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Abstract – “FACTS” (Flexible AC Transmission Systems) covers
several power electronics based systems utilized in AC power
transmission and distribution. FACTS solutions are particularly
justifiable in applications requiring rapid dynamic response,
ability for frequent variations in output, and/or smoothly
adjustable output. Under such conditions, FACTS is a highly
useful option for enabling or increasing the utilization of
transmission and distribution grids. In green-field projects, AC
plus FACTS will likewise in many cases prove attractive and cost
effective in relation to other options.
With FACTS, a number of benefits can be attained in power
systems, such as dynamic voltage control, increased power
transmission capability and stability, facilitating grid integration
of renewable power, and maintaining power quality in grids
dominated by heavy and complex industrial loads. Several
examples of these benefits are demonstrated in the paper by means
of recent installations of FACTS devices in various parts of the
world.
Some salient design features of the main FACTS devices are
presented, as well.

I. INTRODUCTION
With power demand on the rise, power transmission needs
to be developed at a corresponding pace. A traditional
approach to transmission network development would simply
be building more and more powerful lines. This, however,
may not at all be the best way, as power transmission lines
over distances and of large power transmission capability cost
a lot of money, take considerable time to build, and may be
perceived as unattractive in the landscape. In fact, for
environmental and esthetical reasons alone, it may very well
turn out impossible to obtain the necessary permits to build
new transmission lines. A more intelligent way may be to
take a fresh look at facilities already in place in the system,
and find ways for increased utilization of the said facilities.
This is where FACTS is coming in.
The term “FACTS” (Flexible AC Transmission Systems)
covers several power electronics based systems utilized in
AC power transmission and distribution [1]. FACTS
solutions are particularly justifiable in applications requiring
rapid dynamic response, ability for frequent variations in
output, and/or smoothly adjustable output. Under such
conditions, FACTS is a highly useful option for enabling or
increasing the utilization of transmission and distribution
grids. In green-field projects, AC plus FACTS will likewise
in many cases prove attractive and cost effective in relation to
other options.

FACTS devices can be sub-divided into three groups:
• Shunt devices such as SVC and STATCOM1
• Series Capacitors
• Dynamic Energy Storage2
With FACTS, a number of benefits can be attained in
power systems:
• Dynamic voltage control, to limit over-voltages
over lightly loaded lines and cable systems, as well
as, on the other side, prevent voltage depressions or
even collapses in heavily loaded or faulty systems.
In the latter case, systems with dominant air
conditioner loads are getting increasingly important
as examples of what can be achieved with FACTS
when it comes to dynamic voltage support in power
grids in countries or regions with a hot climate [2].
• Increased power transmission capability and
stability of power corridors, without any need to
build new lines. This is a highly attractive option,
costing less than new lines, with less time
expenditure as well as impact on the environment.
• Facilitating connection of renewable generation
by maintaining grid stability and fulfilling grid
codes.
• Facilitating the building of high speed rail by
supporting the feeding grid and maintaining power
quality in the point of connection.
• Maintaining power quality in grids dominated by
heavy and complex industrial loads such as steel
plants and large mining complexes.
Several examples of these benefits are demonstrated in the
paper by means of current or recent installations of FACTS
devices in various parts of the world.
II. SVC
An SVC (Static var compensator) is based on thyristor
controlled reactors (TCR), thyristor switched capacitors
(TSC), and/or harmonic filters. Two common design types,
each having its specific merits, are shown in Fig. 1a and 1b.
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A TCR consists of a fixed shunt reactor in series with a bidirectional thyristor valve. TCR reactors are as a rule of air
core type, glass fibre insulated, and epoxy resin impregnated.
A TSC consists of a capacitor bank in series with a bidirectional thyristor valve and a damping reactor which also
serves to de-tune the circuit to avoid parallel resonance with
the network. The thyristor switch acts to connect or
disconnect the capacitor bank for an integral number of halfcycles of the applied voltage. The TSC is not phase
controlled, which means it does not generate any harmonic
distortion.
A complete SVC based on TCR, TSC and harmonic filters
may be designed in a variety of ways, to satisfy a number of
criteria and requirements in its operation in the grid. In
addition, slow vars by means of Mechanically switched
capacitors (MSC) can be incorporated in the schemes, as
well, if required.
A. SVC characteristics
An SVC has a voltage-current characteristic (VI) as shown
in Fig. 2. The SVC current/susceptance is varied to regulate
the voltage according to a droop characteristic, or slope. The
slope setting is important in coordination with other voltage
control equipment in the grid. It is also important in
determining at what voltage the SVC will reach the limit of
its control range. A large slope setting will extend the active
control range to a lower voltage, but at the expense of voltage
regulation accuracy.
In Fig. 2, the voltage improving effect of the SVC is
demonstrated for three different load cases by letting the SVC
characteristic intersect with system load lines for the
following cases (Slope: Xs):
1:
2:
3:
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Fig. 2: System voltage correction by means of SVC.

