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In order to increase the voltage stability of HV power networks, shunt capacitors and
shunt reactors are often applied at line terminals. At varying load conditions,
switching of these reactive elements may require frequent (daily) switching operati­
ons. For shunt capacitor banks the very high inrush currents with the inherent busbar
voltage collapse can be a serious problem. Single bank switching represents the worst
case condition for the power system, back-to-back switching for the circuit breaker
itself. With controlled energizing it is possible to reduce these transients to an
absolute minimum. On shunt reactor de-energizing the circuit breaker may reignite at
short arcing times. This may lead to multiple reignitions and voltage escalation. The
inherent large rate of rise of the resulting reignition transients may damage the shunt
reactors insulation.. By controlled opening, current interruption at short arcing times
can be avoided.

In the project, items such as the reactive power installed and planned, considerations
on applying controlled switching, experienee of users and experimental field tests are
discussed.

The investigations have lead to the conclusion that at present controlled switching is
not applicable in general yet. Only in certain installations it is recomrnended to apply
controlled switching.

For shunt capacitor banks a discrepancy should be made between critical and non­
critical installations. For the non-criticaI installation a series damping network is
usually sufficient. For critical installations a combination of controlled switching and a
series damping network is recornmended. Controlled interruption of shunt reactor
currents is especially recornmended for the highest system voltages.
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List or definitions

Arcing contact - A contact on which the arc is intended to be established. An arcing
contact may serve as a main contact. It may be a separate contact so designed that it
opens after and closes before another contact which. it is intended to protect from
injury.

Arcing time of a pole - The interval of time between the instant of the first initiation
of the arc and the instant of final arc extinction in thal pole.

Arcing time of a multipole circuit-breaker - The interval of time between the instant of
an arc and the instant if final arc extinction in all poles. For circuit-breakers which
embody switching resistors, a distinction should be made between the arcing time up
to the instant of the extinction of the main arc and the arcing time up to the instant
of the breaking of the resistance current. Unless otherwise stated, the arcing time is
the time up to the instant of the extinction of the main arc.

An; instabiIity - Any abrupt change in the conductivity of the gas discharge between
the contacts of a circuit-breaker, occurring away from the natural current zero in the
current loop and having its origin in the discharge characteristics and/or quenching
medium. Arc instability may appear as a discontinuity and/or a high-frequency
oscillation in the voltage across and/or the current through the circuit-breaker.

AuriUiary ciralit - All the conducting parts of a circuit-breaker intended to be
included in a circuit other than the main circuit and the control circuits. Some auxil­
liary circuits serve supplementary requirements such as signalling, interlocking, etc.
and as such they may be connected to the control circuit of another switching device.

AuxiUiary contact - A contact included in an auxilliary circuit and mechanically
operated by the circuit-breaker. The term "mechanically" implies any link by mechani­
cal, pneumatic or hydraulic means.

Breaking current - The current in a pole of a circuit-breaker at the instant of initiation
of the arc during a breaking operation.

Breaking capacity - A value of prospective breaking current that a circuit-breaker is
capable of breaking at a stated voltage under prescribed conditions of use and
behaviour.

Controlled Switching in High Voltage Power Networks xv



List of detinitions

Break time - The interval of time between the beginning of the opening time of a
circuit-breaker and the end of the arcing time.

Capacitor bank breaking capadty - A breaking capacity for which the specified
conditions of use and behaviour include the opening of a capacitor bank

Chopping current - Instantaneous value of the power-frequency current through the
interrupting pole of the circuit-breaker at the moment of current chopping. This
current may be different compared with the current through the main inductance.

Chopping level - Maximum recorded value of the chopping current due to true current
chopping in a specific circuit under rated voltage and normal operating conditions.

Cirr:uït breaker - A mechanical switching device, capable of making, carrying and
breaking currents under normal circuit conditions and also making, carrying for a
specified time and breaking currents under specified abnormal circuit conditions such
as those of short circuit. A circuit-breaker is usually intended to operate infrequently,
although some types are suitable for frequent operation.

CIosing operation - AD operation by which the circuit-breaker is brought from the
open position to the closed position.

C/osed position - The position in which the predetermined continuity of the main
circuit is secured.

CIosing time - The interval of time between the initiation of the closing operation and
the instant when the contacts touch in all poles. The closing time includes the
operating time of any auxilliary equipment necessary to close the circuit-breaker and
forming an integral part of the circuit-breaker. For circuit-breakers which embody
switching resistors, it may be necessary to make a distinction between the closing time
up to the instant when the contacts in series with the switching resistors touch and the
closing time up to the instant when the primary arcing contacts touch. Unless
otherwise stated the closing time is the time up to the instant when the primary
arcing contacts touch.

Contact - Two or more conductors designed to establish circuit continuity when they
touch, and which, due to their relative motion during operation, open or close a
circuit.

Control cirr:uit - All the conducting parts of a circuit-breaker, other than the main cir­
cuit, used for controlling the closing operation or opening operation or both.

Control conJact - A contact included in a control circuit of a circuit breaker and
mechanically operated by the circuit-breaker. The term "mechanically" implies any
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link by mechanical, pneumatic or hydraulic means.

Current chopping - An abrupt current interruption in the circuit-breaker away from
the natural power-frequency current zero of the circuit connected to the circuit­
breaker. Current chopping may be originated by arc instability or by transients in the
circuitry. The current interruption can be incomplete due to post arc conductivity.

Earthed neutral ~stem - A system in which the neutral is connected to earth, either
directly, or through a resistance or reactance of low enough value to reduce material­
ly transient oscillations and to ensure a current sufficient for selective earth-fault
protection.

First parallel oscillation - Oscillation occurring in the current through the circuit­
breaker immediately after a reignition and having its energy sources in the capacitan­
ces of the direct vicinity of the circuit breaker. The frequency of the first parallel
oscillation is in the MHz-region. The discharge is a transient to a new (quasi) steady
state or a new current zero. The capacitances involved are the inherent "stray"
capacitances of the circuit breaker pole and the few metres of conductors connected.
The first parallel oscillation can only develop when a rapid transition from current
zero to a low resistance gas discharge is possible and therefore often does not appear
during athermal reignition but rather during a dielectric breakdown. If occurring, the
oscillation may be strongly damped by the transient discharge itself.

First-pole-to-clear factor (of a three-phase ~stem; and at the 1ocation of a drcuït­
breoker) - The ratio of the power frequency voltage between a sound phase and the
other two phases during a two-phase short-circuit, which mayor may not involve
earth, at the location of the circuit-breaker, to the phase-to-neutral voltage which
would be obtained at the same location with the short-circuit removed.

Impulse withstand voltage - The peak value of the standard impulse voltage wave
which the insulation of the circuit-breaker withstands under specified test conditions.
Depending on the shape of wave, the term may be qualified as "switching impulse
withstand voltage" or "lightning impulse withstand voltage".

Inductive current - Power-frequency current through a circuit-breaker drawn by an
inductive circuit having a power factor 0,5 or less.

Instabi1ity Osdllation - Arc instability appearing in the discharge current as a high
frequency oscillation with an increasing amplitude during at least a part of the
oscillation.

Insulation Level - The values of the impulse withstand voltage and the power
frequency withstand voltage, which together characterize the insulation of the circuit­
breaker with regard to its ability to withstand the electric stresses.
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lsolated neutraI system - A system which has no intentional connection to earth except
through indicating, measuring, or protective devices of very high impedance.

Lood side osciIIation - Oscillation of the interrupted load side network after current
chopping or natural current zero.

Main ciralit - All the conducting parts of a circuit-breaker included in the circuit
which it is designed to close or open.

Main contact - A contact included in the main circuit of a circuit-breaker, intended to
carry the current of the main circuit in the closed position.

Main ciralit osciIlation - Oscillation induced by one or more arc voltage discontinuities
or reignitions and having its energy sources in the generators, capacitances and
lumped inductances of the supply side and load side networks. The frequency of the
main circuit oscillation is generally much lower than that of the second parallel
oscillation. Parallel oscillations and main circuit oscillations can be seen as current
transients which may successively followafter a breakdown in the period between
current zero and a new power-frequency current flow. The oscillations are often
multi-frequency. They often cause current zeros and may consequently originate
virtual current chopping.

Make time - The interval of time between the initiation of the closing operation and
the instant when the current begins to flow in the main circuit. The make time
includes the operating time of any auxilliary equipment necessary to close the circuit­
breaker and forming an integral part of the circuit-breaker. For circuit-breakers which
embody switching resistors, it may be necessary to make a distinction between the
make time up to the instant at which current is first established through the resistors
and the make time up to the instant at which full current is established. The make
time may vary due to the variation of the pre-arcing time.

Making capadty - A value of maximum prospective peak current that a circuit-breaker
is capable of making at a stated voltage under prescribed conditions of use and
behaviour. The conditions of use and behaviour are prescribed in the specification.

Multiple (parallel) capacitor bank (bacJc-to-bacJc capacitor bank) - A bank of shunt
capacitors or capacitor assemblies each of them switched independently to the supply
system, the inrush current of one unit being appreciably increased by the capacitors
already connected to the supply.

Nomwl current - The current which the main circuit of a circuit breaker is capable of
carrying continuously under specified conditions of use and behaviour.

Open position - The position in which the predetermined clearance between open
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contacts in the main circuit is secured.

Opening operation - An operation by which the circuit-breaker is brought from the
closed position to the open position.

Opening time (until separation of the ardng con/acts) - The opening time until
separation of the arcing contacts of a circuit breaker is defined according to the type
of its opening release as stated below and with any time delay device forming an
integral part of the circuit-breaker adjusted to its minimum setting or, if possible, cut
out entirely:
a) For a circuit-breaker tripped by any form of auxilliary power, tbe opening time is

measured from the instant of application of the auxilliary power to the opening
release of the circuit-breaker when in the closed position, to the instant when tbe
arcing contacts have separated in all poles.

b) For a circuit-breaker tripped by a current in the main circuit without the aid of
any form of auxilliary power, the opening time is measured from the instant at
which, the circuit-breaker being in the closed position, the current in the main
circuit reaches the operating value of the over-current release, to the instant when
the arcing contacts have separated in all poles.

For circuit-breakers which embody switching resistors, it may be necessary to make a
distinction between the opening time up to the instant of the separation of the arcing
contacts and the opening time up to the instant of the separation of the contacts in
series with the switching resistors. Unless otherwise stated, the opening time is the
time up to the instant of separation of the primary arcing contacts.

Overvoltage - A voltage to earth, expressed as a peak voltage, which is greater than
the normal peak voltage corresponding to the highest system voltage.

Peak current - The peak value of the first major loop of current during the transient
period following inition.

Po1e - The portion of a circuit breaker associated exclusively with one electrically
separated conducting path of its main circuit and excluding those portions which
provide a means for mounting and operating all poles together. A circuit-breaker is
called single pole if it has only one pole. If it has more than one pole, it may be
called multipole (two-pole, three-pole, etc.) provided the poles are or can be coupled
in such a manner as to operate together.

Power factor (of a circuit) - The ratio of the resistance to the impedanee at power
frequency of an equivalent circuit supposed to be formed by an inductance and a
resistance in series.

Power frequeru:y recovery voltage - The recovery voltage after the transient voltage
phenomena have subsided.
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Power frequency withstand voltage - The r.m.s. value of the sinusoidal altemating
voltage at power frequency which the insulation of the circuit-breaker withstands
under specified test conditions.

Pre-ardng time - The interval of time between the initiation of current flow in the first
pole during a dosing operation and the instant when the contacts touch in all poles.
The pre-arOOg time depends on the instantaneous value of the applied voltage during
aspecific dosing operation and therefore may vary considerabely.

Prospective aurent (of a drr:uit, and with respect to a drcuit-breaker) - The current that
would flow in the circuit, if each pole of the circuit-breaker were replaced by a
conductor of negligible impedance.

Prospective transient recovery voltage (of a circuit and with respect to a drcuit-breaker) ­
The transient recovery voltage fol1owing the breaking of a prospective current without
any direct current component by an ideal circuit-breaker. The definition assumes that
the circuit-breaker for which the prospective transient recovery voltage is sought is
replaced by an ideal circuit-breaker, i.e. with instantaneous transition from zero to
infinite impedance at the very instant of zero current (i.e. at the natural current zero).
For three-phase circuits, the definition further assumes that the breaking of the
current by the ideal circuit-breaker takes place only in the first pole to dear.

Rated value - A stated value of any one of the characteristic values that serve to
define the working conditions for which the circuit-breaker is designed and built.

Recovery peak - Maximum in the voltage across the circuit breaker having a polarity
opposite to the previous arc voltage polarity and occurring after definite polarity
change of the recovery voltage. Suppression peak and recovery peak are not necessa­
rily the absolute maxima in the transient recovery voltage. Previous breakdowns may
have appeared at higher voltage values.

Recovery voltage - The voltage which appears across the terminals of a poIe of a
circuit-breaker after the breaking of current. This voltage may be considered in two
successive intervals of time, one during which a transient voltage exits, fol1owed by a
second one during which power frequency voltage alone exits.

Reignition - A resumption of current between the contacts of a circuit breaker during
a breaking operation in a time interval of zero current of less than v.. cyde of power
frequency.

Restrike - A resumption of current between the contacts of a circuit breaker during a
breaking operation in a time interval of zero current of V4 cyde of power frequency or
longer.
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Restrike-free cirr:uit-breaker - A circuit-breaker that interrupts without restrike during
the capacitive current-breaking test duties specified in standard lEe 56 - 1987.

Second parallel osciIlation - Oscillation in the current occurring after a reignition and
having its energy sources in the capacitances of the supply side and load side
networks connected to the circuit-breaker pole terminals. The frequency of the second
paralleloscillation is generally much lower than that of the first parallel oscillation.
This discharge has a (quasi) steady state character.

Single capacitor bank - A bank of shunt capacitors in which the inrush current is
limited by the inductance of the supply system and the capacitance of the bank of
capacitors being energized, there being no other capacitors connected in parallel to
the system sufficiently close to increase the inrush current appreciably.

Sma1l (capadtive or inductive) currents - The steady state shunt capacitor or shunt
reactor currents are small compared to high voltage circuit breaker fault interrupting
capability.
Supply side (or source side) osdllation - Oscillation of the supply side part of the main
"circuit after current chopping or natural current zero.

Suppression Peak - Maximum in the transient voltage across the circuit-breaker, having
the same polarity as the previous arc voltage and occuring before definite polarity
change of the recovery voltage.

Switching device - A device designed to make or break the current in one or more
electric circuits.

Transient recovery voltage (FRV), restrikin.g voltage - The recovery voltage during the
time in which it has a significant transient character. The transient voltage may be
oscillatory or non-oscillatory or a combination of these depending on the characteris­
tics of the circuit breaker. It includes the voltage shift of the neutral of a polyphase
circuit. The transient recovery voltage in three-phase circuits is, unless otherwise
stated, that across each of the other two poles.

Ttue current clwpping - Current chopping originated by arc instability in the circuit­
breaker discharge.

Vutual current clwpping - Current chopping originated by transients in (parts) of the
circuit. The transients may be originated by the previous history of the switching
process and/or by reignition in another pole of the same circuit-breaker.

Voltage esca1ation - Increase in the amplitude of the prospective recovery voltage of
the load circuit, produced by the accumulation of energy due to repeated reignitions.
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1.1 Introduction

Electric (loading) power or apparent power S comprises only two rea! orthogonal
divided components: active power P and fictitious power F. Fietitious power is
subdivided into the orthogonal components reactive power 0 and the deaetive or
distorsion power D. This subdivision is based upon the fact that these two compo­
nents are generated differently [1.1], [1.2], [1.3].

The apparent power S is defined in terms of the product of effective values of voltage
and current over a certain time interval. Active power P is the average rate of energy
transfer from souree to load over a defined time interval. If the voltage and current
are periodie, reactive power 0 can be subdivided into fundamental or displacement
reactive power Or and residual or distorsion reactive power Or. This subdivision has
the distinct advantage in that fundamental reactive power can be compensated and
analyzed by means of passive inductive or capacitive elements such as shunt reactors
and shunt capacitors. Residual reactive power can be compensated by means of tuned
harmonie filters or dynamic power filters. Statie VAr Compensators and tuned filters
are applied within the power systems of many utilities. Loads with high dynamic
natures present a problem for Statie VAr Compensators and tuned filters Aperiodie
currents can not be compensated for by passive filters alone. When load voltage
distorsion or aperiodicity is present, Active Power Filters are employed. An Active
Power Filter can be seen as a current souree that supplies the distorted part of the
current drawn by the load in negative phase relation, it acts as a filter eliminating all
non-active currents. This results in a pure sinusoidal current being drawn from the
source. The power factor is improved in this way because the souree is no longer
required to supply this distorted current. Active Power Filters as large as 100 kVA
are economically viabIe at present, the constraint is the switching technology whieh is
used.

By minimising the amplitudes of the reactive power 0 and the deactive power D, the
amplitude of the apparent power S can be minimised. This rneans that the installed
transmission capacity of a system can be utilised in a better way, it is possible to send
more active power over that system.

Reactive power compensation and voltage control for a power system is necessary in
normal as weIl as emergency conditions. Voltage constraints are usually the main
criteria. In the presence of long transmission lines, the limitation of overvoltages
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Loading Power
S [VA]

1--
Active Power
P [W]

Fictitious Power
F [VA]

Reactive Power
Q [VAr]

_1__-
Deactive Power
D [VA]

Fundamental Reactive
Power Qfl.lldamental [VAr]

Residual Reactive
Power Qresidual [VAr]

Figure 1 - Representation ofpower components [1.1J, [1.2J, [1.3J.

under load rejection conditions determines the need for reactive compensation. Also
the maximum transmission capability, the steady state and transient stability as weIl as
the prevention of overloading of generators are factors that have to be taken into
consideration. In networks which contain Direct Current links, the reactive power
requirements are heavily influenced by the operational requirements of the conver­
ters. After the technical criteria one also has to consider the economies of planning
and operating of the power system, in order to minimize investments and series active
losses. The value of the transmission capacity released by reduced reactive power
loading or the delay of the installation of new transmission and transformation
capacity is an important factor. Outages of lines, transformers, generators and
compensators has to be taken into account when reactive power is planned. Generally
voltages may vary in the range of 5 to 10 percent from the nominal voltage. Overvol­
tages can give flashovers or lead to the breakdown of insulation. Saturated transfor­
mers under overvoltage can produce currents rich of harmonies, also the risk of
ferroresonance is a possibility. Causes for overvoltages are (sudden) reduction of load,
line switching, faults and lightning. Undervoltages give degradation in the performan­
ce of loads. Undervoltages are usually associated with heavy loading or a shortage in
generation capacity. Sudden overvoltages can result from the connection of very large
loads.
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1.2 Genera! CJuuacteristics of the ESKDM Power Supply System

ESKOM, South Africa's national electricity utility, supplies more than half of the total
electricity consumed on the African continent [1.11], [1.12]. ESKOM's power stations
have a nominal capacity of 39.060 MW. They include the world's largest dry-cooled
power stations and the only nuclear power station in Africa. Electricity is distributed
country-wide and is exported to all neighbouring countries. ESKOM imports power
from Namibia when available. Industry and commerce use 50% of the electricity
generated in South Africa, mines 25%, households 16%, the railway system 4% and
other 5%. Most mines and many industrial users are supplied directly. About 46% of
its electricity is sold to local authorities and neighbouring countries who re-sell it to
end-users. Approximately two thirds of South Africa's population does not have
electricity at home. ESKOM's marketing thrust is towards bringing electricity where
appropriate and cost effective, to households and other consumers which are still
using other energy sources. The number of direct ESKOM customers increased from
278.033 in 1991 to 541.866 in 1992. This 95% growth is due to three factors, namely
the connection of new customers as part of ESKOM's traditional business, the
electrification of more houses under ESKOM's electrification programme, and the
transfer of existing customers from local authorities to ESKOM. Electrification made
the largest contribution to this growth.

The total net maximum generating capacity of ESKOM's Power Stations in service at
31 December 1992 was 36.846 MW. The difference between nominal and net
maximum capacity refIects auxiliary power consumption and reduced capacity caused
by age of plant and/or low coal quality.

In figure 2, a map of South Africa is given on which the power stations and the main
transmission system are shown.

An overview of ESKOM's
capacities:
Coal fired power stations
Gas turbines and diesel-sets
Hydro-electric
Pumped storage schemes
Nuclear power station

power generating sources, expressed as net maximum

32.698 MW
368MW
540MW

1.400 MW
1.840 MW

Most of ESKOM's Power Stations are located in the Transvaal-area, this is area's D
and part of E in figure 2. The Nuclear Station is near Cape Town. The coal fired
stations are the base-Ioad stations. Some of the older coal fired stations with relative­
ly small units are mothballed. The gas turbine and diesel stations are used for
peaking or emergency supplies, there are three stations, one in Cape Town, one in
East London and one in Walvis Bay (not in figure 2). The hydro-electric stations are
both located in the Orange Free State, their use is restricted to peaking and emergen-
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Figure 2 • The location of ESKOM's Power Generating Stations anti the Main
Transmission System [1.10).

cies and availability of water in the dams. Pumped storage facilities are available in
the Cape and in Natal. These facilities are net users of electricity and are used for
peaking. Water is pumped during off-peak periods to generate electricity during peak
periods.

Legenda on figure 2:
A = West Cape
B = Eastern Cape
C = Natal

4

D = Eastern Transvaal
E = Rand and Orange Free State
F = Northern Cape
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The Power Stations are indicated as the smal1 circ1es, and the Main Transmission
System is represented by the fat lines. Numbers 1 and 2 indicate the locations of
Stikland and Apollo Substations respectively. Tests have been carried out at these
sites.

In 1992 the maximum simultaneous one-hour demand on the total ESKOM system
was 22.640 MW. Since 1988 there is an average yearly increase of 2,5% in the
maximum one-hour demand.

It is important to have some background on the power systems generating sources,
the main transmission system and the relation between the minimum and peak
demand:
1) The power systems is build up from different type of generating sources, tbis

influences the overall distribution and cost of producing reactive power.
2) The interconnection capacity of the system to other countries and utilities and

its relationships to overall system demand. This influences the overall distribu­
tion and cost of producing reaetive power but also the range of reaetive power
production and compensation.

3) The difference between minimum and peak system demand is an important
factor in determining the range of reactive power production and compensati­
on.

The reactive absorption capability of generators is constrained by stability limits. In
South Africa manuaI on-load tap-changers on generator transformers to regulate
power flows and busbar voltages are used.
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1.21 Transmission System Characteristics

An increase in the maximum overhead line lengths is inevitabIe if ESKOM establis­
hes a southem and central African electricity grid. Dr Ian McRae, chief executive of
ESKOM, has since the mid 1980's been working on the establishment of such a
Subsaharan Grid [1.13].

The ESKOM transmission and distribution system consists of the following voltages
with their respective circuit kilometres:
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533 De Monopolar

400
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220
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1030

13782
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165 - 132 16 910

88 - 33

22 and lower

~/ ..· ;< (·At1

165 - 132

88 - 33

22 and lower

170484
..:

56

313

4710

.'.

The total circuit kilometres of all lines is: 233.109 km. The totallength of all cables
is: 5.109 km of cables. The more expensive underground cables are used in the sub-
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transmission networks within cities. Sub-transmission networks [1.9] are those
networks that were established prior to the introduction of transmission networks to
the early established load points. Due to load growth and change of generation
sourees, these early networks are overlaid and strengthened with higher voltage sub­
transmission systems. The third group of sub-transmission networks are those which
are introduced to transport power from the transmission systems to the load centres.

In South Africa in the Transvaal, generation sources are close to load centres, which
is clear from figure 2. Long transmission lines are used to transport power to the rest
of the country. In the future when the Subsaharan grid becomes reality there wi11 be
more remote generation as weIl as an increase in transmission circuit kilometres.
Especially in Zaïre there is scope to generate up to 100.000 MW [1.13] by means of
hydro power. An increase in the power transmission distances will give an increase in
reactive power compensation requirements.

1.22 System Slwrt-Cirr:uït Characteristics

The following table gives the maximum phase value of current rupturing capacities
corresponding to a one-phase and a three-phase fault on a busbar at various network
voltage levels.

Busbar Voltage

(kV)

765

400

275

220

Single-Phase
Rupturing Capacity

(kA)

50,0

Three-Phase
Rupturing Capacity

(kA)

50,0
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A complete picture will be obtained together with the fault level at the substation
were the breaker is applied [1.7].

The maximum switchgear ratings provide an indication of system stiffness. The actual
amount of reactive power required to achieve a given level of voltage control is
dependent upon the average fault levels existing in the network under particu.lar
demand and generation conditions.

Usually the switchgear ratings are chosen in such a way that under peak demand
conditions there is room to manoeuvre.

It is also possible that a much higher breaker capacity is chosen if it is difficu1t to
estimate the exact switching duties for the circuit breaker.

1.23 Network Trans/onner Chamcteristics

The installed capacity, reactance and tap-changer characteristics of network transfor­
mers, which are installed between the different transmission voltage levels within a
network provide an insight to the co-ordination of reactive power and voltage control
functions together with short-circuit limitation considerations in the network.

The type and range of the tap-changer gives an indication of the expected voltage
regulation due to reactive power exchanges between network voltage levels within the
system. In South Mrica use is made of an interconnected high voltage bulk transmissi­
on network to networks of lower regional voltage.

The most important transformers in this system are therefore provided with on-Ioad
tap-changers, usually on the high-voltage side. These transformers have a large
influence on reactive power exchanges within the interconnected system. There are a
total of 141.407 transformers in service, with a total capacity of 164.805 MVA.

1.24 Reactive Compensation Plant Charaderistics

In the following, an overview wiIl be presented on the different means of compensati­
on of reactive power, in genera! and in the ESKOM Power Supply System [1.4], [1.5],
[1.8].

1.24.1 Shunt Reactors

Shunt reactors are generally installed in networks to compensate the capacitive
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reactive power. Shunt reactors are either directly connected to the substation bus
(busbar reactors), to a transmission Hne (Hne reactors), or connected through the
delta connected tertiary windings of transformers. In the last case the reactors are
usually switched at the medium voltage (tertiary) side. A tertiary switched reactor is
often preferred above a directly connected (line or bus) high voltage reactor, due to
the switching and insulation advantages offered by medium voltage reactors. Small
amounts of shunt reactors are used in lower voltage levels.

Shunt Reactors are used to control:
1) The capacitive gain of highest voltage transmission networks by direct connec­

tion to these networks, as a line or as a busbar reactor.
2) The reactive exchange between the three main highest voltage transmission

networks by tertiary connection to the transformers connecting these networks.

The total operational shunt reactor power is 5.800 MVAr.

Voltage
(kV)

765

400

330

275

220

132

Rating
(MVAr)

Number of
Banks

Total Power
(MVAr)

Only the three-phase power rating is given, irrespective of the fact if it is a single or a
three-phase unit in the case of the shunt reactors. For example at 765 kV the 400
MVAr shunt reactors are three single-phase units. In the ESKOM transmission
system, only Hne and busbar reactors are applied. No use is made of tertiary reactors.
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1.24.2 Shunt Capacitors

All the shunt capacitors in ESKOM's transmission system are connected to the
substation bus. The bulk of the shunt capacitive power is instalIed at the 88 kV, 132
kV and 275 kV transmission voltage levels. No shunt capacitors are connected via the
tertiary of the transformers interconnecting the main transmission networks. Most of
them are switched on a daily or weekly basis.

The total operational shunt capacitor power is 6.600 MVAr.
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Voltage
(kV)

Rating
(MVAr)

Number of
Banks

Total Rating
(MVAr)

400

275

132

88

12 3 36
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1.24.3 Synduvnous Compensators

Synchronous condensers were the major reactive power compensators at the begin­
ning of this century. Nowadays they have been mainly replaced by shunt capacitors.
The advantage over capacitors is that they can maintain or even increase their output
at reduced system voltage. Synchronous compensators can be applied with High
Voltage Direct Current power transmission were they supply a portion of the reactive
power, but also provide system reinforcement at these stations if the local short­
circuit capacity is low. They are used to maintain voltage within certain limits and to
improve system stability. Sometimes declutched generator capacity is utilised as syn­
chronous compensators.

1.24.4 Statie (Shunt) VArCompensators (SVC)

South Africa will install some large statie var compensators in the near future. Statie
means that there are no moving parts like in a generator or synchronous compensa­
tor. They are used to maintain voltage at or near a constant level, improve power
system stability, improve the power factor and correcting phase unbalances. It is
usuall to have fixed shunt capacitors parallel with the controlled susceptance. These
are usually tuned with reactors to harmonie frequencies to absorb harmonies genera­
ted by the controlled susceptance. A Statie VAr Compensator (SVC) can be designed
as a thyristor-controlled reactor (TCR) or a thyristor-switched capacitor (TSC). They
are normally connected to a busbar by a circuit breaker.

Voltage
(kV)

400

220

132

Inductive
Rating (MVAr)

Capacitive
Rating (MVAr)

Number of
Banks
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1.24.5 Series CapaciJors

South Africa has series capacitors due to the long transmission distances in its system.
The series capacitors are connected to the 400 kV network. They reduce the series
impedance of the interconnection and hence reduce series reactive losses, which gives
a better voltage regulation. The compensation factor is defined as the percentage of
line reactance compensated by the series capacitor installation and varies from 40 to
70%. Improvement of system transmission capacity and system stability limits are
generally the aims in installing these elements. The choice of the MVAr rating is
therefore governed by the transmission line length and the desired improvement in
transmission capability. In South Africa series capacitors are kept in service at all
times except when switched out for maintenance or transiently by-passed by the
protective gaps across capacitors. Series capacitors are also switched in order to avoid
sub-synchronous resonance.

Figure 3 • A series capacitor installation at Nestor Substation, located in ESKOM's
~OkVcoonedwntoffleC~~

In South Africa, series capacitors are fitted with circuit breakers to by-pass units when
sustained oscillations occur.
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The future development will not see too much progress in the development of shunt
reactors and shunt capacitors. Also no essential improvement of synchronous compen­
sators is in sight. Statie VAr Compensators, based on power electronics will be the
main subject of development in this area. Thyristors with higher power and light­
triggering will be introduced.

In figure 4 a scheme is shown of a voltage and reactive power control system [1.4].

The abbreviations used are:
SC = Shunt Capacitors
SR = Shunt Reactors
AQR = Automatic Reactive Power Controller
AVR = Automatic Voltage Controller
LRT = On-Ioad Ratio Tap-changers

To gain a better understanding of the voltage and reaetive power controller, the
operating characteristics are shown in figure 5. In South Africa switching of shunt
capacitor banks on the 275 kV system is used for voltage control in addition to
automatic voltage controller action. Network transformer tap changers are generally
used for the loca! voltage control. In general it can be said that remote control
together with loca! control is used in the ESKOM main transmission system. These
control-modes are supervised by National Control (in Germiston) and Regional
Control Centre's (Country-wide).

1.24.6 Other Means ofReactive CompensoJion

In periods of low power system demand it is possible to use the following means of
reactive power generation/absorption:
1) Declutched operation of generators as synchronous compensation plant.
2) Part loaded operation of generators for additional reactive power generation

or absorption purposes.
3) Switching out of service transmission lines and cables, this to control the

required amount of reactive absorption capacity.
4) Tap staggering of transformers operating in parallel to absorb reactive power

by means of circulating current loops between transformers.
5) Load shedding.

In the previous overview a short summary is given of reactive power compensation
and the involved power equipment in general as weIl as the situation in the ESKOM
power system.
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Figure 4 • Voltage and reactive power control system [1.4].
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Figure 5 • Characteristics of the voltage and reactive power controller according to
figure 4 [l.4J.
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1.24.7 P10nned Reactive Power Equipment

Finally, in tables 6, 7 and 8, a summary of the planned Shunt Reactor Units or Banks,
Shunt Capacitor Banks and Statie VAr Compensators up to the year 2000 is given.

Voltage
(kV)

400

275

132

88

Rating
(MVAr)

Number of
Units

Tota! Rating
(MVAr)

Voltage
(kV)

765

400

Rating
(MVAr)

50

Number of
Units

3

Total Rating
(MVAr)

150
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Voltage
(kV)

400

275

Inductive Rating
(MVAr)

Capacitive Rating
(MVAr)

Number of
Units
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Installed Planned

Shunt Capacitor Banks 6.600 MVAr 816 MVAr

Shunt Reactors 5.800 MVAr 6.250 MVAr

For the shunt reactors, 3.600 MVAr is planned at 765 kV and 2.650 MVAr at 400 kV.

For the shunt capacitors this is spread over the system voltages.

The planned equipment is either serving as replacement of old units or as new
equipment because of system expansion or changes in load pattem.
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1.3 Summary

Reactive power is produced or absorbed by all major components of a power system:
Generators;
Power transfer components;
Loads (Linear and Non-Iinear);
Reactive power compensation devices.

Reactive power production or absorbtion by power transfer components depends
mainly on operating voltage and current and can therefore hardly be changed during
normal operation. Also changes in reactive power of generators and loads are limited.

Reactive power compensation devices are installed to improve:
Reactive power balance;
Voltage control;
System stability including damping of power oscillations.

Reactive power compensation devices can be switched or continuously controlled.

Shunt reactors and shunt capacitors are the most applied reactive power compensati­
on devices. Connecting or disconnecting these shunt reactive devices to or from the
power system can be problematic.

Taking the large number of reactive power equipment, which is in operation and
which is planned for the coming years, into consideration it is clear that possible
solutions to these switching problems have to be investigated for future installations.

Also for equipment in service, which operates satisfactory, it is important to monitor
the presently applied technologies in comparison with state of the art solutions. In the
following chapters this will be explained, and possible solutions to the switching
problems will be given.
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21 Introduction

Controlled switching is the operation of a switching device in such a manner that
contacts are closed or opened at a predetermined point on a reference voltage or
current wave.

Other expressions that are in use, and which have the same meaning as "controlled
switching", are:

1. Point-on-wave switching
2. Time Staggered switching
3. Synchronous switching
4. Phase-angle-controlled switching
5. Controlled synchronous switching
6. Phase-delayed switching
7. Phase-displaced switching

In all these cases with switching is meant energizing as weIl as de-energizing. Up to
now most of the applications are in the area of energizing capacitive elements and
de-energizing shunt reactors.

Controlled switching is used to minimize stresses on the power system and its compo­
nents. Also the stresses on the circuit breaker during switching operations by swit­
ching on the most favourable time-instant when switching small capacitive and
inductive currents or even fault currents can be minimized with controlled switching.
Applications of controlled switching can be found in the areas of energizing and de­
energizing of capacitive as weIl as inductive power equipment.

Capacitive loads are in general the following:
1. Transmission Hnes under no-Ioad conditions.
2. Compensated (long) Hnes.
3. Cables.
4. Capacitor Banks (Single or Back-to-Back).
5. Filter Banks.
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The following loads are inductive:
1. Shunt reactors.
2. Transformers under no-load.
3. Reactor loaded transformers.

Problems with switching of small capacitive and inductive currents can be solved by
applying controlled switching. However there are some restrictions in the applications.
Not every circuit breaker is suited for controlled switching. Also care has to be taken
that controlled switching is not chosen as an easy way out of certain problems. In
general it can be said that a reduction of currents and voltage transients or harmonies
when switching capacitive and inductive elements can be reached.

As mentioned it is necessary with controlled switching to switch at the most advanta­
geous (controlled) time-instant. This means that the circuit breaker has to operate
with a certain required accuracy of the switching instant for the various applications.
The reliability of controlled switching also has to be looked at. The breaker operating
mechanism is a determining factor with respect to the accuracy. The application of
controlled switching means that control components such as sensors and electronic
devices have to be implemented into the breaker itself or into a breaker or station
monitoring system. These electronics are used in a hostile environment to control the
switching moment. This means that appropriate shielding measures have to be taken
to assure correct operation of the switching device. Field experience with controlled
switching is important in evaluating the theoretically set goals with practice. In
general it can be said that mechanical as weIl as dielectric aspects of the circuit brea­
ker have to be considered very carefully.

Controlled switching for normal conditions reduces voltage and current transients to a
minimum. In doing so also the mechanical and dielectrical stresses to power equip­
ment are minimized. Controlled energizing of capacitors avoids the high inrush
currents and the associated grid voltage disturbance. Controlled energizing of
inductive loads eliminates the direct current part of the inrush current. With the
application of controlled de-energizing of capacitors it is possible to avoid restrikes
with short arcing times. Also when de-energizing reactors it is possible to avoid
(multiple) reignitions, by controlling the arc time of the breaker. By eliminating the
possibility of restrikes possible severe and dangerous overvoltages can be avoided.

The biggest problem with the application of controlled switching is the mechanica!
stability of the circuit breaker because the maximum tolerances for the timing are set
at about ± 1 ms. If the tolerance is larger the impact that controlled switching has,
vanishes rapidly. The large variations of the operating times of circuit breakers under
different conditions for the operating system (temperature, control coil voltages,
pressure of the insulating medium and or driving medium) were the reason that wide
application of this technique is still not found. A lot of progress has been made in
the development of circuit-breakers and their operating mechanisms in the last
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decades, this gave an impetus to the consideration of applying controlled switching in
the various possible fields.

