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Abstract:

The application of FACTS and HVDC technologies, in the form of Voltage Sourced Converter (VSC) based designs, continue to be implemented throughout North America and other parts of the world for improved transmission system control and operation. FACTS and HVDC-link technologies allow more efficient utilization of existing transmission networks and help to better facilitate needed transmission system expansion. The wide-scale application of these technologies leads to numerous benefits for electrical transmission system infrastructure, including increased capacity at minimum cost; enhanced reliability through proven performance; higher levels of security by means of sophisticated control & protection; and improved system controllability with state-of-the-art technology concepts. Both conventional and advanced forms of FACTS and HVDC transmission technologies exist and are in operation today. Advanced solutions are in the form of VSC based designs, including configurations for Static Synchronous Compensators (STATCOM), Unified Power Flow Controllers (UPFC), Static Synchronous Series Compensators (SSSC), and VSC-based Back-to- Back DC Links (VSC-BTB), to name a few. This paper highlights the advantages provided by the VSC design concept for FACTS and HVDC-Link system applications.
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1. VSC DESIGN ADVANTAGES

There are number of advantages associated with implementing VSC-based designs for FACTS and HVDC applications, summarized as follows: - Continuous operation, compensation, and control for reactive power requirements and voltage control/ stability applications

· Rapid and continuous response characteristics for smooth dynamic control –

· Independent control of voltage and power flow for direct power transfer applications

· Automated real and reactive power control for both steady-state and dynamic system conditions 

· Superior performance for weak system conditions (low short circuit ratio application) 

· Inherent modularity and redundancy for increased reliability and availability

· Advanced control methodologies for high-performance operation 

· Elimination or reduced equipments for harmonic filtering –

· Ability to add energy storage as the sourcing element (e.g., batteries, super-conducting   

    
elements etc.)

· Compact size and reduced volume for installation flexibility and reduced construction   

costs.

· Easy expansion and mobility for future system considerations –

· Ability to add VSC’s to expand operation for additional functions such as BTB Link, UPFC, etc.

· Advanced power semi-conductor technologies for lower losses, reduced operating costs, and high reliability.

· Rapid implementation for efficient turnkey installations-

· Low-level maintenance and service requirements. 

· The above summary of VSC design advantages is a result of applying state-of-the-art converter, control, interface, device, and interconnecting equipment technologies. This all leads to system applications that exhibit high reliability and superior operating performance. 
2. BASIC DESIGN CONCEPTS:

Basic one-line diagrams for VSC application systems are shown in Figures 1 through 4 for A) STATCOM; B) SSSC; C) UPFC; and D) BTB (DC-Link) configurations. Table 1 summarizes the application systems in terms of these VSC configurations and/or combinations of VSC configurations. There are other configurations as well, which are variations of these four basic concepts and that include applications for energy storage as the sourcing element. Figure 1 – STATCOM Configuration Figure 2 – SSSC configuration Figure 3 – UPFC Configuration Figure 4 – BTB DC Link Configuration Table 1 – Applications of VSC Configurations 
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As shown in Figures 1 through 4 and Table 1, VSC designs are composed of two basic configurations: A) Shunt Connected VSC System, and B) Series Connected VSC System The VSC configurations have similar electrical design features for the equipment, installation, and service conditions, although some differences exist in equipment ratings, control, protection schemes, and other aspects. A basic schematic diagram of the VSC design is illustrated in Figure 5
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Figure 5

As a typical configuration, the VSC is a six-pulse converter consisting of six power semiconductor switching devices (GTO, GCT, IGBT, etc) with anti-parallel connected diode together with heat sinks and auxiliary equipment for gating, monitoring and grading. In a high power converter, a number of semiconductor devices may be connected in series or in parallel. Figure 5 – Basic VSC Schematic Diagram 3 From a D.C input voltage source, provided by a charged capacitor or a D.C energy supply device, the converter produces a set of controllable three-phase output voltage at the fundamental frequency of the A.C system voltage. The output voltage waveform may be a square waveform (Figure 6a) or a pulse width modulated (PWM) waveform (Figure 6b), depending on circuit topology and pulse modulation method. As described below, various techniques are adopted to neutralize and minimize the harmonic contents of the output voltage waveform.
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Figure 6 - VSC Output Voltage Waveforms,





