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Abstract Power transmission of grids can always be improved by upgrading or adding of new transmission circuits. For various reasons, this may not be practicable in reality. ThyristorControlled Series Capacitors offer a strong alternative for optimizing of transmission over power links, existing as well as new, by means of increased dynamic stability, power oscillation damping as well as optimized load flow between parallel circuits.



or desirable in the real case, for a variety of reasons. Adding of new lines and/or extending of existing substations may be too costly and time-consuming. Concessions for new rightsof-way may be hard or impossible to come by. And last but not least, environmental impact aspects today are much more important than they used to be and need to be addressed in a serious way in conjunction with transmission development procedures.



Résumé Les réseaux de transport d'énergie peuvent être améliorés par renforcement ou création de nouvelles lignes. Pour diverses raisons cela n'est pas toujours possible. Les capacités séries contrôlées par thyristor représentent une bonne alternative pour optimiser les liaisons électriques, existantes ou nouvelles, car elles permettent d'accroître la stabilité dynamique, d'amortir les oscillations de puissance, tout en équilibrant les charges entre les circuits parallèles. Introduction The electricity supply industry of the world is changing, bringing the users of high voltage transmission systems new opportunities as well as challenges. These stem mainly from the strong increase in interregional and/or international power transfer, the effects of deregulation, and political, economical, and ecological considerations on the building of new transmission facilities. Technically, limitations on power transmission capability in a grid can always be removed by adding of new transmission and/or generation capacity. This, however, may not be practicable



In cases of need to transmit large amounts of power over distances, for instance in conjunction with establishing of power links between countries or regions of countries, Thyristor-Controlled Series Compensation (TCSC) based on state of the art high power electronics will help to alleviate such constraints and thereby offer a superiour option, from technical, economic and environmental points of view. The impact of TCSC in a power transmission grid can be summarized as follows: Balancing of load flows This enables the load flow on parallell circuits and different voltage levels to be optimized, with a minimum of power wheeling, the best possible utilization of the lines, and a minimizing of overall system losses at the same time. Increasing of first swing stability, power oscillation damping, and voltage stability This enables a maximizing of system availability as well as of power transmission capability over existing as well as new lines. Thus, more power can be transmitted over less lines, with a saving of money as well as of environmental impact of the transmission link.



Mitigation of subsynchronous resonance risk Subsynchronous resonance (SSR) is a phenomenon which can be associated with series compensation under certain adverse conditions. The elimitation of the risk of SSR even for the most onerous conditions means that the series compensation concept can be utilized in situations where it would otherwise not have been undertaken, thereby widening the usefulness of series compensation. To summarize, TCSC is designed to remove constraints such as transmission stability limits, voltage stability limits and loop flows, thereby meeting grid planners´, investors´ and operators´ goals without their having to undertake major system additions. This offers ways of attaining an increase of power transmission capability at optimum conditions, i.e. with maximum availability, minimum transmission losses, and minimum environmental impact. Plus, of course, at minimum investment cost and time expenditure. Power system interconnection Interconnecting of power systems is becoming increasingly widespread as part of power exchange between countries as well as regions within countries in many parts of the world. Of the former, UCTE is an example close at hand. Likewise, there are numerous examples of interconnection of remotely separated regions within one country. Such are found in the Nordic countries, Argentina, and Brazil. In cases of long distance AC transmission, as in interconnected power systems, care has to be taken for safeguarding of synchronism as well as stable system voltages, particularly in conjunction with system faults. With series compensation, bulk AC power transmission over distances of more than 1.000 km are a reality today. With the advent of thyristorcontrolled series compensation, further potential as well as flexibility is added to AC power transmission. Series compensation: basic mechanisms Series compensation has been utilized for many years with excellent results in AC power transmission in a number of countries all over the world. The usefulness of the concept can be



demonstrated by well-known expressions relating to active power transfer and voltage: P = V1V2sinψ / X



(1)



V = f(P,Q)



(2)



Here, V1 and V2 denote the voltages at either end of the interconnection, whereas Ψ denotes the angular difference of the said voltages. X is the reactance of the transmission circuit, while P and Q denote the active and reactive power flow. From (1) it is evident that the flow of active power can be increased by decreasing the effective series reactance of the line. Similarly it is demonstrated that by introducing a capacitive reactance in the denominator of (1), it is possible to achieve a decrease of the angular separation with power transmission capability unaffected, i.e. an increase of the angular stability of the link. The influencing of transmission reactance by means of series compensation also opens up for optimizing of load sharing between parallel circuits, thereby bringing about an increase in overall power transmission capacity again. Likewise a valuable feature, active losses associated with power transmission can be decreased, as well. From (2) it is seen that the voltage of a transmission circuit depends of the flow of active as well as reactive power. The explicit relationship between the quantities in the formula is not simple. Closer analysis reveals, however, that the reactive power contribution from a capacitive element in series with the line acts to improve the reactive power balance of the circuit, and thereby to bring about a stabilization of the transmission voltage. It can further be shown that this reactive power contribution is instantaneous and of a selfregulatory nature, i.e. it increases when the line load increases, and vice versa. It consequently contributes to voltage stability in a truly dynamic fashion. This makes series compensation a highly effective means for upkeeping or even increasing voltage stability in a heavily loaded transmission circuit. And



likewise, it allows additional power transmission over the circuit without upsetting voltage stability. The impact of series compensation on a transmission circuit can be illustrated as in Fig.1.