CIGRE Working Groups have been working for over 20 years on the topics of small
inductive and capacitive current switching. A main cause of concern is the determina­
tion if a circuit breaker is restrike-free or not. Problems with test circuits arise in the
case of a restriking breaker because the phenomena after restrikes are strongly
dependent on the actual power system and substation configuration in the immediate
vicinity of the circuit breaker. Therefore to test a circuit breaker in an adequate way
on being restrike-free is very difficult in a laboratory. In the decades before and after
the second World War many articles have been published in switching of small
currents and the restrikes occurring on interruption, especially with oil-circuit breaker
and airblast breakers. The application of controlled switching pushed engineers in the
direction of designing special circuit breakers suited for this purpose. With the
sulphur hexafluorid (SF6) technology being applied the number of restrikes was
reduced considerably. However the risk of restrike may rise with the present trend
towards circuit-breakers with high operating voltage per breaker unit. A method to
prevent restrikes is the application of controlled switching. The practical applications
of controlled switching will be dealt with in chapter 4: Experimental Field Measure­
ments.

Figure 1 - Connecting the leads for no-load tests to the breaJdng cham­
bers of the AEG S2-300 breaker at ESKOM's Apollo Substation, near
Olifantsfontein.
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22 JrlSiory of ControOed Switching

Controlled switching already has a long history. Many inventors have proposed
specially designed electro-mechanical devices to obtain circuit breakers with minimum
arcing time during interruption of short circuit currents. In short circuit test laborato­
ries controlled closing is a nonnal feature. Sometimes also controlled opening of
master-circuit breakers is used to minimize contact wear. It is necessary to control the
opening and closing of the circuit breaker under test to meet the conditions as set in
IEC 56 [2.1]. Also the number of random tests which would otherwise be necessary to
prove a circuit breaker can be reduced considerably.

Kesselring (1967) [2.2] developed acontrolled switching device to minimize the short­
circuit current duration to about 10 ms. Nitta and Kiyokuni (1970) [2.3] developed a
circuit breaker which employed controlled switching techniques with a compensation
scheme for changes in breaker operating time due to variations in temperature and
pressure. Kriechbaum (1971) [2.4] demonstrated that with the use of controlled
switching contact wear during interruption in a high power testing station is greatly
reduced. Beehler and McConnell (1971) [2.5] developed a new circuit breaker with
high speed opening by application of an electro-dynamic drive. This breaker, the first
of this kind, was used to provide primary protection for the largest synchronous
condenser at that time in the USA Berglund et al. (1973) [2.6] also designed a high
speed opening breaker, also with the purpose of keeping the fault clearing time as
small as possible. Fast fault clearing is important to maintain system stability margins.

The very first application for controlled switching that was found in the literature
were by Hürbin (1929) [2.7] and Grünewald (1935) [2.8]. They were amongst one of
the first that applied controlled switching with the energizing of capacitor banks.

Bauer (1934) [2.9] and Bornitz (1942) [2.10] also explained the application of
controlled switching with the emphasis on the energizing of power capacitors. Prince
et al. (1954) [2.11] published on a new design of a 115 kV Stored-Energy-Type
restrike free Capacitor Switch, which was demonstrated in field tests. Williams et al.
(1955) [2.12] was one of the first that published on the use of controlled opening for
capacitor banks. Later applications in the field of line switching were published.
Maury (1966) [2.13] published about the application of synchronous closing of 525 kV
and 765 kV circuit breakers, with and without closing resistors, for unloaded transmis­
sion lines. Thorén (1970) [2.14] also published on this topic for shunt-reactor-compen­
sated lines. Konkel et al. (1977) [2.15] demonstrated the use of acontrolled closing
device for controlling conventional 500 kV circuit breakers equipped with one closing
resistor in each phase. He published his preliminary switching surge model studies
and the results of subsequent field tests with a prototype of the control device. In
Russian investigations by Beliakov (1978) [2.16] it was indicated that the use of con­
trolled closing applications for high voltages like 750 kV, or even up to 1500 kV, for
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the switching of transmission lines might be a necessary future specification for the
operation of breakers at these voltage levels.

In 1977, Brunke and Schockelt [2.17] published on the controlled energizing of shunt
capacitors at 230 kV with vacuum breakers. In 1985, Alexander [2.18] also demonstra­
ted the practical application of controlled switching for shunt capacitors at 69 kVand
230 kV, also with vacuum circuit breakers. From the mid-eightees up to now a
considerable amount of papers has been published on the subject of controlled swit­
ching. In the 1988 CIGRE Conference Session controlled switching was described in
two papers. In the 1990 CIGRE Conference Session, controlled switching was a
preferential subject. Within CIGRE Study Committee 13 (Switching Equipment) a
task force on Controlled Switching was established in June 1991.

At present detailed studies are not easy because there is no sufficient field experience
with the performance of controlled switching systems with respect to cost, reliability
and their efficiency of controlling switching surges. It is also a fact that the state of
technology in this field is not yet stabilized. A lot of development work is still under
progress.

As mentioned before one of the main problems is the long term reliability of the
circuit breaker and of the necessary electronic equipment involved to carry out
controlled switching. No appropriate testing methods or protocoIs for the mechanical
characteristics are laid down in international specifications on circuit breakers at
present. Appropriate mechanical testing methods have to be established in future.
The CIGRE reliability survey on circuit breakers in service has shown that mecha­
nical defects represent a significant contribution to the overall failure. Mechanical
defects are associated with circuit breaker operating mechanisms.
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23 Cïn:uit Breoker Operating Mechanisms

Most utilities have a lot of circuit breakers of yesterday's technology (airblast, bulk
oil, minimum oiI, double pressure SF6, magnetic airbreak) in service. In the last two
decades, modem circuit breakers using the puffer (or single pressure) and self-assisted
or self-blast (aIso single pressure) SF6 principle have been introduced.

Circuit breakers are equiped with different operating systems.
The following operating systems are applied widely:
1. Spring stored energy operating mechanism.
2. Pneumatic operating mecbanism.
3. Hydraulic operating mechanism.
4. Combined systems (for example spring stored energy and pneumatic or hy­

drauIic).

The choice for a certain operating system depends mainly on the following criteria:
1. Operating experienee witb a certain system, the feedback from customers to tbe

manufacturer, but aIso tradition.
2. The adaptability of the operating system to a certain seleeted circuit breaker.
3. The manufacturers own possibilities to develop and manufacture operating

system technology.
4. The energy requirements for the operating system.

Most of these criteria affect especially the breaker manufacturer, the dient only wants
areliabie system with the least possible maintenance, so a high availability. It is a fact
that whatever operating system is chosen, that it is expected to stand still for most of
its live. Shunt capacitor and shunt reactor breakers can be operated daily on week­
days, Hne breakers do usually not operate very often. Irrespective of the operating
frequency, the system has to store a large amount of energy continuously and release
it instantlyon demand.

The first transmission circuit breakers were based on the bulk oH principle. Later
minimum oiI breakers were developed. Both types had solenoid spring, combined
spring and hydraulic, or pneumatic mechanisms, depending on the sort of breaker
operation. Air blast breakers were developed in the 1940's. They have compressed air
as their funetioning medium, and use a spring operating mechanism in conjunetion
with pneumatic valves or a pneumatic mechanism. With the introduetion of SF6
technology the performance of circuit breakers has increased enormous. For example
voltage ratings which used to require up to twelve contacts in series on an airblast or
minimum oil breaker can be achieved with two contacts in the SF6 technology. All
operating mechanisms are used to provide a controllabie source of energy, but they
all have their particular characteristics.
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Pneumatic and hydraulic mechanisms have to be monitored continuous, because of
the inherent leakage of air or hydraulic pressure. The reliable operation depends on
the correct functioning of the valves and seals in the mechanisms. With a spring
mechanism if the springs are charged and latched, ready for use, no further monito­
ring of the mechanism is required. The materials used in the mechanism and the
correct functioning of the latches determines the reliability of this mechanism. Taking
all three mechanisms into perspective, it can he said that the spring mechanism will
be the least complex. Spring mechanisms are applied up to 420 kV and 63 kA. Most
of the breakers that are being applied for controlled switching purposes have either
spring or hydraulic mechanisms.

In table 1 an overview is presented of the characteristics of the three operating
mechanisInS. From this table it follows that pneumatic and hydraulic mechanisms are
the most complicated ones. They need continuous pressure monitoring devices to
ensure operating of the breaker if needed.

In appendix 1, more detail is given about the structure of the operating mechanisms
as they are presented in table 1. Also details on the construction and the operation of
the AEG S2-300 circuit breaker are presented.

At the 150 kV Borssele Substation (Owned by the utility Delta Nutsbedrijven) in the
south of The Netherlands, an ABB circuit breaker with spring drive is used for
controlled energizing of a 150 MVAr capacitor bank. This installation was commisio­
ned in the first week of November 1993. It is the first controlled switching installation
for a power utility in The Netherlands.
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Figure 2 - The ABB (LTB 170 Dl) SF6 Circuit Breaker with Spring
Mechanism (BLK52) at Borssele Substation, The Netherlands.

On the next page table 1 gives some of the important characteristics of the three most
applied operating mechanisms for high voltage power circuit breakers.

Abbreviation: NA = Not Applicable.
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24 Characteristics of the Circuit Breaker

The many different switching devices that are in use all have their own specific
properties. These specific properties will to a large extent determine their behaviour
during switching operations. Dielectric as well as mechanical properties, with the
emphasis on controlled switching, wiIl be discussed in the following sections.

24.1 Die1ectric Characteristics

Before going into more detail two situations, depending on the sort of load to be
switched, can be distinguished for a controlled closing operation:

1. Closing upon voltage zero.
2. Closing upon voltage peak.

Controlled opening (physical opening of the contacts), wiU usually be started at or
around voltage maximum. The dielectric strength between the contacts is of major
importance both on closing and on opening of the contacts. With a making operation
the dielectric strength will determine the number and severity of the pre-ignitions.
With an opening operation the dielectric strength determines if reignitions (inductive
loads) or restrikes (capacitive loads) will occur.

The dielectric strength between the contacts is determined by the foUowing factors:
1. The geometrical shape of the contacts and the electrical field shape at the

switching operation.
2. The contact velocity (making or breaking).
3. The state the contacts are in.
4. The characteristics of the arc extinguishing medium.

Mter a certain number of switching operations, the dielectric strength wiU be
subjected to changes, these can be due to:
1. PoUution and subsequent deterioration of the arc extinguishing medium.
2. Physical alterations of contacts and nozzles due to switching operations, eg. pre­

and re-ignitions, and short-circuit interruptions wiU give burnoff and wear of
contacts, this will affect the operating times as weU.

3. Also the mechanical wear of contacts and nozzles plays a significant factor.

The dielectric strength is thus not a constant parameter, it is governed by statistical
scatter. This can be scatter of, for example the mechanical components and the
pollution of the arc extinguishing medium. Also statistics on the physical behaviour of
the dielectric play an important role. Altogether the dielectric strength is a complex
function of a lot of parameters. Closinl Dpon voltaeg zero is the most difficult
situation that can be encountered.
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This is usually the
case with energi­
zing shunt capaci­
tors and filter
banks which may
have an earthed or
un-earthed neu­
tra!. In the case of
an earthed neutral,
the energizing
should occur at or
near the instant of
zero phase-to­
earth voltage in
each phase. This is
explained in ap­
pendix 2. This
means for a three­
phase situation,
that the first pole
should be cIosed
at 0 ms or 0°, the
second pole at
3,33 ms or 60°,
and the third pole
at 6,67 ms or 120°,
all times with
reference to the
first pole. If cIo­
sing at voltage­
zero is possible,
the current trans­
ients will be elimi­
nated completely.
However in practi­
ce only an ap-
proximation to the Figure 3 - Control points tor energizing at gap voltage zero tor
voltage-zero is capacitive loads (un-earthed neutral).
possible. There-
fore the current transients cannot be completely eliminated.

In the case of an un-earthed neutral, the optimum time is dependent upon the pole
cIosure sequence. Random closing is satisfactory for the first poIe since no current
flow is established. The second pole must close at a voltage-zero of the phase-to-
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phase voltage appearing across that pole. The third pole must close at a voltage zero
of the 1,5 per unit (the neutral is at 0,5 pu and the source at 1 pu) voltage appearing
across that pole. Another possibility is to close two poles simultaneously, this means
that the voltage across each pole will be 1fz./3 per unit (half of the sum of two (co)-s­
ines with a phase difference of 120°). The third pole to close would then again
experience a 1,5 per unit voltage, and will be energized 5 rns or 900 later.

Note that 1 per unit (pu) is equivalent to the systerns peak phase-to earth voltage.

The fact that energizing of shunt capacitors or filters must take place when the
voltage across the pole is zero, cao be problematic. To achieve energizing when there
is zero voltage across the contact gap, the rate of fall of the withstand voltage Ud(t),
must be larger than the rate of change of gap voltage U(t), at zero voltage.

This can be expressed in the following relation:

d ud ( t) = k. <.> • U . .;2
dt Peak .f3

The value of k must be k > 1 to permit energizing at voltage zero without pre-arcing.
So the rate of fall of the withstand voltage of the closing contacts, also known as the
pre-strike characteristic, must be more steep than the rate of change of the applied
gap voltage immediately before voltage zero.

Hamer [2.25] stated that the rate-of decrease of the dielectric strength for an SF6
breaker is assumed to be at least 100 kV/ms based on a 20 kV/mm dielectric
withstand and a 5 mis closing speed. He states that they found a value of 10 kV/mm
at a pressure of 6 bar. However he also states that a value of 15 kV/mm may be
more appropriate because of contact roughness. Taking this into account a rate of
decrease of the dielectric strength might be only 50 kV/ms to 75 kV/rns. Lower
values of the rate of decrease of the dielectric strength necessitate higher cIosing
speed or a lower system voltage.

If the gradient of the prestrike characteristic is lower than that of the applied voltage
around voltage zero prearcing takes place during the rise of the voltage or close to
the crest of the sinusoidal voltage wave. Schramm [2.26], [2.27] states, if a prestrike
must be avoided outside of 1 rns from the system voltage zero crossing the rate of
change of the prestrike characteristic must not be lower than 95% of the maximum
rate of change of the system line-to-ground voltage. Standard designs of circuit
breakers have prestrike characteristics with gradients in the order of 40 kV/rns per
break. This value cao be found irrespective of the type of circuit breaker, and it is to
a large extent also independent of the voltage rating per break. Schramm does not
mention any closing speed in his discussion. The 40 kV/ms value as reported by
Schramm differs considerably from the values as they were stated by Hamer.
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It can be concluded from the previous that for un-earthed neutrals depending on the
sequence of pole closure, in at least the poIe that is stressed with 1,5 pu (phase-to­
earth) some prearcing might occur. Schramm concludes that controlled energizing is
only possible without pre-striking with standard breakers rated up to 145 kV per
break, in which the stated limits are not exceeded. Hamer also says that voltages
above 145 kV are not possible to handle for single-gap breakers. Multiple gap
breakers have to be used in that case.

Various researchers [2.25] - [2.30] have investigated the allowable closing time
window around the voltage zero. This time window determines the advantage of
controlled switching over other methods of reducing transients on energizing. It cao
be concluded that a time window of ± 1 ms is almost generally accepted and that
smaller windows are possible if the breaker characteristics allow this.

Bemeryd [2.28] and Alvinsson [2.29] have a different philosophy. For a capacitor
bank with isolated neutral, the first poIe closes against the sources phase-to-ground
voltage. The second pole against phase-to-phase voltage, and the third pole against
1,5 times (1,5 pu) the phase to ground voltage. At random switching (uncontrolled),
the second pole can close by pre-arcing at the peak-value of the phase-to-ground
voltage or at 1,73 pu. This is the worst case. It is ideal to close the first two poles at a
phase-to-phase voltage zero and the third pole 5 ms later. However those are the
theoretically optimum points, it requires that the contacts touch when the voltage
becomes zero but also that the dielectric strength holds while closing. As will be
clarified in the next section, every breakers operating times are subjected to a certain
spread, and also the dielectric withstand wiIl have a tolerance. Schramm and Hamer
base their discussion on a breaker with no pre-arcing at all. Berneryd and Alvinsson
take a certain amount of pre-arcing into consideration in their theory. However they
strictly stay within the ± 1 ms time window. It is a fact that the larger the time­
window, the more severe the transients wiIl beo
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Breakers Pre-arcing
Power System Characteristics

40 kV/ros per break

Rated Frequency
dUd ( t)

Breaks per
du

Voltage dt Pole
dt

kV Hz kV/ros kV/ros

145 50 37,2 1 40

420 50 107,8 2 80

In figure 4, the pre-arcing probability distribution can be improved by setting the
nominal closing instant a little later then the gap voltage zero. For normal closing
speeds (order of say 4 to 5 mis) the requirement as to allow no pre-arcing at all sets
a low upper limit to the system voltage. The upper limit can be raised considerably if
some pre-arcing is allowed, this is illustrated in figure 5. The nominal instant of
contact touch is chosen in such a way that in the preceding half cycle pre-arcing is
avoided for the shortest anticipated closing time and the lowest anticipated withstand
strength.

The maximum pre-arcing voltage in figure 4 is 0,60 pu (72,5 kV power system), while
in figure 5 it is 0,85 pu (170 kV power system). It depends on the user how much pre­
arcing voltage will be considered as acceptable. Normally a high pre-arcing voltage is
not allowed because of the disturbances on the system. It is the object to prevent
transients and not to cause them, so careful consideration must be given to a proper
choice of the circuit breaker and its operating mechanisme

Bemeryd demonstrates in his work some statistica! distribution functions (Gaussian,
rectangular and triangular) of the gap breakdown voltage, with the time-instant td as a
parameter. td is the time-instant after the gap voltage zero, as it is indicated in figure
4. The variation in closing time Tl is expressed as AT. The closing time has a
Gaussian probability distribution function, with a deviation a = 0,5 ms. He deter­
mined the 10% and 50% probabilities for exceeding the breakdown voltage, with the
rate of fall of the withstand voltage k as a parameter. Bemeryd conc1uded that this k­
factor must be larger than 1,5 for satisfactory functioning.
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Figure 4 - Voltage withstand of the breaker gap decreases faster than that the gap
voltage approaches zero.

Figure 5 - Gap voltage approaches zero faster than the voltage withstand strength of
the gap.

Power system data: Figure 4: 72,5 kV, 50 Hz
Figure 5: 170 kV, 50 Hz

Breaker closing data: 55 ± 11 kV/rns
Window ± 1 rns around voltage zero.

Note that figure 4 and 5 refer to the same type of breaker.
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The concern on the dielectric withstand is usually not of concern to the customer in
the stage of purchasing the installation. For example, the utility Delta Nutsbedrijven,
in the south of The Netherlands ordered acontrolled switching installation for a 100
MVAr capacitor bank. They have set the maximum acceptable limit for for the
transient overvoltage at 1,3 per unit. The manufacturer (in this case ABB) has to
deliver the installation within this specification. During field tests on commisioning of
the controlled switching installation, this requirement was checked, and the operation
was found to be satisfactory. The field tests on commisioning of this installation will
be discussed in chapter 4.

Conceming the time spread, the following vaJues are reported by Bemeryd:

1. !J..T = ± 1 ms for spring operated circuit breakers without self-adjustment.

2. !J..T = ± 0,5 ms at frequent operations and with a self-adjusting control device.

Some SF6 circuit breakers can only be applied in a limited range of rated voltages. It
is of course possible to use circuit breakers with a steeper rate of fall of withstand
voltage during dosing.

This steeper rate of fall of the withstand voltage can be achieved by means of:

1. Higher SF6 pressure [2.31].
The disadvantage of this measure is, that the breaker can only be used in
areas with certain minimum ambient temperatures, otherwise heaters
have to be used to maintain a certain minimum temperature. This makes
the circuit breaker complicated and expensive.

2. Higher speed of dosing
A higher speed means that special requirements have to be set on the
operating mechanism, this can also be negative from a financial point of
view. A contact speed as low as 4 mis is reported to be sufficient for
energizing at gap voltage zero. From formula (1) and the previous
explanation, it can be conduded that the requirements for a 60 Hz power
system are 20% higher.

3. Contacts of special design (field controlled). This method however has its
practical limitations.

Generally enewina at aap voltaae peak is an easier task to achieve than at gap
voltage zero. Due to the sinusoidal wave shape the requirements for dosing accuracy
are less stringent than for dosing at voltage zero. Typical SF6 breakers of standard
design can be applied for dosing.
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Figure 6 - Pre-arcing characteristics for energizing at gap voltage zero and at
gap voltage peak.

Critical conditions for reignitions occur at small arcing times. Only dielectric conditi­
ons determine if there will be reignitions. In order to avoid reignitions the dielectric
withstand characteristic of the breaker has to be higher than the actual recovery
voltage at all time-instants. Controlling the arcing time by means of controlled
opening can eliminate the occurence of reignitions or restrikes. For opening control
to eliminate reignitions for shunt reactors or restrikes with capacitors, or to minimize
contact erosion for fault switching, the control accuracy is nominal, and no high
requirements have to be set to the timing. A time window of up to ± 2 ms around
peak current is reported as being sufficient.
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24.2 Mechanical Characteristics

Controlled switching requires that the poles can be independently controlled. Two
basic design concepts are possible:

1. Three-pole operated circuit breaker with single operating mechanism. This kind of
mechanism is only offered by ABB.

Red ,-- _

White ---t-----r------------,----

Bl ue ---t----t---..,-----------------J,----

2

3

6rr-l··············~··········~1
T Tc T

Figure 7 - Three-pole operated breaker with single operating mechanism and interpha­
se drive train for time-staggering.

Legenda on figure 7:

1. Controlled switching unit.
2. Voltage Transformer, for reference voltage zero detection.
3. Current Transformer, for deteetion of (initial) current flow and thus adaptive

control of operating time.
4. Push Button to carry out a Controlled Switching event.
5. Time Controlled Impulse to aetivate operating mechanism.
6. Circuit-Breaker that has to be controlled.
7. Time lag between phases by mechanical means.
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2. Single-pole operated circuit breaker with one operating mechanism per pole. This
kind of mechanism is used in general for controlled switching.

Red ----, ,-- _

White ----+--.---------------t---­
81 ue ----+--+------,----------t----

2

6

11t
T Tc T 4

1

Figure 8 - Single-pole operated breaker with one operating mechanism per pole.

Legenda on figure 8:
1. Controlled switching unit.
2. Voltage Transformer, for reference voltage zero detection.
3. Push Button to carry out a Controlled Switching event.
4. Time Controlled Impulse to activate operating mechanisme
5. Circuit-Breaker that has to be controlled.
6. Current Transformers for adaptive contro!.
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The use of three separate operating mechanisms is the most obvious solution to carry
out controlled switching. A three pole operated circuit breaker with a single operating
mechanism is also possible. Both systems have their specific properties. With three­
pole operated circuit breakers only one operating mechanism is necessary. The
appropriate time delay between the poles is accomplished by mechanical means in the
interphase drive train.

The mechanical staggering is introduced by different dimensions of certain compo­
nents in the mechanical linkage. If these differences are restricted to a few standard
dimensions and thus standard time staggerings, then this is an economically feasible
solution. These different dimensions of certain components do not affect the relia­
bility of the breaker. As there are only a few standard time staggerings available, only
certain controlled switching duties are possible. The possibility for fine-tuning of the
controlled time-instant are limited.

Rees [2.32] investigated the use of controlled switching in three pole enclosed GIS
circuit breakers by means of mechanical linkage systems between the poles. Due to
the small distances between the poles this would lead to complicated linkage systems
with disadvantages concerning mechanical reliability. However ABB [2.33] has applied
mechanical staggering in a 130 kV GIS for energizing of converter transformers for
the Gotland HVDC-Link in Sweden.

Closed I .' '.

'CO"~I .;~ ..ll, ~~I
Contact ..-- Ir;1
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[IOpen ! :1

~.' '',{' ~l'
,,'f a i:1 !It'
1

~-''-'
CI' B A:: ,

I:

I!i
I

'1' iI' I.... :~

Op.mech.
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40

Figure 9 - Three-pole operating mechanism (ABB) with mecha­
nically staggered contacts [2.33].
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Single-pole operated circuit breakers need three operating mechanisInS. The extra
mechanisms put an extra financial burden on the switching installation. Also the reli­
ability of the installation is affected in a negative way. With a single-pole mechanism
there is more freedom to control the time-instant then with a mechanica1ly staggered
mechanism. Using three single-pole mechanisms also implicates that a pole-discrepan­
cy relay must be used, whereas this is not strictly needed with a single-pole mecha­
nism. With a single-pole mechanism there is a large flexibility for the adjustment of
the time lag between poles. It is also possible to apply controlled switching to already
instalIed circuit breakers. However one should be aware of the mechanica1 properties
of the breaker.

The type of breaker operating mechanism determines the specifications for the time
control system. With a single pole operated breaker, three separate timed control sig­
nals are needed. For a three pole operated breaker one control signal is enough.

In general it can be said that the mechanical characteristics that influence the
operating times must be consistent and reliable. The trend for state of the art
breakers is that they are designed with a reduced number of components. This means
a higher reliability. Also reduction of weight, moving masses, mechanical stresses on
components and drive energy requirements play an important role. Modem circuit
breakers use either spring or hydraulic operating mechanisms, or a combination of
spring and hydraulic. Pneumatic drives are used to alesser extent. They are prone to
larger operating time variations (due to limited air receiver pressure, especially if
successive operations are necessary) than spring operated breakers. The required
energy for a self-blast breaker is approximately 20% of that required for a conven­
tional puffer breaker. It is possible to use a smaller, simpIer and cheaper operating
mechanism with a self-blast breaker. This means that this kind of breaker would be a
good candidate for controlled switching purposes.

To exploit the advantages of controlled switching, a time spread of ± 1 InS at
maximum is required. Two major factors influence this tolerance:

1. Spread in dielectric withstand as discussed.

2. Spread in mechanical operating times.

The operating times are determined by the operating mechanism itself, but also by
ambient conditions upon this mechanism. Further the time in between successive
breaker operations (standing time) and the frequency of operation plays an important
role.
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In general the following parameters can have an influence on the operating times of a
circuit breaker:

1. Ambient temperature.
2. Condition and characteristics of arc extinguishing medium.
3. Stored energy (air or hydraulic pressure, spring tension).
4. Control voltages.
5. Number of previous operations
6. Aging effects (lubrication may deteriorate, mechanical parts will wear, corrosi­

on may occur, springs and seals may change their properties, etc.).
7. Intervals between operations (infrequent operations give an uncontrolled time

spread).
8. Contact burning (Pre-arcing).
9. Seasonal ambient and environmental effects on the mechanical system (Sea­

environment, humidity, arctic and desert climate).
10. Contact bounce and contact rebound.

Important is also the measuring of the closing time on commissioning of the breaker.
Present day operating time measuring devices need a dedicated person to operate this
equipment. The procedure and the protocol must be weIl known and used by
everbody. If this is not the case, then serious errors (measuring on other control coil,
measuring on the auxilliary contacts instead of the main contacts, etc.) are possible.
This measurement is especially important if a fast iteration to the control point on the
reference signal is wanted.

The influence of these individual parameters is highly dependent upon the design of
the breaker. Parameters with probably the largest influence on operating time are:

1. Ambient temperature.
2. Stored energy level.
3. Control voltage.

Aging effects and number of operations may have significant effect, however very
little information on this topic is available, because of the little field experience. The
same is valid for the intervals between operations (standing time).

Field experience with no-Ioad testing of circuit breakers has shown that the very first
shot (= switching operation) is very often missed (= not recorded with the measuring
equipment) due to a variety of reasons. Most of them are directly related to the
personnel (and the state of their equipment) responsibie for carrying out these tests.
This very first "magical" shot is a very important one because usually it gives an
indication of the operating times after a certain standing time.

A long period without operation for the breaker is the most problematical area as to
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what can be anticipated:
Mechanica! parts can wear.
Quality of lubrication may deteriorate.
Corrosion will occur.
Springs and seals may change their properties.

Since the CIGRE 1988 Conference in Paris, more attention is focussed on the
mechanical stability of circuit breakers with respect to controlled switching. Despite
this, not many specific reports have been published on this topic. In all the CIGRE
Conference papers and Discussion Contributions (Bemeryd [2.28], Moraw [2.34],
Alvinsson [2.35], Neumann [2.36], Degen [2.37]) only indications are given of the
influence of different parameters on the operating time spread. It is very difficult to
compare the different published values because a lot of important information
(parameter ranges, exact time intervals, etc.), necessary to make comparisons, is not
mentioned in the publications.

One paper that gives some extensive information on the variation of operating time
under the influence of different parameters is by Pastors and KieBling [2.38]. They
investigated a Siemens circuit breaker with a hydraulic drive.

They separated the influence of the different parameters on the operating time, by
varying one parameter and keeping the others constant. Their findings can be
expressed in the following approximative equation:

tclose (T, U, P) = Kl e - Ka (100 + Tl +

UControl

K4+ -----'=---- + Ks T + Kr.
PHydIaul1c

The oil viscosity is exponentially dependent with temperature, therefore also the
operating time has an exponential temperature dependent factor. This is expressed in
the first part of the above expression together with the factors Kl and Kz• The
resistance of the control coils for operating the breaker increases with temperature.
The coil current decreases therefore with increasing temperature. This can be
compared with a decreased control coil voltage. Temperature showed a linear relation
to the closing time, with a multiplication constant Ks. They measured a hyperbolical
curve for the dependence of operating time on the control coil voltage as weIl as the
hydraulic oH pressure. The different thermal coefficients of expansion for the
porcelain-insulators and the intemal insulating rods change the operating time in a
linear way. The thermal time constants of the porcelain and the rods were not taken
into account.

As it is clear from the above equation, the linearised formula is only valid for the
closing operation of the breaker. For an opening operation the resultant hydraulic
pressure is dependent on some factors like initial pressure SF6, ambient temperature,
and the temperature increase of the breaker unit due to the normal CUITent flow
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before the opening sequence was initiated. Altogether this is a very complicated
mechanism, and thus it is difficult to give a general equation for the dependence of
the operating time of a breaker on different parameters. Detailed research is still
necessary.

The influence of standing time was also investigated. It was found that a standing
time of 60 days in between successive breaker operation did not affect the operating
time of the breaker. Also the often mentioned possible problem of "sticky" latches in
the drive hydraulic system in relation io the standing time were looked at. The
hydraulic system has an inherent leakage, because of this the pressure will always vary
between a lower and an upper value. This continuous varying pressure prevents this
"sticky" effect according to Pastors and KieBling. Pastors and KieBling claim that
breakers with hydraulic drives are suitable for use in a controlled switching installati­
on. However more work must be carried out in the area of application of the
hydraulic drive with other breaker types. Also the effect of the neglected parameters
in this project (thermal expansion coefficients and time constants) must be investiga­
ted.

The CIGRE Task Force on Controlled Switching has gathered information for
different types of drives for SF6 breakers. Table 3 [2.49] summarizes their findings. It
indicates that the timing is highly dependent upon the type and design of the specific
circuit breaker in question. A summation of all tolerances would lead to the conclusi­
on that it is not possible to use present day breakers for controlled switching purpo­
ses. The allowed accuracy of ± 1 ms is exceeded to a large extent. Therefore an
adaptive control system is necessary for accurate time controI. The values in the table
are for each independent pole of a three pole breaker, and therefore require separate
opening mechanisrns for each pole. The simultaneity between poles will be greater if
it is assumed that both positive and negative values of accuracy are possible.
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Another effect that is encountered when c10sing and opening contacts is the contact
bouncing or rebound effect. This effect has been found to be present at various
occasions with different breakers. In appendix 3 a graph-recording is given of a no­
load test on a Delle PK6 airblast breaker. On this recording which was made with a
Ultra Violet Paper Recorder, it can be c1early seen that the bounce and rebound
effects are present. Also during the no-Ioad tests on the ABB SF6-breaker at Borssele
Substation these effects were measured, both on c10sing and opening. No-Ioad tests
that were done at KEMA on ABB HPL breakers also showed this effect. The
maximum duration of this effect was about 2 ms, this is long in comparison with a
half-cycle time duration. In table 4 some time results from no-Ioad tests at Borssele,
of tbis bouncing effect are given.

Red
Phase

White
Phase

Blue
Phase
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For the Red Phase contact the time duration between first contact touch and final
contact c10sing is equal to 0,9 ms. For the White Phase contact this is 1,3 DlS, and for
the blue phase contact this is 1,7 ms.

A similar bouncing phenomenon was discovered on the opening of the breaker, the
results are given in table 5. In table 6 the bounce and rebound times together with
the average c10sing times are summarized.

On opening no rebound was measured on the blue phase for this occasion, also on all
the other openings no rebounds were detected on the blue phase.

Red Phase White Phase Blue Phase

Rebound
Events

*ll i~ÎÎlhl'çl
23,8 ms

Rebound
Close
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!i;wil;,IVlljl
Open

Average
Opening

Time
23,9 ms 23,3 ms 24,5 DlS

No
Rebound

The opening time is calculated from the first contact open. There are almost no
publications on the contact bouncing effect. Closing of electrical contacts is almost
invariably accompanied by some bouncing, which can last a few milliseconds. The
bounce effect affects the erosion of the contacts in a negative way. Barkan [2.39]
published a study on this effect, however his study was limited to low voltage - low
current circuits, and practical effects as have been measured are not treated in his
work. It is also possible to think of the contact bouncing in combination with prestri­
king. This effect has been reported by Brunke [2.17]. A similar effect as Brunke
described, has been measured at Apollo (ESKOM Grid) on an AEG S2 breaker.
During no-Ioad tests at Eiger Substation, also on an AEG S2-300, contact bounce
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times of about 0,5 ms on c10sing (c1osing time 102 ms) have been measured. At
Apollo multiple prestrikes have been measured, in a duration of more than 5 ms. lt is
very well possible that exceuive rebound effects at the end of an opening stroke con
possibly cause restriJdng. The bounce and rebound effect are primarily determined by
mechanical design parameters.

The forces on the contact fingers and the contact finger-plug geometry are dimensio­
ned in such a way that the radial forces are maximized and the axial forces minimi­
zed. On top of this criteria related to proper field distribution have to he taken into
account. The circuit breaker operating velocities are very high and thus some
bouncing can be expected. The no-Ioad test equipment which was used in these tests
did not had a filter network. With such a filter network it would be possible to define
bouncing in a consistent way. The no-load tests were carried out with low voltage and
low current, which are much smaller then the rated values. In general it can be said
that some bouncing is allowed, however as long as it does not affect the circuit
breakers switching performance.

Kirchesch etal [2.40] reported some interesting results on the influence of the
temperature on the mechanical performance of a circuit breaker. No-Ioad opening
and closing operations were done in a climate chamber, changing the temperature
from -40 oe to +70 oe. The three-phase breaker was equiped with a spring mecha­
nism below the central pole. The opening velocity increased significantly with
increasing temperature, the closing velocity changed only very little.

In figure 10 the measured tripping times are plotted against temperature. The
operating times 10 between the beginning of the tripping pu]se and the contact
separation or the contact touch consists of two parts. These two parts also follow from
the principle diagrams for the discussed operating mechanisms.

tOperating = tT.cipping + tT.cav91

The first part is the tripping time tTrippinJ until the latch becomes removed and the
motion really starts. The second part is the travel time 1r1'lM:1' The travel time can be
calculated when the contact stroke and the velocity are known.

The tripping times from figure 10 are then obtained by using the following equation:

On opening, the opening springs have to be released only, and the temperature
dependance is far below the scattering of the values. However it becomes significant
in the c10sing case in which the action of the operating mechanism takes place.

Kirchesch attributes the measured behaviour to the increase of the viscosity of the lu-
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brication media. The current through the open and close coil increases with de­
creasing temperature due to the decreasing resistance, but this seems to have no
influence on the operating times.
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Figure 10 - Circuit breaker operating times as a funeti­
on of temperature as reported by Kirchesch [2.40J.
* = Closing, 0 = Opening.

Kirchesch also carried out some electrical endurance tests with a rated normal cur­
rent of 2 kA. In order to obtain the same electrical stress for all three poles, the
tripping pulses for the more than 2000 CO-operations were varied accordingly. The
main stress during normal CUITent interruptions tumed out to be erosion of the arcing
contacts. The erosion of the nozzle was found to be negligible. The duration of the
opening time decreased (in tota! more than 10%) and that of the c10sing time incre­
ased (in total about 10%) by the number of switching operations. The change was
according to a linear function. These changes are significant when related to the
maximum allowed operating time tolerances for controlled switching.