Figure 6 – VSC Output Voltage Waveforms 

The output voltage waveform of the VSC contains a large amount of harmonics as illustrated above. In order to eliminate harmonic content from the output voltage, various techniques can be adopted. A multiple-pulse arrangement by combining the output of parallel VSCs can be adopted as a solution using a multi-winding transformer or inter-phase transformer magnetics. A multi-level technique or a pulse width modulation (PWM) technique can be another solution, in which case standard two-winding transformers can be implemented. Harmonic filters can be also adopted in combination with the above techniques. With respect to the cooling system, the heat dissipation is produced in the power semiconductor switching devices, snubber circuit, resistors and valve reactors, when switching and conducting the current. The heat is removed from these components by a coolant in the cooling system design. The VSC module can easily be connected in parallel to increase modular and inherent design redundancy, providing many advantages for reliability. Designs are implemented such that if one VSC module in a system is out-of-service, the others maintain operation, thus increasing overall system availability and on-line performance. Examples of this concept are described in Section 4 – VSC Application Examples. The examples also utilize PWM control, allowing for simplified two winding interconnecting transformer designs.

3. VSC GENERAL PEFORMANCE

Shunt Connected VSC – In this case, the VSC is connected to the power system via a shunt connected transformer, as in the STATCOM configuration of Figure 1. By varying the amplitude and the phase of the output voltages produced, the active power and the reactive power exchange between the converter and the a.c. system can be controlled in a manner similar to that of a rotating synchronous machine. The reactive power exchange between the VSC and the power system can be controlled by varying the amplitude of the output voltage. If the amplitude of the output voltage is increased above that of the ac system voltage, the VSC generates reactive power to the power system. If the amplitude of the output voltage is decreased below that of the ac system voltage, the VSC absorbs reactive power from the power system. The real power exchange between the VSC and altering the phase angle between the output voltage and the ac system voltage can control the power system. If the output voltage is made to lead the ac system voltage, the VSC supplies real power to the ac power system. If   the output voltage is made to lag the ac system voltage, the VSC absorbs real power from the ac power system. An energy supply or absorb device is required for the real power exchange. This role is played by another VSC or a dc energy storage device like a super-conducting magnet or a battery. The exchange of real and reactive power is implemented individually. The product of the power system voltage and the maximum output current determines the VA rating of the VSC.

Series Connected VSC – In this case, the VSC is connected to the power system in series via a series connected transformer, as in the SSSC configuration of Figure 2. By varying the amplitude and the phase of the output voltages produced, the magnitude and the angle of the injected voltage can be controlled. The VSC output voltage injected in series with the line acts as an ac voltage source. The current flowing through the VSC corresponds to the line current. The VA rating of the VSC is  termined by the product of the maximum injected voltage and the maximum line current. If the injected voltage is controlled with a quadrature relationship to the line current, the VSC provides only reactive power to the ac power system and there is no need for another VSC for energy storage device on the dc terminal. If the injected voltage is controlled in a four-quadrant manner (360 deg.) to the line current, the VSC provides both real power and reactive power to the ac power system and another VSC or energy storage device is needed for the real power exchange on the dc terminal.

4. VSC APPLICATION EXAMPLES

The advantages of VSC design characteristics are perhaps best illustrated by actual installation examples. Brief overview descriptions of two recently installed VSC based FACTS projects in the U.S. are provided, along with electrical one-line diagrams of each. The two installations described are the Vermont Electric Power Company (VELCO) Essex Substation STATCOM project and the San Diego Gas & Electric Company (SDG&E) Talega Substation STATCOM/BTB project.

