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FACTS

(Flexible Alternating Current

Transmission Systems)

Abstract:

This paper describes the theory and the modeling technique of a Flexible Alternating Current Transmission Systems The collective acronym FACTS has been adopted in recent years to describe a wide range of large power electronic based controllers, which may, at present or in the future, be used to increase the flexibility of power systems and thus make them more controllable. These controllers can be considered as dependable means to help increase the power transfer capability of transmission networks. To achieve a Flexible Alternating Current Transmission System (FACTS) requires the insertion of plant in order to control the three main parameters directly affecting alternating current (ac.) power transmission; namely voltage, phase angle and impedance

.
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 INTRODUCTION
Increased demands on transmission, absence of long-term planning and the need to provide open access to generating companies and customers have created tendencies toward less security and reduced quality of supply. The FACTS technology is essential to alleviate some but not all of these difficulties.

The FACTS technology opens up new opportunities for controlling power and enhancing the usable capacity of present, as well as new and upgraded, lines. The possibility that current and therefore power through a line can be controlled enables a large potential of increasing the capacity of existing lines. These opportunities arise through the ability of FACTS controllers to control the interrelated parameters that govern the operation of transmission systems including series impedance, shunt impedance, current, voltage, phase angle and the damping of oscillations.
Components of the transmission system:

Power plants generate three-phase alternating current (AC). This means that there are three wires coming out of every plant.

Figure 1 Simplified Electric System
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On a transmission structure, the three large wires are called conductors and carry the electric power. They are usually about an inch in diameter. There is also a smaller 

wire at the top of the structure, called a shield wire. The shield wire is designed to protect the power line from lightning. Poles with two sets of three wires (conductors) are called “double-circuit” poles. Sometimes a distribution line is strung under the transmission lines reducing the need for additional power poles.


Electricity is transferred from the power plant to the users, through the electric grid. The grid consists of two separate infrastructures: the high-voltage transmission system and the lower-voltage distribution system. High-voltage transmission lines minimize electrical losses and are therefore used to carry electricity hundreds of miles. 


The interface between different voltage transmission lines and the distribution system is the electrical substation. Substations use transformers to “step down” voltages from the higher transmission voltages to the lower distribution system voltages. Transformers located along distribution lines further step down the line voltages for household usage.
1 Static Shunt Compensators

Shunt compensation is used to influence the natural electrical characteristics of the transmission line to increase the steady-state transmittable power and to control the voltage profile along the line.

As static shunt compensators are known Static Var Compensators (SVC) and Static Synchronous Compensators (STATCOM). The IEEE-definition of a SVC is as follows:
Static VAR Compensator (SVC): A shunt-connected static var generator or absorber whose output is adjusted to exchange capacitive or inductive current so as to maintain or control specific parameters of the electrical power system (typically bus voltage).

SVC is an umbrella term for several devices. The SVC devices discussed in the following sections are the TCR, TSR and TSC. The characteristics of a SVC are described as

· based on normal inductive and capacitive elements

· not based on rotating machines

· control function is through power electronics.
The STATCOM which is discussed in Sect. 1.3 has the following characteristics
· based on voltage source synchronized to network

· not based on rotating machines

· control function is based on adjustment of voltage.
By placing the shunt in the middle of a line and therefore dividing the line into two segments, the voltage at this point can be controlled such that it has the same value as the end line voltages. This has the advantage that the maximal power transmission is increased.

If the shunt compensator is located at the end of a line in parallel to a load it is

possible to regulate the voltage at this end and therefore to prevent voltage instability caused by load variations or generation or line outages.

As shunt compensation is able to change the power flow in the system by varying the value of the applied shunt compensation during and following dynamic disturbances the transient stability limit can be increased and effective power oscillation damping is provided. Thereby the voltage of the transmission line counteracts the accelerating and decelerating swings of the disturbed machine and therefore dampens the power oscillations.

1.1 Thyristor-Controlled and Thyristor-Switched Reactor (TCR

And TSR):
TCR: A shunt-connected, thruster-controlled inductor whose effective reactance is varied in a continuous manner by partial-conduction control of the thyristor value.
An elementary single-phase thyristor-controlled reactor (TCR) is shown in Fig. 1. The current in the reactor can be controlled from maximum to zero by the method of firing delay angle control. That is the duration of the current conduction intervals is controlled by delaying the closure of the thyristor valve with respect to the peak of the applied voltage in each half-cycle (Fig. 1). For alpha = 0. The amplitude is at its maximum and for alpha = 90. The amplitude is zero and no current is flowing during the corresponding half-cycle. Like this the same effect is provided as with an inductance of changing value.