No-Ioad Measurements

With no-Ioad tests in South Africa and in The Netherlands, the influence of control
voltage, stored energy and SF6-pressure was investigated. The results can be found in
appendix 3.
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24.3 ReliabiliJy of Circuit-Breakers

CIGRE Working Group 13.06 conducted two international enquiries on the reliability
of high voltage circuit-breakers. In the first international enquiry [2.43] for circuit­
breakers, information on circuit-breaker failures and defects in service were processed
for the four year period 1974 to 1977. These breakers were instalIed on systems
having voltages equal to or above 63 kV and belonging to 102 utilities from 22
countries. The fust enquiry concerned 77.892 circuit-breaker-years of all technologies.
The second international enquiry covered single pressure SF6 circuit breakers with a
rated voltage of 72,5 kV. Breakers operating at voltages of 63 kV and above were
also included. This enquiry concerned a total of 70.708 circuit breaker years, and was
carried out from 1988 through 1991. Janssen [2.44] - [2.46] has published some
preliminary results of the second international enquiry. In 1994 a final report will be
published with an overview of the final results, a summary of results is presented in
table 7. The percentages of the total number of major and minor failures are also
given in brackets.

Major Failure
Rate

First
Enquiry

Minor Failure
Rate

Second
Enquiry

Electrical
Control and
Auxilliary
Circuits

0,30
(19%)

0,19
(29%)

0,57
(16%)

0,92
(20%)

Others 0,05 0,25
(7%) (5%)
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@ = including 20% for operating elements at service voltage, such as valves.

A major (allure means a complete failure of the circuit breaker which causes the lack
of one or more of its fundamental functions. Any failure which does not cause a
major fallure is minor (allure. The main components at service voltage are the
interrupting unit, auxilliary interrupters, pre-insertion impedances, grading impedan­
ces, and the main insulation to earth. The main sub assemblies for the electrical
control and auxilliary circuits are the open and close circuits, auxilliary switches,
contactors, heaters, and the gas density monitor. The major parts of the operating
mechanism are compressors, pumps, energy storage, control elements, actuators,
damping devices, and the mechanical transmission.

The results show a large decrease (improvement of reliability) of the major fallure
rate (50%), whereas the minor fallure rate shows an increase. The components of the
operating mechanism are still the largest contributor to the failure rate, and thus the
reliability of breakers. Also the parts that are exposed to the arc are, the components
at service voltage, are a large contributor to the failure rate. The drive and control
mechanism of a circuit breaker have a significant effect on the operating time accu­
racy. This was already illustrated in table 3. With a feedback system it is possible to
compensate changes, however only to a certain extent, in the operating time. The
trend in breaker design is to make simplified designs with a fewer number of parts.
This has resulted in the use of single gap breakers at higher system voltages, which
however increases the risk of restrike. The most important component to check in a
circuit breaker to monitor its condition, is the contact travel. The contact travel
provides information about the operating speed, and also governs the pressure rise in
the puffer cylinder. This means that the operating times have to be monitored. Many
articles on continuous condition monitoring of circuit breakers use a measurement of
the operating times. This can be directly coupled to the possible controlled switching
task.

In the last years the link between continuous condition monitoring devices and
controlled switching technology has grown closer. In a controlled switching applicati­
on, it is necessary to check the operating time of the breaker but also the timing
performance of the controlled switching device. Circuit breaker control functions can
be easily realized with micro-processors. The hardware can be standardized and only
by some software-changes the required controls for different types of switchgear can
be realized. This means that there are some interesting possibilities for the implemen­
tation of controlled switching within condition monitoring devices. The implementa­
tion of controlled switching will not impose extra maintenance on the circuit breaker.
This is important because in the results of the first enquiry it is stated that half of all
failures are due to design, manufacture but also incorrect erection and maintenance
procedures contribute to this. Unfortunately within ROTEK (ESKOM's Repair and
Maintenance Facility) or ESKOM past data on circuit breaker failures in service, is
not readily available. It would be very interesting to learn how the ESKOM statistics

Controlled Switching in High Voltage Power Networks 51



Controlled Switching

compare with the CIGRE results. It is also important when it is considered to imple­
ment condition monitoring and controlled switching. Some utilities are still very
reluctant on the application of diagnostics whereas others can't wait to implement it
as soon as possible. The state of technology for diagnostic techniques is still develo­
ping. It is sensible to wait until the technology in this field is more or Iess stabilized.
By that time it might also be possible to have a good overview on the breaker failures
in the ESKOM grid. In figure 11 [2.27] the reliability of circuit breakers compared
with instrument transformers and aircraft electronics over the years is given. The
Mean Time Between Failures for circuit breakers has increased significantly over the
years. The MTBF for instrument transformers and electronics is much less than that
of the circuit breakers. The MTBF of a controlled switching installation will he
determined by the control device, and will thus be less than that of the circuit breaker
alone. This may he compensated to some extent by the increase in reliability of the
loads to be switched because these are subjected to reduced stresses.
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Figure 11 - The reliability of Siemens Circuit Breakers compared
with instrument transfonners anti aircraft electronics as a function
of time [2.27J.
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25 Imp1ementaJion ofa ConJrolled Switching Device

In figures 13 and 14 block diagrams are given for controlled switching schemes. For
most cases the block diagram of figure 14, a single pole operated circuit breaker with
one operating mechanism per pole, is applicabie. Seen from the viewpoint of
electronic circuitry, acontrolled switching unit cao basic1y consist of three functional
units:

1. The input stage, consisting of input lowpass filter network, galvanic separation,
zero crossing detector.

2. Intennediate stage, consisting of logic circuitry, electronic timers or phase shift
networks.

3. Output stage, consisting of a galvanic separation network and an output impulse
control souree.

F"ROH

VOLTAGE

TRANSF"ORHER
INPUT STAGE INTERHEDIATE STAGE OUTPUT STAGE

CIRCUIT

BREAKER

Figure 12 - Principle diagram of a controlled switching device for
one phase.

A controlled switching unit can be realized with commerciaJly avaiJable electronics.
Controlled switching units such as they are supplied by switchgear manufacturers have
some specials, like on-board microprocessors and some extra monitoring (feedback)
circuitry. For field tests at Apollo Substation in South Africa, acontrolled switching
device was developed based on the above mentioned three stages. The device was
used for controlled energizing as weU as controUed de-energizing of a 150 MVAr ­
275 kV Capacitor Bank unit.
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25.1 Controls and lnstTumentation

The set-up for a controlled switching device, like in figure 12, has been used by many
scientists throughout the years [2.17], [2.18], [2.27], [2.28]. Sprecber Energie bas
patented their controlled switching device [2.47], also their design is in principle
equivalent with that of figure 12. For the cases of transmission line switching two
voltage measurements, one on the load-side of the breaker and one on the supply
side are needed. Voltage measurement, on the supply side of the breaker, is sufficient
for other purposes provided no trapped charge is present. The timing for the other
pbases is derived from the the phase-angle relation between them and the monitoring
phase. In the most general scheme only one voltage transformer is used for reference
voltage (110V or 110V/.[3 winding) monitoring purposes. Some commercial devices
use a current feedback from current transformers, for adaptive control. With the
monitoring of the phase currents it is possible to calculate the real operating time of
the circuit breaker because the close coil current time initiating instant is known and
also the start of current flow is detected. Qnly smalI variations in operating time can
be compensated for by adaptive control.

Voltage and current transformers have inherent amplitude and phase errors. The
amplitude error is not important when only one voltage transformer is used. However
when using two voltage transformers, one on each side of the circuit breaker termi­
nals, it is of importance, because it will give a time error in the detection of a gap
voltage zero. The phase-angle error of a voltage transformer is not a problem with
the use of typieal instrument transformers.

Depending on the application of the controlled switching device, it is also possible to
use current zero deteetion instead of voltage zero detection. For example with
controlled opening of shunt reactors this is used.

The voltage and current transformers provide the input for the controlled switching
device. It is generally weIl known that within Substations, the use of electronics can
be problematic. Appropriate measures must be taken to rule out any possibility for
disturbances during controlled switching. The input stage of controlled switching
devices usually have a separation transformer, also lowpass-filter networks are used.

For the application at Apollo, use was made of an optie fiber between the voltage
transformer and the device. This fiber was also used to monitor the busbar voltage for
that phase. The device itself was located in a shielded room on a Mercedes Truck,
located next to the capacitor bank under investigation. An on-board power-supply, in
the form of a diesel-generator-set, on the Truck was used. This to rule out any possi­
bIe disturbances whieh might come through the Substations mains. During other
measurements disturbances were coupled in through the Substations mains. This gave
problerns with the measuring equipment, especially problems with the triggering of
the measuring system were encountered.
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The output stage of the controlled switching device consisted of three opto-couplers
and three fast intermediate relays. From the relays the close or trip coil of each phase
was actuated with a time controlled impulse with a maximum duration of about 50
ms. The control pulse setting can be done with a step Iess than 0.2 ms. The coupling
between the relays in the truck and coils in the circuit breaker cubicle were made
with multicore shielded cabIe.

In the applied device a digital timer was used to establish a controlled timing
sequence. As mentioned before, electronics are very sensitive to disturbances. This
problem is already known for many years. In early designs for controlled switching
devices, this characteristic has been recognized and dealt with in an appropriate
manner.

In the "oId" days, Williams [2.12] used asynchronous switching device for synchronous
tripping of a test breaker in a General Electric Switchgear Development Laboratory.
He developed a controlled opening device (for interrupting capacitive currents) in
order to be able to test a breaker over the complete range of contact-parting angles.
He used a phase-shifting Selsyn. The Selsyn triggered an eleetronic circuit that tripped
the breaker at any predeterrnined point on the voltage wave. For our design a selsyn
was kept as a spare in case interference problerns would be to persistent to cope with.

Many different names are in use for the phase-shifting element: Selsyn (of Swedish
manufacture), Magslip (of English manufacture), Tramo (of Dutch manufaeture) and
Synchro (of American manufacture). Selsyns (from self synchronous) [2.48] are used
as transducer-element in for example radar-equipment, it is used extensively in all
kinds of military equipment. As indicated every industry uses its own name. These
devices were developed originally as remote-position repeaters. The selsyn is similar
in construction to an electrical machine. It has a stator, a rotor, and a small air gap
between the two in the magnetic path. The stator has three windings syrnmetrically
disposed. The rotor is essentialy a single coB. If the rotor is supplied from an
alternating current source, transformer action is induced in the stator windings.

The three rms voltages on the stator terminals are:

Ea = E1 · cos (61 )

Eb = E1 • COS (61 - 1200
)

Ec = E1 • COS (62 - 240 0
)

The angle 61 is the angle between the rotor and the stator. These single-phase
voltages of different magnitude do not form a three phase system. The step in angle
can be set in steps of one degree (equal to 0,056 ms), this gives sufficient control
accuracy. A time-step of ± 1 ms is equal to ± 18°. The phase-shifted signal can be
picked up from the selsyn stator and fed to the base of a transistor which will be
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driven into saturation, the collector of the transistor will control the output stage. This
caD be for example a differentiator and a thyristor. The block-voltage transistor
output is differentiated, this gives positive and negative pulses, these caD he used to
control the thyristor. With very few components a low-cost controlled switching device
can be made in this way. One must be aware that a intermediate transformer is
necessary to adapt the output of the voltage transformer (110 V or 100V) to the
selsyn voltage which is usually about 50 Volt.

An other method is to use a transformer with
a split secondary winding, as in figure 13.
Between the outer connections a variabIe
resistor and a capacitor are used as a phase­
shifting network. The phase-shift controlled
output is taken from the central tappings in
the network. Using Kirchhoffs law, gives for
the upper loop:

- E + i·R + V = 0a

and for the lower loop:

-E - Va + i·x = 0

Combining these two equations gives:

FROM

VOLTAGE

TRAN5FORMER

Transformer

110 V : 2 x 24 V

Figure 13 - Phase-shift network for
controlled switching purposes.

1 - j·w "t

1 + j·W·T

E and V0 are vectors, 'T equals the product of Rand C and is the time-constant of the
network. The absolute value of the quotient equals one.
For the phase-shift, the following equation is valid:

cp = -2 ·arctan (w "t)

Hence it is possible to vary the phase-angle between zero and 1800. By using a
commutator it is possible that also the 1800 to 3600 area can be covered. Also with
this input stage a sufficient control accuracy can be obtained, also with very few
components and at low cost.
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25.2 Review ofApplications

Most of the controlled switching devices have been instalIed in Austria (39), Sweden
(77), Switzerland (114) and the USA (68) [2.49]. It is however believed that more
installations can be found worldwide, because for example in Japan only 11 installa­
tions are reported. Out of the 163 units for transformer switching, 100 units are used
for 160/3 Hertz single-phase railway transformers. Controlled de-energizing of capa­
citive loads is used for two 400 kV transmission lines. Controlled de-energizing of
shunt reactors (53 units reported) is used to prevent reignition overvoltages and as
such to prevent the reactor (inter-) winding insulation. 112 units are used for
controlled closing of capacitive loads.

In tables 8 and 9 an overview is presented of controlled close and open switching
operations. Table 8 gives an overview of the various important factors on closing,
whereas table 9 gives similar inforrnation for the opening sequence.

sJwnt Capacitor / Filter Bank Switching - On energizing of a capacitor bank, very
often prestrikes across the contact gap occur, as breakdown occurs usually around the
peak of the voltage. High inrush transient currents, in the order of about 10 pu cao
be expected with frequencies around 1 kHz, depending on the source configuration,
are normal. The voltage experiences a large dip when not energized at voltage zero,
as the capacitor which is being energized, behaves as a short-circuit. With back-to­
back bank-switching much higher values for the transients are to be expected. These
differences are discussed in chapter 3: Conventional Methods versus Controlled
Switching. It is desirabIe to energize at gap voltage zero. This imposes different
settings for the timing for the cases of un-earthed and earthed banks. An accuracy of
± 1 InS is required to give sufficient damping of transients on capacitor energizing.
Normallya capacitor bank is energized with no trapped charge on the capacitors. The
trapped charge is drained by either discharge resistors which are in parallel with the
capacitors or by magnetic voltage transformers which might be present because of
metering and protection purposes. Controlled de-energizing of capacitors is possible.
SF6-breakers are by a lot of people assumed to be restrike-free. However there is no
proof that this is the case for every breaker. It is necessary to control the arcing-time
on opening in such a way that the contacts are separated enough when the arc
extinguishes. SF6-breakers are however capable of interrupting capacitive currents
with very short arcing times, these can be in the order of up to a millisecond. Critical
conditions for reignitions occur at very small arcing times. At these very short arcing
times, the dielectric conditions determine if there will be reignitions. A time of about
5 rns before current zero is reported as being sufficient.

Transmission Line Switching - Maury [2.13] and Konkel et al. [2.15] reported on this
topic, both described the energizing of 500 kV and 765 kV transmission Hnes with
controlled c10sing and pre-insertion resistors on Hnes with trapped charge. Especially
the trapped charge is responsibIe for very high overvoltages. Also in this case the

Controlled Switching in High Voltage Power Networks 57



Controlled Switching

optimum time is gap voltage zero. It is necessary to use voltage measuring facilities
on the supply side as weIl as the line side of the breaker. A closing accuracy of ± 1
ms is required. For de-energizing the same arguments are valid as for the case of
shunt capacitor bank switching.

Transfarmer Switching - The inrush currents which occurs with the energu:mg of
transformers are about 10 to 15 times the peak value of the rated current. The
harmonic oscillations resulting from the energizing of large transformers can lead to
asymrnetries in the voltage as weIl as problems in the local power system.

In Austria [2.33] a lot of attention has been focussed on the controlled energizing of
large transformers used at a HVDC station, because the voltage distorsion caused by
inrush currents caused commutation failures which in turn lead to plant trippings.
AIso in Sweden [2.34] controlled energizing of transformers at an HVDC station is
used. De-energizing a transformer is not a problem, because of the high damping by
the losses of the transformer. If a reignition would occur, high overvoltages can be
expected. The general attitude towards controlled switching of transformers is, that
more investigation is necessary in the near future.

The control point for closing is dependent on the degree of remanence remaining
before closing. For controlled closing three cases [2.28] have to be distinguished:

1. The magnitude of the remanent flux is small:
The inrush current will be negligible if the transformer is energized at
voltage peak.

2. The polarity of the remanent flux is known:
Controlled closing at the voltage peak with a polarity which decreases the
remanent flux will give a substantial inrush transient reduction.

3. The polarity of the remanent flux is not known:
Controlled closing at the voltage peak with the correct voltage polarity.
Energization at a voltage peak with the incorrect polarity, still gives a
reduction of about 50% in the inrush transient.

A reduction of the remanent flux seems possible by placing capacitors in parallel to
one of the transformer windings. After interruption of the unloaded transformer, a
damped current oscillation will reduce the remanent flux considerably, if the capaci­
tors have the correct dimensions. They should be dimensioned in such a way that the
current flow in the capacitor is of the same order of magnitude as the steady state
magnetizing current.

Berneryd [2.28] and Andersen [2.50] state that it is possible to connect a fraction of
shunt capacitor plant permanently to power transformers when controlled closing is
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used. Berneryd states an accuracy of ± 1 to 2 ms. An accuracy smaller than this will
give even better results. The optimum controlled switching times are dependent on
the core construction, type of winding, connection and treatment of the neutral point
of the transformer [2.34J.

Shunt Reodor Switching - Especially the controlled interruption of small inductive
currents is a very usefull method to prevent excessive overvoltages due to reignitions.
It is possible to eliminate all reignitions by appropriate control of the contact parting
time. In literature, control times vary from about 5 to 10 ms before current zero, with
an accuracy of about ± 1 to 2 ms. Controlled closing to minimize inrush currents
must be done at gap voltage peak. The maximum current inrush for reactors is two
per unit (not dangerous), whereas for capacitor banks this inrush current is of much
higher order. Therefore controlled closing of shunt reactors is of less importance. The
optimum controlled switching times are dependent on the power system and shunt
reactor earthing connections.
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TABLE7

CLOSING

CONVENTIONAL
UTILITY

PRACnCE

TRANSFORMER

Closing Resistor

SHUNT REACTOR

Direct on ~ystelJ1

or permancntly
connectcd

TRANSMISSION LlNES

Closing ResÎstor .

'.'

SHUNT CAPACITOR

.... ' SétléS lm~:, '..'
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'. permaueDtij...... ..,.,."".',.
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no .voltage
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.. ' ..... '.".
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. '.}i···
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(3rd phase) af~er

voltage zero

Normal1y none

High inru~h

currents with lar!!e
OC-part.

Source side Voltage

Adaplive control for ~hort term rrpcatahility under nominal conditions is
u~ed. Further (\peraling time varialion~ due to control voltage, stored energy

and amhient temperalure can also be compensated for.

:!:lt02ms

High inrush
currenls,

asymmetries
in syslem voltage
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Depends on
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constructioD, type
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connection

. and treatment of
neutral-point.

. .
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BACK-UP IF SYSTEM
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CONSEQUENCE OF
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SHUNT CAPACITOR
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26 Summary

Controlled switching already has a long history. The poor mechanical stability of the
circuit breakers throughout the years was the main reason that this switching techno­
logy has not been applied widely. In the last years controlled switching has gained
considerable interest again because of the improved mechanical stability of present
day breakers. Based on the number of successful applications of controlled switching
and the apparant high reliability of SF6 breakers it would appear that present day
breakers can be used with little or no modification for one or more controlled
switching applications. To a certain extent, low velocity and poor pole simultaneity
can be compensated for by a suitable choice of the timing commando Dielectric and
mechanical characteristics of the circuit breaker determine the suitability of a breaker
for a particular controlled switching task. The dielectric withstand depends highly
upon the spread in withstand and spread in operating times.

Many no-Ioad tests have been carried out in the laboratory and in the field. During
these tests many factors that influence the operating times were investigated. Tempe­
rature, control voltage and stored energy are three parameters that can influence the
operating times to a large extent. For controlled switching installations use of
adaptive control to compensate for these influences, is highly recommended.

A combination of controlled switching with condition monitoring devices has been
suggested. However information on circuit breaker failures should be available first,
in this way the appropriate techniques can be applied. It would be interesting to see
how the CIGRE statistics compare with ESKOM's statistics. It is recommended that
such information is gathered, the ideal pIace to do this is at ROTEK. By the time
that this information is available, the technology in the field of controlled switching
should be more or less stabilized, and a weil considered decision can be made.

Different possible secondary circuits have been suggested to implement controlled
switching for field test purposes. It is recommended that with future field tests
controlled switching must be used. In this way all the possible conditions for closing
and opening can be measured in an adequate manner. This is especially recommen­
ded when commissioning tests are done for future substations. These new breakers
will be stabIe enough, because usually spring drives are used. From our no-Ioad tests
it can be concluded that these are very stabIe, especially the latest generation LTB­
breakers from ABB.

This novel switching technology has a promising future, it must however be mentio­
ned that general application is not recommendable at the moment. The reason for
this is that the controlled switching technology is still developing. Only circuit
breakers that are sufficiently stabIe and fast enough can cope with this duty. In the
following chapters some applications of controlled switching as they were used in field
tests in South Africa and the Netherlands, will be discussed.
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3.1 Introduction

Capacitive Current Switching - In practice the following cases are important when
switching of capacitive currents is considered:

1. Lines under no-Ioad conditions.
2. Series and Shunt Compensated lines.
3. Cables.
4. Capacitor banks (Single and Back-to-Back).
5. Filter banks (Single and Back-to-Back).

The lengths of cables and lines in new installations are increasing. Utilities are
applying capacitor banks on many different voltage levels for voltage control.
Capacitor banks are sometimes partly designed as filters to get rid of high harmonies
[3.1]. In principle the switching of capacitive currents is not a big problem. The
currents are usuaIly less then about 1 kA. The transient recovery voltage goes slowly
up to about 2 per unit. In the system no overvoltages are generated and the de­
energized bank has a trapped charge of about 1 per unit just after de-energizing has
taken place. However this is only the case when the circuit breaker is restrike free at
all possible arcing times.

After a restrike a high frequency transient current flows, the character of this current
is determined by the voltage difference and the impedances on the source and the
load side of the breaker. If the arc extinguishes on a certain moment of the transient
current [3.18], [3.19] the possibility of an overvoltage exists.

On energizing there wiIl usually be pre-arcing which can give an intermittent but also
a continuous transient current. In the case of lines and cables the initial current is
limited by the surge impedance. With capacitor banks the line-impedance wiIl limit
any transient currents. Sometimes extra damping reactors are applied to limit
transient currents also when energizing capacitor banks in a back-to-back situation.
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The inrush current for a capacitor bank can be many times larger (up to about 10 to
100 pu) than the steady state current. Whereas the inrush current for a shunt reactor
is maximum twice the steady state current (or exactly 2v'2).

There are some differences between Hne switching and shunt capacitor bank swit­
ching. Firstly the stationary voltage is not the same in both cases, because in Hne
switching, the increase in voltage caused by the Ferranti effect is present. The
Ferranti effect is the voltage increase at the end of the Hne caused by the distributed
nature of the Hne-inductance and Hne-capacitance. This is different from the voltage
increase caused by the shunt capacitor bank. Secondly, Hne-dropping under no-load
conditions is accompanied by surge waves, these are not present when shunt capaci­
tors are interrupted. Thirdly the damping infiuences are different, they are stronger in
the case of the transmission Hne. The three phases in the capacitor bank are relatively
stronger coupled than transmission Hnes. With a transmission Hne there win be more
coupHng or cross-talk between phases than in a capacitor bank. Also the voltage
stress of the circuit-breaker when interrupting capacitor banks is different from that
caused by unloaded transmission Hnes.

The behaviour of an unloaded series compensated transmission Hne with respect to
the switching conditions and the recovery voltage, win not differ significantly from a
non-compensated Hne. This is however not the case for the by-pass breaker, which
can be subjected to significant stresses. The behaviour of a shunt compensated Hne
will have a big impact on the recovery voltage. Mter de-energization, a non harmonic
oscillation win start. The oscillation circuit consists in this case of the transmission
Hne and the shunt reactors inductance. The nonharmonic oscillating frequency [3.82],
[3.83], [3.84], [3.85] win usuany be of lower value than the power frequency.

The correct functioning of converter stations, is c10sely Hnked to the generation of its
harmonics. To keep the harmonics out of the network, shunt filters are used at
converter stations. These shunt filters have a low impedance for a certain harmonic,
this is obtained by resonant tuning of these filters. The harmonic content of the
current may be large compared with the power frequency current itself. The superpo­
sition of the harmonic currents can produce additional current zeros in the total
current which has to be switched by the circuit-breaker. The recovery voltage win
differ from the (1 - cosine)-shape because of the presence of the harmonic compo­
nents. In general it can be said that switching of filter banks will not cause any
specific problems [3.43]. Switching of filter circuits means in general switching of
heavily distorted currents. The currents can have multiple zero-crossings per half
period and a strongly distorted recovery voltage.

The object of IEC tests for capacitive current switching is to investigate if breakers
are restrike free under different arcing time durations. There is still a lot of discussion
on the method that must be adopted to test breakers on being restrike-free.
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Inductive Current Switching - With inductive loads in high voltage networks, one has to
think of the following:

1. Shunt reactors.
2. Shunt reactor loaded transformers.
3. Transformers under no-load.

Shunt reactors more or less suddenly appeared in large numbers when long transmis­
sion lines for the high voltages started to be built some thirty to fourty years ago.
Characteristic parameters of an overhead line are its shunt capacitance (due to the
electrostatic field from line to earth) and series inductance (due to the magnetic field
around the conductors). The line can be "stiffenned" by a suitable choice of a series
capacitance and a shunt inductance, which gives a smaller voltage difference, in
amplitude and phase, between the line ends.

In South Africa both shunt reactors and series capacitors are in use. Three ways of
connecting shunt reactors are distinguished, namely line reactors, busbar reactors and
tertiary connected reactors. In the 1950's and the 1960's the interconnected power
systems all over the world started to expand, this required a considerable amount of
permanently switched-in reactive power. The factors that previously restrained the
adoption of shunt reactors were amongst others fears about the overvoltages arising
on the disconnection of the shunt reactor, and also doubts about the reliability of
such new-fangled ideas. Throughout the years many scientists have done a lot of work
in trying to darify the phenomena and find solutions for the problems that occur on
the de-energizing of small inductive currents.

Not only under type test conditions must a breaker be restrike free but this must also
apply for the many years which the breaker must perform its duties in the field. This
however can not be guaranteed under the present standards. CIGRE Study Commit­
tee 13 - Working Group 04 is involved in a discussion on the complete range of
switching of capacitive currents. It will make proposals on the improvement of IEC
Standards in future.

Experimental Field MeasuremenJs - The controlled switching technology as it is
described in the previous chapter, has been appplied in various case studies in the
South African and Dutch transmission networks. Controlled dosing and opening of
shunt capacitor banks as well as controlled opening tests on a tertiary connected
shunt reactor have been carried out. Field test trials have been carried out on the
following sites:

1. StikIand Substation, near Stellenbosch, Cape Province, South Africa.
Three parallel shunt capacitor banks of 72 MVAr each at 132 kV.
The new technology of fuseless capacitor units from ABB (USA) is used in this
station. The neutrals of these capacitor banks are earthed through low-voltage
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capacitors. At Stikland only random energizing and de-energizing switching
tests have been carried out. Single bank: as weU as back-to-back switching was
investigated.

2. ApoOo Converter Station, near Johannesburg, Transvaal, South Africa.
Two separate field tests were carried out at this station:
A) A 200 MVAr filter bank (5tb

, 7tb
, 11tb, 13tb and high pass filter arms)

extemally fused capacitors, at 275 kV.
B) A 2 x 150 MVAr shunt capacitor bank, internally fused, double star, un-

earthed neutral at 275 kV.
Random as weU as controUed energizing and de-energizing switching tests were
carried out on the shunt capacitor bank. The filter bank was only switched at
random.

3. Doetinchem Suhstation, PGEM, The Netherlands.
A 50 MVAr tertiary switched shunt reactor at 50 kV. This tertiary reactor is
connected to the transformer that is responsibie for the coupling of the Dutch
150 kV and 380 kV National Grids. ControUed de-energizing tests have been
carried out.

4. Borssele Suhstation, Utility Delta Nutsbedrijven, The Netherlands.
A 100 MVAr shunt capacitor bank, internally fused, double star, un-earthed
neutral at 150 kV. The first controlled closing instaUation at a Dutch utility
was instalIed in October 1993. On commissioning field tests were carried out.
Also equipment was instaUed to facilitate the need for long term (approximate­
ly 5 months) measuring and monitoring of the voltage signals on every control­
led energizing.

At Eskom's 765 kV Beta Substation random switching tests on shunt reactors (400
MVAr as a three phase bank:) have been carried out by Eskom and Messrs Toshiba.
These tests will be discussed in chapter 4. Also controlled de-energizing tests for
capacitive as weU as inductive currents carried out at KEMA's High Power De
Zoeten Research laboratories will be discussed. During these field trials the control­
led switching technology has been studied in all its practical aspeets.
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Figure 1· A 50 MVAr tertiary switched shunt reactor at 50 kV: This tertiary reactor
is located at Doetinchem Substation, The Netherlands.

For the past 30 years all of Eskom's shunt capacitor banks have been built using
intemally or extemally fused capacitor units. The advantages and disadvantages have
been debated over this period, but no definite conclusion was reached. The new
technology of fuseless capacitor units [3.4] was recently introduced into the Eskom
system at Merapi and Stikland Substations. The adoption of fuseless capacitor banks
in the Eskom higher voltage system would have a tremendous impact on the resoluti­
on of several problems associated with the conventional fused capacitor application.
Moreover, the fuseless capacitor technology is cheaper and enhances the shunt
capacitor reliability. In appendix 4 more background on the substation layouts [3.17],
and the fundamental construction and features of shunt capacitor banks [3.2] -[3.11]
and shunt reactors [3.12] - [3.16] are given.
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3.2 Shunt Capacitor Bank Switching

3.21 Review ofLiJerature

Since the beginning of this century, many researchers have publisbed on their
experience of switching phenomena with shunt capacitor banks. An excellent overview
(from 1931 up to 1969) of the most important articles published in the USA is given
in reference [3.18]. Morant is presently working on an overview in cooperation with
CIGRE Working Group 13-04 [3.19]. A lot of the early (Gennan, Austrian or Swiss)
literature cao he found in tbe bibliographies of [2.9] and [2.10].

Based on the experience of the utility, their power system computer simulations and
the manufacturers recommendations, the power equipment specifications and an
associated operating protocol are developed. In the many papers which have been
devoted to the concerns associated with shunt capacitor appHcations, a lot of practical
experience is summarized. The most important concerns related to shunt capacitor
bank switching are:

1. High frequency inrush currents on energIzmg, but also high frequency outrwh
cunents, in the case of back-to-back switching or in the case of system faults such
as phase-to-phase short-circuits. Stresses on the power syste~ the circuit breaker
and the power equipment in the immediate vicinity of the switched breaker must
be studied carefully. For example overvoltages on the current transformer secon­
dary connections have to he considered. The burdens have to be able to withstand
these overvoltages. Related references are [3.20], - [3.28], [3.30], [3.32], [3.34] ­
[3.36], [3.42] - [3.45].

2. Overvoltages on energizing of a shunt capacitor bank. Two kinds of overvoltages
have to be distinguished, namely the transient overvoltages and the sustained
overvoltages. Tbe sustained overvoltages can be due to a high value of the local
steady state system voltage (usually not more than 10% of the per unit value).
Also overvoltages caused by resonances which are triggered by energizing of the
capacitor bank have to be considered.

Tbe transient overvoltages depend on:
Sou.rce Characteristics - The ratio of the source inductive reactance and the
source resistance (X/R ratio) and the length of the transmission Hnes connec­
ted to the busbar are important. The general trend is that the transient
overvoltages become higher when the source gets weaker.
Parallel Shunt Capacitor Banks - Any parallel shunt bank operates as a source,
and thus creates a stiffer source on the concemed busbar. Tbis means that the
transient overvoltage is reduced for back-to-back energizing, however because
the source is stiffer the inrush currents are more severe now than in the case
of single bank switching. Multiple frequency transients will occur in this case.
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Permanent or Temporary Impedances - Pre-insertion impedance installed in the
circuit breakers, permanently instalIed series impedance circuits can act as
current limiting devices or spread the transients of smaller magnitude out over
time. Also the point-on-wave that the circuit breaker is closed is an important
factor in determining the severity of the transient. Related references are
[3.23] - [3.28], [3.30], [3.32], [3.35] - [3.41], [3.44], [3.45] and [3.46] - [3.55].

3. Overvoltages related to the de-energizing of capacitive loads, especially if a
breakers shows restriking behaviour, or more specific concerns on the circuit­
breakers transient recovery voltages. Directly related to this are the surge arrester
duties (if present). Surge arresters are applied for overvoltage protection. In the
case of multiple restrikes the surge arresters can be overloaded with as result, if a
baclc-up breaker fails to clear quick enough, their subsequent destruction. Related
references are [3.20], [3.21], [3.29].

4. Voltage magnification phenomena at remote capacitor locations represent another
source of problems. Under certain conditions of the power system very high
(magnified) overvoltages can oecur at these remote capacitor locations eaused by
the switched capacitor bank. A A A related reference is [3.37], [3.41].

5. KJgh phase-to-phare overvoltages at the remote end of /ong lines terminated with
transfomzers can also be caused by shunt capacitor bank switching. Travelling
waves can cause transients of about twiee the maximum system voltage on two
phases. If the polarity differs this means that a phase-to-phase transient of about
four times (exactly 2' 3) the maximum phase-to-earth voltage ean be present which
can be dangerous for the integrity of the transformers insulation. Related referen­
ces are [3.32] - [3.35].

Most of the published papers on capacitive current switching fall under one of these
points, and are based upon two different kinds of investigations. Some information
results from field testing of actual systems and from laboratory testing of power
eomponents. Another souree of information are the experiments with Transient
Network Analyzers (TNA) and the studies with computer programs such as ATP
(Alternative Transients Program - Personal Computer Version of EMfP) or EMTP
(Electromagnetic Transients Program).

Capacitive switching surge data obtained during field tests are usually a by-product of
circuit-breaker field tests in which the performance of the circuit-breaker is of
primary concern. As a eonsequence of the field test, the obtained data is directly
related to the specific local systems and the specific local circuit parameters.

The only general information available investigating switching surges over a wide
range of system parameters and circumstances are obtained by studies on systems in
miniature such as the TNA or with EMTP. However the major drawbacks are that
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the circuit-breakers specific properties are not taken into account in a correct way in
the used computer-software-models or in the miniature substitutes. In these model­
studies idealized circuit-breaker models are normaIly used which can give completely
different results. However despite these drawbacks some graphs that were produced
with ATP-programs [3.86], [3.87], [3.88], [3,89] wiIl be used to illustrate the coming
discussions.

From the foregoing it may be clear that there is a need for several methods to damp
or reduce transients on shunt capacitor bank: switching. These methods wiIl now be
briefly discussed.

3.21.1 Inrwh and Outrwh Current-Limiting Series Damping Networlc

Vbusbar

Ls

Vsource

Three different designs for such a damping network are generally in use.
To decrease the maximum value of
the inrush or outrush currents but
also the frequency of these cur­
rents, a series connected air-reac­
tor is used in each phase. This can
be the case for single or back-to­
back switching of capacitor banks,

I--_~~~ but also switching in the case of
eB inter-phase faults in the vicinity of

the bank, or when the shunt capa-
Figure 2 • Damping network consisting of a cur- citor bank circuit breaker restrikes.
rent-limiting reactor only. In this principle diagram the reac­

tor is drawn as a concentrated
element. Within some utilities this

reactor is in reality split into multiple reactor-elements of lower inductance and also
connected in series with the shunt capacitor units. This is done in order to protect the
shunt capacitor bank (it avoids destruction of the capacitors due to high outrush
current) in the case of a short circuit between the reactor and the shunt capacitor
bank.

Especially the case of nearby faults in the network is a complex problem, and if
circuit breakers must be able to operate satisfactory under such a duty, appropriate
testing in a High Power Laboratory is necessary. The transient recovery voltage of the
circuit breaker has a (1 - cosine)-shape due to the capacitor bank. This TRV has a
low rate of rise which wiIl cause an early attempt to interrupt the current at short
arcing time. In short, the capacitor bank causes the TRV to have a reduced rate of
rise, to have an increased peak value, and that the time to reach this peak value is
longer. The dielectric withstand capability of the contact gap wiIl probably not be
sufficient enough and the result is a reignition. If the breaker reignites a superposition
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of the power frequency current and a high-frequency transient, which can have a
considerable magnitude, component will flow. Due to the high magnitude of this
transient current additional current zeraes will be present in the current which gives
the breaker an opportunity to interrupt.

The impact of the high frequency transient can be decreased by a suitably chosen
series reactor.
This reactor must meet the following characteristics:
1. It must contraI the maximum values of the inTUSh and outrush currents within the

limits that are dictated by the circuit breakers specifications.
2. Negligible losses in steady-state operation.
3. The damping device should have a high reliability, ie its construction must be as

simple as possible.
4. It shouldn't have a significant influence on the steady state system.

The ANSI standards [3.28] require that special duty (definite purpose) breakers must
withstand transient current with a peak value of 20 kA and a frequency of 4250 Hz.
Based on this requirement, some of the reactor and resistor values which are used in
the Eskom system are tabulated in table 1. To damp the oscillating transients usually
a parallel resistor is added. Laboratory tests at KEMA [3.36] have shown that the
effect of the damping resistor depends on the extinguishing medium of the breaker. In
these tests a markable difference between an SF6 breaker and a minimum-oil breaker
was noticed, and revealed an overvoltage reduction for the SF6-breaker but not for
the minimum-oil breaker.

