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System-generated overvoltages are increasingly becoming

a critical factor in determining the insulation level of the system,
particularly at the higher transmission voltages. The ability to
predict these overvoltages for given system conditions is therefore
of paramount importance during the planning stage of a power network,
This thesis is concerned mainly_with excessive transient voltages
generated in composite transformer feeders, particularly due to
reéonance.

The thesis commences with a comprehensive review of
over-voltages produced in power systems (Chapter 1). Power frequency,
sustained and transient overvoltages of internal and external origin
are discussed, together with measures employed to protect system
equipment against their effects. Factors which are criatical to
system insulation levels at the higher voltages are established.
Chapter 2 is concerned more specifically with the modifying
influence of a transformer integrally connected to the feeder on
switching overvoltages. Particular consideration is given to
conditions under which these overvoltages may be accentuated Dy
resonance and ferroresonance effects. The specific aspects of
these phenomena which form the basis of the research effort discussed
in later Chapters, are identified.

The relative merits of available analogue and .digital
computer methods which can be used in the study of transients are
presented in Chapter 3. The lattice diagram technique adapted for
digital computation and the transient network analyser, both of

which are utilised in some of the investigations, are described in

more detail. Chapter 4 presents the rudiments of an efficient

(i)



digital computer method based on the compensation theorem. This
method 1s capable of accurately simulating travelling-wave plhicnomena
in transmission lines as well as the transient responsc of complex
lumped and non-linear sub--networks to switching stimuli.

Single-phase results of investigations utilising the
me thods described commence in Chapter 5. The cffects of system
constants and various circuit arrangements on linear resonant
energisation overvoltages in transformer feeders are assessed 1in
Chapters 5 and 6 respectively. Conditions potentially onerous 1in
respect of overvoltage magnitudes are identified and simple
analytical techniques for their predictions are derived,

A comprehensive mathematical model of three-phase
transformer feeder circuits is presented in Chapter 7. This model
incorporates mutual effects between the phases of the line and both
the electric and magnetic interactions within a transformer of a
composite core geometry, including the non-linear saturation
characteristics. The compensation method described earlier 1s
extended to three phase circuits and applied to this model to study
the effects of sequential pole closure, transformer saturation
and winding connections in a resonant network (Chapter 8).

The phenomena of resonance and ferroresonance in
double circuit transformer feeders following isolation of one circuit
from the rest of the system are dealt with in Chapteré 9 and 10,
respectively. Analytical methods for predicting the occurrence of
linear resonance overvoltages in a reactively compensated circuit
which is being dropped, and preventive measures, are suggested in

Chapter 9. The fundamental aspects of ferroresonant oscillations,

their effects on system equipment and methods for their
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suppression, are sct out in Chapter 10. The compensation mcthod
is used to assess the effects of certain circuit constants and

characteristics,
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CHADPTER ONE

INTRODUCTION TO POWER SYSTiM OVERVOLITAGES

1.1 Introduction
As system voltage levels continue to incrcase, the search
for a most economical compromise betwecen the system insulation strength
and overvoltage level is increasingly beccoming a crucial factor in
the design of transmission systems. This is particularly the case

in extra high voltage (e.h.v.) systems operating at voltages in

the range 230 to 765kV, and ﬁltra high voltage (u.h.v.) éystems
(beyond 765kV) which are presently at an advanced stage of
research. The insulation requirements of the system at these
transmission voltage levels, particuiarly those related to the
lines, form a significant proportion of the system capital costs.
These requirements are set largely by the insulation strengths
of the various components of the system as well as air clearances
which determine:
(i) the number and size of insulators in a string,
(ii) the physical dimensions of the overhcad line
configuration, and
(iii) substation layout.
Technical as well as economic factors associated with an attempt
to increase the system insulation strength dictate an upper
physical limit be?ond which the system withstand level cannot be
materially influenced by increasing air clearances., The law of
diminishing returns begins to apply. A reduction in the insulation
level, on the other hand, is economically desirable, provided
that it can be achieved without impairing system reliability or

exposing expensive items of plant to risk of damage;



Any advantages arising from adopting lower levels of tusulation
must be measured against the associated incrcase in the cost of
devices required to reduce system overvoltages and protect
station equipment against excessive voltages. Optimisation of
system insulation strength therefore relies to a great extent
on an extensive knowledge of all possible sources of overvoltages,
their magnitude, waveshape, frequency of occurance and means
of eliminating them or minimising their effects.

