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Power System Interconnections using HVDC Links

Introduction:
There are many reasons for the interconnection of power systems, including differences in demand (daily or seasonal), generation versus load imbalances, optimization of generating capacity reserves, CO2 credits and differences in energy prices. In the early

days the small generally vertically integrated utilities connected with their neighbors, using extension of the ac systems, to better utilize their resourses. 
Such interconnections were of limited geographical extent and followed local opportunities. However in the late 1950’s and 1960’s transmission technologies developed that allowed longer distance and higher power interconnections. These technologies, mainly higher HVAC voltages, coupled with series compensation, and HVDC were to a large extent developed for the connection of remote hydro-electric generation, but they also served for the interconnection of power systems including the use of submarine cables. Development at that time was most concentrated in North America and Europe, but followed in many parts of the world. It is interesting to note that the synchronous boundaries of these power systems, if such a definition is valid, do not necessarily follow the political boundaries. In North America these synchronous systems tend to be North – South orientated, often driven by available hydro-electric power in Canada.
 In Europe, where a more meshed synchronous area developed, interconnections were made either by HVDC submarine cables for sea crossings or back-to-back converters to the Eastern European network. During the 1990’s both North America and Europe, as well as other parts of the world, started a process of unbundling of the vertically integrated utilities into separate generation, transmission and distribution companies, as well as introducing new agents such as brokers, power marketers and so on. The objective was to increase competition and so reduce prices to the consumer, however one effect has been to place more stress on the transmission systems. Trades in electricity began to be made over longer distances and across routes not originally envisioned at the time of network planning. This led to power flow bottlenecks and to loop power flows through undesired paths, often not involving the commercial parties. While transmission bottlenecks and undesirable power flows are not new, they certainly became more apparent with open access and trading. Further we can say that in North America and Europe the implementation of new interconnections did not keep pace with these developments. Meanwhile elsewhere, in regions with higher load growth, interconnections were developing in both liberal and centrally planned environments. Of particular note are Argentina, Australia, Brazil, China and India to mention countries cited later. 
This paper discusses the reasons for using HVDC for transmission interconnections, however it is important to remember that these interconnections operate in an environment of predominantly ac transmission. HVDC interconnections are employed both within and to\ connect synchronous areas, and so compete with EHVAC, which has many modern devices available to ensure satisfactory performance. One notable ac interconnection is the Brazilian North – South link, which connects two large areas and uses a high degree of series compensation, including thyristor controlled series capacitors.
Why HVDC ?

Having noted above that the majority of power system transmission is using EHVAC and that this is undoubtedly very successful, we need to ask under which circumstances we should use HVDC. In the case of long distances, over land or submarine, an issue is economic, the question of savings on lines or cables to cover increased station costs. However this is often secondary to other considerations such as environmental impact or the controllability of HVDC. In the case of shorter distances, including zero in the case of a back-to-back (BtB) converter, it is controllability that gives the deciding advantage to HVDC. This advantage can be used for solving any of a number of challenges by the use of HVDC:

· Interconnection of systems employing power/frequency regulating         characteristics not compatible with synchronous connection.

· Avoiding undesirable loop flows in parallel ac transmission lines.

· Control of interchanges, possibly with additional signals, to ensure system stability margins are kept.

· Controlling the power flow and avoiding overloading to prevent cascading trips, thus limiting system breakup under severe contingencies.

· Limit short circuit increase.

· Frequency conversion

· Give controllable reactive power support for long ac lines in case of CCC (Capacitor Commutated Converters) or VSC (Voltage Source Converters or HVDC Light).

· Avoid voltage collapse by dynamic support to increase stability margins in case of HVDC Light.

· Provide “Black Start” capability or passive load infeed in case of HVDC Light

The above technical advantages, when combined with the economical or environmental advantages given by less costly lines or cables, reduced Right of Ways and lower levels of electromagnetic fields, give rise to the systems discussed below. North America, divided into various synchronous areas, can be seen to be interconnected mainly by Back

to Back links, with HVDC transmission lines within the synchronous areas. The major exception is Hydro Quebec to New England link described below.
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 Fig. 1 North American HVDC Interconnections
 It is interesting to note that the multitude of HVDC links in the North East remained in service during the massive power outage in August 2003 maintaining continuity of supply to that region . Other large geographical areas with similar patterns of development, but under rather different regulatory regimes, are of interest. We can look at China with its very fast developing power demand and see that there also is a trend towards maintaining several synchronous areas, interconnected by HVDC .
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Fig.2 Proposed Grid Structure in China

At present long HVDC interconnections are used to transmit power from regions with ample hydroelectric capacity, with back to back connections being proposed for future trade purposes. While China seems to have settled for five synchronous grid structures, India has four and is in the process of evaluating how to increase transmission capacity between these areas.
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   Fig. 3 Indian HVDC Interconnections