'" :.;.;.:-:-:- :;..;:.;:..........•. .; .

System Voltage Capacitor Rating Reactor Resistor
(kV) (MVAr) (J.LH) (0)

88 2x24 500 10

132 2 x36 600 10

275 2 x 75 800 20

Practice has shown [3.29], [3.35], [3.36] that even when the circuit-breaker application
does not require the breakers to switch capacitors, they may still he exposed to
capacitive switching duties during system faults in the vicinity of a capacitor bank. So
this reactor is not only important for the capacitor bank breaker but also for other
(general purpose) breakers (if they restrike) located close to the capacitor bank. The
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Vbusbar

Ls

Vsource

laboratory tests also showed that
breakers with different extinguis­
hing media have reignitions after
the interruption of fault-currents.
As mentioned before this is due to

L I the current interruption at short
:.... 11 I~I arcing times when the dielectric

CB~ Iwithstand is not high enough yet.
R Interruption at a high frequency

current zero occurred with some of
Figure 3 - Damping network consisting of a paraI- the tested breakers whereby over­
lel resistor - reactor circuit. voltages were produced, whereas

other tested breakers waited for a
power frequency current zero

extinction and thus increased the arcing time.

In the second solution this resistor is permanently in service, so continuously dissipa­
ting energy. In order to prevent this energy loss the MOV is used to bring the resistor
in the circuit during transient conditions.

MOV

L

R

Vbusbar

Ls

Vsource

The third possible design is a
damping circuit which consists of a
reactor in parallel with aresistor
which is in series with a Metal
Oxide Varistor (MOV or Zinc

C \ Oxide Arrester). This MOV "swit-
~ \ches" on the resistor only during

\inrush or outrush transients. This
design is relatively new, and not
many papers have been published
on this design yet [3.42], [3.44],
[3.45]. The utility EdF in France
has several of these designs in use.
So far the operational experienee
is satisfactory.The application of a

zinc oxide surge arrester depends on economics. It is possible that a full BIL (Basic
Insulation Level) damping network (Reactor with Parallel Resistor) is more economie
and also a simpIer solution. It also depends of course on the type of problem that has
to be dealt with. This damping network can provide protection on limiting the
magnitude of inrush and outrush currents, it can prevent loss of breaking capability
for general purpose breakers, but also provides damping in the case of a circuit­
breaker restrike. The design of this damping circuit mainly focusses on stresses due to
energizing transients because the branch parallel to the reactor only operates when

Figure 4 - Damping network with an extra surge
arrester, to prevent steady state resistor loss, in
series with resistor.
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transient currents pass through the reactor. The reactor is used to decrease the
magnitude of the transient current. The resistor is provided to damp the transients as
quick as possible.

The MOV must behave as an open switch during the steady state conditions and as a
closed switch during transient conditions. This means that the protective level must he
as lowas possible (as close as possible to the maximum steady state voltage), so that
the MOV remains conductive as long as possible during transients, and such that
sufficient damping is reached during the conducting state of the MOV. When
choosing the maximum continuous operating voltage for the MOV, also harmonies
have to be taken into account.

This new damping circuit is a permanently inserted passive system which operates
automatically, so a high degree of reliability can be expected. Presently EdF is
gathering field experience with this type of damping circuit. If this tums out to be
satisfactory, all the high voltage shunt capacitor banks may be equipped with this
damping device.

Relatively high component values are used: a reactor of 5 mB in parallel with a 60 n
resistor which is in series with a 4 kV MOV. This design is used for the 30 MVAr
shunt capacitor banks in the 72,5 kVand 100 kV networks. In the USA [3.42] some
utilities are also considering this dam in circuit, but a arantl this idea is still
developing.

Figure 5 • The damping network (R = 10 n - L = 600 p,H) on a 72
MVAr - 132 kV shunt capacitor bank at Eskom's Leander Substation,
near Welkom, South Africa.
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3.21.2 Pre-Insertion or Closing Resistors or Inductors

......................... _ ~ .o .. ., .
: 1 R:

! ~~
. Circuit Breaker 1
I. J

Vbusbar

Ls

Vsoul"ce

With the resistor in the switching device, two different inrush transients must be con­
sidered, see also figure 2. The fust transient when the resistor is inserted, then we

have a RLC series circuit as a
resulting circuit. The purpose of
the resistor is to limit the inrush
current. The second transient oe­
curs when the resistor is bypassed
and the circuit changes into a pri­
marily LC series circuit with a
much smaller resistive series ele­
ment. The magnitude of the inrush
current at this stage depends on

Figure 6 - Principle diagram of Circuit-Breaker the time-instant of bypassing or
with Closing Resistors. shorting of the resistor and also

the value of the resistance. The
larger the resistance value, the larger the voltage-change which occurs when the
resistor is by-passed. In the principle diagram of figure 6, only one dosing or pre­
insertion resistor is used. It is very weIl possible to use more then one resistor, this
can result in a further reduetion of transients, however the transients are spread out
over a longer time-interval. Choosing the correct value of the resistance value is very
important for a gradual energizing operation. If the resistor is large, the first transient
will be small whereas the second transient may still have significantly large values,
and thus the aim of using a dosing resistor is not reached.

When a dosing resistor is used, the busbar voltage will not collapse to zero. The
reduetion in the busbar voltage collapse results in a reduced step-voltage-wave which
will be injected on energizing into the system. If the dosing resistance value is chosen
in such a way that the RLC series circuit shows a nearly critically damped transient
oscillation behaviour, the busbar voltage will have very little overshoot and the will
damp the transients within say less than a quarter of a period of the 50 Hz current.
The change in busbar voltage will still be abrupt on energizing but reduced to a level
such that it has less impact on the system.

Pre-insertion or dosing resistors typically absorb a large amount of energy on
capacitor bank energization. The energy capability of the resistor can lay down limits
on the frequency of switching operations but also limit the size of the shunt capacitor
bank rating. The use of pre-insertion impedance makes the mechanical construction
of the circuit breaker much more complicated, this also has its impact on the
reliability of the switching device and the overall installation.

Instead of aresistor also an inductor can be used as a pre-insertion or dosing
impedance. The extent to which the busbar voltage collapses is also significantly
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reduced because of the high surge-impedance of the inductor. The voltage will not
collapse abruptly, but initially in an exponential way, in this case hecause the pre­
insertion inductor surge-impedance will have a very high value compared with the
surge impedance of the connected infeeding transmission lines. The presence of
transients on the system voltage wiIl be of longer duration as the damping will he
much less in this case. The travelling wave that is injected into the system in this case
wi11 have less impact because on energizing the initial busbar voltage will not collapse
abruptly.

In the case of a dosing resistor a step function wave will be injected into the system,
whereas in the case of a dosing inductor a rampe function wave wiIl he injected. The
step function wave that wiIl be injected with direct energization of a shunt capacitor
bank wiIl of course be of larger magnitude. Energizing through a dosing inductor wiIl
produce a lower rate of change of the busbar voltage. This will have less impact [3.33]
on the initial turns of a transformer winding.

Also circuit breakers with opening resistors are used, the principle diagram is the
same as for dosing resistors.

3.21.3 Controlled C/osing

Controlled dosing has been discussed and recommended by several researchers [3.46]
- [3.55] as a very effective means of energizing a capacitor bank. As reported in the
second chapter of this report, there are two major requirements upon the circuit­
breaker in this case. The mechanical stability and inherent operating time of the
circuit breaker must be sufficient and very consistent, an accuracy of ± 1 ms is
absolutely required. Also the rate of fall of the dielectric strength must be sufficient
and in such a way that energizing within this ± 1 ms time-window is possible. This
means with or without pre-arcing but absolutely within this time-window. The ideal
time-instants for energizing of shunt capacitor banks with earthed and un-earthed
neutral are fundamentally different, see chapter 2. This can also be said of the
overvoltages that can occur on energizing these banks in an un-controlled way, or
because of timing errors in the dosing instant. The influence of system load on the
damping of transients when energizing takes place within this ± 1 ms is also signifi­
cant, this has been proven with field tests at Borssele Substation [3.55].

If a switching device adheres to these two fundamental requirements, controlled
dosing is the ideal means of energizing because local but also remote transients will
be viTtually eliminated.

In the papers on controlled switching the following topics are discussed:

1. The required time-window on circuit breaker dosing and opening, and the effect
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of time-spread around the optimum control points, for the different possible loads,
as weIl as the effect of the neutral treatment of the different possible loads.

2. Field test results showing the voltage and current wave forms for practical
situations.

3. Computer simulation results showing these wave forms for the model of the power
system.

4. Block diagrams of control circuits for controlled switching.

5. Comparisons of controlled switching with other means of transient reduction.

6. Orcuit breaker requirements, such as closing speed and no-load test results under
various conditions.

7. Adaptivity algorithms and adaptive control methods and the various parameters
that influence the operating time accuracy.

8. Economical and reliability aspects.

9. Future applications and perspectives.

All these points have been or will be discussed in chapters 2 and 3. The damping of
the network can have a significant effect in the case of controlled closing. This
network-damping effect was not treated in any of the published papers. During field
tests at Borssele Substation the impact of this effect became clear. It will be discussed
in a later section.

3.21.4 Other Methods

ControUed Opening - Controlling the arcing time of a breaker makes it possible to
prevent circuit breaker restrikes. Only a few controlled opening installations are used
at present for transmission line opening. A lot of research is still being carried out at
the moment.

Surge Arresten - The function of a surge arrester is to protect the insulation of other
power equipment connected to the same busbar as the arrester, without putting itself
at risk (energy demands on the arrester). This is done by limiting the overvoltage to
the arresters clipping level. The arrester begins to conduct when the system voltage
approaches the arresters protective level. The voltage which causes the arrester to
operate can be an overvoltage due to an energizing procedure of a capacitor bank.
Also overvoltages which occur on restriking of the circuit breaker will operate the
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arrester. The arrester is used as a second line of defence in this case. Care must he
taken when determining the arresters energy demands especially in the case of
restriking. H multiple restrikes occur, the voltage may possibly resonate upwards.
When restriking occurs in one circuit breaker pole, and the capacitor banks neutral is
un-earthed, then there will be a significant neutral-voltage. The other two poles are
often subjected to a very high voltage difference across their poles and are forced to
restrike. In general arresters can only be used up to a certain limit because they are
not capable of dissipating the capacitive power of the bank. High current surges are
possible, expecially in the case of back-to-back banks.

Varistor aided Switching - This solution was presented during the 1992 Cigre Conferen­
ce [3.42], allthough the idea has already been suggested some decades ago. The
construction of the breaker is similar to a breaker with a dosing or opening resistor.
Instead of the linear resistor, a non-linear resistor or ZnO Varistor is used. The
current-voltage characteristic of the varistor is such, that interruption of the varistor
current occurs naturally in the SF6, without blasting. The transient voltages are
limited to 1 per unit with varistor aided switching.
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3.22 ESKOM Experience

Within ESKOM some 150 MVAr shunt capacitor banks at 275 kV have given pro­
blems, which are due to a certain extent to the principle of adopting the same
configuration for all capacitor ratings as it has been dictated by ESKOM's standardi­
sation philosophy. The un-earthed double star configuration adopted by ESKOM has
proven to be reliable for banks up to voltages of 132 kV because the equipment used
can easily be manufactured with the required capabilities in relation to the transients
and fault conditioDS.

This can not be said for the 275 kV un-earthed shunt capacitor banks. The following
events [3.2] have been recorded:

1. The contacts of circuit breakers are subject to contact-erosion due to the inrush
currents, especialy during the back-to-back energizing of shunt capacitor banks.
Also voltage surges can be induced in the station control and protective circuitry.
Interference with communication systems in the area is also possible. Current
transformers are stressed and the time clearing characteristics of the unit protecti­
on fuses change with successive energizations.

2. Circuit-breaker restrikes on de-energizing of capacitor-banks. Due to neutra!
voltage excursion flashovers to earth of the bank neutrals occur during arestrike.
On some occasions the restrikes also caused severe damage to the unbalance
protection current transformers and to the neutral itself.

3. Explosions of internally fused capacitor units.

4. Tripping of circuit breakers in remote capacitor banks due to the voltage magnifi­
cation phenomena at that remote busbar.

5. Severe phase-to-phase overvoltages at remote substations, due to the voltage­
surges on capacitor bank energizing. This caused transformer insulation damage
which might have been the start of insulation failures. Surge arresters at the
remote busbar do not offer protection for phase-to-phase surges. The phase-to­
phase overvoltages are dependent on the size of the shunt capacitor bank being
switched, source characteristics, length of Hnes between the switched capacitor and
the remote busbar.

Another problem related to the capacitor banks is, that the older banks have PCB­
insulating oil in the capacitor cans. This makes special procedures necessary for the
removal and destruction of faulty cans. The main cause of the mentioned problems
are the current and the voltage transients which occur on bank energizations or with
restriking on de-energization.
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Elaborate studies in the USA have lead to the conclusion that shunt capacitor banks
at voltages higher than 230 kV have improved performance if the bank neutral is
earthed. According to Westinghouse, shunt capacitor banks in the USA and Canada
of such high voltage and also large size are usually commissioned with the neutral
earthed. The ability to contral the transients more effectively and the use of a less
expensive protection scheme, which is also less affected by transients, in shunt
capacitor banks with earthed neutral played a determining role in the American
decision to adopt this kind of neutral treatment. The connection of the bank neutral
to the earth grid requires special connections and must he of the lowest possible
impedance. In some cases this might turn the cost factor in favour of the un-earthed
neutral configuration.

Based on these experiences, in the following section some equations for current and
frequency wiIl be derived for single as weIl as back-to-back energizing of shunt
capacitor banks with simplified diagrams. It is very easy to determine the behaviour
for (idealized) three-phase circuits with the help of computer simulation software such
as the Alternative Transients Program. Therefore only one-phase representations of
circuits to explain the phenomena will be used.

Figure 7 • A 72 MVAr - 132 kV Shunt Capacitor Bank at Eskom's
Leander Substation, near We/kom, South Africa.
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3.23 Capacitor Banks Switching Phenomena

Energizing and de-energizing one phase of an earthed shunt capacitor bank, or two
phases of an un-earthed shunt capacitor bank may be represented by a single phase
circuit diagram. When this diagram is analysed with respect to voltages and currents,
it can be concluded that higher order linear differential equations will rule the
behaviour of the circuit during transient and steady state conditions. Analyzing them
can be difficult. It is definitely impractical every time when a capacitor switching
problem is encountered to analyze these equations all by hand, therefore some practi­
cal equations will be derived. Also computer programs, such as EMTP or ATP, have
been developed to study three-phase situations quickly and in detail. To get a grip on
the phenomena which can be encountered on capacitor bank switching, a single-phase
circuit-diagram will be used.

The phenomena that occur when switching capacitive currents are already known for
a very long time. Despite this knowIedge, there is still a wide believ that the high
inrush and outrush currents and also severe voltage distorsions that occur during
energizations are the severest transients that one has to take into account. However
this is absolutely not the case when the possibility of a circuit-breaker restrike is
considered. Especially for oil circuit breakers many papers have been published on
single and multiple restriking phenomena [3.18], [3.19]. For the modem SF6 circuit
breakers arestrike occurs very seldom.

From basic circuit theory it is weIl known fact, that the transient current can be a
large multiple of the steady state current. The duration of the transients are determi­
ned by the time-constant of the circuit. In the circuits that are interesting for the
investigation, the resistance R is usually of very small value. So this means that the
transients decay very fast, however their magnitude can reach significant values. On
the instant of energizing, the capacitor behaves as a short-circuit and the current is
determined by the voltage to resistance ratio. This equation also makes clear that in
circuits with very low inductance the inrush currents can become very large. Values
between 10 to 100 times the steady state current are possible in practice. However in
real systems, a series inductance component will always be present. This can be the
inherent inductance of the power circuit, but it can also be an added component.
Usually the magnitude of the inductive reactance is of much higher value than the
magnitude of the resistance, and therefore they usually influence the transient
phenomena in a determining manner. To determine the severity of /he transients,
usually the following criteria are used:

1. The maximum value and frequency of inrush and outrush currents.

2. The maximum value of overvoltages at the switched busbar.

3. The magnitude and the slope of the very steep voltage dip because this determines
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the oveIVoltage at remote busbar locations in other substations.

4. The duration or rate of decay of the transients.

These criteria are only valid for the case of single and back-to-back energizing of
capacitor banks. The current transients are more severe during back-to-back energi­
zing while the voltage transients are more severe during single bank energizing. It can
also be said that back-to-back switching gives a big kick to the circuit breaker and
that single bank switching gives a big kick to the power system. The magnitudes of
the transients are determined by the point-on-wave on which the circuit is energized.
These magnitudes are in proportion to the magnitude of the busbar voltage at the
moment of energization.

Energizing in Gap Voltage Zero - The voltage equals zero but the current is in its
maximum. The total inrush current in this case can only become about double the
steady state current value, and this will only occur after about half a cycle of the
natural frequency. The transient is a eosine and its decay is exponential. The tota!
capacitor voltage will only become slightly larger (a few percent) than 1 pu (the
steady state voltage) in case the ratio of the natural frequency v of the oscillatory
circuit to the frequency Co> of the power system, is large. The transient decays exponen­
tially with a sine funetion.
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Figure 8 - Busbar voltages calculated with ATP at Stikland Substation on energizing
of a single bank near gap voltage zero in each phase.

Energizing in Gap Voltage Marimum - This is the worst case and also the most usuall
case in practice. The transient voltage can become maximum twice the steady state
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value if the circuit has a high natural frequency. On energizing the busbar voltage will
have a very steep voltage dip, which can dip down to the zero-voltage line. The slope
of this dip can be dangerous in that it can generate high overvoltages at remote
busbars. At the moment of circuit closing the completely uncharged bank represents a
short circuit to the system and the inrush current is only limited by the impedance of
the circuit supplying the bank. Energizing a capacitor thus has the character of closing
the circuit-breaker on a short circuit. In conclusion it can he said that the closing
point-on-wave and the natural frequency are very important. The highest inrush
currents will occur when energizing takes place in gap voltage maximum. The ideal
point-on-wave for energization is thus at gap voltage zero.
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Figure 9 - Busbar voltages calculated with ATP [or energizing a single bank at
voltage peak in one o[ the three phases. Breaker poles operate simultaneously.

When two or more steps of a bank are switched independently, i.e. when an adjacent
bank is already energized, a very high inrush current can occur. Nearly all the inrush
current is supplied by the charged parallel bank and is limited only by the small
inductance in and between the banks.

To calculate the inrush current for a single as weIl as for a back-to-back situation, the
following equation is generally in use:

• ~ CTot~l
.1 Inrush Maximum = UMaximum L

In this equation Crotal equals the total capacitances. In these calculations resistance is
negIected, so the calculated current will be slightly high and therefore on the safe
side. These inrush currents are high but normally below the momentary current rating
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Figure 10· Busbar voltages calculated with ATP for energizing in a back-to-back
situation at voltage peak in one of the three phases. Breaker poles operate simulta­
neously, and two banks of 72 MVAr are already energized.

of the circuit breaker. The circuit breakers are build to withstand the contact burning
and mechanical stresses produced by an occasional closing of tbe breaker against a
short circuit. However frequent closing operations with high inrush currents can cause
rapid contact deterioration. The mechanical shock and stresses produced by the
extremely high rate of rise of current is also a very severe problem. So as it may be
clear, it is often necessary or at least desirabIe to limit the shunt capacitor bank
inrush current. One means for providing this function is the installation of an inrusb­
current limiting reactor in each phase, or one of the other previously discussed
damping networks or of course controlled switching !

Controlled Switching in High Voltage Power Networks 89



ConventionaI Practice versus Controlled Switching

In IEe 56 [2.1], [3.27] the following simplified circuits are used to calculate inrush
currents and frequencies.

Single-Bank Switching:

1

2 .7t ·V C La

c

1

2 on °Vc (La + L)

i Inrush Maximum = Upeak ~ ;

Vbusbar

Two Banks Back-to-Back Switching:
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N Banks Back-to-Baclc

I
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Legenda on the equations and figures:
f = Inrush frequency
I...o = Network inductance
1.., ~, ~, ...L.t = Inductances in series with capacitor banks
C, Cl' C;""Cn = Bank capacitances
With a number of n equal banks of capacitance C and inductance 1.., we have:

I ~ ( x - 1 )2 E.
I Inrush Maximum = Upeak ~ 3 X L

f = 1

2 "Jt '.[LC

This method of reduction gives results which agree to within ± 5 % of test values
with a transient network analyzer. In [3.20] calculations are made with the same
simplified diagrams but also for diagrams which do not neglect the influence of the
source. Flöth derived and solved fourth order differential equations, and studied the
circuits for different values of inductance and capacitance. In the case of back-to-back
switching one has to make a distinction between two superimposed frequencies, which
frequency is superior to the other one depends on the distribution of inductances and
capacitances in the circuit. Flöth concluded that there is a significant discrepancy
between the "exact" and the simplified circuits and thus that it is recommended to use
a correction on this simplified approach if more accuracy is needed. He confirmed his
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theory with field test trials. In the present issue of lEe 56 however the simplified
approach is used. Lumping together the capacitances and the series inductances, and
thus a simplification obviously has proven to be satisfactory for practical use.

Using these single line diagrams it is also very easy to calculate the maximum
frequency of the inrush current. If we use the assumption that the inrush current must
be one hundred times smaller than the continuous RMS value of the current:

IInrush Peak ~ 100· I RHS

For any combination of bank-to-bank switched capacitors, the equivalent diagram can
be reduced to an equivalent of two banks.

Uwe use:

Cl = C
c2 = X' C, x ~1

L = L l = L2

then all possibilities are covered. For the inrush current and frequency we have for
this case the fol1owing equations:

I Inrush Maximum
-ur2~rc

~3~X+1~2L

f = -2-o-~_1_.{2-2 ~ X ; 1 ~ L
1
C

For the steady state current we have:

I =....E- °211:f °C
RHS .f3 P

We assumed that:

I Inrush Maximum ~ 100 0 I RHS

U we substitute the earlier deducted equations:

....E- . ~. ~ C ~ 100 0 -..E... 0 211: f 0 c
.f3 ~X+1 L .f3 P
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~ 1 ~ ~. 2 1t f p ·100
L C ~ -----;(

Substituting the equation for the natural frequency yields:

f :S: 100 X + 1 f
pJ2 X

The ratio-part for x in this formula is at maximum for x = 1.
This gives:

f :S: 100 ·J2·fp

This means that for a power frequency of 50 Hz the natural frequency will be lower
than 7 kHz. If we use the assumption that the inrush must be smaller then, say twenty
times the steady state current, then we have, f :$ 1,4 kHz.

So far we have only studied single-phase circuits. In practice a lot of shunt capacitor
banks are three-phase units. If the neutral is earthed, then each phase can be treated
as before, so as three separate single-phase circuits. However if the neutral is un­
earthed, then the situation is different. The voltage stresses across the circuit-breaker
are dependant on the neutral treatment of the source and that of the capacitor bank.
Many researchers have published on the neutral treatment and its impact on the
recovery voltages and the neutral voltage. Situations which will alter these maximum
values are:

1. Po1e simultaneity - If the pole non-simultaneity [3.23] is greater than a quarter of a
cycle, (or 5 ms) the maximum voltage is higher than 2,5 per unit for an un-earthed
shunt capacitor bank. The recovery voltage due to the influence of pole non­
simultaneity of the first pole to clear when de-energizing an un-earthed bank can
be higher than 4 per unit. The non-simultaneity can be due to a stuck breaker­
pole but also due to the changing mechanical settings with time of the breaker.
The sequence in which the phases are interrupted and the degree of pole non­
simultaneity are important factors in determining recovery voltage.

2. Nearby faults - In general when there are nearby faults, this means an increased
stress compared with the healthy situation, on the circuit-breaker poles.

3. Cïrr:uit-breaker restrikes - Restriking can greatly increase the recovery voltage
values over those imposed on the breaker if no restriking takes pIace. Values that
are a multiple of the per unit voltage are possible and can have a destructive
effect on the equipment, if the breaker fails to clear. The neutral voltage for an
un-earthed bank can be much higher than the normaIO,S pu value due to restri-
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king or non-simultaneity. This can cause the neutral to flash over to earth which is
usuaUy the beginning of the end of the installation with the restriking breaker. In a
restrike-free breaker, the recovery of the dielectric strength must exceed the
recovery voltage at all times. Design factors of the breaker rule the possibility of a
restrike. Adequate opening speed and the presence of flow of extinguishing
medium are some of these factors.

4. NeutraJ treatmenI - Apart from the two possibilities of a (directly) earthed neutra!
and a floating or un-earthed neutral there is a third possibility. Earthing of the
capacitor bank neutra! through low voltage capacitors. The maximum voltages on
the neutra! in this case are then weU below 1 kV. This method has been described
in appendix -4 and is used on the new fuseless technology capacitor banks in the
Eskom power system. This method of earthing is practically the same as the case
of a directly earthed neutra!.

Vred
Lsource

VblUE?

1------1 ~c

1S,ourc. 1Sbank'

Figure 14 • Principle schematic diagram of a three pole shunt capacitor bank
insta/lation.

Legenda on table 2:
* 1 per unit equals the peak value of the steady state phase voltage.
* The Red Phase is assumed to be interrupted first.
* E = Earthed and U = Un-earthed.
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Time Period Maximum Breaker
between Recovery Voltage Maximum Neutral

Neutral Extinction Stresses Point Voltages
of Phase of the Phase

Treatment Red and
the Phase (per Unit) (per Unit)

White Blue Shunt
(ms) (ms) Red White Blue Source Capacitor

Bank

Source E 3,33 6,67 2 2 2 0 0
BankE

Source E 5 5 2,5 1 + Y2/3 1 + Y2'I'3 0 +Y2
Bank U

Source U 5 5 2,5 1 + Y2/3 1 + Y2/3 -Y2 0
BankE

Source U 5 5 2,5 1 + Yzv'3 1 + Y2'I'3 -Y2 to 0 oto +Y2
Bank U

3.23.1 Discharging a Shunt Capacitor Bank

When a capacitor bank is de-energized, there is a trapped charge. This charge has to
be drained as fast as possible for various reasons, such as personnel safety, to prevent
extreme inrush phenomena, but also to make it available for operation again. When
there are no provisions made to drain this trapped charge, it will take very long until
the capacitor voltage has dropped to a safe level. Various methods to discharge a
capacitor banks trapped charge after de-energization are in use:

1. Discharging through a resistive element is the most applied methode Parallel to a
capacitor a discharge resistor is connected. This resistor has to drain the trapped
charge usually within 5 to 10 minutes after a succesfuIl de-energization has taken
place. So its resistive value must be dimensioned to meet this requirement. A
disadvantage is, that this resistor also dissipates energy when the bank is in
operation.
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The following equations characterize the discharging voltage and current:
-t

U -u. .e RC
C - Trapped

U. -t
Trapped • e RC

R

Within Eskom a lot of capacitor bank control circuits are equipped with timers,
they block any close-signal to the breaker for about five to ten minutes after de­
energizatio~ this to make certain that there is negligible trapped charge on the
following close-operation. For lower voltages it is also possible that auxiliary
switches are used to switch a discharge shunt resistor bank to drain trapped
charges, this is an expensive method. The given discharge-equations are valid for a
parallel Re circuit. In practice however again one has to take the inductance in
the circuit into consideration. This inductance is however of such small value that
there is no significant difference and the given equations are still valid. The value
of the discharge resistance is in the order of Mega Ohms.

2. Discharging through an inductive circuit is also applied in a lot of cases. The
discharge phenomena in this case are usually govemed by the saturation characte­
ristic of the discharging inductive circuit, and they result in nonharmonic oscillati­
ons. There are several possibilities for inductive discharge circuits:

2.1. Magnetic Voltage Transformers (MVT) parallel to the switched capacitor
bank or transmission Hne. The trapped charge is drained very fast, usually
within 300 ms, with this method.

2.2. Magnetic Voltage Transformers that form an integral part with the capaci­
tor bank and are dimensioned to smaller values then the Hne to earth
voltage. They are a part of the capacitor banks protection circuit. The filter
bank at Apollo was equipped with such protective voltage transformers, and
on top of that also a magnetic voltage transformer parallel to the bank was
present.

2.3. Line or busbar connected shunt reactors parallel to the switched transmissi­
on Hne. Draining of the charge goes usually according to a weakly damped
oscillation. The draining can be accelerated by inserting adamping resistor
between the neutral of the reactors and earth.

2.4. A transformer-winding parallel to the capacitor bank is another possible.

2.5. In the lower voltage ranges some utilities use an extra reactor and an extra
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breaker. These extra reactors are switched in parallel with the capacitor
bank and form a parallel resonant circuit. This also drains the charge very
rapidly, allthough it is an expensive method.

By using magnetic voltage transfonners, the discharging goes so fast compared with
discharging through ohmic resistors, that the shunt resistance can be ignored in the
general equivalent circuit. The energy which is stored in the capacitance is dissipated
in the primary windings of the MVT. As mentioned the discharging process goes
according to a nonharmonic oscillation. An accurate calculation of the discharging
process requires an accurate knowledge of the non-linear flux-current relationship of
the MVT. This characteristic is usually only known by the manufacturer.

The De trapped volta­
ge, will create a linearly
increasing flux in the
core of the magnetic
voltage transformer.
This will cause the core
to saturate within some
ms. This results in a low
magnetizing inductance
which in turn allows the
capacitor bank to start
discharging through the
primary winding of the
MVT.

Z.9E·5

Cl..
c
~ 1.9E·5
0

::>
~

0

~ e.eu'"c-
.. 0
c ::>
u
Cl• -1.9E·5c
'"Ilo
Cl

"lil -Z.9E·5

Figure 15 - Measured voltage at Apollo, during a discharging
operation of the filter bank.

MVT

Figure 16 - Equivalent circuit of capacitor bank with
an inductive draining element.

The energy which is stored in
the shunt capacitor banks or
filter banks trapped charge, is
now dissipated in the resis­
tance of the primary winding
of the MVT. Detailed infor­
mation can be found in se­
veral papers [3.82], [3.83],
[3.84], [3.85] that have been
published on using magnetic
voltage transformers to drain
trapped charge.

c
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3.3 Shunt Reactor De-Energizing

3.3.1 l111Todudion

The phenomena and problems that occur on the interruption of small inductive
currents have been published in many papers in the last decades. CIGRE Working
Group 13.02 has published the results of many comprehensive studies in some sum­
marizing papers, of which [3.56], [3.57] and [3.58] give the most practical infonnation
for our discussion. A successful interruption results in a decaying load side oscillation
in which the trapped energy oscillates between the load side inductance and the total
load side capacitance with its inherent damping. Especially the overvoltages that can
occur on de-energizing shunt reactors, got a lot of attention because they can damage
the insulation of the shunt reactor windings [3.59], [3.60].

Interruption of small inductive currents is associated with overvoltages of two kinds.
Chopping overvoltages are generated due to the current being chopped before or
after the power frequency current zero, they resembIe the switching impulse stress
(250/2500 #lS). Reignition transients occur due to the high breaker recovery voltage,
they resembIe the lightning impulse stresses (1,2/50 #lS). The magnitudes of these
overvoltages and their rates of change subrnit the shunt reactor windings to different
types of risks. Current chopping overvoltages especially stress the insulation to ground
and have a dominant (load-side) frequency in the range of 1 to 15 kHz. Reignition
transients particularly stress the turn-to-turn-insulation and can have different
dominant oscillation modes. These oscillation modes are, the first paralleloscillation
(1 to 10 MHz), the second parallel oscillation (50 kHz to 1 MHz) and the main
circuit oscillation (2 to 20 kHz). The first parallel oscillation generally only affects
the immediate vicinity of the breaker and does not affect the shunt reactor windings.
The main circuit oscillation is quit moderate in comparison to the second parallel
oscillation and thus not regarded as dangerous for the insulation integrity of the
shunt reactor. The same can be said on the load side oscillation. However, the second
paralleloscillations that follow reignitions are important, because of the high rate of
change of the voltages, when the insulation integrity is considered.

Uke shunt capacitor banks, shunt reactors are usually switched daily. The associated
switching transients can give a severe and repetitive daily beating to the shunt
reactors insulation. Therefore since the emerged application of shunt reactors in the
1950's and the 1960's, different solutions to reduce the impact of these stresses to
acceptable values, have been invented and applied.

At the moment there is an upward trend in the circuit breaker interrupting capabili­
ties. This trend results in a decreased number of breaks per pole, and thus in a higher
recovery voltage per break. This increases the risk for a reignition. One has to
distinguish between single and multiple reignitions. IC a single reignition occurs, the
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current will be interrupted in the next power frequency current zero. However if a
high frequency current caused by a reignition is interrupted, another reignition is
possible, etc. These multiple reignitions can result in a voltage escaIation. Kempen
[3.62] (KEMA High Power Laboratories) has measured a genera! trend in that the
probability of restrikes increases with higher currents.

In the last decade, but especially since the 1990 CIGRE Conference Session, various
papers have been published on controlling the arcing time of the circuit breaker on
opening. Using controlJed opening makes it possible to eliminate reignitions in modem
cirr:uiI breakers. Controlled opening can only be applied with circuit breakers that
have minimum arr:ing time which must be sufJidently Iess than a halfpower frequency
cycIe. Of course also the mechanical stability and the operating speed must have
sufficient accuracy. By a consistent controlling of the contact parting, it is possible to
control the arcing time above a certain (dangerous) minimum, and to get a current
extinction at or near (with a small current chop of a few Ampere) the first occurring
current zero.

Sarkinen et al. [3.63] were amongst the first to publish on controlled interruption of
small inductive currents. In the last decade more papers have been devoted to the
topics of controlled opening and its related aspects. IEC is presently attempting to
prepare an application guide on shunt reactor switching [3.59] in which this technolo­
gy is also mentioned.

3.3.2 Power System Characteristics

Reignition phenomena are affected by the entire system structure, from the power­
supply side of the circuit breaker, to the load-side.

Shunt Reactor Characteristics - The transient phenomena that occur on a de-energiza­
tion are very complicated. Therefore most of the fundamental work is based on single
phase laboratory circuits. Practical situations always yield three-phase configurations.
As it has already been mentioned in appendix 4, the characteristics of reactors
depend to a great extent on the core design. The capacitance values are dependent on
the design and construction of the shunt reactor. Due to the interaction between
phases in three-phase shunt reactor interruption, the transients and the recovery
voltages are affected by equipment characteristics. The type of the core and the
winding connections have significant influence.

Local System anti Station Characteristics - The power system and the substations
characteristics are also of significant influence on the phenomena during the switching
of shunt reactors. Especially the power systems source capacitance is important. It is
usually much bigger than the load side capacitance. In chapter 1 it was already
mentioned that there are three kinds of shunt reactors connections (line, busbar,
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tertiary) to the power system, of which the busbar reactor is globally the most applied.
Important station characteristics thus are the inductances and the associated capaci­
tances of the connecting Hnes. Also any other equipment ( CYrs, MVT's, Cf's,
MOVs, bushings, surge arresters) that is connected between the breaker and the
reactor has to be considered. For a line, 1 J.'H/m and 10 pFIm are used in practice.
From this it follows that the inductance of a long section of Hne is still small in
comparison to the shunt reactors inductance, however this inductance does influence
the reignition process. The same reasoning is valid for the capacitance.

Cîro.dt Breaker Characteristics - In [3.56], [3.57], [3.64], [3.65] chopping phenomena are
elaborately treated. For a breaker with n gaps per pole, we can write:

1C is the circuit breakers chopping number, it is a characteristic of the breaker. For
SF6 puffer breakers, 1C ranges from 4 x Hf to 17 x Hf. The level of current chopping
can be dependent on the arcing time. For SF6 puffer breakers it increases with
increased blast and is therefore maximum at maximum arcing time. Ct is the total
parallel capacitance with the breaker and depends on the reactor type and rating and
on the connection arrangement. Another characteristic of the circuit breaker is the
rise of dielectric strength between the breaker contacts after interruption.

It is a fact that almost all breakers will reignite at small contact distance and thus with
short arcing times. The reigniJion time-window can be very narrow but also relatively
wide. This is dependent upon different circuit breaker characteristics, such as the
interrupting medium, the operating speed, etc. and thus in general on the rate of
build up of dielectric withstand after an interruption. The ability of a breaker to
interrupt in a current zero, depends on the frequency and the damping of the
reignition current oscillation. Several scientists have discussed their findings on
reignitions and subsequent high-frequency arc-extinction [3.66], [3.67], [3.68], [3.69],
[3.70]. In the paper by Okabe et al. [3.71], these findings are summarized:
1. High-frequency current interruption can only occur when the high-frequency

current component has attenuated and its peak touches the current zero Hne. This
results in a strongly reduced di/dt and duldt [3.68].

2. For high-frequency current interruption to occur, there exists a Hmit for instanta­
neous values of power frequency current on which the high-frequency current is
superimposed [3.67].