A thyristor switched reactor (TSR) has similar equipment to a TCR, but is used only at fixed angles of 90. And 180., i.e. full conduction or no conduction. The reactive current is(t) will be proportional to the applied voltage. Several TSRs can provide a reactive admittance controllable in a step-like manner.
1 Static Shunt Compensators:
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Figure 1: Thyristor-Controlled Reactor




TSR: A shunt-connected, thyristor-switched inductor whose effective reactance is varied in a stepwise manner by full- or zero-conduction operation of the thyristor

value.
If a TSR or TCR is placed in the middle of the line to keep the voltage at this place at the same value as at the ends of the line the maximal transmittable power is doubled. This can be shown considering the diagram in Fig. 2
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Figure 2: Two machine system with SVC in the middle
The transmitted power results in

[image: image4.png]P

RiU,- I3}
o
{"Y’ sin (6/4) cos(3/4) Jsm[a/.n)}

n(s/2)




[image: image5.png]



Figure 3: Transmitted power versus transmission angle characteristic for a SVC
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In a three-phase system, three single-phase thyristor-controlled reactors are used, usually in delta connection. Under balanced conditions, the triple-n harmonic currents (3rd, 9th, 15th, etc.) circulate in the delta connected TCRs and do not enter the power system. The magnitudes of the other harmonics generated by the thyristor-controlled reactors can be reduced by various  methods.

One method employs m parallel-connected TCRs, each with 1/m of the total rating required (Fig. 4). The reactors are sequentially controlled, i.e. only one of the m reactors is delay angle controlled, and each of the remaining m - 1 reactors is either fully “on” or fully “off” depending on the total reactive power required. Like this the amplitude of every harmonic is reduced by the factor m with respect to the maximum rated fundamental current.
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Figure 4: Method for controlling four TCR banks to achieve harmonic reduction

Another method employs a 12-pulse TCR arrangement. In this, two identical three phase delta connected thyristor-controlled reactors are used, one operated from wye connected windings, the other from delta-connected windings of the secondary of a coupling transformer. Because of the 30-degree phase shift between the related voltages of the two transformer windings, the harmonic currents of order 6(2k - 1) and 6(2k - 1) + 1, k = 1, 2, 3, ... cancel, resulting in a nearly sinusoidal output current at all delay angles.

Further harmonic cancellation is possible by operating three or more delta connected TCRs from appropriately phase shifted voltage sets. In practice, these 18 and higher pulse circuit arrangements tend to be too complex and expensive.

If the TCR generated harmonics cannot be reduced sufficiently by circuit arrangements, such as the four-reactor system or the 12-pulse structure, harmonic filters are employed. Normally, these filters are series LC and LCR branches in parallel with the TCR and are tuned to the dominant harmonics.

1.2 Thyristor-Switched Capacitor (TSC):

TSC: A shunt-connected, thyristor-switched capacitor whose effective reactance is varied in a stepwise manner by full- or zero-conduction operation of the thyristor value.

In Fig. 5, a single-phase thyristor-switched capacitor (TSC) is shown. The TSC branch can be switched out at a zero crossing of the current. At this time instance the capacitor value has reached its peak value. The disconnected capacitor ideally stays charged at this peak value and the voltage across the nonconducting thyristor varies in phase with the applied ac voltage.
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Figure 5: Thyristor-Switched Capacitor

Normally, the voltage across the capacitor does not remain constant during the time when the thyristor is switched out, but it is discharged after disconnection. To minimize transient disturbances when switching the TSC on, the reconnection has to take place at an instance where the AC voltage and the voltage across the conductor are equal, that is when the voltage across the thyristor valve is zero. However, there will still be transients caused by the nonzero duS/dt at the instant of switching, which, without the reactor, would result an instant current in the capacitor (iS = C ·duS/dt). The interaction between the capacitor and the current (and diS/dt) limiting reactor produces oscillatory transients on current and voltage.
From these elaborations it follows that firing delay angle control is not applicable to capacitors; the capacitor switching must take place at that specific instant in each cycle at which the conditions for minimum transients are satisfied. For this reason, a TSC branch can provide only a step-like change in the reactive current it draws (maximum or zero). Thus, the TSC is a single capacitive admittance which is either connected to or disconnected from the AC system. The current through the capacitor varies with the applied voltage. To approximate continuous current variations, several TSC branches in parallel may be used.