Overvoltages may broadly be divided into the following
categories: |

(a) Transient overvoltages initiated within the system

due to some operation or maloperation of system

equipment such as switching or system faults, or
imposed by some occurmnces external to the system
such as lightning.

(b) Sustained overvoltages due mainly io malfunctioning
of the system and to resonance and ferroresonance
phenomena.,

(¢) Power frequency overvoltages caused mainly by
rejection of load from long lines.

Power frequency overvoltages are usually not a critical
factor in co-ordinating system insu;ation provided that line
charging requirements are adequately compensated. Overvoltages
of a sustained nature are potentially hazardous to system
equipment since, in most cases, they arc not amenable to controi
by techniques normally adopted for transient surge protection.
Normal practice at present is to design the system, or observe

certain operating restrictions, i1n such a manner that these

overvoltages are made consistent with system insulation strength.



The plicnomena associated with transient voltage surges in
transmission lines are an important consideration in the design,
operation and reliability of power systems. At the lower cnd of
transmission voltage levels (less than 230kV), overvoltages of
atmospheric origin largely determine the system insulation
requirements. In e.h.,v. and, in particular, u.h.v. systems,
however, overvoltages generated within the system (e.g. by
switching ‘and faults) are a predominant factor. These surges
occur frequently in power systems and could, when superimposed on
the normal power frequency voltages, produce onerous overvoltages.
It is therefore essential to employ certain measures to reduce
these overvoltages and provide reliable protective devices to
reduce the probability of insulation breakdown and possible
aamage to expensive system equipment.

Generally, overvoltages will be expressed in terms of
phase-to-earth (phase-to-phase) per unit overvoltage. This is
defined here as the ratio of the peak phase-to-earth (phase-to-
phase) overvoltage to the phase-to-earth voltage corresponding
to the peak value of the source side voltage.

This chapter contains a brief survey of overvoltages
in general and the next chapter will deal in particular with

overvoltages occuring in transformer-terminated lines.



1.2 Power f requency overvoltages

The economic incentive to reduce the system insulation
level at higher transmission voltage levels makes it necessary to
give careful consideration to power f{requency overvoltages. This
1s because the magnitude of these overvoltages can no longer be
regarded as insignificant in comparison with switching
overvoltages, as 1s the case at lower voltage levels.

Overvoltages in this category are caused mainly by loss
of load and generator overspeeding in long transmission lines
linking high rcactance sources with busbars of large capacity.
Saturation effects in transformers could further intensify these
oﬁervoltages. Energisation of series and shunt compensated lines
is also a potential source of excessive power frequency oscillations.
1.2.1 Sudden loss of load

In the initial development stage of a system transmitting
bulk power from remote sources (e.g. hydro-electric generating
station) to a large capacity network, the system usually consists

of a long untapped e.h.v. line fed from a source with a high

short circuit reactance. When such a system is operated at light
or no load conditions following sudden shedding of load, power
frequency overvoltages may be produced. The primary cause of
these overvoltages is the excessive reactive volt-amp generated
on the system. (1-3) If adequate reactive compensation 1is
provided, however, these overvoltages may be significantly
reduced. In practice, total compensation of line charging
capacitance is not realised and the impedance of the line is

effectively capacitive at system frequency for transmission

distances up to a qﬁarter wavelength (i.e. 1500 km at 50 Hz).



When load 1is shed, the voltage risc at the open end of

the line is caused mainly by the following f{actors:

(a) Ferranti effect of the line.

(b) The capacitive line charging current flowing through
the inductive reactances of the generators and
transformers., This creates a decreasing line
voltage profile from the receiving end through
the sending end of the line to the generator voltage.