3. This upper limit value decreases as the frequency of high-frequency current
increases [3.67]. In figure 18 the measurement results are shown for high-frequen­
cy current interruption in a puffer-type gas circuit breaker

In figure 17 the current waveform is shown on the occurrence of a reignition. At time
tI a reignition occurs, and a high-frequency current component and a power frequency
current component flow in the breaker. The power frequency current flows from the
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power supply to the reactort and the high-frequency current is fed by the energy in
the circuits capacitances. The inherent resistance in the circuit damps the high-fre­
quency current componen4 but the power-frequency current increases to its maximum
amplitude as it is determined by the system voltage and the reactor inductance.
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Figure 17 - Current associated with
reignition {3. 71].

Figure 18 - Frequency dependenee
{3.71] of limit for occurrenee of high­
frequency current interruption.

At time t2t the amplitude of the damped high-frequency CUITent component becomes
equal to the power-frequency current component. This is the point where the peak of
CUITent touches the power frequency CUITent zero line with a di/dt = 0 (point 1). If at
time 12 the instantaneous value ia of the power-frequency CUITent is smaller than a
limit ie (point 2)t then a high-frequency CUITent interruption can occur.

Knowledge of the high-frequency current interrupting capabilities of a breaker is
important in determining the circuit breakers behaviour in the field. The high
frequency current interrupting behaviour affects the risk to get multiple reignitions
and voltage escalation. The probability that a circuit-breaker produces repetitive or
multiple reignitions after the interruption of small inductive currents thus depends
especially on the di/dt interrupting capability [3.70] at short arcing times: the lower
this capability iSt the lower the tendency for multiple reignitions. For high-frequency
currents with frequencies over 100 kHzt high frequency arc extinctions are unlikely to
occur [3.69].
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3.3.3 Switching Overvoltages and Transients

Lsource Larc CB

Csource C

Figure 19 - Single phase equivalent circuit.

At Doetinchem a 50 kV - 50 MVAr three-phase solidly grounded (three legged)
reactor was field tested. Messrs Toshiba carried out field tests at Eskoms Beta
Substation on a 400 MVAr - 765 kV bank consisting of three single phase (gapped
core) units. For both stations the equivalent diagram in the above figure is applicable.

"10ao

Chopping overvoltages - The overvoltage caused by current chopping can be difficult to
distinguish when the interruption is fol1owed by a reignition. Reignitions take place at
small contact separations so this can be shortly after a chopping has taken place.

The overvoltage that occurs on interrup­
tion of a small inductive current without
reignition, is determined by the chopped
current, the load-side capacitance C and
the load-side inductance L When dam­
ping is neglected, from the chopping
instant to the appearance of the sup­
pression peak Um, the following energy
relation applies:

Figure 20 - Overvoltages at Current Chop­
ping.

The magnitude (in per unit) of the
chopping overvoltage [3.56] is defined as:

k =a k =c

Legenda:
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Urn =
Ue =
110 =

Suppression peak voltage.
Value of the load-side voltage at the instant of chopping.
Peak value of the phase-to-ground power frequency voltage.

The second expression gives the ratio of the load-side voltage and the peak value of
the power frequency voltage. In practice the assumption is made that the chopping
occurs at a moment that the supply voltage is close to its maximum and that the are
voltage can be neglected. In this case the value of kc is virtually equal to one.
Rowever this is only the case for not too small breaking current values. The following
expression is then valid:

Legenda:
leb = Chopped current.
110 = Peak value of the power frequency voltage.
L = Shunt Reactor inductance.
CL = Load side capacitance.
Rence, for a certain installation, the overvoltage only depends on the chopped
current. This expression can be re-arranged and then we get:

Legenda:
Q =
CA> =
À =
n =

Three-phase reactor rating.
2•1r • f = Angular power frequency.
Chopping number.
Number of gaps per pole.

From the last expression it follows that the chopping overvoltage only depends on the
chopping number and the reactive power of the shunt reactor. The stress on the shunt
reactor is determined by the maximum peak to ground voltage (this is nonnally the
suppression peak) and the oscillation frequency. The overvoltage is evenly distributed
along the winding, because of the relatively low oscillation frequency. This results in
low tum-to-tum voltages.

Especially the older circuit breaker types, such as airblast breakers, caused high
chopping currents which resulted in very high overvoltages. The modem (puffer and
self-blast) SF6 circuit breakers have significantly reduced chopping currents, because
of the more favorable arc characteristic. The problem of current chopping seems to
be not of high interest nowadays, this is supported by the decreasing number of series
gaps per pole and also new arc quenching principles (self-blast). The discussion of
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overvoltages has shifted in the direction of reignition transients and high frequency
interrupting capability of circuit breakers.

Reignition transients - In the following figure the maximum attainable overvoltages
(without damping) on a reignition at the peak of the recovery voltage are given. Two
cases are distinguished, a circuit breaker without current chopping and a circuit
breaker with current chopping.

IC <k +2) pu
a

',p.u-;
ma

uL (ti Ir- -

b)
m~

max lp.u

a)

Figure 21- Maximum reignition overvoltages: (a) without (negligible) CUTTent chop­
ping, and (b) with high CUTTent chopping.

The maximum value of the (single) reignition overvoltage to ground (in per unit) is
expressed as:

k p = 1 + P (1 + ka)

=
=

Magnitude of the chopping overvoltage (pu).
Equivalent damping factor, normally its value is in the order of about
0,5 [3.59], [3.57] and [3.58].

The value of ~ thus depends on the damping factor and the damping in the cir­
cuit.The peak-to-peak reignition transient voltage (in per unit) is expressed as:

k s = (1 + P) (1 + ka)

Legenda:
ka
{J
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For an ideal circuit breaker, the chopping number is zero and there will be no
suppression peak overvoltage and thus ka equals one. The modern SF6 circuit
breakers have a very low chopping level and thus a smaIl suppression peak. Reigniti­
on overvoltages however can still reach 2 pu to ground and 3 pu peak-to-peak (for IJ
= 0,5).

At a reignition a steep voltage transient with a very high rate or change is created.
The front time of this transient has a duration of maximum a few micro-seconds. The
reignition voltage breakdown in the circuit breaker is virtually instantaneous. Thus the
front time is only determined by the second paralleloscillation frequency. This
frequency depends on the capacitances of the supply side and the load side networks
connected to the circuit breaker pole terminals. This voltage transient is normaIly not
evenly distributed along the winding of the shunt reactor, but stresses especially the
entrance tums with very high turn-to-tum overvoltages. The peak-to-peak value or
the reignition transients can he dangerous, even in the case that a surge arrester is
applied as an overvoltage limiter.

3.3.4 Methods to Limit Switching Overvoltages

Several methods are used in practice to limit switching overvoltages [3.58], [3.59],
[3.60], [3.61], a short overview:

Surge Arresten - Surge arresters are widely applied for the protection of shunt
reactors. Two types of surge arresters are generally used, non-linear resistor type
arresters with series gaps and metal oxide varistors also known as ZnO-arresters. H
the breaker chops at a sufficient high current level, the suppression peak will exceed
the arresters characteristic, and the arrester will conduct current (or clip the overvol­
tage) as long as the arrester characteristic is exceeded by the overvoltage. The
possibility of a reignition is thus reduced since the recovery peak is less than its pros­
pective value.

Opening Resistors - Opening resistors in parallel with the main interrupting chambers
are another possibility. If the main interrupter chops the current, a commutation to
the resistor circuit takes place. So no current interruption has occured yet and the
overvoltages will depend on the value of the resistor. The resistor auxiliary switch
eventually interrupts the current. This gives a softer interruption with lower chopping
currents. A breaker equipped with opening resistors will have a smaller ka in compari­
son with a breaker without opening resistors. A reignition may occur in either inter­
rupting chambers, the damping effect of the resistance however will reduce the
impact of them. Opening resistors can be found on the older (airblast) circuit
breakers. With the modem SF6 breakers (puffer and self-blast) opening resistors are
found to be unnecessary because of the lower current chopping levels.
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Me/al Oxide Arresten across the Circuit Breaker - These arresters [3.72], [3.73], [3.74]
are installed in parallel with each circuit breaker chamber in the same manner as a
grading capacitor. They limit the voltage across the chamber according to the voltage­
current characteristic of the arrester and as such they limit the rate-of-change of the
reignition overvoltages. An important parameter in this case is the rating for maxi­
mum continuous system overvoltages. Also the mechanical capability of the varistor
bas to be considered.

Parallel Capacitors - The frequency of the reignition transients may be limited by
installing a capacitor of a few nanofarads in parallel with the shunt reactor. In this
way it is possible to ensure that the rate of change of the reignition transients does
not exceed the equipments specified maximum limits. It is also possible to use a
resistor in series with the capacitors. The task of the resistor is to give a more than
critical damping to the reignition transient, in such a way that the transient becomes
aperiodic. Rence because of this aperiodicity a current-zero after reignition is
delayed. It is possible to connect the C or RC either between phase-to- ground or
phase-to-phase. This method is however primarily used at medium voltages with
vacuum switching devices.

3.3.4.1 ControOed Opening

By applying controlled opening it is possible to eliminate reignitions in modem circuit
breakers [3.59], [3.60], [3.61], [3.50], [3.71], [3.75], [3.76]. Controlled opening can only
be applied with circuit breakers that have minimum arcing time which must be sum­
ciently Jess than a haJf power frequency cycle. By a consistent controlling of the
contact parting, it is possible to control the arcing time above a certain (dangerous)
minimum, so to stay outside the reignition-time-window, and to get a current extincti­
on at the first occurring current zero. A contact opening in the interval from say 90 to
about 150 electrical degrees before a current zero should be sufficient. Practice and
various literature [3.60], [3.69], [3.70], [3.71], [3.77] sources show that the reignition­
time-window is ± up to a about a few milli seconds before current zero. This window
of arcing times with reignitions may be small, but still gives a certain probability to
create the dangerous reignition transients. The controlled switching device has already
been discussed in the second chapter. It must be noted that the required timing
accuracy in this case is moderate compared with the case of energizing a shunt
capacitor bank.

The following example is based on figure 22. The average opening time of a circuit
breaker is in the order of about 20 to say maximum 40 ms. Lets assume that we have
a circuit breaker with an average opening time of 24 ms and a timespread of ± 1 ros
around the average. Lets also assume that the current wave is used as the monitoring
reference signal. An opening order is given at tI. Lets assume that the intermediate
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Figure 22 - Cu"ent wave anti contact opening times in relation to the reignition­
time-window [3.60J.

circuitry causes such a delay that the opening coil is energized at t2t then the
separation of the contacts would occur at time (t2 + 24 ms) ± 1 ms. This means that
contact separation occurs between 1 and 3 ms before a current zero. This can be
completely or partly within the reignition-time-window. If we assume a maximum
window of approximately 3 ms before current zerot then we have to introduce a time
delay to stay out of the window. A delay of about 3 mSt would give a contact separati­
on at (t2 + 3 ms + 24 ms) ± 1 ms. This is between 6 and 8 ms before a current zero.
This should be sufficient to avoid a reignition.

Nakanishi et al. [3.76] determined the probability of reignition as a function of the
arcing time. A shunt reactor interruption test was conducted in a laboratory for a 150
MVAr - 275 kV (1,6 H) shunt reactor. The TRV frequency was 1t1 kHz, which is
typical in the Japanese cable systems.

In figure 23 the results of more than 1000 times of testing are presented. It can he
concluded for this caset that if the arcing time is above 0,45 cyclet no reignition will
occur. So if the arcing time is controlled between OAS to Ot5 cyclet reignition can be
prevented. The controlled opening scheme is actually applied to some 300 kV GIS
units in Japan.
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In the basic diagram of the TEPCo controlled
opening system, the voltage wave is used as a
reference for the controlled opening system.
The tripping signals are given to each pole of
the breaker with a 120 electrical degrees
phase difference. The tripping signal from
protection relays is given directly to the cir­
cuit breakers trip coUs. Any tripping time
delay may result into significant damage to
the involved power equipment. TEPCo con-

Figure 23 _Probability of reignition for trols the arcing time at 0,4 cycle before cur­
a gas circuit breaker [3. 76J. rent zero. This arcing time has been determi-

ned by considering the minimum arcing time
of the breaker under the natural frequency

for the applied substation. The whole TEPCo system is micro-processor controlled.

Alvinsson [3.50] also investigated controlled opening with shunt reactors. He as weIl
used an arcing time of about 8 ms in his field test trials.

With the help of a reignition detector and a feedback to the controlled opening
electronic circuitry, such as it is used at TEPCo, it is possible to control the occurren­
ee of reignitions. However the system that TEPCo has used is quit complex, and it is
based on a lot of vulnerable electronies.

Another (cheaper) possibility would be to use a reignition counter (or restrike
counter for capacitive loads) and a simple straightforward controlled opening system
(so only a zero-crossing detector, a time delay unit, and an output stage) without
feedback from the reignition counter and also without an adaptive control for the
compensation of the circuit breakers operating time spread. This can be justified by
considering the relatively small time spread on opening compared with that on
closing. Also the reignition-time-window is usually relatively small (a few milli seconds
before current zero) compared with a half power frequency cycle. This gives a
relatively wide controlled arcing time window of about 3 to 4 ms.
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Figure 24 - Tokyo Electric Power Company controlled opening system for shunt rea­
ctor de-energizing [3. 78J.

Reignition counters have not only been used in Japan, also in the Republic of South
Africa, within ESKOM, these devices have been investigated [3.79], [3.80] to detect
restriking poles on capacitor bank circuit breakers.

Figure 25 - Restrike detector principle diagram [3.79J.

The input signal is obtained from a current transformer secondary winding and
converted into a voltage signal. This signal is rectified and amplified to give a steady
state DC voltage while the current is present. This DC voltage feeds a delayed drop­
off circuit which output is the input of an AND-gate. When the current is interrupted
the DC voltage faUs to zero. NormaUy the situation would stay like this, however if a
restrike occurs things will change. When the DC voltage faBs to zero, a pulse with a
certain duration is initiated and applied to the AND-gate's other input. If arestrike
occurs during this pulse-duration, then the AND-gate has two logical "one" signals as
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an input and the output wiIl give a logical "one" signal as weIl. This output signal can
then initiate a counting device, give an alarm, or feed a control loop of a controIled
opening system. It is possible to design an active restrike detector (an extra oe power
supply is necessary) or a passive configuration with storage capacitors and fast relays.

The same principle of controIled opening can also be used for the interruption of
small capacitive currents [3.43], [3.77], [3.81].
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3.4 Summary

For shunt capacitor bank energIZIng, a series damping network or a pre-insertion
impedance is the most widely applied practice. The impact on the reduction of
transients is determined by a suitable choice of the parameters in the damping
network or pre-insertion impedance. Also for shunt reactor de-energizing various
methods, of which surge arresters and opening resistors are the most common, have
been used to reduce the impact of transients.

One would tend to say that controlled switching is a way to forget the switching
problems. However in theory this might be true, but in practice the major drawback is
the mechanical stability of the circuit breaker.

For shunt capacitor bank energizing it is possible to virtually eliminate or reduce to a
minimum, the impact of the inrush phenomena. For single bank energizing the impact
on the power system itself is the major concern. The inrush currents are usually easy
to handle, but the busbar voltage suffers from a very steep voltage dip. In the case of
back-to-back energizing the impact on the circuit breaker is of major concern. Very
high inrush currents of about 10 up to 100 pu can flow, this can be a problem for the
circuit breaker contacts. The busbar voltage is supported by the parallel bank(s) and
therefore does not have such a large voltage dip as in the case of single bank
switching. It is recommendable for each new shunt capacitor bank application to
consider the combination of a series damping network and controlled closing. Such a
combined energizing scheme covers the solution to different switching problems that
can possibly occur. A difference between critical and non-critical locations can be the
base for this decision. Timing requirements are stringent and in the case of mal­
functioning of the controlled closing device the series damping network is always
present.

Restrikes on de-energizing of capacitive loads cao be prevented by controlled opening
however this method is practically not applied yet. Controlled de-energizing controls
the arcing time and makes it possible to prevent restrikes. Earthing of capacitor bank
neutral, direct or through low voltage capacitors should be considered especially for
the higher system voltages because of the reduction of the circuit breaker stresses in
this case.

It is possible to eliminate reignitions in modern circuit breakers by controlled opening
in the case of de-energizing shunt reactors. A simple controlled opening unit is
possible because timing requirements are less stringent than for controlled closing.
For the higher system voltages it is definately recommended to use controlled opening
possibly in combination with a reignition detector. If a reignition still occurs, the
detector cao feed a timing control loop which makes that on a next switching no
restrike takes place.
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ExperimentaI Field Measurements

4.1 Introduction

Field tests have been carried out in South Africa as weIl as in The Netherlands in
order to verify the expected switching behaviour of the various circuit configurations.

In South Africa, the measurements have been carried out in cooperation with
ESKOM's Technology Group (Department: Electrical Technology, Section: Power
Network Technologies). In The Netherlands, the measurements have been carried out
in cooperation with KEMA, Eindhoven University of Technology (Faculty: Electrical
Engineering, Group: Electrical Energy Systems), the utility Delta Nutsbedrijven and
the Dutch Cooperating Electricity Producers Board. The measuring equipment data
for these measurements can be found in appendix 3.

At the various substation sites, voltages and currents have been measured. Voltages
have been measured through Haefely Voltage Dividers or by using Magnetic or
Capacitive Voltage Transformers. In the case that voltage transformers were used,
also their transfer function has been determined. Currents have been measured by
using the substations current transformers or through special current transformers.

4.2 Measuring techniques

Transient measurements in substations require very stringent instrumentation
techniques. Especially the interfacing techniques and the coupling techniques are
extremely important in the determination of a recorder data-signal of good quality.

IEC 60 [3.98], [3.99], [3.100], [3.101], [3.102] is the International Standard on "High
Voltage Test Techniques". Specifications on complete measuring systems as weIl as on
the operational procedures are described herein. Particular details on the set-up for
the field measurements are given in the following sections.
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4.21 Voltage Measurements

Normally when field tests are undertaken, special high voltage dividers (Haefely) are
used. They do not provide any isolation between the high busbar voltage and the low
output voltage. From this output a measuring cable goes to an electro-optic transmit­
ter, which in turn makes it possible that the data-signal is transmitted via a fibre optie
link to a shielded measuring cabin. The divider must not load the circuit and must be
able to cover a wide frequency range. The Haefely divider is a resistivity compensated
capacitance divider. The high voltage arm(s) consists of a parallel circuit of aresistor
and a capacitor. The low voltage arm is also build up from a parallel circuit of a
resistor and a capacitor. The possibility to do measurements in a wide frequency
spectrum is obtained by making the divider ratio time constants of the total high
voltage arm equal to that of the low voltage arm.

It is good practice to do a step response test on dividers to determine their response
time prior to measurements. Especially after any alterations to the dividers this
should be done. During the measurements on the shunt capacitor bank at Apollo a
faulty resistor was found in the low voltage part of one of the dividers. This was
detected during the measurements. The faulty resistor expressed itself in a continuous
rise of the trapped charge voltage after a de-energizing operation.
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Figure 1 • Trapped charge voltage waveform on shunt capacitor bank de-energizati­
on as it was measured with the faulty Haefely divider.

During the shunt capacitor bank measurements at Apollo two of the capacitive
voltage transformers (White Phase and Blue Phase) were also monitored in parallel
to the response of the Haefely divider. This output of the CVT's gave at the first look
a strangely distorted signa!.
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A capacitive voltage transformer can be seen as a tuned circuit which is able to
generate transients of its own during fast changing conditions. In the equivalent
diagram of a CVT the elements of a band-pass filter are present, with the power
system frequency of 50 Hz in the region of the mid-band. On energization of the
capacitor bank the CVT will have two oscillation frequencies. These transients are
superimposed on the system voltage. One of them is much lower than the power
system frequency and exists between the series capacity and the magnetizing reactan­
ce (iron-cored).

Vbusbar

C2

MVT L

IIC f Rburden

Figure 2 • Equivalent circuit diagram of a capacitive voltage transfonner.

The other one has a oscillation frequency which is higher than the power system
frequency and is determined by the series reactance and the leakage capacitance. The
severity of these transients are dependent on the point-on-wave at which the sudden
voltage change happens. The time-span of the transients is dependant on the damping
which is present in the circuit. The phenomena that were monitored with the CVTs
are c10sely related to the complicated ferroresonance [3.106) phenomenon. The
reader is referred to the appropriate literature for more background on this pheno­
menon.
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Figure 3 - Load side voltage on shunt capacitor bank energization at Apollo
Substation, as it was measured with a capacitive voltage transfonner.

4.21.1 Transfer Functions of Voltage Transformers

Within ESKOM, instrument transformers have been used in the past during various
experimental field measurements to obtain data on voltage and current transients.
However no evidence has been found that the used instrument transformers for these
transient measurements are suitable and or acceptable. For shunt capacitor bank
transient measurements, the frequency range up to say about 1 to 2 kHz is of interest
with respect to the magnitude and phase of the measured output signa!.

The behaviour of a linear system with one input and one output can be described
with an impulse response h(t) or its transfer funetion H(j<&». The method of system
characterization by the analysis of its frequency behaviour is called Frequency
Response Analysis (FRA) [3.94]. This relatively new technique is primarily used in
the field of power transformer testing and diagnosing. A transformer possesses some
major resonances which are governed by the constructional parameters (intemal
capacitances and inductances) of the transformer. An FRA can be used as a finger­
print for a transformer. If differences are to be found in successive FRA-tests over a
certain period of time, a mechanical change inside the transformer has occurred.

A method to determine the frequency transfer charaeteristic of a voltage transformer
would be to use a signa! generator with an output voltage of a few hundred volts and
a variabie frequency, and to measure the input to output voltage ratio for the
interested frequency range. This method is very weIl suited in a "clean" laboratory
environment, and only for a limited frequency range. If no tranfer function correetion
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is to be applied by means of software, this method can be used. The FRA technique
can also be applied for testing instrument transformers [3.97]. The principle of the
frequency transfer calculaton is as follows:
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With the FRA technique for testing instrument transformers in the substation yard,
an impulse source is used with a much higher input voltage to obtain areasonabie
output signal. This is of course necessary because the 50 Hz ratio for a power
transformer is only in the order of say up to about 10 : 1, but for an instrument trans­
former this can easily be in the order of 1000 to 6000 : 1.

The input and output voltages for the
instrument transformer are sampled by
a digitizer and stored for further proces­
sing. The two signals that are recorded
in the time domain are then processed
with the computer, using a Fast Fourier
Transform algorithm. For each signal
two functions are generated namely
both the amplitude and the phase as a
function of frequency. The transfer

Figure 4 - - Test set-up for a Frequency function of the voltage transformer can
Response Analysis. be determined by dividing the frequency

spectrum of the output signal by the
frequency spectrum of the input signa!.

Now we have a graphical function that describes the transformers ratio and phase at
each frequency in the frequency spectrum.

Impulse
Souree
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With the help of this transfer function the resonant frequencies of the instrument
transformer are known, and the voltage transfer at higher frequencies can be
compared to the transfer at 50 Hz. The transfer is independent of the waveform of
the test pulse, and responds only to the frequencies contained in the pulse. The input
signal must contain energy spread over the frequency range of interest but also must
be easily producable.
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Figure 5 • Measured transfer function of a 275 kV Voltage transformer at Apollo
Substation.

The following results have been obtained for the 275 kV magnetic voltage transfor­
mers that were used for measuring the load side voltage during the filter bank
measurements:

Red Phase White Phase Blue Phase

Highest frequency :::: 1000 Hz :::: 1000 Hz :::: 1000 Hz

The following results have been obtained for the 275 kV magnetic voltage transfor-
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mers that were used for measuring the busbar voltages during tbe shunt capacitor
bank measurements:

Red Phase White Phase Blue Pbase

Highest frequency ~ 1200 Hz ~ 1200 Hz ~ 1200 Hz

Tbe input voltage pulse was directly applied, the output pulse was measured from a
free secondary winding (275 kV : 110 V). It must be reminded that we have underta­
ken no effort in investigating any transfer function correction algorithms as this was
not tbe aim of our investigations. We were only interested in the frequency range that
can be used directly without any software "juggling" having to be applied for correcti­
ve purposes. With these corrective algorithms, it is possible to extent the frequency
range to be used for transient measurements.

Sensitivity to the burden impedance has not been investigated. However it was
reported by Sakis Meliopoulos et al. [3.97] that sensitivity to burden impedance is
small over most of the frequency range except for the regions near the transfer
function resonance peaks. Tbey investigated the frequency range of 60 to 1500 Hz, for
instrument transformers in the 230 kV to 765 kV voltage range. Tbey conclude that
the magnetic voltage transformers can be used in this frequency range, but that a
transfer function correction algorithm must be applied. Tbey do not give the highest
frequency for which a certain instrument transformer still shows linear behaviour witb
an acceptable magnitude and phase error.

Moraw and Brauner [3.96] also investigated the high frequency behaviour of instru­
ment transformers. They came to the conclusion that there are big differences in
transfer functions between different types of instrument transformers (SF6 VT and
conventional MVT). From about 300 Hz corrections have to be applied.

At the moment similar investigations are done with a Dutch utility in cooperation
with KEMA. Tbeir results so far agree with the results as they have been measured at
Apollo. Tbe general trend has been observed that magnetic voltage transformers for
the lower voltage ranges have a bigger "linear' frequency range then the ones for the
higher voltages.

Capacitive voltage transformers or better capacitively coupled magnetic voltage
transformers cannot be used at all for transient measurements. Several units were
tested. Each unit was subjected to three tests, namely the capacitive divider only, the
magnetic voltage transformer only and the complete unit. Tbe capacitive divider
shows a good linearity over a large range up to more than 10 kHz for all tested units.
Tbe magnetic transformer (22 kV : 1OOV) showed linear behaviour up to 1,5 kHz.
Tbe combination of both, so the complete unit, showed resonances at different
relatively low frequencies (600 Hz) as compared with magnetic voltage transformers.

Controlled Swïtching in High Voltage Power Neiworks 129



Experimeotal Field Measuremeots

Allthough the units were all of the same type, differences in transfer characteristics
were found. This is most probably due to small differences in the manufacturing
process due to different craftmanship but also because of the different constructional
features that are possible [3.103], [3.104], [3.105]. Also the "suffering" of the instru­
ment transformers during their service life so far must have had an impact on these
differences. This can also be said of course for MVl"s allthough no significant
differences were measured. Altogether this lead to the conclusion that capacitive
voltage transformers are not suited for frequencies higher than the power system
frequency of 50 Hz.

However the linear behaviour of the capacitive divider opens the gate to another
option, namely to use these dividers for voltage measurements in stead of using the
haefely dividers. This trick has been succesfully used by several scientists so faro
Generally there are different suitable capacitors available in a substation:
1. Capacitors of capacitive voltage transformers.
2. Carrier frequency capacitors.
3. Capacitive tappings of current transformers.
4. Capacitive tappings of bushings [3.92].
Using one of these options will always be preferrable above the use of a Magnetic
Voltage Transformer.

It must be mentioned that instrument transformers are designed and constructed to
operate correctly at the fundamental frequency of the power system. Their behaviour
at higher frequencies will usually be completely different. As the frequency increases
resonances are introduced between winding inductances and capacitances caausing
peaks and dips in the transfer characteristic. In conclusion it can be said that voltage
transformers can be used, depending on the frequency range, for transient measure­
ments. A corrective algorithm might be necessary to compensate for resonances in the
lower part of the transfer characteristic. It is advisable before it is intended to use a
voltage transformer to do a FRA

4.22 Fiber-Optie Signal Transmission Links

These links have been used for measuring data transmission from close to the measu­
ring point to the shielded measuring cabin on the truck. The big advantage of this
system is that it provides an electric insulation of the sensitive measuring electronics
of the transient recorder from the high voltage environment. In the transmitter the
measured analog transient is converted into a modulated signal (FM and AM systems
are generally used), this signal is transmitted via the fibre in the form of light
impulses. In the truck these light impulses are then de-modulated to an eleetronic
signal which is suitable for processing in the transient recorder. This system was used
in both South Africa and The Netherlands.
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With the newly designed KEMA transient recorder, also a control signa! is transmit­
ted with the fibre opties to activate the opto-electronic data transmitter only for the
actual recording time in order to reduce battery draining. The data transmitters were
located directly at the high-voltage RC dividers and the current shunt outputs. This in
order to reduce to measuring cable to an absolute minimum because it is prone to
electromagnetic interference. The Nicolet system that is in use with ESKOM does not
have this battery activating system. Nicolet states that a charged battery is able to be
used for typically 10 hours.

The fibre optic link determines in this way the upper limit for the frequency band­
width. This might be a limiting factor for signals that are recorded with the so-called
fast channels. The KEMA transient recorder is provided with slowand fast channels.
A record of for example a fast reignition transient (or arestrike) represents a typical
application for such a fast channel.

4.23 Current Meosurements

It is common practice to record phase currents from available substation bay current
transfonners to provide general test infonnation and monitoring of the test sequence.
Contrary to the voltage transfonners (capacitive and magnetic), in general current
transfonners show a good linear behaviour at higher frequencies.

The FRA method can also be applied to determine the transfer function of current
transfonners, however this was not done because it is general known that a current
transfonner is linear in the frequency range that we are interested in for our shunt
capacitor bank measurements. This can be explained by looking at the construction of
a current transformer. Usually the primary winding consists of just a single conductor,
and the secondary has multiple windings. The resonance points in the transfer
function are therefore especially detennined by the secondary winding. This makes it
possible that parasitic resonances will only occur at much higher frequencies than
these then are encountered in voltage transfonners. However it would be interesting
to do a check-up on this generally accepted good high frequency behaviour of current
transfonners.

It must be mentioned that the manner in which the measuring cable from the current
transfonner burden to the optical data transmitter is connected is heavily determinant
factor for the quality of the measured signal for further processing but also for the
bandwidth of the current measuring system as a whoIe. Special resistive burdens have
been constructed to overcome interference problems. A centre-tapped coaxial
resistive burden is often used.
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If the burden-resistor is absolutely resistive, then its voltage drop would be equal to:

vBurden ( t) = RBurden· i ( t)

It is very difficult to satisfy the requirement that the burden must he purely low ohmic
resistive. The equivalent diagram of a low ohmic resistor always consists of a parasitic
series inductance, which gives the following voltage drop:

VBUIden ( t) = VR ( t) + VL ( t) = R· i ( t) + L. d i ( t)
dt

Stray inductances are represented by the inductance Land they must be kept as small
as possible to minimize the inductive voltage that appears with a high rate of change
of the current. Especially on energizing high inrush frequencies play an important
role, and the burden that is not low inductive will cause a considerable error in the
signal that is recorded. This error will express itself in a too high peak current to be
recorded, this might lead to the wrong conclusions. By appropriate design and a
suitable choice of geometrical dimensions a low resistive low inductive shunt can be
realized. Bifilar as weIl as coaxial and squirrel cage constructions [3.88] are used.

For transient current measurements normally a resistive burden is connected to a
(preferably free) secondary winding of the current transformer. The use of a free
winding is also preferred with voltage transformers because the leads that go from the
secondary connections to protection relays or that are used for metering normally will
work as antennas and be prone to piek-up of interference. Usually the current
transformer has of a multi secondary winding. If this is the case, the highest ratio
should be used. Higher ratios require lower magnetizing current and therefore give a
better "copy" of the current that has to be measured.

Also a low ohmic resistive burden is important because this gives a low secondary
voltage and thus a low magnetizing current. The voltage which is developed across
this resistive burden is proportional to the current that has to be measured. Normally
every current transformer is bonded to the earth math of the substation. Variation of
the earth math potential due to switching operations might cause parasitic possibly
damaging potentials at the current monitoring system. Therefore it is preferabie if a
separate burden is used for measuring, that this secondary measuring burden is
properly earthed at the current transformer. A common earth for all three phases is
preferred in this case. This is normally not a problem as the current transformers are
usually standing next to one another.

Another cause of concern might be the saturation of the core of the current transfor­
mer. If the inrush current consists of a high De component next to the AC compo­
nent, it is possible that the core becomes biased and that saturation occurs. This
results in a more or less heavily distorted secondary current.
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So far the shunt was indicated as having a resistive character. Usually a specially
designed low ohmic and low inductance shunt is used such as the one with the coaxial
configuration. This is a tubular shunt with both primary current terminals at one end,
and the measuring cable terminated at the other. The measuring lead is contained
within the inner tube and as such it is shielded from external flux. The low ohmic low
inductance resistive burden makes it necessary to increase the secondary chains
resistance. As such it will disturb the circuit being measured, but on top of that it
enhances the risk of an open secondary of the current transformer, due to insufficient
connections. A damaged burden can also be responsibie for an open circuit.

The ESKOM measuring crew use an interposing (1 : 1) current transformer which is
closed off with a burden of 1,5 n. This is not a good solution !

Also the shielding of the measuring cables from the substati­
on current transformers secondary connections to the ES­
KOM interposing cr need more attention. Originally the
ESKOM measuring crew used practically no protection aga­
inst interference, this resulted in a large parasitic noisy signal
superimposed on the current to be measured.

..
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Figure 6 • Coaxial
construction of a cur-
rent shunt. This is not necessary at all if proper measures are to be taken

prior to any field tests. It is felt as an absolute necessity that
this situation has to be improved immediateJy.

The interposing cr is prone to parasitic capacitances and inductances as it the case
with the substations current transformers. Resonances may occur between the
transformers inductance and the stray capacitances or the connecting lead capacitan­
ces. It also increases the length of the measuring leads as weIl as the shielding
problems. The burden that was originally used was not suitable, in that it was not low
inductive. "

(11 ..
lij

"11.-..
gg A practical solution was used on site to improve this situation.

A number of resistors was used in parallel and this parallel
construction was made in such a way that it imitated to a
certain extent the already discussed coaxial construction. Such
a construetion was also used in the early days of field testing
[3.89], [3.90].

Transient recorders of good quality, however complicated to operate smoothJy, are
present but that is certainly not a guarantee for a good quality measurement.

In general it was feIt that the measurements with the ESKOM measuring crew were
not carried out in a satisfactory way. The crew was not fully aware of the specificati­
ons of the equipment, there was a serious Jack of knowledge on the interfacing
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technique and instrumentation technique side. Also the awareness for EMC problems
that cao be encountered and also have been encountered was not present. Also a
basic knowledge of the phenomena that can occur was lacking. In conclusion it can be
said that the ESKOM field measurements were especially biased by pheripheral
problems and not with the actual measuring problem itself. It is normal practice in
some situations that equipment specifications are also based on the information from
field tests. These strategie technical decisions in the field of transmission or substation
design and optimization cannot be guaranteed with this working practice !! This
situation needs immediate improvement !!

Finally some photo's of the interfacing equipment that was used at Doetinchem
Substation. Ooring these measurements the three load-side voltages were measured
with KEMA in-house made Re voltage dividers suited to measure on the 50 kV
system. The three phase currents were also measured by using a Pearson current
transformer for each phase. Each Pearson was given a winding of 10 tums in order to
produce a suitable output signa!. This winding was put in series with the secondary
circuit of the current transformer. From the switched object (tertiary reactor) and the
circuit breaker the data was transmitted to a permanently based field cabin were the
measuring equipment was temporarily installed next to the protection and metering
boards. During these field tests the new transient recorder that has been developed at
KEMA was used. The tests were done on a rainy day. Despite these weather conditi­
ons it was possible to do the measurements. The performance of the transient
recorder on this trial run was satisfactory.
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Figure 7 - - A Pearson cu"ent trans/ormer connected to one of the Shunt Reactors
Current Transformers.

Figure 8 - - Overall view, from left to right: Shunt reactor, earthing link, current
trans/ormer with Pearsons, KEMA Jo in-house made RC voltage dividers, the ARB
three-pole operated circuit breaker.
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4.3 Ana1ysis Erperimental Field Measurements

Experimental field tests have been carried out to examine the feasability of controlled
switching for various applications. Random as weIl as controlled, closing and opening
switching operations have been carried out at the following sites:

1. 28 & 29 January 1993 - ESKOM, StikIand Substation, near Stellenbosch, Cape
Province, Republic of South Africa.

2. 4 June 1993 • 12 July 1993 • ESKOM, Apollo Converter Station, near Olifantsfon­
tein, Transvaal, Republic of South Mrica.

3. 21 & 22 September 1993 • PGEM, Doetinchem Substation, The Netherlands.

4. 27 & 28 October 1993 - Delta Nutsbedrijven, Borssele Substation, The Nether­
lands.

4.3.1 Stik1and Substation

Scope - At Stikland three 72 MVAr -132 kV, fuseless, double wye, neutral earthed via
low voltage capacitors, shunt capacitor banks were to be commissioned. The capacitor
banks were switched with Sprecher Energie HGF 112/1 SF6 (145 kV, 3150 A, 31,5
kA) circuit breakers. The verify the transients occurring on single as weIl as on back­
to-back operation, experimental field tests were carried out. Unfortunately only
random switching operations were done because no controlled switching device was
available yel.