B. Control system
The primary objective of the control system is to
determine the SVC susceptance needed in the point of
connection to the power system, in order to keep the system
voltage close to the desired value. This function is realised by
measuring the system voltage and comparing it with the set
(reference) value. In case of a discrepancy between the two
values, the controller orders changes in the susceptance until
equilibrium is attained.
The controller operation results in a susceptance order
from the voltage regulator which is converted into firing
orders for each thyristor. The overall active SVC susceptance
is given by the sum of susceptances of the harmonic filters,
the continuously controllable TCR, and the TSC if switched
into operation. The control system also includes supervision
of currents and voltages in different branches. In case of
need, protective actions are taken.
C. Thyristor valves
The thyristor valves consist of single-phase assemblies.
The thyristors are electrically fired. The energy for firing is
taken from snubber circuits, also part of the valve assembly.
The order for firing the thyristors is communicated via optical
light guides from the valve control unit located at ground
potential.
Phase Controlled Thyristors (PCT) as well as Bidirectional Control Thyristors (BCT) are available for
utilization. In BCT, two thyristors are integrated into one
wafer with separate gate contacts, one for each current
direction. Thus, the valves only require one thyristor stack in
each phase instead of two, enabling considerable compacting
of the valve design (Fig. 3).
Between thyristors, heat sinks are located. The heat sinks
are connected to a water piping system. The cooling media is
a low conductivity mixture of water and glycol. The TCR and
TSC valves each comprise a number of thyristors in series, to
obtain the voltage blocking capability needed for the valves.
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Fig. 3: Thyristor valve of BCT design.

III.

TWO RECENT INSTALLATIONS

In this section, two cases are highlighted where SVC plays
a key role to enable improved grid performance as follows:
• SVCs for dynamic voltage stabilisation of a subtransmission grid with strong wind power
penetration.
• SVC for dynamic voltage stabilisation of a long
transmission grid feeding a large mining complex.
A. SVCs for stabilising a grid with strong wind
penetration
In western Texas, there is an abundance of wind power. In
one hub, located in the McCamey area south of Odessa, wind
production has grown to 750 MW and is expected to grow to
well over 1 GW in the next few years. This corresponds to
some 80% wind power penetration. In a second hub, the
Central area located south of Abilene, 1000 MW of wind
power is installed. Adequate dynamic reactive power support
is necessary to maintain system operation at acceptable
voltage levels. To improve and maintain system voltage
stability in the McCamey and Abilene areas, three SVCs have
been installed in the system, each rated at 40 Mvar inductive
to 50 Mvar capacitive. Two of these, located at Crane and
Rio Pecos substations, are connected directly to 69 kV
without any step-down transformers. The third is connected
to the 34.5 kV tertiary winding of an existing 345/138 kV
autotransformer.
The concept of medium size SVC units distributed to
critical buses in the system was chosen for the ability to apply
the dynamic support close to the wind power connection
points. This yields effective reactive power support during
post fault system conditions and maximizes the power
transfer capability out of the wind farm areas during shifting
wind conditions.
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Fig. 4. Single-line diagram, Crane and Rio Pecos directly connected
69 kV, -40/+50 Mvar SVCs.

Fig. 4 shows the SVCs installed at Crane and Rio Pecos,
each one rated at 69 kV, -40/+50 Mvar. It comprises a TCR
rated at 90 Mvar and three parallel harmonic filters tuned to
the 5th, 7th, and 13th harmonics, yielding altogether 50 Mvar at
grid frequency. Each SVC also has the ability to control up to
five external MSC and MSR (mechanically switched
reactors). In addition to enhancing the overall dynamic
stability, this approach also enables implementation of large
sized shunt elements, as the number of switching operations
is minimized. These factors added together have given an
extremely cost effective Static Var System and also helped
improve the project´s total cost effectiveness [3].
The directly connected thyristor valves employ series
connected 4” BCT (Bi-directional control thyristors), watercooled, together with associated grading circuits, thyristor
electronics, heat sinks and clamping arrangements (Fig. 5).