This voltage rise is usually referred to as negative regulation.
It persists until automatic voltage regulation on the genecrator
units can accomodate the sudden change in reactive power. The
amplitude of the rise is governed by several system variables such
as:

(i) the equivalent reactances of the generators and
transformer,

(ii) the transformer saturation characteristics,

(iii) the length of line,

(iv) the degree of compensation provided,

(v) the saturation properties of the shunt reactor, and

(vi) the conditions prevailing prior to loss of load.
In general, the voltage rise at both ends of the line increases
proportionately as the length of line and equivalent source
reactance is increased and inversely with a decrease in the degree
of reactive compensation provided.
1.2.2 The effect of machine overspeeds

An additional voltage rise associated with loss of load
may be produced by the increase in speed of thec generator rotor.
This overspeeding 1is caused by excess accelerating torque made

available following load shedding. Such generator overexcitation



persists until the speced generator and exciter mechanism Lave
intervened to decelerate the rotor (usually over a time interval
of the order of one second). 1In addition to the proportional
increase in generator voltage which results, (typically 40%
increase in voltage behind the generator subtransient reactance
[or steam turbine generators) this rise in speed also increases
the system frequency. As a consequence, the effectiveness of

the shunt reactors in limiting the generated overvoltages by
compensating reactive current is reduced. Reported investigations
have shown that the voltage at the receiving end of the line

could increase by up to 7% for a 5% increase in generator speed.

1.2.3 The effect of transformer saturation

The voltage rise following loss of load could be of such a
magnitude as to cause saturation of the source-side transtformer if
the unit is operated close to the knee of its saturation
characteristics. Transformers fed from sources with small short
circuit capacity (as would be the case during the initial
development of a hydro-electric project) are prone to such
overexcitation due to the substantial negative regulation which
could result. Consequently, harmonic voltages, which are
guperimposed on the existing power frequency overvoltages, are
generated due to the non-linear characteristics of the transformer
core. The magnitude of these harmonic voltages depends in part on
the impedance which the line presents to the flow of harmonic
currents (predominantly the third) which are present in the

transformer magnetising current, and also on the extent of

saturation obtaining.

1.2.4 Series comEensated lines

In long e.h.v. and u.h.v. lines, series capacitors are



normally required to improve system stability and increase the
capacity of the lines. Their presence reduces the inductive

rcactance between the source and load and hence the electrical
length of the line. Depcnding on the location of the capacitor

along the line, excessive voltages could be produced when large

short circuit currents flow through the capacitor in the event

of an earth fault.

Overvoltages could also be produced in series compensated
lines which also contain saturable shunt compensating reactors due
to ferroresonance phenomenon. When an unloaded line 1s energised

from the source, the inrush current of the reactors sets up

harmonic and sub-harmonic voltage oscillations, These ferro-
oscillations are a function of the non-linear characteristics of

the shunt reactor cores, the value of the series capacitor and the
magnitude of the applied system voltage. A marginal increasec 1in

the applied system voltage could further intensify the resultant

overvoltages.

1.2.5 Limitation of power freguencz:avervoltages

Conventional means of limiting voltage surges on
transmission systems are usually not effective in controlling
power frequency overvoltages. Special precautions must be

implemented, particularly during the design stage of a transmission
project, to ensure that the system insulation level dicated by
transient overvoltages is not unduly stressed.

In long e.h.v. and u.h.v. systems operating at light
or no load, shunt reactors are essential for absorbing the excess
leading reactive power. These reactors, applied at intervals
along the line or at the line terminals, also provide one of the

most effective measures of reducing the power frequency



overvoltages to which such networks are susceptible. The
several types of reactors which could be used for this purposc
arc described below:

1.2.5.1 Lincar shunt reactors

Although linecar air-cored or gapped reactors are
effective 1in maintaining the overvoltage within acceptable levels,
they have several limitations. - Firstly, they lack the capability
of self-adjusting their reactance in accordance with reactive power
requirements under various load conditions. Secondly, they
increase system losses during normal operation. These disadvantages
could, however, be overcome by providing expensive switching
devices used to take the reactors out of service during normal load

conditions.

1.2.5.2 Non-linear shunt reactors

Suitably designed non-linear reactors could be as effective
in reducing power frequency overvoltages as linear reactors of a much
larger size, Their non-linear properties enable the reactors to
provide the requisite reactive pcwer when the system is operating
at light or no load, and automatically and instantaneously revert
to reduced compensation under normal load conditions. However,
these reactors must be designed to withstand prolonged operation
in the saturated region to ensure that overheating problems do not
arise. The associated problem of harmonic voltage generation needs
special attention. These harmonics may be eliminated by using
harmonic absorption filters (4).