Measuring Programme - Due to power system stability reasons, the local system
voltage was high because of low loading of the system, therefore it was not possible to
do a sufficient number of switching operations. On top of that also severe problems
were encountered with the measuring and interfacing equipment on site during the
measurements. These problems ranged from insufficient preparation for the field tests
in Johannesburg up to false triggering of the measuring equipment on several of the
only few allowed switchings. The insufficient preparations expressed themselves in
lack of knowledge on the Nieolet system and that no sufficient countermeasures were
taken against piek-up of interference. The Nicolet in the truck was fed by the
substation power supply (380 V) through an Un-interruptable Power Supply (UPS).

At later field tests at Apollo it became clear that the UPS was malfunctioning and as
such provided no sufficient separation from the substation power supply. After this
discovery it was decided to do all the coming measurements at Apollo with the on­
board diesel-generator set as a power supply. This was the solution for the false
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triggering of the Nicolet. Despite all the problems that were encountered during the
field tests the useable data on the events given in table .. have been recorded and
processed by the Power Network Technologies Department of Eskom's Technology
Group.

The recorded measurements data that have been printed out can be found in appen­
dix 6.

Test No Bank No 1 Bank No 2 Bank No 3 Figure

1 Energize Out Out 2

2 De-energize Out Out 3

3 Energize In Out 4

4 In Energize Out 5

5 Energize In In 6

Experimental Set-Up - See appendix 6.

Test ResuIts

Test No 1 • This was a case of single bank switching. The maximum value of the
monitored overvoltage on this energization was 149 kV (1,38 pu). The transients
damped out within one periode The most severe inrush lasted for about 2 ms. A
maximum value of 5,2 kA was measured for the inrush current. The inrush frequency
based on the current wave-forms was about 3 kHz, this is very high. The current from
neutral to earth via one of the neutrals low voltage capacitors showed a maximum of
almost 800 A, but also died out within about 2 ms to zero current. The unbalance
inrush current showed peaks of 2,4 A and -1,5 A respectively and especially shortly
after energizing a high frequency phenomenon was measured, also this current died
away to about zero. The maximum neutral point voltages were 245 V and 224 V
respectively. A relatively long transient phenomenon is present which dies out after
about 1 cycle.

Test No 2 • This was a single bank de-energization. The capacitor bank trapped
voltages decay in an exponential way to zero voltage. From this picture it is c1ear that
the poles not operate simultaneouslyon opening. The non simultaneity between the
first and the last pole to clear is about 6 ms. Unfortunately it was not possible to
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verify this by no-load tests or by another recording. About 100 ms after de-energiza­
tion, the trapped charge is decayed from 110 kV to about 29 kV. From this it followd
that the time constant is 75 seconds. The currents interrupt nicely in a current zero.
The trapped charges on the neutra! are -413 V and -447 V respectively. In about 100
ros they decay to about -120 V. This leads to the same time constant of about 75 sec.

Test No 3 • This was a back-to-back switching case. Bank No 2 was already switched
in when Bank No 1 was being energized. The overvoltage on this occasion was 124
kV (1,15 pu). The transient on the voltage died out very fast, within 1 ms. The
currents were very high on this occasion. The maximum currents were 11,1 kA and
10,3 kA for the red and blue phase respectively. From this picture it can be concluded
that the pole simultaneity on closing is good. The inrush frequency read from the
current wave was about 2,5 kHz, this is not possible compared with Test No 1. The
transients were vanished within 1 ms. The same phenomena were seen for the neutral
to earth current, the unbalance current and the neutral voltages.

Test No 4 • This was another back-to-back switching case, in which Bank No 1 was
already switched in and Bank No 2 was being energized. The collapse of the busbar
voltage was clearly visible in this case, however the collapse in this case is not as bad
as in the case of single bank switching. The currents were not recorded but it can be
said that they are of the same order as measured with Test No 3. The character of
the neutral to earth current, the unbalance current and the neutral voltages was the
same as in the previous tests and as such not very interesting.

Test No 5 - This case was also back-to-back switching but now Bank No 1 was
energized against Banks No 2 and 3 that were already in service. Also here the most
severe transients were damped out within a few ms, the sine-waves looked smooth
again within one cycle. The neutral to earth current for this case had two maximum
values of 5,8 kA and 3,3 kA respectively, but decayed within a few ms.

Discussion of Results - It is clear from the previous that a lot of the work that has
been carried out by the measuring crew of the Technology Group is of bad quality.
These results are not acceptable ! But unfortunately this is al that we got. Most of the
interesting parameters were not available after the measurements. The measurements
that are presented on the print-outs are over-processed, signals are filtered and
smoothed so that a nice and clean text-book-picture was presented. The particulars of
the smoothing and / or filtering action were not made available. By carrying out such
operations, the recorded signal is distorted in such a way that it is not possible to
draw any reliable conclusions, only a trend can be mentioned. It was not possible to
derive areliabIe value for the inrush frequencies from the presented graphs. The
obtained va]ues as reported on the previous pages are not correct. The inrush
frequency for single bank energization should be much less then the inrush frequency
for back-to-back switching. The inrush currents are very high, about 20 pu, in the case
of back-to-back switching compared to the nominal current. The voltage collopse with
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bank-to-bank switching should be Iess then with single bank switching. The transients
died away within a few ms.

Source Manual
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As it was already mentioned, the inrush phenomenon damps out very fast. This makes
it difficult to estimate the inrush frequency from the measured data. It was not
possible to do any ftlTther processing, the data was available but the test reference
lists as they were made on site were lost. The capacitor voltages of Test Numbers 1,
3, 4 and 5, and the currents of Test No 2, showed spikes. These spikes were most
probably generated by extraneous operations beyond our control. They did not occur
at random but in the same comparable situations for different tests. It was not clear
what caused these spikes.
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Condusions • It is dear that single bank switching presents a worst case condition for
the power system and its connected equipment. The busbar voltage collapse is
considerable and the inrush current moderate. The steep collapse of the busbar
voltage cao give rise to travelling wave phenomena and subsequent high overvoltages.
Back-to-back switching represents a worst case condition from the circuit breaker
point of view. Very high inrush currents of high frequency can damage the circuit
breakers contacts on repetitive operations. Especially in the case that two banks are
already energized and the third one is to be energized.

Seen from the measuring point of view, the measured values for the current cao not
be seen as definite maximum values. This has several reasons. One important factor is
the interposing current transformers burden, this burden was not low inductive. The
point-on-wave that the energization took place was determined at random because no
controlled switching was used during the field tests. Some plots do not give any
information at all because they are plotted with the wrong scales. In general the
measurements are of poor quality. During these measurements many remarks were
made on how to improve the situation for future field tests.
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4.3.2 ApoOo Suhstation

Apollo was used as a substation in the main transmission system during the field tests.
Due to the political situation it was not possible to run the nonnal station facilities. In
nonnal operation Apollo should function as a Convertor Station. It is intended to re­
commission the Convertor Station again in early 1996. It is a weIl known fact that the
process of HVDC conversion is accompanied by two effects, namely the generation of
hannonies but also the consumption of reactive power of rather more than half the
active power converted. Hence at Apollo shunt filter networks and shunt capacitor
banks are available.

Each filter branch consists of aresonant RLC series circuit which has a low impedan­
ce at a given frequency. The filter can act as a compensator of the reactive power
absorbed by the convertor (at power frequency) and as a harmonie filter at the same
time. The total amount of reactive power installed is direetly related to the voltage
regulation of the AC network. At Apollo about 600 MVAr is available from shunt
capacitor banks, whereas the filters represent about the same amount of reactive
power.

A representative parameter of a filter is its quality factor Q at its tuned frequency. A
high Q filter gives a large increase in the filter impedance in the case of detuning. At
Apollo the quality factor is 100. The inductances are equipped with on-Ioad tap­
changers, this makes it possible to tune into the harmonie frequency. Especially the
capacitors of the filter change their value as a function of temperature and age.

4.3.21 Filter Bank Measurements

Scope - A 200 MVAr - 275 kV filter bank, with filter branches for the 51h, 71h, nIh and
13lh harmonie and a high pass branch were used in the field tests. The filter was
switched by a Delle PK4 airblast breaker and at the moment it is used as a capacitor
bank for reactive power support. The scope was to do verify the transients occurring
on single as weIl as on back-to-back operation with experimental field tests. Unfortu­
nately only random switching operations were done because no controlled switching
device was available yel.

Measuring Programme - The filter was energized as a single bank, or back-to-back
with a 150 MVAr or a 300 MVAr shunt capacitor bank respectively.

Erperimental Set-Up - See appendix 7.

Test Results - In appendix 7 a tabular overview is presented of the measurements that
have been recorded, as weIl as an overview of the maximum values of voltages and
currents on energizing are given.
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Discussion of Results - 12 shots out of a total of 55 were not recorded completely, this
is almost 22 %. Obviously this is too much and this situation needs drastic improve­
ment. The stated reasons for not recording an event can easily be eliminated. The
false triggering events were the same as at Stikland. Though this problem was known,
no steps to investigate on how to solve this problem were undertaken. Only during
the shunt capacitor bank measurements the problem was more Iess located to be the
power supply to the truck. The Nicolet in the truck was fed by the substation power
supply (380 V) through a not properly functioning UPS.

It was decided to do all the coming measurements at Apollo with the on-board diesel­
generator set as a power supply. This was the solution for the false triggering of the
Nicolet. Another serious problem that has to be solved is the shielding of the
measuring cables and the connections to the measuring terminals. Far from sufficient
shielding was used and also the connections made were questionable. This practice
was responsibIe for the fact that all the current measurements were heavily contami­
nated with a noisy signal.

In the Nicolet data-processing-software smoothing and filtering functions can be used
to polish up the signal. However this polishing up of the signal should not be used
because important basic measuring data will be lost. The socalIed initial transient
making current, which is usually present and of very high frequency, will be lost. Also
the inrush current wi11 be distorted. Possible pre-arcing behaviour of the breaker will
be camouflaged. Especialy on de-energizing the noisy signal is a problem. The
amplitude of the noisy signal is so significant that no infonnation can be obtained on
any arc-instabilities or the chopping behaviour of the breaker. Again the remark that
if smoothing or filtering is used, data will be "damaged" and a wrong picture on the
breaker behaviour will be obtained.

There were no significant differences between the single and back-to-back switching
events. The filter bank has relatively large inductances in its different filter branches,
ranging from about 8,8 mH up to about 226 mH. These values are large compared
with the source impedance, which is in the same range as the lowest inductance in the
filter, and depending on the busbar arrangement. Each phase of the filter branches
can be seen as a single phase RLC series circuit. Despite this it is not possible to
make a statement on a possible worst case situation.

It appears that the maximum current lies around 3 kA, but also here the current
shunt was not of a low-inductance, low resistance type so some caution must be used
when interpretating the maximum current values. The currents in each phase of the
different branches are superimposed, this gives a highly distorted current wave fonn.
After the decay of the transients, the currents are smooth sine-waves. The overvolta­
ges are also very moderate. The maximum measured overvoltage was 1,34 pu, all the
other values are much lower. So the overvoltages are also not a real cause of concern.
The decay of the transients takes quit long because of the relatively large time
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constants in the filter branches. Based on this infonnation it can be said that from the
viewpoint of inrush-currents and overvoltages, it is not very interesting to use the
controlled closing technology for the filter bank. However the steep fall of the busbar
voltage will stress insulation.

Certain types of equipment, like electronic equipment synchronized from the network
voltage (a controlled switching device), are sensitive to voltage wave distorsion. When
monitoring of the current is used, the filter current can have multiple zero-crossings
within a cycle, this can give maloperation of controlled switching equipment. Voltage
and / or current wave distorsions have to be considered with controlled switching.
Especially in the case that multiple devices are energized within a short time-span.
The probability that the inrush-transients have not died out to an acceptable level is
present, this might endanger the controlled switching integrity.

Conclusions - Taking the relatively small inrush current peaks and overvoltages into
consideration, no problems for the breaker have to be expected for either single or
back-to-back switching. Controlled switching is not necessary to reduce transient
levels, however if the impact of the steep fall of the busbar voltage must be elimina­
ted controlled switching is a solution. As with the Stikland measurements, improve­
ments on the mentioned points in the discussion is absolutely necessary.
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4.3.22 S/umt Capacitor Bank MeasuremenJs

Scope - A 2 X 150 MVAr - 275 kV shunt capacitor bank was also used for field tests.
The capacitor bank was switched by a AEG S2-300 SF6 puffer circuit breaker. The
scope was to do verify the transients occurring on single as well as on back-to-back
operation with controlled switching in experimental field tests.

Measuring Programme - The capacitor bank was energized as a single bank, and back­
to-back with the 200 MVAr filter bank. Controlled closing and controlled opening
field tests were done. Also tests with earthing the capacitor banks neutral, in order to
reduce circuit breaker stress on opening, through capacitors were carried out.

ExperimentaJ Set-Up - See appendix 7.

Test Results - In appendix 8 a tabular overview is presented of the measurements that
have been recorded, as well as an overview of the maximum values of voltages and
currents on energizing are given.

Discussion of Results - These measurements also did not show any abnormalities in
the behaviour of the circuit breaker during the different events. Random and
controlled switching events were carried out. Controlled closing with this breaker was
not possible because it was too slow but also the mechanical stability was insufficient.
This showed itself of during the controlled closing events. It appeared that it is not
possible do use this breaker for controlled closing purposes. Due to the slow closing
speed a lot of pre-arcing was present on each closing operation. This will surely have
its effect on the contacts of the breaker. The maximum measured inrush current was
4,5 kA, while the peak of the steady state current is about 0,45 kA This is not a
problem for the breaker. The maximum overvoltage was about 1,8 pu, this is much
higher than in the case of the filter bank. Back-to-back operation with filter banks did
not show any large increase in inrush currents this is due the large inductance values
in the filter branches. Data set number 46 - CH2 has a C-O in the event column.
Shortly after energization, the bank tripped. The cause of this trip was a faulty
capacitor caD, the fault was initiated by a loose connection which caused overheating
and subsequent explosion of the connection. A photo of this faulty can is shown in
appendix 3-1. The pre-arcing behaviour was responsibIe for serious distorsion of the
busbar voltages. Long pre-arcing times have been measured. When having a closer
look at the current waves it can be seen that on closing the inrush current has an
intermittent behaviour. This can be related to the high-frequency arc-extinguishing
behaviour of the breaker. The intermittent behavour is present on virtually all
measured current graphs. However the current is not alternating in all these cases, as
would be expected. It has not been possible to obtain areasonabIe explanation for
this behaviour. The measured current and voltage waves do not show any resemblan­
ce with ATP simulations, as with normally with ATP only ideal switches are used. The

144 Controlled Switcbing in High Voltage Power Networks



ExperimentaI Field Measurements

fust pole to clear for random opening is also a random occurrence. Controlled
opening tests (BCZ up to BC9) have also been carried out in order to check the
behaviour of the breaker for short arcing times. Qnly are instabilities have been
measured with different arcing times. It must be said that also the opening times have
a relatively large time spread and therefore also here it is very difficult to obtain a
precise point-on-wave opening controI. The neutral point of the double wye capacitor
bank is normally un-earthed. A series of tests (CES up to CG6) has been conducted
in which the bank neutral was earthed through a combination of capacitors. 2 x 12
capacitor cans that are normally used on the bank, have been mounted in parallel on
two frames. Each frame with capacitors was switched from a neutral to earth. This
made it possible to virtually reduce the neutral voltage to much less than 10 kV. This
way of neutral treatment is similar to an earthed neutra!. AD advantage is, that the
same protection scheme can still be used.,

Figure 9 - Earthing of the capacitor bank neutral at Apollo through a parallel
circuit of capacitor cans normally used on the bank itself.

Condusiom - In conclusion it can be said that this breaker is not suitable to be used
for controlled switching due the large time spread on dosing as weIl as on opening.
This is inherent to the pneumatic drive on the circuit breaker. There is not a big
difference between single and back-to-back switching in this case, both situations
seem to give about the same results. Earthing the neutral through capacitors is similar
to using a direct earthing strategy. It is advantageous for the circuit breaker in the
sence that it reduces the stress on opening.
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4.3.3 Doetinchem Substation

Scope - A 50 MVAr - 50 kV, tertiary switched shunt reactor was used to verify
controlled opening in order to prevent reignitions. The reactor was switched by a
three-pole operated mechanism with mechanical, so it was only possible to do the
verification on one poIe of the circuit breaker. The used circuit breaker was an ABB
puffer type breaker.

Meosuring Programme - Controlled opening operations were carried out in order to
verify the reignition behaviour of the circuit breaker for different arcing times. AD
additional capacitance was also switched on to the souree side by dosing a disconneet
switch that supplied a cable under no-load, in order to check its effect on the
reiginition process.

Erperimental Set-Up - See appendix 9.

Test ResuIts - In appendix 9 an overview is presented of the measurements that have
been recorded together with some characteristic values of the load-side voltages on
de-energizing.

Discussion ofResults - The extra capacitance was added in the form of a no-load cable
with a length of about 160 meters (0,2 J.1.F/km) and a capacitance of about 32 nF.
This cable was brought connected through a disconnect switch only. This represents a
potentially dangerous situation. In case of a cable-earth fault a considerable fault
current will develop. The disconneet switch is not able to switch this current, so the
circuit breakers on the 380 kV and 150 kV sides of the transformer have to operate.
The station will be virtually shut down completely only because is this cabie.

The circuit breaker was controlled on one phase only because it has a common
mechanism for all three poles. After the first few shots it turned out that the middle
phase was convenient, and all the following shots were based on this phase. The doek
time was changed in time-steps of 0,2 ms for each successive measurement. By
changing the arcing time with the setting of the doek, it was possible to make the
breaker reignite after a current zero or to have a proper current extinction without
reignitions. The reignition window for this breaker is very small and has a length of
about 0,6 ms for the White Phase. This follows from the table with the results.

The cable influences the reignition process. Test set numbers 12 up to 15 showed this.
For a doek time of 11,1 ms no reignition occurred with the cable connected whereas
without the cable a reignition did occur. The cable seems to make the reignition
window smaller.

The dividers that were used had a response time of about 5 ,""s. When stretching out
the voltage wave around a reignition occurrence, it will be seen that the measured
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voltage equals the response of the voltage-dividers, or in other words that the actual
load-side voltage changes faster than this 5 IJS. The phase-to-ground overvoltages
were not very high, the highest measured value was about 81,6 kV. This is not a
problem. Normally an arrester will clip off any dangerous overvoltages, however the
rate-of-change of the reignition transient is not changed by an arrester. If this rate-of­
change is of too high value the insulation of the shunt reactor can be damaged.

In the different wave-forms three characteristic frequencies cao be seen. Before a
load side oscillation two frequencies have been measured of about 1,9 kHz and 2,6
kHz. The load side oscillation was about 7,4 kHz. This means that with a reactor
inductance of about 0,16 H, a total load side capacitance of about 2,89 oF would be
present. This agrees with values as stated in IEC's Draft Application Guide for Shunt
Reactor Switching [3.16]. It was not the aim of these measurements to verify the
current and voltage transients that occur on de-energizing. Therefore reference is
made to the papers published in CIGRE Electra by Van den Heuvel and Papadias.

Condusions - It can be concluded that it is possible with controlled opening to
eliminate reignitions completely. The reignition window is relatively smalI therefore
moderate timing stability of the breaker is allowed. An increase source-side capaci­
tanee tends to decrease the reignition window.
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4.3.4 Borssele Substation

Scope - At Borssele Substation comrmslOning tests of a commercially available
controlled dosing device have been carried out. A 100 MVAr - 150 kV un-earthed
capacitor bank was the switched load.

Measuring Programme - No-Ioad tests have been carried out on the circuit breaker
prior to the controlled dosing events, the results have been discussed in chapter 2.
Two series of tests have been carried out. In the first series the capacitor bank was
connected to the National Grid. During the second series the capacitor bank was
connected to the Local Grid, which represented the situation as it would normally beo

Experimental Set-Up - See appendix 10.

Test ResuIts - In appendix 10 an overview is presented of the measured busbar
voltages.

Discussion of Results - The field tests consisted of two parts. Ouring the first part of
the tests, the capacitor bank was connected to the National Grid through a transfor­
mer (380 kV - 150 kV). This situation was used to bring the controlled switching
device to the optimum timing for each phase. This device is micro-processor control­
led and has a programmed algorithm to set the time delay on every next shot.
It is dear from the tables that the algorithm regulates the time delay in such a way
that the optimum dosing time instant is approximated better at each shot. The
highest overvoltage at the last shot of the first series was about 1,30 pu. With the
capacitor bank connected to the Local Grid, an enonnous damping effect, due to the
system loading, on the transients in the measured busbar voltages was seen. The
highest overvoltage with the last shot of the second series was about 1,07 pu. In
situation 1, the fault level on the busbar is 6 kA, in situation 2 this is 20 kA. The
inrush frequency is about 200 Hz. In the first situation the transients decay over a
long period of time (more than 6 cydes). In the second situation this is virtually
within one cyde.

Conclusions - The measurement results are promising. though one has to be carefull.
It is can not be said that the controlled dosing is the way to forget the inrush
problems. For the coming months every switching action will be recorded. This will
make it possible in a later stage to make a statement on the practical experience.
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4.4 Summary

Good measuring techniques are very important in obtaining areliabIe impression on
switching transients. Especially the interfacing techniques and the working procedures
determine to a large extent the quality of the measured data.

It is also recommended to use controlled switching for all future field tests. OtheIWise
every shot is a random one. To determine the possible worst case conditions a lot of
switching operations must be done in such a case. This can be detrimental, and is thus
not desirabIe from a system operations point of view, but also from the involved
power equipment point of view.
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MAIN RESULTS

Generol - The large amount of planned shunt reaetive power to be instalIed in South
Africa in the near future, necessitates to evaluate the presently used switching
technologies, and to compare them to the novel controlled switching technology. The
future Subsaharan Grid is characterised by remote generation and remote load
centre's, this makes a carefull consideration of the possibly applicable switching
technologies an absolute necessity.

Controlled Switching - Controlled switching is not applicable in general yet.

Controlled Switching Device - A device was designed and constructed and also applied
in the experimental field tests at Apollo Substation.

Characteristics of the Circuit Breaker - The mechanica! stability and inherent delay are
of prime importance for a succesfuIl controlled switching installation. The breaker
should have sufficient operating speed and the operating times should be as small as
possible and on top of that have a time spread smaller than 1 ms.

Energizing of Shunt Capacitor Banks - A discrepancy must be made between critical
and non-critical installations. A carefull assesment must be made of possible faults.
Based on this and on amongst others economical factors, an appropriate switching
scheme must be chosen. A failure of the controlled switching device has to considered
as weIl. A controlled switching device cannot yetbe considered as to replace series
damping reactors. The time spread must be small, preferably much less than 1 ms.

Neutral Treiltment of Shunt Capacitor Banks - On ESKOM's fuseless shunt capacitor
banks the neutral is earthed via low-voltage high capacitance capacitors. This is
virtually the same (for the circuit breaker) as a direct solid earthing connection of the
banks neutral, and reduces the stress on the circuit breaker.

De-Energizing of Shunt Reactors - By applying a controlled opening scheme it is
possible to prevent current interruption at short arcing times. Thus it is possible to
prevent reignitions. The spread on operating time is not a real problem in this case as
the control-window for reignition-free contact-parting is relatively large. Thus no
adaptive control is needed. Surge arresters are still necessary in case of a faulty
controlled opening device. A reignition detector with feedback to the timing control
loop is possible and actually applied in Japan.
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RECOMMENDATIONS

Characteristics of the Circuit Breoker - Only circuit breakers with a spring drive should
be considered for controlled switching purposes. More investigations are necessary on
the suitability of hydraulic drives and pneumatic drives.

Energizing of Shunt Capacitor Banks - For non-critica! installations a series damping
network is usually sufficient. For critical installations a combination of controlled
switching and a series damping network is recommended. An adaptive control is
recommended because the timing requirements are very strictly defined.

Neutral treatment of Shunt Capacitor Banks - In order to reduce stress on the circuit
breaker, it is especially recommended at the higher voltages (275 kV), to use and
earthed neutra!. Earthing via low-voltage high capacitance capacitors has proven to be
a good method, and must be considered on future installations.

De-Energizing of Shunt Reactors - De-Energizing of shunt reactors for the highest
transmission voltage levels (400 kV and 765 kV) by means of controlled opening is
recommended.

Future Field Measurements - In all future field measurements the use of controlled
switching is absolutely recommended.

NECESSARY IMPROVEMENTS

Characteristics of the Circuit Breaker - Circuit breaker response time measurements
should be done in a consistent way. A standard protocol must be developed for
adequate no-Ioad testing.

Future Field Measurements - Sufficient attention must be given to the development of
adequate measuring techniques. It was generally found that interfacing techniques and
working procedures must be better developed.

FUTURE INVESTIGATIONS

Future Field Measurements - Interfacing techniques and working procedures must be
validated in the field.
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Appendix 1 • Circuit Breaker Operating Mechanisms

APPENDIX 1

CIRCUIT BREAKER OPERATING MECHANISMS

In these mechanisms compressed air
stored in air receivers is used as the
energy source. A motor driven com­
pressor charges the air receiver to the
required pressure after an operation of
the breaker or to make up for losses
due to air-Ieakage, therefore the air­
system has to be monitored continuous­
ly. Pressures up to about 40 bar are
used. In figure 1 the principle of a pne­
umatic operating mechanism with a
compressor and de-hydrator is illustra­
ted. The breaker is opened and closed
by compressed air. A tank on the circuit
breaker serves as an energy accumula­
tor. In the field tests at Apollo Substa­
tion an AEG S2-300 single pole opera­
ted circuit breaker equiped with a pneu­
matic drive was used, see figure 2 for a
side-view. This breaker will be discussed
as an example in the following.

close 0

open

Figure 1 - Principle of a pneumatic opera­
ting mechanism.

Legenda on figure 1 [2.19]:
1. Drive
2. Control Valve "Close"
3. Control Valve "Open"
4. Air Receiver

5.
6.
7.

Compressor
Drain
Drying Unit

The S2-300 is of the single pressure puffer type. This means that the breaker itself
generates the quenching medium pressure during the breaking process (puffer action).
A twin head has two break chambers, both of them are mounted to the gear box, see
figure 2 [2.20] and 3 [2.20]. Inside of the gear box the vertical movement of the
operating rod is transferred into a horizontal movement for the drive of the breaks.
The current path consists of a fIXed contact which is connected to the terminal flange
and of a moving contact together with the SF6-puffer which both are connected to the
the gear. Parallel to the two breaks grading capacitors are mounted.
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Each circuit-breaker has a control system. All components like contactors, relays, etc.
are placed in a control cubicle. The control system comprises of SF6 density monito­
ring, functional lock-outs, signalling and compressed air monitoring. To avoid
corrosion due to condensation a heater is installed in the control cubicle. The auxili­
ary switch is coupled directly mechanica1ly to the pneumatic drive. lts angle of
rotation is 90°. A red/green disc is directly connected to the shaft of the auxiliary
switch and acts as a visual position indicator. The sliding contacts are made of copper
and are silver faced. Contact pressure is obtained by a plate spring. This spring does
not carry current. Each pole has its own electro-pneumatic drive with the associated
control valves for opening and closing of the breaker. The drive air required for the
rated switching sequence (0 - 0,3 sec - CO - 3 min - CO) is stored in the air receiver
of the breaker. The closing pulse is given electrically to the coil of the closing opera­
ting valve. From this valve some other pistons, valves, intermediate air receivers and a
pneumatic impulse lengthener are passed until in a last stage the air moves the drive
piston fiom the Open to the Closed position. The breaker is now closed. The travel of
the drive piston operates the auxiliary switch and the position indicator mechanically
via a lever. Switching of the auxiliary switch causes the Close control circuit to be
electrically interrupted. Due to the pneumatic impulse lengthener, the switching
action is always independent of the length of the electrical closing impulse. The
minimum closing impulse duration is approximately 10 ms.

Immediately after closing of the Close control valve, the driving air is vented from the
drive cylinder. Each drive is equipped with two independent trip-coils. The fi.rst
pneumatic stage of the opening valve is also duplicated. The electrical tripping
impulse is given to the coil of the tripping operating valve. This valve converts the
electrical impulse into a pneumatic signal and again this is passed through the air
system, until the drive piston moves and opens the breaker.

Two major protections are build into the controls of the breaker, namely the anti­
pumping feature and the pole-discrepancy relay. The anti-pumping device prevents
repeated closing and opening (oscillating) of the circuit breaker when there is a
sustained Close signal and Trip signal (i.e. pumping). The pole-discrepancy relay will
operate if the poles don't close or open with a certain pole simultaneity. In The
Netherlands a lot of these relays are set at approximately 10 ms. ABB also recom­
mends this setting when controlled switching of capacitor banks is used.

In figure 5 the break chamber of the S2-300 is shown in the stages during an opening
action. The gas compartments of the break chambers and the support insulators are
filled with SF6 at the same pressure. The SF6 pressure which is required for quen­
ching the arc in the insulating nozzle is generated on the so called puffer-principle.
This means that by the movement of the contacts the gas is compressed in the
cylinder to a higher pressure for quenching. The stationary (fixed) contact is connec­
ted to the flange of the break chamber. The moving contact is moved together with
cylinder over a fIXed piston during opening, whereby the gas present in this cylinder is
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compressed and flows through the insulating nozzle. When breaking large currents
(like the breakers rated current) the nozzle is partially blocked by the large arc. The
amount of SF6 which escapes through the insulating nozzle, during the arcing time up
to current zero, is kept to a minimum as it is not used for quenching. With breaking
of large currents a very large pressure is build up within the cylinder. This leads to a
powerful flow of quenching medium shortly before current zero. The pressure caused
by the arc with smalI currents is smalI. With the interruption of small currents a flow
of quenching gas already occurs at the begioning of the movement of the contaets,
when there is only a small pressure difference. This type of breaker thus has a
switching charaeteristic matched to the current being switched. The dieleetric strength
and switching capacity of the breaker are dependent on the density of the SF6 gas.
The break chambers and the insulation of all three poles make up a common gas
compartment. ~ ~

Legenda on figure 2:
1. Twin head.
2. Top cover
3. Post insulator
4. Guide

5.
6.
7.

Guide flange
Drive
Valve arrangement
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Legenda to figure 5 [2.20] on page 5:
1. Top cover 6. Insulating nozzle
2. Filter 7. Moving contact
3. Terminal pad 8. Cylinder
4. Fixed contact 9. Piston
5. Break chamber

.. _._.- --~.
I,

---- -----
",j, I,

:-== :=----=::-::-~-=_~I':

111 n.------ _._-_._-._.-_.

Figure 3 - The AEG 52-300 twin head breaking chambers with grading capacitors.

Figure 4 - The
AEG 52-300
Capacitor Bank
Circuit Breaker
as it is installed
at E5KOM's
Apollo 5ubstati­
on near Olifants­
fontein. Capa­
citor Bank Ra­
ting: 2 x 150
MVAr, 275 kJi;
neutral un-ear­
thed
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"' I"

... '... ,

.: ::.

Closed

During opening

i
11K. " '" " t.

OPEN

Figure 5 - Break Chamber section during an opening action.
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HydrauJic operating mechanisms

Compressed nitrogen in a piston type accumulator is usually used as energy source.
The full operating pressure can be in the order of 300 to 400 bar. The hydraulic pres­
sure has to be monitored continuously, to recharge after an operation and to make up
for losses due to leakage. Springs can also be combined with this operating mecha­
nism, they are used as an energy source. The breaker is both c10sed and opened by
hydraulic means. Damping of the c10sing and opening motion is also by hydraulic me­
ans. During the field test that were carried out or witnessed no circuit breaker with a
hydraulic mechanism was used.

\Motor

_: High pressure

~: Lew pressure
J

AccumulalOr

Pressure Pressure
switch gauge
I
'/Rellef valve

/ Check valve

~all level switch

Circuit, breaker
Exhaustil19 valve _\.....-_

SolenOid va/ve for closing

I
Solenoid

SolenQid vetve
for TnPPino '

Oriflce ,~e~~""""""r

A~lifyino
valw

Orifice -1l1ll.\ FF'.1~IFI~.-r'''''-'-----''~

AmpUfying ,. ~;:::t~:lLvolve /

Orifice
/

ai! reservoir

(a I Closed positian

Safety volve

1""-----_~tf!1
l.Ll.._'- .,.\-;J

\ on \pump,Crifice

all reservoir

Circuit breoker
Exhoustinq valve ~ ...... _

Solenoid valve for closing /

/ C . der - ~ AccumulalOr
Solenoid Solenoid. / ylln :~;

; / ;: !. Pressure Pressure
Sotenoid volve i;' Latch control pi.,ton ,. Nt I( switch gauge

for tripping "-.. ... , I / / '. :P /
Critice . _ . / Holding laren ,I! ' Reliefvalve

Amplifyi -::....L.... "" r---1 Check valve
valve () , v "-

on f
· '0 " all level switch
Ice" ;' '\

A~ifyincV ~Sfcn lod'\..
valw LafChillQ pin

(b I Open posiflan

Figure 6 - Principle of an electro-hydraulic operating system [2.21].
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Spring operating mechanisms

These mechanisms [2.22], [2.24] store
their energy in springs. These springs
cao be of the helical or spiral type. Also
disc springs are used. Usually the do­
sing spring is charged by a motorgear
train arrangement of some type. A com­
bination with hydraulics is also possible.
The release of the closing spring means
that the circuit breaker contaets are
closed. Usually at the same time the
separate opening spring is charged. The
only monitoring that has to be applied
here is the indication that the springs
are charged. In the field tests at Stik­
land Substation a Sprecher & Schuh
HOF 112/1 three pole operated SF6 cir­
cuit breaker was used. An interesting
thing in the type test report supplied by
the manufacturer [2.23] is the statement
that the breaker is restrike free, with ar-
cing times ranging from 0 to 10 ms, for
different voltage and current conditions.
Unfortunately we had no equipment
available on site during the field tests to Figure 7 - Principle of motor-spring-storage

mechanism.perform controlled switching and to
check this statement. In stead of con-
trolled switching a smal1 number of random switching tests have been done. It was
only possible to do a few switching operations because of system-stability reasons and
also due to problems encountered with the measuring equipment.

9

Legenda on figure 7:
1. Cam fol1ower shaft
3. Trip latch and solenoid
5. Hand cranck (for emergencies)
7. Close latch and solenoid
9. Mechanism housing

Controlled Switchlng In High Voltage Power Neiworks

2.
4.
6.
8.
10.

Cam
Closing Spring
Spring winding motor
Trip spring
Pole shaft with seal
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APPENDIX 2

ENERGIZING OF CAPACITIVE AND INDUCTIVE WADS

GENERAL

To understand the basic phenomena of energizing inductive and capacitive loads the
optimum and the worst case conditions will be deducted in the fol1owing.

The voltage sources are represented as a (co)sine wave of
basic system frequency. The fol1owing expression is used for the source voltage:

u(t) = Upeakcos(cut + llr) (1)

In this expression:

= Basic system frequency [rad/sj, this is

U> = 21t 50 [rad/s] (2)

t =
Upeak =

The phase-angle of the voltage at time t = 0 [rad];
The maximum value or amplitude of the voltage [V].

The current can be expressed as fol1ows:

i (t) = I peak cos (cu t + 111 - cp) (3)

In which: = The phase-angle between the voltage and the current
[rad].

We can deduct differential equations far the current with time after a switching
operation in a circuit has taken place. This differential equation can be solved by
dividing the current into two components. One of the components which satisfies the
differential equation is the steady-state current which developes under the action of
the voltage impressed on the circuit. The other component is also determined by the
differential equation for the circuit, however the source-voltage must be taken as
zero. This component changes with time as if the source-voltage is replaced by a short
connection. No driving voltage is present for this second component, it vanishes
gradual1y. It represents a current that only flaws for a short time and which intervenes
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between the current immediately before and some time after the switching operation.
Together with these transient currents also transient voltages develop at the various
parts of the circuit. These transient voltages are independent of the source-voltage
and they decay with the say time-constant as the transient currents.

The total switching transient can be expressed as in the following equation:

U=f(i'~~'fidt) (4)

As explained before we split the current in a steady-state part (i') and a transient (i")
part:

i=i'+i"

Equation (5) subtituted in equatio.n (4) gives:

d ( . I • ,,)
u=f{(i'+i"), ~d~~ ,f(i'+i"dt)}

(S)

(6)

If the capacitance C, the resistance R or the inductance L (or M) are not constant, no
subdivison into transient and steady-state parts of the differential equations (because
then they are not linear any more) is possible. In the case that the inductance 1.., the
resistance Rand the capacitance C are constant, these differential equations can be
split in two components:

d 'I fu=f(i
'

-~- i'dt) (7), dt'

for the steady state or stationary current which developes under the action of the
source-voltage u long after the switching operation has taken place.

d ," fo = f (i" -~- i"dt) (8), dt'

for the transient current which developes without the action of any driving source­
voltage and therefore dies out after some time.

From these differential equations, the number of which is determined by the number
of branches and nodes in the circuits, the current as a function of time can he
calculated.