Fig. 5. TCR valves for directly connected SVCs.

In Fig. 6, a site photo of the Crane SVC is displayed.

Fig. 7. Site photo of one of the 220 kV SVC in Western Australia.
Fig. 6. Crane 69 kV SVC.

In the given example, a comparison between the case
benefiting from SVC and a base case without SVC suggests
that to attain adequate system stability without SVC would
most probably require comprehensive reinforcing of the grid
by means of building additional transmission lines and/or
upgrading the existing system to higher voltages. That would
induce far higher costs as well as much longer
implementation times. As conclusion, the chosen technology
represents an attractive solution to the grid stability problem.

The SVC (Fig. 8) is rated at 75 Mvar inductive to 75 Mvar
capacitive (-/+ 75 Mvar), with an overload capability of -/+
100 Mvar for up to a maximum duration of one hour. The
SVC also controls the two MSCs, each rated at 220 kV, 25
Mvar and located at the Juna Downs substation.
220 kV

75 MVA

B. SVC for dynamic voltage support of long weak
grid feeding a mining complex
A large iron ore mining complex in Western Australia is
fed over a more than 500 km radial 220 kV grid with
generation at one end and the mining load plus additional
generation at the other. The main part of the generation is
located at the coast, whereas the main load is inland.
The 220 kV line connecting the load with the coastal
generation area suffers from degraded availability due to
outages caused by lightning.
At Juna Downs, the load is 85% heavy mining loads with
crushers, conveyors, pumps, etc. The remainder chiefly
consists of air conditioning. The fault level at the 220 kV
point of common connection (PCC) is low, dipping below
200 MVA in certain grid situations. During contingencies, the
feeding voltage could drop to 0.8-0.5 p.u., droping relays, and
losing large motors as well as other vital functions.
To improve the power supply, as well as accommodate
planned increases of ore extraction, an SVC (Static var
compensator) has been installed at the Juna Downs 220 kV
substation. The primary function of the SVC is to provide
reliable reactive power support to the area and stabilise the
220 kV voltage under steady state conditions as well as
transient disturbances, keeping the system and loads on line.
Two MSCs (Mechanically switched capacitors) were also
part of the undertaking, as well as an extension of the existing
220 kV substation.
In Fig. 7, a site photo of the SVC is displayed.
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Fig. 8. Juna Downs 220 kV SVC.

Undervoltage strategy Due to the low fault levels in the
Pilbara network, a number of studies were performed to
enable proper SVC response to fault conditions without
initiating overvoltages or resonances in the grid. The studies
resulted in a special undervoltage strategy that not just detects
if there is a symmetrical or unsymmetrical fault in the
network, but also blocks and deblocks the TSC in such a way
that the TSC operates to fully support the system with
reactive power when needed, but is blocked at the instant of
voltage recovery to avoid overshoots.
External bank control The two 25 Mvar MSCs at the
Juna Downs substation are controlled from the SVC. The
primary purpose of this control function is to manage the
available network reactive power sources to maintain a steady

voltage level and minimize the number of circuit breaker
operations, while preserving the SVC dynamic range.
Operational experience Experience from the initial test
period shows excellent correlation between load drops which
would have led to voltage rises, and the SVC going inductive
to keep the feeding grid voltage at its set point. Likewise
between load increases which would have led to voltage
drops, and the SVC going capacitive to support the voltage.
IV.

SERIES COMPENSATION

Series capacitors offer increase of the transmission
capability of new or existing circuits by:
• An improvement of angular stability
• Improvement of voltage regulation and reactive
power balance
• Improved load sharing between parallel circuits.
Angular stability is a particularly critical issue for EHV
corridors, due to the large amounts of power typically
transmitted, as well as the very long lines that are typical for
power transmission at this voltage level (220 kV, 400 kV, and
higher). Series compensation is a highly efficient means for
improving conditions in this respect [4].
C. Main circuit diagram
For proper functioning, series compensation requires
control, protection and supervision to enable it to perform as
an integrated part of a power system. Also, since the series
capacitor is working at the same voltage level as the rest of
the system, it needs to be fully insulated to ground.

Fig. 9. Series capacitor scheme.

The main circuit diagram of a series capacitor is shown in
Fig. 9. The main protective device is a varistor (Z), usually of
ZnO type, limiting the voltage across the capacitor to safe
values in conjunction with possible system faults giving rise
to large short circuit currents flowing through the line.