shown that in comparison to alternative ways such as the building of new or additional lines, series compensation has indeed proved to be both a quicker and more cost-effective way of achieving an increase of power transmission capacity or an increase of dynamic stability of power transmission corridors. Controllable series compensation With the advent of thyristor control, the usefulness of series compensation has been widened additionally. With TCSC, it is possible to vary the degree of compensation k at mains frequency (50 Hz) with a rapidity limited only by the speed of response of the electronic scheme used in the TCSC. This opens up for applications previously not encountered in conjunction with series compensation, such as post-contingency power flow control and damping of active power oscillations.



Fig.1: The impact of series compensation on a) voltage and b) angular stability. With the reactance of the capacitive element, i.e. the series capacitor equal to XC and the inductive reactance of the line equal to XL, we can define the degree of series compensation, k: k = XC / XL



(3)



In power transmission applications, the degree of compensation is usually chosen somewhere in the range 0,3 ≤ k ≤ 0,7. To summarize, series compensation of power transmission circuits enable several useful benefits: - An increase of active power transmission over the circuit without violating angular or voltage stability; - An increase of angular and voltage stability without derating power transmission capacity; - A decrease of transmission losses in many cases. Experience Many years of series capacitors in operation all over the world has demonstrated the validity of the above related in the real case. It has been



By referring to equation (1), it is readily seen that the introducing of a periodic modulation of the line reactance in the denominator of a suitably low frequency (usually less than 1 Hz for inter-area power oscillations), it is possible to counter-act and subsequently damp out active power oscillations. Since it is not unfrequent to encounter particularly active power oscillations as a limiting factor on power transmission capacity of radial interconnecting ties, the TCSC concept is very useful as a tool for extending the possibilities for AC power interconnection between regions, both as far as amounts of power and geographical distances are concerned. Another important application of TCSC, treated further on in this paper, is mitigation of subsynchronous resonance (SSR) risk. Brazil: North-South Interconnection A current example of AC interconnection of separate power systems within one country is found in Brazil. There are two main power systems in the country which were previously not interconnected, the North System and the South System. These are mainly hydro-electric, comprising more than 95% of the nation´s total volume of power generation and consumption. Feasibility studies were performed regarding an interconnection of the two systems, and a



decision was made to go ahead and build the transmission corridor. Both AC and DC alternatives were assessed, and decided in favour of the AC option. It consists of a single 500 kV compact circuit (to be doubled at a later stage), more than 1.000 km long and series compensated in several places. Operation began early in 1999. The AC option is highly attractive as it facilitates the making of inexpensive hydro energy available to a rapidly growing federal economy as well as to future development over a vast area having great economical potential. Several hydroelectric plants are expected to be built along the same route in the coming two decades, to be connected to 500 kV AC. A total of six 500 kV series capacitors have been supplied for the project, five of which fixed and one thyristor-controlled (Fig. 2). All in all, about 1100 Mvar of series capacitors have been supplied.



Fig. 2: Brazil North-South Interconnection. The thyristor-controlled series capacitor is located at the Imperatriz substation at the northern end of the interconnection. It has the task of damping low-frequency inter-area power oscillations between the power systems on either side of the inter-connection. These oscillations (0,2 Hz) would otherwise constitute a hazard to power system stability. Imperatriz TCSC The characteristics of the Imperatriz TCSC are displayed in Fig. 3.



Fig. 3: Impedance – current characteristic of the TCSC. The boost level, XTCSC/XC, is a key factor. It is a measure of the amount by which the reactance of the series capacitor can be virtually augmented in order to counteract system power oscillations. The boost level can be varied continuously between 1 and 3, which is equivalent to a range of 5% to 15% of the degree of compensation. At rated line current, the nominal boost level has been set to 1,20. The control scheme is shown in Fig. 4.



Fig. 4: TCSC control scheme. The thyristor valve is mounted at platform level. It is water cooled and utilizes indirect light triggered thyristors. The valve is rated at 1500 A continuous current and at 3000 A for 10 seconds. Furthermore, since the valve has to perform as back-up protection of the TCSC in extreme situations where the main ZnO overvoltage protection is reaching its rated thermal limit, it needs to be able to withstand fault currents of up to 40 kA (peak) for about 60 ms, equal to the time it takes for the by-pass breaker to close and take over the fault current.