The magnitude of the transient current is determined by the fact that the electromag­
netic state of the circuit before and after the switching process must join without any
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physical impossibility.

For a capacitance C it means that a sudden discontinuous change in the voltage
across it, a infinite current will be generated, as the current in a capacitance is
defined as:

(9)

However it is not possible that the current becomes infinite. At the instant of
switching t = 0, the following equation is valid for the voltage across the capacitance
c:

U c = (t = - 0 ) = Uc = (t = + 0 ) (10)

For a self-inductance L this means that a sudden discontinuous change of current
would produce an infinite voltage, because:

u
L

= L di (11)
dt

At instantaneous switching the current in the self-inductance L can therefore not
change instantaneously. Thus, at the instant of switching t = 0, the following equation
is valid for the current in the self-inductance L:

(12)

In equation (5) we have split the current into two components, one for the steady­
state and one for the transient current. The same can be done for the voltage across
the capacitor C, or the current in an inductance L, or in fact with any voltage or
current related to the components x in the circuit.

i L
• I

+
./1

u~ + u/!= ~L ~L U -C -

Generally (13)

• ·1 + i" UI + u/l~x = ~x Ux =x x x

Mter a considerable time the transient components of voltage and current (according
to equation (8» have vanished and only the steady-state components (according to
equation (7» remain. In branches of the circuit under study which only contain a
resistance R, the currents and voltages can and will change momentarily during the
switching process without any transients being developed.
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In general it can be said that in circuits with inductance and capacitance, the currents,
voltages or related parameters, do not change momentarily when a switching process
takes place. A transient current or voltage will develop, these will decay with
increasing time. This gives a gradual transition from the state of the circuit before
switching to the new state after the switching process has taken place. The initial
values of the transient currents or voltages are given by the changes which the
stationary currents and voltages in the circuit undergo because of the switching
process. From this it follows that these initial values are equal to the differences
between the steady-state values before and after the switching process. The transients
decay as if they alone were present in the final circuit without any source-voltage. The
transients will occur on any variation within the structure of the electric system, this
can be because of switching, interrupting (by a fuse) or short-circuiting of a part of
the circui1.
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CAPACITIVE CIRCUITS

Appendix 2 • Eoergizing of Capacitive aod Inductive loods

CB
R

Vsource

~
C

Figure 1 - The capacitive circuit under study.

We consider a capacitive circuit with a resistance Rand a capacitance C in series as
in figure 1. The source-voltage is:

u = Upeakcos (Ca) t + 1IJ> (14)

The differential equation for this circuit is:

upeak cos (Ca) t + 1IJ> = ~ Ji dt + Ri (15)

This equation can also be written as a function of the capacitor voltage, this gives:

upeak cos (Ca) t + 1IJ> Re duc + uc (16)
dt

These equations can be solved by dividing the capacitor voltage and the current into
two components:

uc = u~ + uf! i=i'+i" (17)

In which the first terms represent the steady-state parts and the second terms the
transient parts of voltage and current.
If we substitute this in the differential equation, we get:

du'
+ u~upeak cos (Ca) t + 1IJ> = RC__c

dt
(18)

du"
+ uf!0 = RC__c

dt
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The steady state current is:

i I (t) = cos (c..> t + <p)
(19)

For the phase-angle of the current with respect to the voltage the following equation
is valid:

tan(cp - t) 1
c..> CR

(20)

For the steady state value of the capacitor voltage we can write:

u~(t) = ~Jil(t)dt = I:;;sin(CJ)t+<p)

(21)

with

The solution of the differential equation for the transient capacitor voltage is:

t

u% (t) = Ce - Re (22)

For the actual capacitor voltage, if we combine equations (17), (21) and (22), we can
write:

IuC</J = ~ sin(wt + '1') + Ce ;c (23) I

For t = 0 we get:

u~t=O) = Uc sinfP + C = 0,.

6

with c = - U sin<pc,.

(24)
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For the actual capacitor voltage we can now write:

uc(t) = Uc (sin(<a> t + <p) - sin<pe - ;c),...
By differentiating the transient voltage we get the transient current:

(25)

dug(t)
il/(t) = C-­

dt
(26)

Uc
= ~ sincp e

R

t

RC = 1
~ sincp e

wCR

t
RC

Finally we can write for the actual current the following equation:

i(t) =
• t ]sm<p - RC

+ --e
wCR (27)

From equation (27) it can be concluded that if. = 0° at the instant of switching (t =
0), no transients will occur and the steady-state components will flow from the instant
of energising. If • = 90°, then the current would pass through zero at the instant of
switching, and a heavy transient occurs, which in general is much greater (because the
resistance is usually very smalI) then the steady-state current and consists of a
decaying direct current. The inrush currents may reach high values, however if the
time-constant of the circuit is smalI, the duration of the transient currents is also
smalI. At the instant of switching a transient voltage develops in such a way that the
actual capacitor voltage will be zero.

i~l;ttllrL!l.iUj~!(:I:.i
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INDUC11VE CIRCUITS
CB

R

Vsource

L

Figure 2 - The inductive circuit under study.

We consider an inductive circuit with a resistance Rand a inductance L in series as
in figure 2.
The source-voltage is:

u = Upeok cos(c.> t + 'iJ)

The initial current is:

The differential equation for this circuit is:

Upeal cos(c.> t + 'IJ) = L di + Ri
dt

(28)

(29)

(30)

The differential equation can he solved by splitting the total current into two
components:

i = i' + i"

Equation (30) can therefore be written as follows:

dO'
Upeokcos(c.>t + 'IJ) = L-' + Ri'

dt

d·"o = L-'- + Ri"
dt

(31)

(32)
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The solution of the fust of these equations is:

i I (t) = UpeIIk cos(c.> t + q»
JR2 + (c.>L)2

(33)

For the phase angle of the current with respect to the voltage the following equation
is valid:

tan(q> - V)
c.>L= --
R

(34)

The solution of the second differential equation is:

i 11 = C e - ~ t (35)

The constant C must be determined from the initial condition of the circuit. If
equations (29), (31), (33) and (35) are combined for t = 0, we get:

io = lcosq> + C = 0 this gives C = - Icos<p

(36)

With equation (31) and equations (33) and (35), we get for the total current after
switching on the following equation:

i(t) = (37)

The transient part is a direct current which decays exponentially with a time constant
Lover R of the circuit. The transient current can give a considerable distortion of the
stationary current. This depends on the phase angle q> which the stationary current
would have at the instant of switching.

FOT" =0° or 1800 the stationary current will pass its maximum, and the transient will
have its full value. This represents the worst case condition. If .. = ± 900 at the
instant of switching the stationary current wiIl now pass through zero, and as can be
seen from equation (37) no transient will develop. The superposition of the steady-
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state current and the transient current causes the actual current to develop into a
value which can go up to twice the value of the steady-state current. This extreme
value develops if the time constant is so much greater than the period of the altema­
ting current that the transient decays only slowly. The successive zero-crossings can be
more then 10 ms separated, and the rate of change of current can he of higher value
then the steady-state value. If the time-constant is small compared with the period of
the current, the transient current decreases during the first halve cycle and there is no
exessive current development.
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APPENDIX 3

RESULTS OF VARIOUS NO-WAD TESTS

No-Ioad tests have been carried out in order to establish the operating times of the
different circuit breakers. Ouring these no-Ioad tests, the influence of variation of
parameters such as control voltage, SF6- pressure and stored energy were investigated.
The following circuit-breakers have been subjected to no-Ioad tests (results can be
found in the tables):

1. AEG S2-300, SF6 puffer breaker with a pneumatic operating mechanism
(Elnumatic), at Apollo Substation, ESKOM. Single phase operation.

Table 1 - No-Ioad results from KEMA Report 600-86 [2.41].
Table 2 - Close and Open for various air pressures.
Table 3 - Close for same initial air pressure.
Table 4 - Open for same initial air pressure.

2. Delle Alsthom PK6, Airblast Breaker at Ens Substation.

3. ABB - HPL 245/25 BI, SF6 breaker with spring mechanism (BLG 1002), at
KEMA High Power Laboratory DZ1.5, The Netherlands. The breaker is
provided for three phase operation only.

Table 5 - 110 V, 0,45 MPa SF6-pressure, intermediate relay, open
Table 6 - 250 V, 0,45 MPa SF6-pressure, direct, open.
Table 7 - 250 V, 0,45 MPa SF6-pressure, direct, close.
Table 8 - Various voltages, 0,45 MPa SF6-pressure, direct, close.
Table 9 - 250 V, 0,50 MPa SF6-pressure, direct, close.
Table 10 - 200 V, 0,50 MPa SF6-pressure, direct, close.
Table 11 - 250 V, 0,50 MPa SF6-pressure, direct, open.
Table 12 - 200 V, 0,50 MPa SF6-pressure, direct, open.
Table 13 - Various voltages, 0,50 MPa SF6-pressure, direct, open.

4. ABB - HPL 170 Al, SF6 breaker with spring mechanism (BLG 1002), at
KEMA High Power Laboratory DZ1.5. The breaker is provided for single
phase operation.

Table 14 - Various voltages, 0,62 MPa SF6-pressure, direct, open.
Table 15 - Various voltages, 0,62 MPa SF6-pressure, direct, open.
Table 16 - 250 V, 0,62 MPa SF6-pressure, direct, close.
Table 17 - Various voltages, 0,62 MPa SF6-pressure, direct, close.
Table 18 - 250 V, 0,70 MPa SF6-pressure, direct, close.
Table 19 - 250 V, 0,70 MPa SF6-pressure, direct, open.
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Table 20 - Various voltages, 0,70 MPa SF6-pressure, direct, open.

5. ABB • LTB 170 Dl, SF6 breaker with spring mechanism (BLK 52), at Borssele
Substation.

Table 21 - 110 V, close.
Table 22 - 110 V, open coil l.
Table 23 - 110 V, open coil 2.
Table 24 - 110 V, open coil 3.

Some of the results that are tabulated are also visualized in different figures for the
different breakers.

Test-Circuit Data:
Red White Blue

Timer

R R

l.k

R

+

30 V Delta De

Power Supply

Figure 1 - Test cirr:uit-diagram for no-load tests on cirr:uit breaker closing.

In South Africa a CBS, Type CBT4, time measuring device was used for no-Ioad tests.
This particular CBT-4 could only he used with a sampling rate of 2 kHz. This
implicates that the smallest time-step that could be measured was 0,5 ms. At KEMA
a self-made device (Type Damstra) was used, see also figure 1 and 2 for the principle
diagram. The smallest time-step that could he measured was 0,01 ms. At Borssele
Substation a Program Electric TM1600 time measuring device, with a resolution of
0,1 ms was used. The results of the no-load tests can be found in tables 1 to 24.

With the interactive software package MATlAB the mean value, standard deviation,
and the minimum and maximum value of a vector cao be calculated quick and easy.
The mean of a group of values is the average. The Greek symbol #Jo is used to
represent the mean value, as shown in the following equation, which uses the
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+

30 V Delta De

Power Su",,,,ly

Timer

Figure 2 - Test circuit-diagram for no-load tests on circuit breaker opening.

sumrnation notation to define the mean:

J.L =

This summation must be seen in the following way:
N

L tJc = t 1 + t 2 + ••• + t N
Jc=l

The standard deviation is defined to be the square root of the variance, as follows:

Std = .j(i2 =
N-l

The term tk • P is the difference or deviation of tk from the mean. This value is
squared so that it allways has a positive value. Then all the squared deviations for all
the data points in the vector are added, and divided by N • 1, which approximates an
average. The larger the deviation (or variance), the more the values fluctuate around
the mean value.

It must be noted that in general not enough data points have been measured for
applying statistics on them. However to give an indication the standard deviation is
given in some of the tables.
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AEG S2-300

Switching duty: Capacitor-Bank Switching: 300 MVAr, 275 kV, Unearthed
Neutral.

Characteristics of the circuit-breaker according to the breaker name-plate and the
manufacturers operating instructions:

The circuit breaker has two interrupting elements per pole, with a parallel capacitan­
ce of 800 pF per element. The insulating medium in the circuit breaker is SF6.

Manufacturer
Type
Rated voltage
Rated frequency
Rated nomina! current
Breaking current, symmetrie

Operating times (toleranee ± 10 %):
Make-time
Break-time
Make-break-time

AEG-TELEFUNKEN
S2-3OO
275 kV
50Hz
3150 A
50 kA

120 ros
SOms
80 ms

Rated operating sequence 0 - 0,3s - CO - 3min - CO
Provided for rapid auto-reclosure, three-phase operation and single-phase operation.

Power-consumption per closing coil
Power-consumption per opening coil
Control voltage
Number of tripping systems

Elektric-pneumatic drive
Operation pressure range

Air-consumption, 3-phase (1 bar, 15°C):
Closing operation
Breaking operation
Auto-reclosing (O-C)
Leakage air-consumption
Volume of air receiver
Design pressure

4

170 W
130W
220VDC
2

ELNUMATIC
3,0 - 3,7 MPa

0,60 m3

1,35 m3

2,05 m3

0,01 m3

3 x 0,25 m3/h
4,2 MPa

Controlled Switching in High Voltage Power Networks



Appendix 3 • Results of various No-Load Tests

It is interesting to note that the KEMA-Report 600-86 [2.41] on this AEG S2-300
breaker gives other values for the operating times. The KEMA-Report was made
available by AEG. In this report the following data can be found:

Voltage
Nonnal current
Breaking Current, symmetrie
TRV: De

RRRV
Making current

Short-time current:
Peak value
RMS-value

Operating voltage
Operatioa: pressure
Operating sequence

.
J.

300 kV
4000 A
50 kA
515 kV peak

2000 V/J.l.S
128 kA peak at 300 kV/60 Hz
98 kA peak (500 - 1000 Hz)

128 kA peak
50 kA during 3s

220 V DC
36 bar (abs.>
o -0,3s - CO - 3min - CO

Summary of tests carried out at KEMA:
1. No-Ioad tests.
2. Capacitor bank charging current interruption tests:

108 kV - 4,8 kA
143 kV - 6,2 kA
175 kV - 6,5 kA

3. Capacitor bank inrush making current tests:
42 kV DC up to 195 kV DC
29,0 kA peak up to 101 kA peak
with 800 Hz up to 970 Hz

Data of mechanism:
Stored energy opening (pneumatic).
Stored energy closing (pneumatic, released by spring).

Rated supply voltage closing coil
Rated supply voltage opening coil
Rated operatioa: pressure .

J.

220 V DC
220 V DC
32 bar (abs.>
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Appendix 3 • Results of various No-Load Tests

Operation
Closing
Time
(ms)

Opening
Time
(ros)

Pole
Number

Red Phase White Phase Blue Phase
Test

Number

1

2

3

4

5

Close Open Close Open Close Open
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Appendix 3 • Results of various No-Load Tests

Red Phase
Time [ms]

White Phase
Time [ms]

Blue Phase
Time [ms]

GapBGap AGapBGap AGapBGap A

Test
Number

Max 128.50 123.00 123.00

Controlled Switching in High Voltage Power Networks 7



Appendix 3 • Results or various No-Load Tests

Test
Number

Max

Red Phase
Time [ms]

25.50

White Phase
Time [ms]

26.00

Blue Pbase
Time [ms]

25.50

8 Controlled Switching in High Voltage Power Networks



Appendix 3 . Results of various No-Load Tests

Tabla 3
AEG 52-300

C10alng Time (mal

.. . ~ .. " .
12a f----.- --- -+-..-----;-- '_._._.-'-__._+ _..,- __ ; _

. ~ + ~. + ~ ~ ~ +
+

128 ~~.L-._'--._......~_.U ~_~ ._~_ .....__......_.t...

124

122
• •• • c ~ c ~ cc. c •

._-;-.~:-......... . -0._--..-. ··:~-_·T-···.--.1-----6-o._ _ -._~._- - ~.._._--_.-~._--.
è
•

2018a 10 12 14

Teat Number
IS2

120 L--'---.L.-_...l.-_...L-_-L._....J.._-'-_---'-_.........L_--.l-l

o

~ Red Pil... .. Wlllte Pil... C Blue Pil...

Tabla 4
AEG 52-300

Opening Time (mal
21S.5r--....;;:..-~~--------- --,

28 f- •..._'''.'' -.. _ - -......... .•.- _ .

25.5 • • • • ··-e - ..,;..... .. ..•-......,...._... ....••....••

25 ··.··:.··+···7···..·..·· ...,.·_··.._..·.......··..·0·...- ....· ~. '''.'' ....... Q .. 0 .., ..

24.5 ···0..· ..·_·· ·, _-_..- + - ~ _..... • ..

201818a 10 12 14

Teat Number
2

24 '---.L.--.l...-_...l....._...L-_....1-_....L-_--l.-_-'-_......I.._--L-.,;

o

~ Red Pil... .. Wlllte Ph... C Blu. Ph...
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Appendix 3 • Results of various No-Load Tests

Comment Table 1 - In the KEMA-Report 600-86 [2.41] on this AEG 52-300 breaker
other values for the operating times are given. The KEMA-Report was made
available by AEG.

Comment Table 2 - The AEG S2-3oo was subjeeted to several no-Ioad switchings on
site prior to controlled switching measurements. The dependence of the operating
times on the air pressure becomes very clear when successive no-Ioad operations are
carried out. With lower air pressures the breaker becomes much slower on opening as
weIl as on closing.

Comment Table 3 - Before every test the initial pressure was 3,7 MPa. The difference
between the red phase pole and the other two is 5 ms, this is very large. Normally the
poles should have a better simultaneity. On the basis of this timing it can be said that
this breakers pole simultaneity must be adjusted, because if this gets worse, there
might be danger for the integrity of the insulation of the capacitor banks neutral to
earth. The breaker is also equiped with a pole discrepancy relay, so if the set
discrepancy is exceeded a warning signal will be given. The breaker is also relatively
slow witch causes pre-arcing. The difference between the minimum and the maximum
time, which is about 2 ms, is too large to obtain sufficient accuracy for controlled
closing.

Comment Table 4 - Also here, before every test the initial pressure was 3,7 MPa. The
pole simultaneity on opening is good. The difference between the minimum and the
maximum time, is about 1 InS, this is acceptable for controlled opening purposes. The
closing operations were done with an air pressure of 3,85 MPa, the opening operati­
ons with 3,8 MPa.
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Appendix 3 • Results of various No-Load Tests

DELLE ALSTHOM PK6

Switching duty: Transmission Line Switching.

Manufacturer
Type
Serial Number
Rated voltage
Rated frequency
Rated nomina! current
Breaking current, symmetric

Power-consumption per closing coil
Power-consumption per opening coil
Control voltage
Close coil:
Minimum voltage
Maximum voltage
Trip Coils:
Minimum voltage
Maximum voltage
Number of tripping systerns

Air consumption, 3-phase:
Closing operation
Breaking operation
Open-Close-Open

Delle Alsthom
PK6
448390/00/1972
380 kV
50Hz
2500 A
50 kA

500W
500W
220 V DC

187 V DC
242 V DC

154 V DC
242 VDC
2

1800 liter
16200 liter
34200 liter

During no-Ioad tests at Ens Substation the described bouncing and rebound pheno­
menon was recorded with a UV-recorder (UV = Ultra Violet). A no-Ioad test with
this kind of equipment gives an indication that all control coils are functioning
correct. This can be seen from the control coil ClIrrent wave shape. If there is a faulty
coil the current-wave-shape can be used as an indicator. The inter-gap and inter-pole
simultaneity can be seen in one view, however precise timing information cannot be
obtained with this kind of measurement. Therefore the UV-recorder is not suitable to
determine the consistency and the exact values of the operating times for controlled
switching purposes.
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Figure 3 - Output of UV-Recorder for the Delle PK6 at Em.
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Appendix 3 - Results of various No-Load Tests

HPL 245/25 BI

Switehing duty: Auxiliary breaker in KEMA's High-Power-Laboratories.

Cbaracteristics of tbe circuit-breaker aeeording to tbe breaker narne-plate and tbe
manufacturers operating instructions:

The insulating medium in the circuit breaker is SF6. The breaker is provided for
three-phase operation only, and bas one interrupting element per pole.

Manufacturer
Type
Rated voltage
Rated frequency
Rated nominal current
Breaking current, symmetrie

Data of mechanism:
Drive
Serial Number
Spring-operated.

Control voltage
Number of tripping systems

SF6 Gas pressure:
Maximum working press~re

Filling pressure (20°C)
Signalling pressure (20°C)
Blocking pressure (20°C)

14

ABB
HPL 245/25 BI
245 kV
50Hz
2500 A
40 kA

BLG 1002
7756845

1l0VDC
1

0,80 MPa
0,50 MPa
0,45 MPa
0,43 MPa
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Appendix 3 • Results of various No-Load Tests

The first tests were carried out with an intermediate relay between the time measu­
ring device and the breakers control coil for opening. These results showed a big
time-spread, see table 5. The same tests were also carried out without the intermedia­
te relay. The timer was then directly coupled to the breakers control coils. Also a
pulsed source was used to feed the control coils. This source consisted of a capacitor
(100 p.F per coil) that was charged to different voltages (250 V, 200 V, 150 V and 100
V). In this way it is possible to overexcite the control coils and thus to shorten the
electrical delay time of the total close time. This gives a good impression of the
mechanical stability (travel time) of the breaker.

l

?:"=-
R.

Figure 5 - Cu"ent-wave-shape for the control coils and the influence of the control
voltage on the operating time.

The universal differential equation for the control coil circuit is:

u = R·i + dcf>
dt

(4)

Assuming linear behaviour of the magnetie circuit, then:

4>=L(x)·i (5)

The flux is a function of the current and the distance between the statie part and the
moving part of the coil core:

cf> = cf> ( i , x)

Controlled Switching in High Voltage Power Nelworks
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Appendix 3 • Results of various No-Load Tests

Substituting (3) in (1), gives:

aA. . diu = R·i + ~ +ai d t
a~. dx
ax dt

(7)

In this equation we have:
u is the control coil voltage (station battery voltage).
Ri is the resistive voltage drop.
The next part is the voltage drop on the self-inductive part and the last part is the
voltage drop cause by the motion of the moveable part of the core.
Ir the moveable part is blocked, then the velocity is zero and the final part of
equation 4 is zero. The solution for the current in this case is:

di
dt

u - R·i
L

(8)

(9)

L
=

di
dt

This is a weIl known exponential function, which is marked as I in figure 7. Ir the
moveable part is placed back in its initial position and the coi! is excited again, then
the current-wave-shape is according to curve 11 in figure 7. In this case the following
equation is valid:

R · . dLu- ·~-~·_·V

dt

From figure 7 it follows that the curves land II have the same initial wave shape.
The current increases gradually because of the self-inductance and is therefore small
in the beginning. The magnetic field is then also small as weIl as the force on the
moveable part. This gives a small acceleration and hence a small velocity of the
moving part. After some time the velocity increases considerably and the derivative of
the current to time becomes smaller. The initial part of the current wave-shape is the
part with which it is possible to manipulate the operating time of the breaker. For
this initial part the following equation is valid for the tangent if the ohmic voltage
drop is neglected:

di = u (10)
dt L

From this formula it follows that if a higher coi! voltage is chosen, the tangent will
increase proportionally. The higher this voltage the higher the tangent, however after
a certain value of the coil voltage the time-profit will not be very much because the
tangent will not increase much more. Also the thermal limits of the coi! have to be
adhered tOe
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Appendix 3 - Results of various No-Load Tests

Test Number Red Phase
Pole (ms)

White Phase
Pole (ms)

Blue Phase
Pole (ms)

Maximum 29.84 29.62 29.00

Tabla 5
HPL 245/25 81

Opening Tim. (m.)
30,....;---..,;::----------..,.---------....

•
•

......__._..•.....-._.- . ._-_.•....~- _ _ _.. . - ..•..29 . ······-·_···-0······--··

• ...
... 0

...
o

28 --.-... . - - -" . _._..-... . -.---..- - -- ._......-._ --...... .._ - - .
o

Cl o

4

Test Number
2

27 L- '-- ----I. ---"-_----l

o

... Red Ph... • Whlt. Ph... 0 Blue Ph...
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Appendix 3 • Results of various No-Load Tests

Test Number

Maximum

Red Phase
Pole (ros)

20.36

White Phase
Pole (ros)

Blue Phase
Pole (ros)

20.03

Tabla 6
HPL 245/25 81

Opening Time. (m.)
21,------.:.-----------------,

.. ..
20.6 .- _ - -_.- _ _.. --_ _-_..__ _ - __ _ _... .._ ..

... ... ... ... ...

18

;

20 ~-Q- ·.. ·-0_.._ .. ·•.. ._ _~._._.__ _ I;L. _ _ _._."
o 0

Cl
Cl Cl

0 Cl
HU

0 2 4 8 8 10

Test Number

... ~d Ph... .. Whl. Ph... 0 Blu. Ph...
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.. " .
::::.:::::::::::::::::::::::::::::::::.;.::::::;:

Test Number

Maximum

Red Phase
Pole (ms)

White Phase
Pole (ms)

57.82

Blue Phase
Pole (ms)

57.79

Table 7
HPL 245/25 81

CIo.lng Tim. (m.)81.-----=------------------,
.. +

..
+

.. 0.. .. ++.. +- +-

..

'0 0
000 . ..57 -_ ..__."...-.__.._.._-_._-.,- _..__ ----- _. _ !-.__......•..__ ..
. .00..

+ +

+

1084 6

Test Number
2

aaL.....-__L.....-__I--__.L....-__.L....-__.L....----'

o

+ Red Ph... .. Whlt. Ph... 0 Blue Ph...
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Appendix 3 - Results of various No-Load Tests

Test
Number

Closing
Coil

Voltage
(Volt)

250

200

150

Red Phase
Pole (ms)

White Phase
Pole (ms)

Blue Phase
Pole (ms)

During test numbers 1 and 4 the clamps on the breakers were loosened by the
vibration of the breaker structure during the switching operations. Also an oxide layer
on the contacts could be a possible souree of error.
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Test Number Red Phase
Pole (ms)

White Phase
Pole (ms)

Blue Phase
Pole (ms)

Maximum
Cloalng TIm. (m.)

58 ..

o
-~,_ ..__..._.._----_.__._---_._---------,,---.

+ a

..

o

..~

a
.._--Go-- -- --.•-.-.._--

..

.. ~

a

.. ..

a

~

..~

..o
a

~

a..

~

Tabla 9 57

HPL 245/25 81

~

12104 8 8

Test Number
2

58 '---_--'-__'---_--"'-__'---_--'-_----'C-......--J

o

~ Red Pil... .. Whlt. Phu. 0 Blue Ph...
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Test Number Red Phase
Pole (ros)

White Phase
Pole (ros)

Blue Phase
Pole (ms)

Table 10
HPL 245/25 81

Cloalng TIm. (mal
58.6 r---=--:....:;...~-------------,

..co jo 0 0

... .. .
67.6 1------- - ..-.- - ,-..---.---. . -_ ...........•...........•.-_....•---.-..-- - .- _ .

c • c
•

82 ~

Teat Number

515.6 '-- ---l. --L- ....l...-_......l

o

... Rad Ph... jo Wh." Ph... c 81u. Ph...
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Test Number Red Phase
Pole (ms)

E;::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::~;::::::::::::::

White Phase
Pole (rns)

Blue Phase
Pole rns)

Test number 3 is rejected in the calculations of the mean and standard deviation.
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24

Test Number Red Phase White Phase Blue Phase
Pole (ms) Pole (ms) Pole (ms)

-IE;;;;;;;;;;;;;;;;:;:::::::: ====~~=====;;i=;;;;;;;;;;;;;;;;;;;;;;~F======;;;;;;;;;;;;
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Table 11
HPL 245/25 81

Opening Time (m.1
21 ,....:---=---~--------,--------,-------,--------,

+ " .
20.6

"___._~_.! + .i-__"_._!-_~ .: +
""

+ +
j j

20 ____. tL.__ CL__ . . __.~ _ ............. 0 __ .

" " "
"

"
" " "

1210488

Test Number
2

lll.6'------'----L-----'----L-----'-----'----'
o

+ Red Pil... " WIlI .. PIl... " B1u. Pil...

Table 12
HPL 245/~5 81

Opening Time (m.121.5,---=-----------------------,
+ + +

" " " "
. , +

20.5 -·--~-·--·-·---·--·-----·--;----..--i- +

" a" " "

" Cl

"
llU

0 2 4 8 8 10

Test Number

+ Red Pil... " Wil... Pil... " Blu. Pil...

" " "
"

12
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Appendix 3 - Results of various No-Load Tests

Test
Number

Opening Coit
Voltage &
Capacitor

Value

Red Phase
Pole (ms)

White Phase
Pole (ms)

Blue Phase
Pole (ms)

26

150 V
&

200 J.'F

100 V
&

200 J.'F

100 V
&

300 J.'F

150 V
& 21.52 21.53

300 J.'F

250 V
&

300 J.'F

250 V
16 & 20.65 20.62 19.64

100 J.'F

Controlled Swikhing in High Voltage Power Networks



Appendix 3 • Results of various No-Load Tests

HPL 170Al

Switehing duty: Auxilliary breaker in KEMA's High-Power-Laboratories.

Characteristics of the circuit-breaker aeeording to the breaker name-plate and the
manufacturers operating instructions:

The insulating medium in the circuit breaker is SF6. The breaker is pravided for
single-phase operation. and has one interrupting element per pole.

Manufacturer
Type
Rated voltage
Rated frequency
Rated nominal current
Breaking current. symmetrie

Data of meehanism:
Drive
Serial Number
Spring-operated.

Contral voltage
Number of tripping systems

SF6 Gas pressure:
Maximum working pressure
Filling pressure (20°C)
Signalling pressure (20°C)
Bloeking pressure (20°C)

Controlled Switching in High Voltage Power Networks

ABB
HPL 170A1
170 kV
50Hz
4000 A
63 kA

BW 1002
29432074-10

110 V DC
1

0.80 MPa
0.70 MPa
0.62 MPa
0.60 MPa
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Appendix 3 . Results of various No-Load Tests

Test Number

Opening TIme (ma)
18.8.-------"---------------.,

Table 14
HPL 170 A1

1a.7 1-- 9 - ~ - - ---~-.----.- ---- _ -. --- _ ...

• Cl

1a.e ~.-._ ·e·- -.-.--.~-..- t.......--.:.---~.--:_..G_.- - -.~--..- ..
~ i Cl •

•• •Cl
18.5 .- -.._.-. _._ _- -1II.-.• ""-0-' - - •...•.., •.--._••- .-.-.•...•....- ..•..•- .

Cl
Cl

12104 e 8

Teat Number
2

18.4 '-------'------'-----'-----'--------''-------'
o

+ Rad Ph... .. Whl. Ph... Cl Blu. Ph...
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Test
Number

Opening Coil
Voltage &
Capacitor

Value

Red Phase
Pole (ms)

White Phase
Pole (ms)

Blue Phase
Pole (ms)

200 V
&

300 J.'F

150 V
&

300 J.'F

100 V
&

300 J.'F

100 V
&

200 J.'F

Test numbers 18. 19. 20. 21 and 22. gave completely different results. It was only
possible to switch the blue phase pole. with the applied voltage / capacitor combinati­
on.
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Test Number

Maximum

Red Phase
Pole (ms)

White Phase
Pole (ms)

Blue Phase
Pole (ms)
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...

CIo.lng Tim. (m.)
70.--..---=----'-------...,....---... ------.,-;---,

•

Cl Cl

Tabla 16
HPL 170 A1

88 -.~.-±.. -.*-.....~...._~..-~-_:_.--.~.--:-..~--.;.---: ..-:-·_-"--··r··--
.. ... . " ~ .. . ....

88 -·-CI_··-L..--t··-ä-+-·~-.----+.-.-...-.. ~- ....CI---:_
Cl c Cl Cl

181.128 8 10

Teet Number

Cl

2

Cl

8. '--_-'--_.L....-_......

C1
_---'-_---'-_---'-__-'---i_-,---,

o

... Red Ph... .. Whlt. Ph... Cl Blue Ph...

Test
Number

12

14

Closing
Coi!

Voltage
(Volt)

200

150

100

Red Phase
Pole (ros)

White Phase
Pole (ms)

Blue Phase
Pole (ms)
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Test Number

Maximum

Red Phase
Pole (ms)

69.28

White Phase
PoIe (ms)

69.24 67.32
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Test Number
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Table 18
HPL 170 A1

Cioaino Tim. (ma)

..

....
o..

o..+

<-
88.5 f-.----.----l--.------+---..--L.-~ ..-t-·....·+- ......-.--....- ...- ........- ........- ... .. *' .. ..

~ • .i-
a

oa

88.5 ~_..._..._..__:_..--. .. ch....... : .----..- .....;..-.-.......- ..- ...
o ..

o

0 0 0

0

8• .6
0 2 • 8 8 10 12

Test Number

• Red Ph... .. Whll.Ph... 0 Blu. Ph...

Table 19
HPL 170 A1

Opening TIme (ma)
18.8.---=--------------..,.-------~

a

..

_.. i ........

.. 0

..
14.65-0---i-..·-:-!-.. --~ ....J....--~·C- ..-~-_. ...... ..

o 0 ~' 0

o ~ 0 0
18••25 -..- -.•.--..-..-- , __ c .._ __ .-•.-.--- - __ _._ _ .. 0

•18.875 t!t .

18128 8 10

Teat Number

18.3 L...._........__--'-__-'-__.L.-_---l.__--'-__-'--_----'

o

• Red Ph••• .. Whll. Ph... a Blue Ph...
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Test
Number

12

Opening
Coil

Voltage
(Volt)

150

100

150

Red Phase
Pole (ms)

19.98

White Phase
Pole (ms)

19.65

Blue Phase
Pole (ms)

19.37

Controlled Switching in High Voltage Power Neiworks 35



Appendix 3· Results of various No-Load Tests

LTB 170 Dl

Switching duty: Capacitor Bank Switching: 100 MVAr - 150 kV. neutra! un­
earthed.

Characteristics of the circuit-breaker according to the breaker name-plate and the
manufacturers operating instructions:

The insulating medium in the circuit breaker is SF6. The breaker is provided for
single-phase operation. and has one interrupting element per pole.

Manufacturer
Type

ABB
LTB 170 Dl

Data of mechanism:
Drive BLK52

Control voltage
Number of tripping systems

110 VDC
3

CIo.lng Tim. (ma)
34.6r------:..-------------,-------,

.. .. .. .... .. .......... ..
ol- .. ol- .. ol- ol- . ol- ol- ol- ol- f

___ :__.._ _ __..~ , t... t..._ _ _ _ .33.5
Table 21

LTB 170 D1
32.6 .H_' _,p ••__._••·._._._•••__•••_.~~•••_._••••_' •••••_ ••H···. . ••_ ••__.···.·_··_·_ .. .H .•__._•._ .•.••.•

0
0 0

0
0 0 0 0 0 0 0 0

0
0

31.6
0

0 2 4 8 8 10 12 14 18

Test Number

ol- Rad Ph... .. Whlta Ph... 0 Blu. Ph...
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Opening Operations (Open 1):

Test Red Phase
Number [ms]

White Phase
[ms]

Blue Phase
[ms]

38

Tabla 22
LTB 170 D1

Opllr\lng TIIM (ma)

a
._ __ _..o _._...J. .L _._.~__._._ _ ..

24.5 ,a'

•
....

23.5 ---- -.-------.--.-1"- - ----- -- --
.. •

• !

22.5 i

0 2 4 8

Test·Number

.. Red Ph... .. Mlle Ph... a B1u. Ph...
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Opening Operations (Open 2):

Blue Phase
[ms]

White Phase
[ms]

Test Red Phase
Number [ms]

;;;;;;;;;;;;;;;~~;;;;;;;;;;;;;;;~F.;;;;;;;;;;;;;;;--===~~;;;;;;;;;;;;;;;-:F~~;;;;;;i;;~=.---t

Tabla 23
LTB 170 01

Opening TJIM (ma)

. c24 - ._ _.o--~- - ..- ..-..-------.··Ef········- .•....••..-.--..- ..•...•....- .

•
o ~ ~ ~

24 ---.-------..--.-... --------.....-- .....-..... --.-......-~-._ ...-.

..... .... ..
23

0 2 4 8

Telt Number

... Red Ph... .. Whlte Ph... c B1u. Ph...
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Opening Operations (Open 3):

Test Red Phase
Number [ms]

a

White Phase
[ms]

Tabla 24
LTB 170 D1

a

Blue Phase
[ms]

40

a
24.4 ------.-...._.--.----...- ...--.-...----.-----.-.-- .-.-..-.-....- ..........

.. •
.. .... , ..

23.4
0 2' 4 8

Teat Number

... Red Ph... .. WIllI. Ph... 0 B1u. Ph...
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Influence of the trip coil on the operating time of the circuit breaker:

Red Phase
LTS 170 D1

Opening Time (me)
24.5,---=------------------------.