A Fast Protective Device (T) is utilized in many cases, to
enable by-pass of the series capacitor in situations where the
varistor is not sufficient to absorb the excess current during a
fault sequence.
A bypass switch (B) is incorporated in the scheme to
enable bypassing and insertion of the series capacitor as need
may be. It is also needed for relieving the Fast Protective
Device, or, in the absence of such, for by-passing the varistor
in conjunction with faults close to the series capacitor.
Finally, a Damping Circuit (D) is incorporated in the
scheme. The purpose of D is to limit and damp the high
frequency discharge current which arises when the Fast
Protective Device operates or the bypass switch is closed.
The high frequency discharge current must be limited and
damped to be within the withstand capabilities of the man
circuit equipment of the Series Capacitor.
D. Fast protective device
Previous over-voltage protection schemes for series
capacitors have had limitations regarding size, performance
and sensitivity to environment. For a long time there was a
need for more compact and environmentally robust solutions.
There has also been a need for a more developed protection
scheme which can perform with less MOV and at the same
time add new features to the series capacitor concept. To
answer this challenge, the new type of series capacitor
protection scheme was developed, designated Fast Protective
Device (FPD). It is intended to operate in combination with
the primary MOV in high and extra high voltage series
capacitor applications [5].
The FPD scheme is based on a new type of hermetically
enclosed and very fast high power switch, CapThor, which
replaces conventional spark gaps. The FPD works in
combination with the MOV, and allows bypassing in a very
controlled way in order to reduce the energy dissipation in the
MOV. The FPD scheme has several notable advantages over
previous, conventional schemes with spark gaps:
• More compact
• Unaffected by the environment
• Capacitor by-passing possible for a wide range of
voltages
• Adds flexibility for future series capacitor
upgrading.
CapThor consists of two high voltage modules (Fig. 10).
The modules comprise one Arc Plasma Injector (API) and
one Fast Contact (FC) respectively, enclosed in composite
insulator housings. The two modules are connected in parallel
and are very compact when compared with conventional
spark gaps. The modules are hermetically enclosed and filled
with air at over pressure. The function of CapThor is
independent of environmental conditions and designed for
high series capacitor protection levels and fault currents.

A lay-out of one phase out of three for one series capacitor
(dual segment) is shown in Fig. 12.

Fig. 10. CapThor. Left-most picture:
The Arc Plasma Injector to the left and the Fast Contact to the right.

CapThor does not need any electrode adjustments for
project specific capacitor voltages or fault currents. It does
not suffer from the conventional spark gap dilemma electrodes having to be close enough for secure operation, but
separated enough not to unintentionally spark over – as it
does not require a high electrical field between the electrodes
to operate.

Fig. 12. 765 kV series capacitor lay-out, one phase out of three.

VI.

SVC LIGHT

V. SERIES CAPACITOR EXPERIENCE
Totally six series capacitors are coming on line in 2012 in
the 765 kV national grid in South Africa, to strengthen the
power transmission network in the Western Cape region. The
installations, which form part of an initiative to increase
power transmission capacity to the Cape region, will allow
the utility more flexibility and reduce its reliance on existing
local power generation. The ratings of the series capacitors
range from 450 Mvar up to approximately 1300 Mvar.

SVC Light is a STATCOM type of device, based on VSC
(Voltage Source Converter) technology and equipped with
IGBTs
(Insulated
Gate
Bipolar
Transistor)
as
semiconductors. A typical voltage-current characteristic of an
SVC Light is shown in Fig. 13.
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Fig. 11. Single segment series capacitor scheme.

The main circuit design is based on single segment
schemes in four of the series capacitors (Fig. 11). In the
remaining two, due to their sizes (each 1340 Mvar), subdivision into dual segments schemes has been applied. In
both cases, protection of the series capacitors involves the
FPD.

Fig. 13. SVC Light voltage/current characteristic.