1.3 Static synchronous compensator: STATCOM:
STATCOM: A static synchronous generator operated as a shunt-connected static VAR compensator whose capacitive or inductive output current can be controlled independent of the AC system voltage.
A STATCOM is a controlled reactive-power source. It provides voltage support by generating or absorbing reactive power at the point of common coupling without the need of large external reactors or capacitor banks. The basic voltage-source converter scheme is shown in Fig. 6.
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Figure 6: Static Synchronous Compensator

The charged capacitor Cdc provides a DC voltage to the converter, which produces a set of controllable three-phase output voltages with the frequency of the AC power system. By varying the amplitude of the output voltage U, the reactive power exchange between the converter and the AC system can be controlled. If the amplitude of the output voltage U is increased above that of the AC system UT , a leading current is produced, i.e. the STATCOM is seen as a conductor by the AC system and reactive power is generated. Decreasing the amplitude of the output voltage below that of the AC system, a lagging current results and the STATCOM is seen as an inductor. In this case reactive power is absorbed. If the amplitudes are equal no power exchange takes place.

A practical converter is not lossless. In the case of the DC capacitor, the energy stored in this capacitor would be consumed by the internal losses of the converter. By making the output voltages of the converter lag the AC system voltages by a small angle, the converter absorbs a small amount of active power from the AC system to balance the losses in the converter.

Instead of a capacitor also a battery can be used as DC energy. In this case the converter can control both reactive and active power exchange with the AC system. The capability of controlling active as well as reactive power exchange is a significant feature which can be used effectively in applications requiring power oscillation damping, to level peak power demand, and to provide uninterrupted power for critical load.

The derivation of the formula for the transmitted active power employs considerable calculations.
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The resulting characteristic of the transmitted power versus transmission angle is given in Fig. 9.
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Figure 9: Transmitted power versus transmission angle characteristic of a STATCOM

2 Static Series Compensators
The variable series compensation is highly effective in both controlling power flow in the line and in improving stability. With series compensation the overall effective series transmission impedance from the sending end to the receiving end can be arbitrarily decreased thereby influencing the power flow (P = U2/X sin[image: image12.bmp]). This capability to control power flow can effectively be used to increase the transient stability limit and to provide power oscillation damping.

2.1 Thyristor-Switched Series Capacitor (TSSC):
The basic element of a TSSC is a capacitor shunted by bypass valve shown in Fig. 10. The capacitor is inserted into the line if the corresponding thyristor valve is turned off, otherwise it is bypassed.
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Figure 10: Course of capacitor voltage for a basic element in a TSSC

surge current in the valve, and the corresponding circuit transient. This results in a possible delay up to one full cycle to turn the valve on.

Therefore, if the capacitor is once inserted into the line, it will be charged by the line current from zero to maximum during the first half-cycle and discharged from maximum to zero during the successive half-cycle until it can be bypassed again. This is illustrated in Fig. 10.

A Thyristor-Switched Series Capacitor is built from several of these basic elements in series (Fig. 11). 
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Figure 11: Thyristor-Switched Series Capacitor
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Figure 12: a) Two machine system with TSSC and b) corresponding transmitted power versus angle characteristics

The transmitted active power is calculated from the general formula for transmitted active power on a line and is given as
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Where
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2.2 Thyristor-Controlled Series Capacitor (TCSC):
TCSC: A capacitive reactance compensator which consists of a series capacitor bank shunted by a thyristor-controlled reactor in order to provide a smoothly variable series capacitive reactance.
The scheme of a Thyristor-Controlled Series Capacitor is given in Fig. 15. A parameter to describe the TCSC main circuit is [image: image18.bmp] which is the quotient of the resonant frequency and the network frequency resulting in
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Where XC =[image: image20.png]


 and XL =[image: image21.bmp]. Reasonable values for [image: image22.bmp] fall in the range of 2 to 4.
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Figure 15: Thyristor-Controlled Series Capacitor (TCSC)
The operating modes of a TCSC are characterized by the so-called boost factor
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1. Blocking mode: The thyristor valve is not triggered and the thyristors are

kept in nonconducting state. The line current passes only through the capacitor

bank (XTCSC = XC). Thus, the boost factor is equal to one. In this mode the

TCSC performs like a fixed series capacitor.