 VELCO Essex STATCOM - The Essex STATCOM has an effective rated capacity of +133/-41 MVA at 115 kV. As shown in Figure 7, the STATCOM system consists of two groups of voltage-sourced converters (43 MVA each) and two sets of shunt capacitors (24 Mvar each). Each 43 MVA converter group consists of three sets of 12.5 MVA modules and a 5 Mvar harmonic filter, with a nominal phase-to-phase ac voltage of 3.2 kV and a DC link voltage of 6,000 V. The 43 MVA STATCOM groups are connected to the 115 kV system via two three-phase inverter transformers rated at 43 MVA, 3.2 kV/115 kV. The main power semiconductor devices incorporated in the converter design are 6-inch gate turn-off commutated thyristors (GCT’s), rated at 6 kV, 6 kA. These devices are arranged in each module, forming a 3-level inverter  circuit, which reduces the harmonic current as compared to a 2-level design. The control of the inverter is achieved with a 5-pulse PWM (pulse width modulation), which further decreases the harmonics as compared to 3- pulse or 1-pulse PWM control. Because of these two aforementioned features, only a small high-pass harmonic filter is required on the AC side (5 Mvar at 3.2 kV for each of the STATCOM groups). The 24 Mvar shunt capacitors are connected directly at the 115 kV level. Each GCT-based STATCOM group and each shunt capacitor bank are supplied to a 115 kV bus via 115 kV SF-6 Gas Circuit Breakers (GCB’s). A main disconnect switch is provided to connect the entire STATCOM system to the Essex Substation’s 115 kV ring bus position. Some of the main benefits of this VSC-based STATCOM system design are as follows: - Rapid response to system disturbances - Smooth voltage control over a wide range of operating conditions - Significant amount of built-in redundancy (i.e., any one or more of the 12.5 MVA modules, or 43  VA groups can be out of service while all others remain in operation at their full rated capability).

SDG&E Talega STATCOM/BTB – The Talega STATCOM/BTB has a rated dynamic capacity of 100 MVA at 138 kV as a STATCOM, and 50 MW power transfer capacity as a BTB (future consideration). As shown in Figure 8, the STATCOM system consists of two groups of voltage sourced converters (50 MVA each). Each 50 MVA converter group consists of four sets of 12.5 MVA modules plus a 5 Mvar harmonic filter (plus one spare filter switchable to either group), with a nominal phase-to-phase ac  voltage of 3.2 kV and a DC link voltage of 6,000 V. The two 50 MVA STATCOM groups are connected to the 138 kV system via two 3-phase step-up transformers each rated at 55 MVA, 3.2 kV/138 kV (plus one “hot” spare switchable via the motor operated  disconnects). Either 50 MVA STATCOM group or both can be connected to each of the 138 kV buses via the various automatically controlled motor operated disconnects. The main power semiconductor devices incorporated in the converter design are 6 inch gate commutated turn-off thyristors (GCTs), rated at 6 kV, 6 kA. These devices are arranged in each module, forming a 3-level inverter circuit, which reduces the harmonic current as compared to a 2-level design. The control of the inverter is achieved with a 5-pulse PWM (pulse width modulation), which further decreases the harmonics as compared to 3-pulse or 1-pulse PWM control. Because of these two aforementioned features, only the small harmonic filter is required on the AC side.  As part of the overall reactive  compensation scheme at the Talega substation, there are also three 69 Mvar shunt capacitors that are connected directly at the 230 kV system. The STATCOM system is able to control the operation of the STATCOM inverters and the three 69 Mvar capacitor banks. It can be remotely operated via SDG&E’s SCADA system or manually operated from the control building. Flexibility is also incorporated for the reconfiguration of the equipment into a Back-to-Back DC Link system (BTB) for consideration of future needs. Some of the main benefits of this VSC-based STATCOM/BTB system design are as follows:

Rapid response to system disturbances. Provides smooth voltage control over a wide range of operating conditions. - Incorporates a significant amount of built-in redundancy (i.e., any one or more of the 12.5 MVA modules, or 50 MVA groups can be out of service while all others remain in operation at their full rated capability). Automatically reconfigures to handle certain equipment failures (such as a transformer or filter) without shutting down the STATCOM/BTB. 5 These two examples illustrate how increased reliability and improved system availability is achieved through the inherent modularity and redundancy of the VSC design, as well as the flexibility of the VSC design for various system  configuration capabilities.
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Figure 7 – VELCO Essex +133/-41 MVA, 115 kV STATCOM System - One-Line Diagram.


Figure-8 SDG&E Talega 100 MVA, 138 kV STATCOM/BTB System - One-Line Diagram

6. SUMMARY

The application of FACTS and HVDC technologies, in the form of Voltage Sourced Converter (VSC) based designs, continue to be implemented throughout North America and other parts of the world for improved transmission system control and operation. There are number of advantages associated with implementing VSC-based designs for FACTS and HVDC-Link applications that result in  systems with high reliability and superior operating performance. Two examples are presented that highlight some the VSC design advantages in actual applications.
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