• • •
.. ;, +

24 .-.-..--------.-.-..----.-.---..,..----....-.-.------.-.--.--..--------.-..-.-

•
•

82

23.5 '-- ...L.- --'- --'

o
Telt Number

.. R.d Ph••• - Op.n 1

" Red Ph••• - Open 3

• R.d Ph••• - Op.n 2

White Phase
LTS 170 D1

OJ)enlng TI_ (me)

•

24.1 ~-•...- ..- ...-..-...--.•--.-.--.-....- ..•--...--.--..-..__...._.•._._._c_..

" "
... " .

23.~ ._~__.. .R'__' __"" "'._" • ._••., ••__• __..._._~ ._••• •• __••••R._ ••

..
..

82
22.71...--------'---------'---------'

o
Telt Number

.. Whl. Ph ~n 1

" Wh'" Ph - Op.n 3

• Whl. Ph.... Op.n 2

Blue Phase
LTS 170 D1

• •
24.8 --.------- .. ----.-- ..-+------.----.-- .. --..-----.....-...- ...

" ..
•.. " .. "24.3~-_..-------~_._.----.------ ..•-------._~--._- ..

+

82
23.8 '---------'---------'--------

o
Telt Number

.. Blu. Pha.. - Op.n 1 • IIIia Ph••• - Open 2

" Blu. Ph... - Op.n 3
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Discussion and Conclusions

These tables lead to the following conclusions:

The SF6 pressure has no influence on the operating times.

The control voltage can have a significant influence. In general the operating
time becomes longer with a lower voltage, and becomes shorter with an
increase of the control voltage.

The different opening coils can give different results for the operating times,
this can be concluded from the Borssele no-Ioad tests. The same coils should
be used with successive measurements if comparisons are necessary.

The air pressure for a pneumatic drive has a significant influence on the
operating time of the AEG breaker, this makes it difficult to apply for control­
led switching because this is a too big restriction.

The strange effect can be seen that for the LTB breaker the time spread on
closing is smaller than the time-spread on opening. This is strange because the
opening time is smaller than the closing time. For all the other breakers the
oppossite effect has been measured which can be expected. However this effect
becomes clear if the breakers are studied more carefully. The LTB breaker is
of the self-blast type whereas the HPL breaker is of the puffer type. The
differences in extinguishing principle change the demand of operating power to
a large extent. The LTB has a more optimized dielectric withstand which
causes that the contact speed can be less, especially for the case of gap voltage
zero switching. For the LTB breaker, the closing spring also charges the
opening spring. In conclusion, the lower speed and also a lower force on the
latch gives a bigger spread in opening times.

The main breaker chambers should be used for timing measurements. If the
auxiliary switches are used, wrong information will be obtained with respect to
the breakers operating times. There is usually a significant differences with the
main chambers timing and the auxiliaries timing.

The first most important shot is very often missed, ie not measured, with no­
load tests. Most of the times the reason for this were faulty leads, improper
connections to the breaker chambers, or wrong instrument settings. This
problem can be solved if a dedicated person carries out these tests.

The use of an ordinary intermediate relay gave timing results with a large
time-spread. If an intermediate relay is necessary, it should be fast and have a
stability which is better than the controlled relay.

42 Controlled Switchiog in High Voltage Power Networks



Appendix 3 • Results of various No-Load Tests

Tbe pole simultaneity was acceptable for all breakers, except for the AEG it
was found to be too much. Tbis is probably due to improper mechanical
adjustments on commisioning or aging. It might also be very weIl possible that
there is a defective air valve.

Bouncing and rebound effects were measured on closing as weIl as on opening.
Tbe no-Ioad measurements were carried out with low voltage and low current.
Tbe measured effects are due to shortcomings of the measuring equipment,
with an appropriate filtering of the measured signal, it is possible to get a
defined "contact touch". Most important is however that the bouncing has no
effect on the circuit breakers switching performance.

Micro second resolutions on the operating times are not possible from a
mechanical point of view. So it is sufficient to use a smallest time step of 0,1
ms at no-Ioad tests. A step of 0,5 ms is considered as being too large.

Tbe operating times are more consistent with a higher coil operating voltage.
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Appendix 4

Substation Layouts, Shunt Capacitor Banks and Shunt Reactors

Substations • Four standard substation busbar arrangements are in use:
1. Duplicate busbar and one bus coupier, infigure 1:

2. Duplicate busbar, both busbars sectionalized and one bus coupier on each
seetion, in figure 2:

3. Main and hospital busbar, main busbar seetionalized and one bus coupier on
each end section, in figure 3:

4. Duplicate busbar, both busbars sectionalized and one bus coupier on each
seetion, in figure 4:
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These busbar arrangements are used in ESKOM's Main Transmission System [3.17].
Other type of substations busbar arrangements are the breaker and a half design
which is found in many stations in the US~ a lot of mesh type substations are found
in the United Kingdom. In South Africa as well as in The Netherlands most of the
station layouts are of the double busbar type.

Shunt Ctlpacitor Banks - Within the Eskom Power System three types of capacitor
banks are in use:
1. Internally fused capacitor banks.
2. Externally fused capacitor banks.
3. Fuseless capacitor banks.
In figure 5 an overview of these types is given.
The three common connections [3.2] for the capacitor banks are:
1. Delta.
2. Solidly Grounded single or double Y connected banks.
3. Floating single or double Y connected banks
Since about 7 years also grounding using a low voltage neutral capacitor is applied.
Within the Eskom system this method is applied at Merapi [3.3] and Stikland [3.5]
Substation. Most of the banks in the Eskom system use the floating neutral double Y
connection. The choice of the bank connection depends on the voltage level of the
power system, the rating of the bank, the voltage rating of the capacitor cans used,
the power system earthing and the required relay protection. Eskom has standardized
its shunt capacitor banks on an un-earthed neutral double Y connected configuration.
The neutral is isolated against the full line voltage. Two standard MVAr-ratings are
in use for each system voltage.

If the capacitors are externally fused, the faulty unit is isolated from the rest of the
bank by the unit fuse operation, after several unit intemal sections are short-circuited
by faulty elements. Then overvoltage conditions become even more severe across the
remainder of the units of the affected group. Eventually other units will fail due to
the voltage stress until the out-of-balance protection isolates the entire bank from the
system. For internally fused units, the fuse operations isolate the associated faulty
elements within the affected units. Overvoltages become more and more severe across
the element groups of the affected unit every time a fuse operates. The out of
balance protection should switch out the bank before overvoltages reach a level to
cause partial discharge inception within the unit dielectric with detrimental effects on
the insulating fluid. In a fuseless capacitor bank, when element sections in a string are
short circuited, as a result of section element failures, the voltage increase is equally
distributed across the remaining healthy sections of the string. As there are many
capacitor sections in a string, the increase in voltage across the healthy sections
remains below accepted limits even after several section failures.
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n,:ternallY fusedr ruse

Discharge resistor
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11~==c==}===:r-lEtern€

resistor

Discnarge resistor

/
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Fuseless

Interna lly fused

H H- -
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Element fuse H H

I

[TI

f-H

Figure 5 . Intemal1y fused, extemal1y fused and .fuseless copacit~
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To a large extent, a capacitor bank's performance depends on the particular technolo­
gy used to build the bank. For the past 30 years all of Eskom's shunt capacitor banks
have been built using intemally or extemally fused capacitor units. The advantages
and disadvantages have been debated over this period, but no definite conclusion was
reached. The new technology of fuseless capacitor units was recently introduced into
the Eskom system at Merapi (February 1992) and Stikland (February 1993) Substati­
ons.

In a fused capacitor bank, overvoltages, which arise as result of intemal element
failures, stress mainly the remainder of the elements within the affected unit. This
leads other unit elements to fail and unit intemal overvoltages to increase even
further.

Characteristics ofinJemoJly fused [3.4], [3.10], [3.11] capacitor banks:
Advantages:
1. Loss of element does not mean that the whole unit will be tripped. This means

that especially in smaller banks tripping is unnecessary which gives greater
availability.

2. The construction of the capacitor bank is simpIe.

Dis-advantages:
1. There is no visible indication of failure of a capacitor unit.
2. Difficult to test bank and unit in the field.
3. Gradual loss of capacity in service.
4. Limited voltage rating.
S. Poor unbalance current sensitivity in large high voltage banks. It is also very

difficult to find and isolate a faulty unit in a capacitor bank that contains
several hundreds of capacitor units.

Characteristics of extemoJly fused [3.4], [3.10], [3.11] capacitor banks:
Advantages:
1. Visible indication of a faulty capacitor unit.
2. Easy field checking is possible.
3. Higher unbalance currents. This means that the unbalance protection can be

Iess sensitive.
4. Capacitor units for higher voltages than the intemally fused units are available,

this implies that a simpIer construction is possible, especially for the higher
voltage banks.

S. The capacitor unit does not have to be replaced in the case of false fuse
operation.

Dis-advantages:
1. Fuse assemblies corrode in hostile environments.
2. For the smaller banks, a loss of an element means the loss of the entire bank.
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This means that this bank is less reliable than the internally fused one.
3. Some extra space is needed for fuse clearances.

Cluuacteristia offuseless banks:

Fuses were essential with the other capacitor designs to prevent case rupture. Fuses
are still provided for this purpose in modem capacitor units allthough tbe probability
of case rupture is much less nowadays. The principal function of the fuse is to
disconnect a faulty element in the case of an internally fused unit. For an externally
fused unit the faulty unit will be removed. The capacitor bank can continue its
operational duties in these cases. The probability of case rupture can be eliminated
by a suitable robust capacitor design and by a reduction of the parallel discharge
energy. In the internally and extemally fused banks the capacitor units are arranged
in a series and parallel configuration. The parallel discharge will be reduced to a
great extent if the cross-bonding between the series groups is eleminated. In this case
the bank would consist of a number of independent strings of capacitor units which
are connected in series. When modem capacitors (polypropylene film) fail, an
intemal solid short-circuit is produced between the two bushings. This short-circuit is
able to carry the load-current without the nasty effects like gassing or arcing. These
two features mean that the fuses can be eliminated.

Overvoltages are taken care of by ensuring that there are enough series elements in a
string of series capacitor units. The fuseless technology is therefore also known as the
low energy-no fuse technology. This novel technoJogy offers a largely improved
reliability because problems with fusing are eliminated. So the first line of protection
against dielectric failure of a capacitor element is the stabJe weId which occurs
naturally at the point of puncture. The design of the protection for a fuseless
capacitor bank focuses on tbe unbalance protection to provide tripping in the event of
a severe unbalance within the bank and alarm for the presence of unbalance indica­
ting unit failure(s). The short circuiting of one capacitor unit in a fuseless bank gives
the same unbalance signal as the operation of a capacitor fuse. Also the requirements
for the overcurrent relays and circuit breakers are the same for fuseless and fused
banks. The following points have to be pointed out for the fuseless technoJogy [3.4],
[3.7], [3.8], [3.9], [3.10] in comparison with the fused technology:

1. Simplicity - There is no requirement for fuse rails, insulators, fuses, and the
space between units required for proper fuse operation. Elimination of the
fuses increases the reliability of the bank because part of the failures of the
fused bank are associated with fuse failures. The use of series strings of units
in the fuseless construction gives the same increase in availability without the
need for fuses.

2. Vannent protection - The exposed live parts are covered in the same way as
pole mounted distribution capacitor equipment. This shouJd increase the
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availability of the bank because many banks have been tripped or damaged by
varments getting into the bank.

3. Sïze - The fuseless bank is usually about one third the physical volume of a
fused bank. This results from the elimination of the fuses and the spacing
between units to provide proper fuse operation.

4. Field assembly - Pre-assembly and the elimination of the need for field fusing
will substantially reduce field assembly labor.

5. Losses - The elimination of all fuses eliminates all the I2R losses associated
with the fuses. Also lower voltage capacitor units are used. The lower voltage
units means also that there will be lower discharge resistor losses.

6. Minimum bank me - Fused capacitor banks must have enough parallel units in
each group so that the operation of one fuse does not result in excessive
voltages across the remaining units. This requirement usually results in the use
of many small capacitor units. With the fuseless bank operation is possible with
only one string of units. This results in a substantial reduction in the total
number of units and the physical size for a small capacitor bank.

7. Parallel energy - In the power industry there is a lot of discussion going on
about fusing and the protection of capacitor cans against rupture because of
energy dumped into a fault from parallel capacitors. The use of the fuseless
technology with the capacitors in strings eliminates the concern for case
rupture.

Taking all the foregoing into consideration, it can be said that shunt capacitor banks
of middle and higher voltage ratings become more reliable by adopting the fuseless
capacitor technology. The use of internally and externally fused capacitor banks is
recommended for shunt capacitor applications at voltages below 44 kV. The fuseless
technology will not improve the bank reliability and will not be economical at
voltages lower then 44 kV. Standardization and application flexibility are improved as
fuseless capacitor units of the same rating can be used to construct banks of different
size from 44 kV to 400 kV. It is also possible to apply the fuseless technology suc­
cessfully for the construction of series capacitor installations.
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The use of low voltage capa­
citors [3.6], [3.11] connected
from the high voltage capaci­
tor bank neutral to ground
can provide improved protec­
tion. The protection using the
low voltage capacitors con­
sists of one or more parallel
low voltage capacitor and an
isolation transformer whieh
feeds a trip relay. Normally
the unbalance current trans­
former and burden are induc­
tive and on energizing very
large voltages can appear
across the current transfor­
mer. Protective devices (sur­
ge arresters) are required to
proteet the transformer from
damage. The low voltage
capacitors have a high conti­
nuous current carrying capa­
bility and also have a low
impedance to harmonies
which makes it easy to acco­
modate harmonic currents,
but also gives reduced har­
monic voltage across the
protection relays. The low
voltage capacitors are not
fused.

i
Figure 6 - A loose C01I1U!CIion eaused overheating and
resulted in the shown damoge.
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To the current unbalance relay

Figure 7 . Schematic diagram of Stikland's fuseless capacitor bank with neutral
earthed using /ow voltage capacitors.
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Figure 8 • Typical connection offused capacitor units in one phase of a double star,
floating neutra! capacitor bank
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--••

.
"

Figure 9 • Detail of the 200 MVAr - 275 kV extemally fused filter
bank at Apollo Substation, South Africa.

Shunt Reactors - At Doetinchem Substation a 50 MVAr tertiary switched shunt
reactor at 50 kV was used. In South Mrica at Beta Substation a 400 MVAr shunt
reactor is in use at 765 kV. First of all it has to be remarked that both these reactor
ratings are not mentioned in the new Application guide for shunt reactor switching
for AC high-voltage circuit breakers [3.16] which is currently under preparation by
IEC Sub-Committee 17A. It appears that every time when somebody writes about the
characteristics and features of shunt reactors, reference is made to [3.14] of 1984 also
in this reference these ratings are not covered. Shunt reactors can be divided into two
groups according to the type of core installed inside the winding, namely the gapped­
core type and the air-core type with a magnetic shield.

The characteristics of reactors [3.12], [3.13], [3.14], [3.15] & [3.16] depends to a great
extent on the design, which can be:

10

l.
2.
3.
4.

3-1egged gapped iron-core
5-1egged gapped iron-core
shell-type (early designs from the 1950's)
coreless (air-cored)
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During the 1960's there was some controversy, affected by prestige, about the
question whether reactors of shell-type or core-type were preferabie. At present it can
be said that well-designed units of both kinds are providing good service, but that
technical development has favoured the core-type reactor. The factor that opened the
way to the manufacturing of really large core-type reactors was the technique of
securing the laminations in the core segments by means of bonding or moulding in
thermosetting resin instead of by means of rivets or bolts. The spacers around the gap
area must be able to withstand a long period of operation and he effective in
reduction of electromagnetic vibrations. Core blocks and spacers are layered alterna­
tely and then molded into a common limb body. Together with the top and bottom
yokes, the core limbs for three phases are tightened uniformly with non-magnetic tie
bolts.

Upper yoke

Core bloek

Gap

Winding

Side leg

Magnelic sh.eld

Winding

Figure 10 - Cross-sectional view of
single phase three-legged gapped-core
reactor.

Bottom yoke

Figure 11 • Cross-sectional view of
single-phase air-core reactor with mag­
netic shield.

In tables 1 and 2 of [3.16] some of the basic electrical characteristics (Rated voltage,
rated 3-phase power, power frequency, rated current, inductance, capacitance and
natural frequency) are given. Medium voltage reactors are either oil-filled units with
three-Iegged gapped cores and layer windings or more recently air-cored dry coil
units. At 765 kV shunt reactors are exclusively banks of single-phase units.
The capacitance values are dependent on the design and construction of the reactors.
For oil-filled units the capacitance is composed of:

1. Bushing capacitance.
2. Winding series capacitance.
3. Winding capacitances to ground or to shields.
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(a) Laminate-core block

Figure 12 • Core block constructions.
(b) Radial-core bIock

The bushing capacitances vary from 300 to 800 pF. The winding capacitances vary
from about 1200 pF up to about 3500 pF. Layer windings have the lowest capacitance
values and interleaved disc windings the highest values.

The gapped-core type shunt reactor has a winding that sUITounds a core formed by
altemately layered air gaps and core blocks. The gapped-core type is further c1assified
by shape into laminate-core block and radial-core block. The capacity of a shunt
reactor is expressed by the magnetic energy stored in its air gap. The gapped-core
shunt reactor is capable of storing a large amount of energy even with its small gaps.
This is due to the use of the highly permeable silicon steel for the core blocks which
make a high density magnetic flux possible. However the magnetic flux in the core
block expands in a gap component and a radial component. Due to this a fringing flux
is produced which can cause local overheating in the core block. This is a complicated
process and reference is made to [3.12] and [3.15]. The air-core reactor with a magne­
tic shield has an air-core inside the winding. In this construction, the air-core is too
large for a gap to increase the magnetic flux density, but the capacity of the reactor
can be increased by enlarging the gap volume. An increase in the laminated thickness
of the magnetic shield solves the problem of local overheating. Simple construction
and easily controlled manufacturing processes have made this type popular in the
manufacturing sense of the word.

However due to the larger winding used to obtain the necessary magnetic energy des­
pite the low flux density in the gap, the air-core reactor with a magnetic shield be­
comes very heavy and bulky (the so-called "copper-machine"). Therefore it wiIl have
higher losses than gapped-core reactors.

As it has been explained in chapter 1 the balancing of reactive power in a large inter­
connected system is a complex problem. There is a need for a base load of reactive
power as weIl as a supplementary load which must be available on supervisory
control. Shunt reactors are operated at virtually 100 % load whenever they are
connected to transmission Hnes. Therefore their losses greatly affect the totalloss in
the power system. If the reactor is connected to the tertiary winding, its power has to

12 Controlled Switching in High Voltage Power Networks



Appendix 4 • Substation Layouts, Shunt Capacitor Banks and Shunt Reactors

be transformed. These losses in a normally dimensioned system transformer will he
higher then the reactor's own losses. A tertiary connected reactor is also bound to and
dependent on tbe transformer, whereas the shunt reactor is independent. The tertiary
connected reactor operates at medium voltages and the shunt reactor at high system
voltages. This also bas its impact on the circuit breaker. The loss evaluation of a
shunt reactor is a problem of its own. Within utilities there has been an increasing
demand that losses in shunt reactors had to be minimized. This resulted into the
development of radial-core shunt reactors.
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Appendä5

Measuring Equipment wed during the Field Tests

ESKDM's Mobile Transient Measuring Facility (Sïtuation al Iuly 1993):

Measuring Instrument Specitications:

1. Nicolet Multipro 502
Multipro digitizers, Types 140 (12 bits) and 160 (8 bits).

2. Multipro 200 Advanced Trigger Board

Interfacing Equipment:

1. Haefely high voltage RC dividers, 6 stacked elements each providing a step­
down ratio of 1000 : l.
Bandwidth: DC to 5 MHz.
Risetime: 70 ns.

2. Tektronix voltage probes.
Attenuation ratio: 1000: 1 (variabIe by about 9%).
Maximum input: 13 kV (DC or RMS), 18 kV peak.
Bandwidth: DC to 75 MHz.
Risetime: 4,67 ns.

3. Pearson current transformers.
Maximum peak current: 50 kA.
Nominal current: 400 A RMS at 50 Hz.
Bandwidth: 5 Hz to 2 MHz.
Risetime: 200 #.LS.
Transducer: 10 mV equals 1 A
Intemal diameter: 85 mmo

4. Nicolet Isobe 3000 (Fibre optie system).
Bandwidth: 15 MHz.
Risetime: 25 ns.
Input impedance: 1 Mn, 50 pF.
Output impedance: 50 n.
Voltage: 2 V peak-to-peak (50 n load).
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Operating temperature: OoC to 4SoC
10 channels, 3 x 100 mand 1 x SO m fibre optic cable available.

S. Interposing current transformers.

KEMA-equipmenl wed in the variow field tests:

Measuring Instrument Specitications:

1.

2.

KRENZ digitizers.

10-Tech ADC488-digitizer.

(Borssele)

(Borssele)

3. KEMA Transient Recorder (Type Damstra). (Doetinchem)
This newly developed special transient recorder was trial tested during field
tests at Doetinchem Substation. Sample frequency SO MHz, ADC 10 bit/SO
MHz, combination of digital and analog electronics, digitized measuring data
and control signal transfer by optie fibre, general array logie, 6 channels, 32 k
memory / channel (slow channels), 16 x 2 k memory (fast channels), all 6
parameters are recorded and displayed simultaneously.

Interfacing Equipment:

1.

2.

3.

4.

Haefely high voltage dividers.

KEMA, in-house made RC voltage dividers.

Pearson current transformers.

KEMA, in-house made fibre-optie system.

(Borssele)

(Doetinchem)

(Doetinchem)

(Borssele and Doetinchem)
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Appendix 6

Stik/and Substation

Shunt Capacitor Bank Meosurements
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Appendix 7

Apollo Suhstation

Füter Bank Meosurements
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Appendix 7 . Apollo Substation

Legenda on the overview of the measurements:
The data set numbers are the numbers under which the files are stored on ESKOM's
Power Network Technologies data storage media. The data set date and time are the
date and time that the measurements were carried out.

SS
C
o

=
=
=

Steady State
Closing operation of the circuit breaker
Opening operation of the circuit breaker

The test sequence indicates single or back-to-back switching:
1 = Single filter bank switching.
2 = Back-to-back switching with 150 MVAr shunt capacitor bank.
3 = Back-to-back switching with 300 MVAr shunt capacitor bank.

The page number indicates the page of the additional confidential report in which all
the data-files have been printed out.

Legenda on the overview of the maximum values of voltages and currents on energi­
zing: For the data set number and test sequence the same information as for the
previous table is valide For the currents and voltages the absolute maximum values
have been given. No distinction was made if the maximum was of positive or negative
polarity. The maximum inrush currents are given in kA. The maximum busbar
voltages are given in per unit. The one per unit value was based on a 275 kV steady
state voltage. Normally the voltage is higher than 275 kV. It is also possible to relate
the oveIVoltage to the steady state momentary phase-to-ground voltage. However
because of the long measurements period this would be a tedious job. It can be said
that the oveIVoltages in pu as they were calculated are then a bit too high if the
stated reasoning is used. However the equipment specifications are based on a
nominal voltage of 275 kV, so it is acceptable to relate the one per unit value on this.
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Appendix 7 - Apollo Substation

Data Data Data Test Page
Set Set Set Event Sequence Number

Number Date Time

1- RF1 12:36 SS 1

2 - FBI 12:50 0 5

3 - FB2 14:17 0 9

4 - FB3 15:09 C 13
1

5 - FB4 15:18 0 19

6 - FB5 15:27 C 23

7 - FB6 26May 15:34 0 27
1993

8 - FB9 17:11 C 31

9 - FC1 17:15 0 35

10 - FB7 17:35 C 2 39

11- FB8 17:39 0 43

12 - FC2 17:58 C 47

13 - FC3 18:10 0 51

14 - FC4 18:33 C 3 55

15 - FC5 18:38 0 59

16 - FD3 12:21 C 63

17 - FD4 12:39 0 67

18 - FD5 12:45 C 71

19 - FD6 28May 12:49 0 75
1993

20 - FD7 12:55 C 1 79

21- FD9 12:58 0 83

22 - FEl 13:05 C 87

23 - FE2 13:13 C 91

24 - FE3 13:26 0 95

25 - FE4 12:20 C 99

26 - FES 12:41 0 1 103

27 - FE6 1 June 13:02 C & 107
1993 F1 E

28 - FE7 13:15 0 111
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Appendix 7 . Apollo Substation

Data Data Data Test Page
Set Set Set Event Sequence Number

Number Date Time

29 - FES 13:33 C 115

30 - FE9 13:42 0 119

31- FFI 13:47 C 113

32 - FF2 13:57 0 127

33 - FF3 14:03 C-O-C 131

34 - FF4 14:07 0
2

145

35 - FF5 14:14 C 149

36 - FF6 14:23 0 153

37 - FF7
1 June 14:32 C 157
1993

38 - FF8 14:42 0 161

39 - FF9 15:04 C 165

40 - FGI 15:11 0 169

41- FG2 15:16 C 173

42 - FG3 15:21 0 177

43 - FG4 15:25 C 181

44 - FG5 15:30 0 185
3

45 - FG6 15:36 C 189

46 - FG7 15:48 0 193

47 - FG8 15:52 C 197

48 - FG9 15:58 0 201
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Appendix 7 • Apollo Substation

Absolute Maximum Absolute Maximum
Data- Inrush Current Busbar Voltage

Set Test
IRed IWhite IB1ue VRcd VWhite VB1ueNumber Sequence

(kA) (kA) (kA) (kV) (kV) (kV)

4/ FB3 2,2 1,0 2,8 1,16 1,05 1,31

6/ FB5
1

(iS) (iS) 1,31 1,27 1,07

8/ FB9 1,8 2,7 2,6 1,11 1,29 1,16

10/ FB7
2

7.3 6.0 4.6 1,11 1,05 1,27
® (iS) (iS)

12/ FCZ

I ~
1.0

I
1.4

I
3.0

I
1,05 1,16 1,31

3
14/ FC4 0.8 3.0 3.0 1,05 1,16 1,20

16/ FD3 2.3 2.3 1.1 1,33 1,29 1,11

18/ FD5 1.0 1.9 3.0 1,07 1,16 1,25

20/ FD7 1.0 1.0 2.5 1,07 1,11 1,29
1

22/ FEl 2.1 1.2 2.1 1,29 1,07 1,20

23/ FE2 2.6 (iS) 1.5 1,29 1,20 1,07

25/ FE4 1 1.1 2.0 3.0 1,09 1,20 1,20

27/ FE6
&

F1 E 1.6 3.0 3.0 1,16 1,25 1,20

29/ FE8 1.1 1.8 3.0 1,11 1,20 1,20

31/ FF1 1.2 2.2 2.6 1,11 1,15 1,20

33/ FF3 2.7 15.0 1.5 1,34 1,16 1,07
2 ®

35/ FF5 0.8 1.3 3.0 1,07 1,11 1,29

37/ FF7 1.3 2.0 @ 1,11 1,15 1,18

39/ FF9 1.7 2.4 1.9 1,14 1,25 1,16

41/ FG2 1.5 0.9 2.2 1,15 1,09 1,20

43/ FG4 2.2 2.4 0.9 1,20 1,34 1,11
3

45/ FG6 1.8 1.2 2.2 1,16 1,11 1,16

47/ FG8 1.6 2.4 2.2 1,16 1,25 1,20
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Appendix 7 - Apollo Substation

During some of the tests National Control needed the MVAr-Support of Filter Bank
No 1. In that case Filter 1 was energized, indicated as Fl E.

In appendix 7, the wave-forms are presented for a closing and an opening operation
of the circuit breaker.

Discussion of ResuIts - General overview of the recorded events:

Total Number of Switchings 55

Not Measured

Not Triggering or Triggering not in time 7

Loose connection in measuring circuit 3

Impossible wave-form

Due to faulty AC/DC Coupling . . . . . . . . . . . . . . . . . . . . . . . . . . .. 2

Number of completely Recorded Switchings 43

6 Controlled Switching in High Voltage Power Networks



8 7 6 S 4 3 2 1

S~stem Voltage = 27S kV - SO Hz

D

MEASURING POINTS FILTER BANK:

Phase Currents (ESKOM Current Transförmers)

Souree Side Voltages (Haefel~ Dividers)

Load Side Voltages (Magnetic Voltage Transformers)

mH (Short Circuit Impedance)

Lsource
'--__-,-_, ------0/0-- Fi 1 ter 3

Lsource =

D

B

C

Eskom - Transmission Substation Technology

Title
Experimental Set-Up Apollo Substation

...- ---,A

Filter 1

Filter Bank No 2 - 200 MVAr

CS = 1.96 Micro Farad / LS = 226 mH / Q = 100

C7 = 0.96 Micro Farad / L7 = 216 mH / Q = 100

Cll = 1.26 Micro Farad / LH = 66 mH / Q = 100

C1S = 0.89 Micro Farad / L1S = 67.9 mH / Q = 100

Chp = 1.99 Micro Farad / Lhp = 8.8 mH / Rhp = 94.2 Ohm

Sth. 7th. llth and 13th harmonie filters and high pass

1cs1e7 1e11 1e13BChP

1LS L7 1LH 1L13 Lhp R

-::::- ~ -:.- -===-

L

AEG S2-300

CT

CVT

Capacitor Bank No 2 - 2 x lSO MVAr

Damping Network: R = 20 Ohm / L = 400 Micro Henr~

C = 6.31 Micro Farad / Phase (lSO MVAr)

MEASURING POINTS CAPACITOR BANK:

Load Side Voltages Red & Blue Phase (Haefely Dividers)

Load Side Voltages White & Blue Phase (CVT)

Neutral Voltage. Unbalance Current and Earth Current

Souree Side Voltages (Magnetic Voltage Transformers)

Phase Currents (ESKOM Current Transformers)

..........................................................................................................................................................................

A

B

c

Si ze Document Number REV
A SCHEMATIC DIAGRAM

8 7 6 S 4
Date: December 14. 1993 Sheet 1. of :2

3 2 L



Appendix 8 - Apollo Substation

Appendix 8

ApoOo Substation

Shunt Capacitor Bank MeasuremenJs
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Appendix 8 • Apollo Substation

Legenda on the tables with the measurement results:
The data set numbers are the numbers under which the files are stored on ESKOM's
Power Network Technologies data storage media. The data set date and time are the
date and time that the measurements were carried out.

For the events the following abbreviations are valid:
SS = Steady State
C = Closing operation of the circuit breaker
o = Opening operation of the circuit breaker

The following test sequences have been carried out:

1 =
2 =
3 =
4 =

5 =

6 =
7 =
8 =

Single 150 MVAr bank.
150 MVAr bank back-to-back with 200 MVAr filter.
150 MVAr bank back-to-back with filters 2 (1) and 3.
150 MVAr bank back-to-back with filters 1, 2 and 3.

150 MVAr, Neutral earthed and back-to-back with filters 2 and 3

300 MVAr bank back-to-back with 200 MVAr filter.
300 MVAr bank back-to-back with filter 2 and 3.
300 MVAr bank back-to-back with filter 1, 2 and 3.

The addition R or C indicates Random or Controlled Switching respeetively.

The First Pole to Clear indicates which pole is interrupted the first after an opening
order is given. The page number indicates the page of the additional report in which
all the data-files have been printed out. This report is strictly for use within ESKOM !
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1R

2R

3R

4R

6R

C

C

14:08

11:15

13:29 C

7 June
1993

8 June
1993

9 June
1993

10 June
1993

rmt
Data Data Data Pole
Set Set Set Test to Page

Number Date Time Event Sequence Clear N"

4June
1993 1R
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Page
N"

299/

rust
Pole

to
Clear

SR

7R

ZCC

Test
SequenceEvent

Data
Set

Time

Data
Set

Date

6 July
1993

7 July
1993

29June
1993

30 June
1993

Data
Set

Number

29 - CES

31 - CF1

:;:;:;.::;:;.;...;.::;.;.::;:;.;::::::;:;:::::::;::;::.:.;..

}';: ,:::~t~':@/
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Appendix 8 - Apollo Substation

Data
Set

Number

.·;::·::!~f:·;'::·1~4:::·t:·::··::.

52 - BAS

54 - BA7

:·:::i!$S:f··ij~!i::::::·

56 - BA9

.·:,.!:.$t@jJlll :::.:.: ...::
58 - BB2

.::e\~?+B,Q:l::::(

60 - BB4

62 - BB6

i.·~~f»i7:.:;·
64 - BBB

74 - BC9

Data
Set

Date

7 July
1993

8 July
1993

Data
Set

Time Event
Test

Sequence

rrrsl
Pale
la

Clear
Page
~
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Data
Set

Number

::{::::·:i~.f,:gîi~··:":·::·:::.··

76 - CH5

Data
Set

Date

12 July
1993

Data
Set

TlDle Event
Test

Sequence

8R

7R

rust
Pole
to

Clear
Page
N"
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Appendix 9

Doetiru:hem Substation

Shunt Reactor Measurements
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Appendix 9 - Doetinchem Substation

Resul ts of Field Tests at DoetincheJI Slhstation on 22 Sept~ 1993:

Maximum Phase-to-ground Voltages
Test Test Clock
Set Set Time Red Phase White Phase Blue Phase

Nurber Time (ms)
Voltage Event Voltage Voltage

1 11 :36 I I SS I I

2 11:41 1 1.42 None 1.02 1.17

3 11:54 1 1.50 Single 2.00 1.50

4 12:01 1 1.25 None 1.08 1.08

5 12:06 10.6 1.33 None 1.08 1.08

6 12: 11 10.7 1.33 None 1.08 1.08

7 12:17 10.9 1.25 None 1.08 1.17

8 12:22 11.1 1.50 Single 1.92 1.42

9 12:30 11.3 1.25 Single 1.83 1.25

10 12:36 11.5 1.25 Single 1.83 1.17

11 12:40 11.7 1.17 Single 1.42 1.33

12 12:46 11.7 1.50 Single 1.33 1.42

13 12:50 11.5 1.42 Single 1.92 1.17

14 12:54 11.3 1.33 Single 1.50 1.33

15 12:58 11.1 1.33 None 1.08 1.17

16 13:06 11.1 1.50 Single 2.00 1.50

17 13:10 10.9 1.25 None 1.08 1.08

18 13:14 11.1 1.25 None 1.08 1.17

19 13:18 11.3 1.50 Single 1.58 1.33

20 13:21 11.5 1.50 Single 1.67 1.33

21 13:25 11.7 1.08 Single 1.08 1.33

LegendII:
1• Test Numbers 1,2,3 and 4 were random shots.
2. Test Numbers 8, 9, 10 and 11 were done with an extra capacity on the supply side.
3. The Shunt Reactor Circuit Breaker was equipped with a single operating mechanism with mechanica

coupling between the three poles. Therefore it was only possible to do controlled opening test
on just ene phase, the S Phase was chosen.

4. Average Opening Time 21 ms.

The wave forms can he found in a separate appendix.
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Appendix 10

Borssele Substation

Shunt Capacitor Bank Measurements
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Appendix 10 • Borssele Substation

Results of Field Tests at Borssele Substation on 29 October 1993:

S/umt Capacitor Bank connected to NationoJ Grid

Measured Overvoltages in Per Unit

1 pu = 150 kV'~; = 122,SkV

Test
Set
N°

Test
Set

Time
Edge Pos. Neg. Pos. Neg.

Peak Peak Peak Peak
Pos. Neg.
Peak Peak
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Appendix 10 - Borssele Substation

Shunt Capacitor Bank connected 10 Local Grid

Measured Overvoltages in Per Unit

1 pu = 150 kV.~ ~ = 122,SkV

Test
Set
N°

Test
Set

Time
Edge Pos.

Peak
Neg.
Peak

Pos.
Peak

Neg.
Peak

Pos.
Peak

Neg.
Peak

Legenda:
Edge =

Time Deviation =

........... ,... , . .. . , ;.::;.;::-: ::.

.·}~Q<1'''.:.:~Jjî •••••·t:Qî • ..··j~oà .·.·\i:~·:::.: ..•
1.09 1.01 1.02 1.03 1.03

In this column it is indicated if the capacitor is energized on the
up or down going edge of the respective phase voltage (R, S and
T respectively). It can be concluded that the highest overvoltage
is not necessarily on the positive peak if the energization takes
pIace on an up going edge or vice versa.
In this column the time difference is given between the actual
point-on-wave and the aimed (ideaJ) point-on-wave

During field tests at Borssele Substation, the enormous influence of system loading
was measured. The field tests consisted of two parts. During the first part of the tests,
the capacitor bank was connected to the National Grid through a transformer (380
kV - 150 kV). This situation was used to bring the controlled switching device to the
optimum timing for each phase.
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Capacitor Bank

8

Borssele Power Station

v

CB
I-----<~y 0----1~

100 MVAr - lSO kV

Load

Load

Sub Marine Cable

v

Load

SO kV

B

Terneuzen & Westdorpe
A

TOTAL LOAD PARALLEL TO CAPACITOR BANK IS

APPROXIMATELY SOO MW - 0,9 lOf

(IN SITUATION 2 ONLY = NORM AL SITUATION)

FAULT LEVELS REFER TO lSO kV BORSSELE CAPACITOR BANK BUSBAR

.--- --jA
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