3. Long Distance

3.1 Classic, upgraded over time

One particularly significant long distance HVDC interconnection is the Pacific Intertie, built in the 1960’s using mercury arc valves, but undergoing a series of upgrades and increases in capacity. The most recent is the Sylmar Replacement Project, which seeks to reduce the operation and maintenance costs, improve the reliability and seismic withstand capability, free-up real estate and replace vintage equipment with more environmentally friendly technology . The present power is 3100 MW on a single bipolar ± 500 KV line. This interconnection is within one synchronous area and HVDC was chosen for both economical and technical reasons. The distance, about 1360 km, was well above that required for savings on the line, however the use of HVDC gave additional benefits by avoiding loop power flows and adding to the system stability.

3.2 Multi-terminal 
Also of particular interest in North America is the Hydro Quebec to New England multi terminal transmission. This uses HVDC because of the economics of the long distance, plus the crossing of the asynchronous border from the Canadian Province of Quebec to the Northeastern USA.

[image: image3.emf]
Fig. 4 HQ – New England HVDC Interconnection  
With two terminals in Canada and one in USA close to Boston, this shows the practical use of multi-terminal transmission to give a flexible use of converter capacity .

3.3 Modern Classic

To give an example of a large transmission using the latest developments in high power technology we must go to China. The 3000 MW Three Gorges – Changzhou ± 500 kV DC Transmission Project, a bipolar transmission having one converter per pole, is now in operation . The HVDC link is designed for continuous rating of 2x1500 MW. It has overload capability for temperatures lower than the maximum specified value with redundant cooling equipment being in service. The bipolar link has a continuous overload capability of 3480 MW and 5 second overload capability of 4500 MW. One twelve-pulse converter per pole is used, with single-phase two winding converter transformers giving a double valve scheme for the optimised design.

[image: image4.emf]
Fig (5): Longquan converter station (Three Gorges).
The bipolar HVDC link has three possible connection modes, bipolar, monopolar ground return, and monopolar metallic return mode. In order to minimize bipolar outages, the HVDC system can operate with balanced bipole currents, using the ground mats of converter stations as temporary grounding while ground electrodes or their lines are out of service. A similar 3000 MW transmission to Guangdong in Southern China is to go into commercial operation this year

3.4 ± 600 kV or higher
It is interesting to note that the projects cited above all use a line voltage of ± 500 kV, while the Itaipu HVDC transmission, in service since 1984 uses ± 600 kV to transmit 3150 MW per bipole. The performance of this project has been excellent and use of ±600 kV is now well proven. Given current trends in converter design, taken together with transmission line costs and the economic value of resistive losses, it would seem reasonable to expect ± 600 kV to become used again for high power overhead line transmission projects. Furthermore raising the voltage to ± 750 kV makes it possible to transmit 5000 MW on a single bipolar line. Applications for use of such high voltage are now being studied in India, China and other countries for transmission over very long distances, 1000-2000 km.

4. Back to Back

4.1 Classic

Back to Back (BtB) HVDC converters have been used  to connect asynchronous systems since the 1960’s. The earliest is the Sakuma 300 MW frequency converter in Japan, which was built using mercury arc valves, later rebuilt with thyristors. With the extensive use of thyristor valves in the 1970’s BtB converters became widely employed for connecting systems where a synchronous tie was not technically possible, particularly in North America. Figure 1 shows these converters, most having a rating of less than 500MW. They were usually built to permit trading across the asynchronous borders and have developed with time.
4.2 CCC / Contune Concept

While classic BtB converters continue to be used in interconnections, more demanding technical issues have lead to considerable new developments. For line commutated converters the use of commutation capacitors (CCC) has permitted safe operation with very low short circuit levels at the connection point. The CCC technology, which employs series capacitors placed between the transformers and valves, can be used for any line commutated converter and could be very useful with long cables. So far however it has been applied only in BtBs, most recently Rapid City in South Dakota, USA . BtBs tend to be used at the more remote fringes of synchronous systems, as it is there that interconnection distances are shorter, but low short circuit levels and long ac lines make severe demands on converter performance. As the commutation capacitors meet the reactive power demand of the converter, or even supply reactive power to the ac system, the harmonic filters can be of minimum rating, given only by performance requirements. This reduces fundamental frequency demands such as load rejection and energization over voltages or switching voltage fluctuations. The ConTune design employs actively tuned harmonic filters, allowing a very low fundamental frequency rating and, together with CCC, avoiding filter switching over full converter operating range.
To demonstrate these advantages we take the Garabi Converter Station of the 2200 MW Argentina – Brazil Interconnection. Although these converters fulfill the task of frequency conversion they operate at very low short circuit levels and have long radial 500 kV ac transmission lines, especially on the Brazilian 60 Hz side. The first phase of the Garabi Project entered operation in June 2000 and the second in August 2002, giving a total converter capacity to 2200 MW. Both phases are very similar, employing the modular back to- back converters, with Capacitor Commutated Converters (CCC) and Contune filters. There are a total of four converter blocks each of 550 MW, however the fundamental frequency rating of the shunt filters associated with each block is only 85 MVAR. Both phases link the 500 kV networks of Brazil and Argentina by 500 kV transmission lines, each nearly 500 km in length, running from the Rincón de Santa Maria substation near Yacyretá in Argentina, to the Itá substation in Brazil. The Garabi Station is in Brazil, close to the border with Argentina .
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Fig. (6): Modular Valves and CCC Capacitors