2. Bypass mode: The thyristor valve is triggered continuously and therefore the

valve stays conducting all the time. The TCSC behaves like a parallel connection

of the series capacitor and the inductor. As
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the voltage is inductive and the boost factor is negative. When _ is considerably

larger than unity the amplitude of uC is much lower in bypass than in blocking

mode. Therefore, the bypass mode is utilized to reduce the capacitor stress

during faults.
3. Capacitive boost mode: If a trigger pulse is supplied to the thyristor having

forward voltage just before the capacitor voltage crosses the zero line a capacitor

discharge current pulse will circulate through the parallel inductive branch. The

discharge current pulse adds to the line current through the capacitor bank. It

causes a capacitor voltage that adds to the voltage caused by the line current.

The capacitor peak voltage thus will be increased in proportion to the charge
that passes through the thyristor branch. The charge depends on the conduction

angle [image: image26.bmp]
4. Inductive boost mode: If the conduction angle is increased above [image: image27.bmp] the

mode changes from conductive to inductive boost mode (Fig. 17). In the induc-

tive boost mode, large thyristor currents may occur. The curves of the currents

and the voltage for three different conduction angles are given in Fig. 18. The

capacitor voltage waveform is very much distorted from its desired sinusoidal

shape. Because of this waveform and the high valve stress, the inductive boost

mode is less attractive for steady state operation.
2.3 GTO Thyristor-Controlled Series Capacitor (GCSC):
An elementary GTO Thyristor-Controlled Series Capacitor consists of a fixed capacitor with a GTO thyristor valve that has the capability to turn on and off upon command. The structure is given in Fig. 19. The objective of the GCSC scheme is to control the AC voltage uC across the capacitor at a given line current i. When the GTO is closed uC is zero and when it is open uC is at its maximum. For controlling the capacitor voltage, the closing and opening of the valve is carried out in each half-cycle in synchronism with the AC system frequency. The GTO valve is stipulated to close automatically whenever the capacitor voltage crosses zero. The turning off of the valve is controlled by a delay angle  with respect to the peak of the line current. Therefore, the adjustment of the capacitor voltage can only take place once in each half-cycle.

This is shown in Fig. 19. Like this the effect of a capacitor with controllable reactance is introduced.
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Figure 19: GTO-Controlled Series Capacitor

2.4 Static Synchronous Series Compensator (SSSC):

Static-Synchronous Series Compensator (SSSC): A static synchronous generator operated without an external electric energy source as a series compensator whose output voltage is in quadrature with, and controllable independently of, the line current for the purpose of increasing or decreasing the overall reactive voltage drop across the line and thereby controlling the transmitted electric power. The SSSC may include transiently rated energy storage or energy absorbing devices to enhance the dynamic behavior of the power system by additional temporary active power compensation, to increase or decrease momentarily, the overall active (resistive) voltage drop across the line.
A SSSC is a voltage-source converter-based series compensator. The principle of a SSSC is shown in Fig. 20 for a two machine system.
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Figure 20: Synchronous voltage source for compensation

The transmitted active power
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Figure 21: Transmitted power versus transmission angle provided by the SSSC

Therefore, the transmitted power P is a function of the injected voltage Uq. The

transmitted power versus transmission angle characteristic is given in Fig. 21.

If the magnitudes of the end line voltages are equal, i.e. U1 = U2 = U
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 Use of FACTS:

Shunt compensators, series compensators as well as combinations of these two types of compensators have been discussed. The application of these devices depends on the problem which has to be solved. In Table 1, an overview of problems occurring in the grid and which FACTS to be used to solve these problems are given
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Table 1: Examples of use for FACTS
Conclusion:

All existing FACTS controllers may be classified according to the proposed scheme, which currently allows 180 possibilities (including all possible and impossible cases). It is extendible in future by adding further choices to the existing categories, and by adding new characteristics if these should become relevant. We hope that this proposal will be adopted (perhaps adapted!) as the basis of a universal classification scheme for FACTS controllers.
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