer. 

Table 1. Conventional generator      versus Powerformer  

	Conventional generator
	Powerformer



	Low voltage (<30kV)


	High voltage (>>30kV)



	High current


	Low current



	High temperature


	Low temperature



	Short teeth


	Long teeth



	Weight = 1


	Weight = 1.2-4



	PD accepted


	PD minimized



	Impregnating windings
	Extrusion



	Mount winding


	Thread cable




        PD: Partial Discharge. 

The total plant comparison, which is more realistic since Powerformer also comprises a

Transformer function is shown in Table (2) below.

Table 2. Comparison between a conventional system and a Powerformer system.

	Conventional

	Powerformer


	Transformer


	None



	MV bus-bar


	None



	Generator switches


	None



	Space & volume = 1


	Space & volume < 1



	Many parts


	Few parts



	Weight = 1


	Weight < 1



	Overload capability = 1
	Overload capability > 1



	Reactive power cap. = 1
	Reactive power cap. > 1




The above tabular comparisons clearly show the superiority of Powerformer based-plans over conventional plants. 

6. The first Powerformer Installation

The world’s first high-voltage generator based on the new technology; a hydropower machine is rated at 11 MVA, 45 kV, and 600 rpm. The machine has already been tested in the factory and installed at the Porjus Hydropower Center on the Lule River in northern Sweden. The machine is directly connected to the 45 kV transmission power grids; its stator is shown in Figure (7). 
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Figure 7. Stator view of the first Powerformer.

Today (April 1999), the machine is undergoing tests under realistic conditions to assess its influence on the transmission network. According to ABB, since the start-up of the tests at Porjus last summer (1998), the machine has been running without causing any disturbances on the network.  Earlier (beginning of 1997) another unit (a conventional system with generator, transformer etc.)  Was taken into service at Porjus. A comparison between the parameters of of the conventional system generator and the installed Powerformer is given in Table (3) below.

Table 3. The data from the two units installed at Porjus, a conventional generator versus a  Powerformer.

	Compared parameters
	Generator
	Powerformer



	App. power (MVA)


	11


	11



	Voltage (kV)


	10


	45



	Current (A)


	635


	141



	Speed (rpm)


	429


	600



	Length (mm)

Compared parameters
	750

Generator
	1450

Powerformer


	Stator outer d. (mm)


	3100


	3050



	No of cables per slot


	-


	12



	Weight of stator (ton)


	11.5


	34.5



	Weight of rotor (ton)


	23.0


	22.8

	Efficiency


	97.2%


	97.6%




Efficiency considers the transformer in conventional system. 

Another Powerformer, with the capability of feeding power at 155 kV direct to the power grid is being planned at Porsi Hydro power plant in Lapland (Sweden). The new unit will have an output of 75 MW. 

7. Conclusion 
ABB’s new high-voltage generator (Powerformer) has been studied through out this seminar; the new concept provides the possibility to directly connect a rotating machine to the high-voltage power grid without going via a step-up transformer.  Powerformer is a high-voltage generator; the limitation in its rated voltage is set solely by the AC

Power cable and the cable accessories (terminations and joints) used in its stator winding. This means that Powerformer of voltage ratings up to 400 kV can be realized, although has not been proved yet. 
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