The two electric systems are rather large, yet they are connected at relatively weak points within their networks. The Argentinean Interconnected System (SADI) has an installed capacity of about 23000 MW. However, the Rincón de Santa Maria substation is at the northeastern extreme, and although adjoining the Yaciretá generating station, may have a relatively low short circuit capacity. This can vary between 9000 and 3000 MVA, depending on the number of connected generators at Yaciretá. This situation has remained virtually unchanged between the two phases of the interconnection. The in feed point to Brazilian S/SE interconnected system was defined at the Itá 500 kV substation for the power purchase. The integrated Brazilian system has an installed capacity of 67000 MW, but the Itá substation is on the southern extension, remote from major generation, although a power plant of 1450 MW is now online, having one 290 MW generator in operation at start of phase two. At the time set for commercial operation of the phase one, the short circuit capacity at Itá was calculated to be about 6000 MVA, dropping to 3500 MVA under contingency conditions, however now at entry of phase two the level is 12000 MVA, dropping to 5000 MVA under the worst considered contingencies.

5. HVDC Light

HVDC Light is a recent technology that utilizes Voltage Source Converters (VSC) rather than line commutated converters as discussed above. Conventional HVDC transmission employs line commutated, current-source converters requiring a synchronous voltage source in order to operate. The conversion process demands reactive power from filters, shunt banks, or CCC capacitors which are part of the converter station. Any surplus or deficit in reactive power must be accommodated by the ac system. HVDC Light avoids these demands and offers other advantages due to the possibility to independently control both active and reactive power. The theory of voltage source converters is well known, but only with the development of relatively cost effective semiconductors with current turn off capability have they become utilized in transmission systems. HVDC Light employs Insulated Gate Bipolar transistors (IGBTs), plus other important technological

developments:

1. High voltage valves with series-connected IGBTs

2. Compact, dry, high-voltage dc capacitors

3. High capacity control system

4. Solid dielectric DC cable

In the HVDC Light transmission schemes described below, the switching of the IGBT valves follows a pulse width modulation (PWM) pattern. This switching control allows simultaneous adjustment of the amplitude and phase angle of the converter AC output voltage with constant dc .

[image: image5.emf]
Fig (7): PWM pattern and the fundamental frequency voltage in a Voltage Source Converter.
With these two independent control variables, separate active and reactive power control loops can be used for regulation. This permits the P-Q Characteristic shown in fig  below.

[image: image6.emf]
Fig (8): HVDC Light P-Q Characteristic

Two recent HVDC Light projects are the Cross Sound Cable Interconnector, Connecticut - Long Island, USA and the Murraylink Interconnection, Victoria – South Australia. Both employ IGBT voltage source converter technology at ± 150 kV, coupled with solid dielectric cables, but have different characteristics according to the location and differing environments. The Cross Sound Cable Interconnector is an undersea cable, 40 km, connecting continental US to Long Island, with a power rating of 330 MW, making it the largest VSC converter project to date. 
The Murraylink Interconnection, 220 MW, has a 176 km land cable, believed to be the world’s longest underground transmission system. After the huge blackout in August 2003, a federal order allowed the first use of the Cross Sound Cable Interconnector. The interconnection was a great part of the success of restoring power to hundreds of thousands of customers across Long Island . A good part of this success came from the ability to independently control reactive power while supplying active power into a very weak network.

[image: image7.emf]
Fig (9): Cross Sound, Shoreham station

In both interconnections the environmental benefits and ease of permitting played a significant role in the choice of HVDC Light, in fact making the projects commercially viable.

6. Conclusions

From the above we can conclude that HVDC gives many benefits for transmission interconnections, both within synchronous areas and across their asynchronous borders. These benefits may be economic, environmental or technical. Of particular note today is the ability to control power flow and prevent propagation of severe disturbances, thus limiting blackout extension. This ability to maintain independence of interconnected networks can be of prime importance when the two systems have different regulatory procedures, notably if two counties, and also technically if the load frequency control regimes are not compatible. These properties are further enhanced by using HVDC

Light which gives independent control of reactive power at both stations, in addition to active power flow control. Together with economically priced buried cables this is a very attractive solution to many challenging situations.
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