Fig. 5: View of the Imperatriz 500 kV TCSC. A view of the TCSC is displayed in Fig. 5. The main data of the Imperatriz TCSC can be summarized as follows: Maximum system voltage Nominal reactive power Rated current Physical capacitor reactance Nominal boost Nominal degree of compensation Boost level range



550 kV 107 Mvar 1500 A 13,3 Ω 1,20 5% 1-3



Application of TCSC for mitigation of subsynchronous resonance The introduction of series compensation improves the transmission system behaviour with respect to voltage stability and angular stability. However, under adverse conditions, at the same time electrical resonance might be introduced in the system. Experience has shown that such electrical resonance may under certain circumstances interact with mechanical torsional resonances in turbine-generator shaft systems in thermal generating plants. This phenomenon is known as Subsynchronous Resonance (SSR). Today the SSR problem is well understood and taken into account when series compensation is planned and designed. Sometimes, however, SSR conditions may limit the degree of compensation wanted for better power system performance. The use of TCSC alleviates such restrictions. SSR mitigation In a series compensated grid, how do we make sure there is no series resonance within a certain, critical frequency band? By means of the controlled inductor in parallell with the capacitor as shown in Fig. 4, plus an ingenious control algoritm (Synchronous Voltage



reversal, SVR) it is possible to create precisely this kind of characteristic of the series capacitor. On the other hand, we naturally want the series capacitor to behave like a capacitor at power frequency (50 Hz). Consequently, a transition of the virtual reactance of the TCSC from inductive to capacitive outside the subsynchronous frequency band is achieved by means of a reactance controller, providing a controllable capacitive reactance around the power frequency (Fig. 6). Virtual reactance
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Fig. 6: Impedance characteristic of TCSC. To summarize, the SVR approach offers the elimination of SSR risk throughout the potential subsynchronous frequency range. SSR: a Swedish case The main electricity production of Sweden is based on hydro (45%) and nuclear generation (50%). A total of eight 400 kV transmission lines connect the hydro plants of the north with the large load areas in the centre and south. Each line is up to 500 km long, all series compensated, with degrees of compensation up to 70%. The alternative to series capacitors would have been erecting of several additional, very long 400 kV lines, which would have been impossible from political, economical as well as environmental points of view. The Stöde series capacitor was originally erected in 1974. In the early 1990s the installation was refurbished completely with state of the art components including non-PCB capacitors. In conjunction with this, the degree of compensation of the series capacitor was somewhat adjusted, as well. Shortly after recommissioning of the series capacitor, a subsynchronous current relay at Forsmark nuclear



power plant in mid Sweden started triggering repeatedly. An SSR study showed that subsynchronous oscillations might occur under certain conditions in the power system. TCSC for SSR mitigation To mitigate the situation, it was decided to have a TCSC implemented at Stöde.The existing series capacitor, rated at 493 Mvar at 400 kV and having a degree of compensation 70%, was to be divided in two segments. One segment, representing 70% of the original series capacitor rating, was to remain a conventional fixed series capacitor while the other segment was to be converted to a TCSC (Fig. 7).



Fig. 7: The Stöde TCSC In Fig. 8, the controllable part of the series capacitor is shown. A compact design has been obtained since spark gaps, usually part of traditional series capacitor protection, are not required. Furthermore, the energy rating of the protective metal-oxide varistor can be kept low due to the possibility of fast bypassing of the series capacitor in case of faults in the surrounding grid using the thyristor valve. The thyristor valve is equipped with LTT (Light-Triggered Thyristors) in order to minimize the complexity of this outdoor equipment. A small building, housing control, protection and monitoring devices as well as thyristor cooling equipment, is also part of the installation. The main technical data of the TCSC can be summarized as follows:



Fig. 8: Controllable section of 400 kV TCSC . Physical capacitor reactance/phase Rated current, RMS cont. Short time current, RMS/10 min Degree of compensation Boost reference value



18,25 Ω 1500 A 2250 A 21% 1,20



As the Stöde TCSC is solely intended for mitigation of SSR, while power oscillation damping does not enter into the discussion, the feature of a controllable virtual reactance at 50 Hz is not being utilized in this case. Consequently, the TCSC is operated at a constant, low boost level (1,20). A low level is advantageous from a cost point of view, since thereby the capacitor bank rating will be kept limited to a corresponding extent, as well. At the same time, the boost is sufficiently high to ensure a safe apparent impedance characteristic of the TCSC during SSR conditions. Conclusion Deregulation of the electricity supply industry in conjunction with growing momentum for power system interconnection all over the world call for added system flexibility as well as novel technical solutions. With series compensation, and particularly TCSC, AC power system interconnections can be brought to their fullest benefit by optimising of power transmission capability, safeguarding of system stability under various operating conditions, and optimizing of load sharing between parallel circuits at all times. References R. Grünbaum et al, ”FACTS-solutions to power flow control & stability problems”, ABB Review, 5/1999. SEE_FIILE2001_TCSC
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