With SVC Light, voltage stability is improved in power
systems. This enables a maximizing of system availability as
well as of power transmission capability over existing as well
as new lines.
With SVC Light, power quality is improved, as well. This
enables the operation of heavy industry such as steelworks
and mines without violation of power quality requirements,
without the need of reinforcing the grid just to meet power
quality demands and without causing nuisance to other
consumers in the grid. Other cases of growing importance are
dynamic balancing of unsymmetrical loads emanating from

high speed traction fed from AC grids, and conditioning of
in-feed of wind power.
From a practical point of view, the SVC Light technology
brings further benefits such as:
• Reduced area requirements, due to the replacing of
passive reactive components by compact electronic
converters;
• Modular, factory assembled units, reducing site
works and commissioning time and costs;
• Natural re-locatability, due to modular, compact
design as well as low harmonic interaction with the
grid.
It is worth pointing out that SVC Light is capable of
yielding a high reactive input to the grid more or less
unimpeded by possible low grid voltages, and with a high
dynamic response (Fig. 13). This is highly useful to improve
the fault ride-through capability of wind farms, where
otherwise the returning voltage upon fault clearing would be
depressed.
A. Voltage source converters
The function of a VSC is a fully controllable voltage
source matching the system voltage in phase and frequency,
and with an amplitude which can be continuously and rapidly
controlled, so as to be used as the tool for reactive power
control (Fig. 14).

From equations (1) and (2) it can be seen that by choosing
zero phase-shift between the bus voltage and the VSC voltage
(δ = 0), the VSC will act as a purely reactive element. (In
reality, a small phase shift is allowed, in order to make up for
the VSC losses.) It is further seen that if U2 › U1, the VSC
will act as a generator of reactive power, i.e. it will have a
capacitive character. If U2 ‹ U1, the VSC will act as an
absorber of reactive power, i.e. it will have an inductive
character.
The reactive power supplied to the network can be
controlled very fast. The response time is limited mainly by
the switching frequency and the size of the reactor.
B. Experience: a Chilean case
An SVC Light came on line recently in a power
transmission corridor in Chile supplying power from the
south of the country up to the Santiago area, a distance of
close to 400 km. The SVC Light, rated at 65 Mvar inductive
to 140 Mvar capacitive, has the purpose of increasing the
power transmission capability of the existing corridor. This is
achieved by means of the following functions of the SVC
Light:
• Regulating and controlling the 220 kV positivephase sequence voltage at the point of connection
under normal steady-state and contingency
conditions;
• Providing dynamic, fast response reactive power
following system contingencies;
• Enhancing the first swing stability by maintaining
system voltages during large disturbances.

Fig. 14. VSC: a controllable voltage source.

In the system, the VSC is connected to the system bus via
a small reactor. With the VSC voltage and the bus voltage
denoted U2 and U1 respectively, it can be shown that the
output of the VSC can be expressed as follows:

U 1U 2
sin δ
X
UU
U2
Q = 1 2 cos δ - 1
X
X
P=

where
P:
Active power of the VSC
Q: Reactive power of the VSC
U1: Bus voltage
U2: VSC voltage
δ:
Phase difference between the voltages
X: Reactance of the coupling reactor.

(1)
(2)

Fig. 15: Single-line diagram of SVC Light.

The SVC Light comprises a VSC rated at -/+ 102.5 Mvar
connected in parallel with an array of harmonic filters rated
and tuned as follows (Fig. 15):

-12.5 Mvar, 5th harmonic
-10 Mvar, 12th harmonic
-15 Mvar, 33rd harmonic.
The SVC Light is connected to the 220 kV power grid by
means of a 140 MVA step-down transformer. A site view of
the SVC Light is given in Fig. 16.

A. Applications
By means of DynaPeaQ, benefits in conjunction with
integrating wind power in grids are enabled:
• Storage of energy during low demand, to be released
into the grid during periods of high demand or
during periods of more favourable price rates
• Levelling out power fluctuations
• Providing ancillary services such as area frequency
control
• Spinning reserve
B. A pilot case
A DynaPeaQ pilot installation came on line in 2011 in an
11 kV distribution grid in the UK (Fig. 18). Its purpose is to
test the functionality of the concept in conjunction with a
small wind farm and try out various applications such as
levelling out short time power fluctuations from the wind
farm and storing energy during low demand, to be released
into the grid during high demand [6].

Fig. 16. SVC Light, 220 kV, -65/+140 Mvar.

VII.

DYNAMIC ENERGY STORAGE

DynaPeaQ (SVC Light with Energy Storage) is based on
Li-ion batteries. Since SVC Light is designed for high power
applications and series connected IGBTs are used to adapt the
voltage level, the pole-to-pole voltage is high. Therefore, a
number of batteries are connected in series to build up the
required voltage level in a battery string. To obtain higher
power and energy, a number of parallel battery strings may
be added (Fig. 17).
SVC Light
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Fig. 18. SVC Light with Energy Storage.
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