Further precautionary measures may be necessary when
series capacitors are also present, as is usually the case in very

long lines, to prevent ferro-oscillations being excited (as

previously described in section 1.2.4). These oscillations may



be eliminated by temporarily inserting a damping resistor in
parallel with the series capacitor during line energisation. The
additional expense of providing thesc resistors and their related
switches could, however, be prohibitive. An alternative method

of eliminating or reducing the ferro-oscillations is to design the
reactor with a much larger unsaturated range.

1.2.5.3 Static compensator

Most of the limitations associated with linear and non-
linear reactors may be overcome bv suitably designed static
compensators (4). Basically, a compensator is a polyphase,
series-connected, multi-core saturable reactor. When the reactor
is used 1n conjunction with series and shunt connected
capacitors, 1t is capable of automatically maintaining the
voltage constant within about 1% of normal systiem voltage.

The series capacitor 1is used to eliminate the residual slope of
the linear portion of the saturated reactor characteristics.
While the purpose of the reactor is to absorb reactive power,
the function of the shunt-connected capacitor is to provide means

of generating reactive power. As a consequence, the device is

Capable of maintaining constant voltage for bqth lagging and
leading system current. Successful application of the compensator,
however, requires that careful consideration should be given to
sub-harmonic oscillations generated within the compensator. Such
phenomena could be eliminated by using selective damping circuits,
connected in parallel, which are designed to produce minimal

power dissipation.



1.3 Susiained overvoltages

The most common overvoltages in this calegory are those
caused by maloperation of the system. Resonant and ferroresonant
phenomena producing sustained oscillations will be discussed 1in
the next chapter. Sustained overvoltages are sometimes rcferred
to as temporary overvoltages, according to the International
Electrotechnical Commission clgssification of overvoltages (5).
These are defined as oscillatory overvoltages of relatively long
duration, which are damped or only lightly damped.

Although, in general, the magnitude of sustained
overvoltages is smaller than that produced by switching transients,
they may impose severe duty on expensive and sensitive terminal
equipment such as surge diverters, due to the repetitive
occurrence of maximum voltages. Careful consideration should
therefore be given to the sources of these overvoltages and means
of controlling them,

1.3.1 System earthing

Sustained overvoltages depend to a large extent on the
type of system earthing adopted. In general, a system which 1s
properly earthed is more prone to larger current and lower
overvoltages during faults or some maloperation of the system, than
is the case when the system neutral is isolated from earth.

At the higher transmission voltage levels, normal
practice in Britain and North America is to earth all transformer
neutrals directly and all generator neutrals through a resistor to
limit stator fault current. The advantage of such practice lies
mainly in the fact that :

(1) phase-to-earth overvoltages due to faults are

limited to phase-to-phase peak voltage,

- 10 -



(11) overvoltapges associrated with arcaing ground and
intermittent ground faults arc climinated, and
(111) several types of resonance phenomena are eliminated.
1.3.1.1 Effectively earthed systems

An effectively earthed system is defined, according to
international and national specifications (6), as a system in
which the coefficient or fact?r of earthing does not exceed 80%.
This factor is defined as the ratio of the highest r.m.s. voltage
to earth of the sound phase or phases at a given point during a
line to earth fault, to the highest line-to-line r.m.s. voltage,
expressed as a percentagc of the latter voltage. The system 1is
considered to be effectively earthed if, for all system conditions,
the ratio of the zero sequence reactance to the positive sequence
reactance (XO/Xl) is between 0 and +3, and the ratio of the zero
sequence resistance to Xl (Ro/xl) is between 0 and +1 (6). These
conditions usually pertain in many high voltage systems, and typical

values of the coefficient of earthing in e.h.v. and u.h.v. systems

lie in the range 70 to 75%.

1.3.1.2 Non-effectivelz €arthed Systems

In a non-effectively earthed system, on the other hand, the
coefficient of earthing exceeds 80%. This condition applies to
systems earthed through resistors or reactors, including ground
fault neutraliser or arc suppression coils, and to systems which
nave some or all neutrals isolated from earth. In this case the
factor of earthing may exceed 100% if XO/X1 is negative. Such
systems are prcone to resonance phenomena.

1.3.2 Overvoltages in non-effectively earthed systems

The main causes of overvoltages in systems which are not

effectively earthed are those related to arcing ground fault and

- 11 -



resonance bhenomena,
1.3.2.1 Arcing oround

An arcing ground fault occurs when the arc produced by a
fault on a system with an isolated neutral is sustained by the
capacitive current of the healthy phascs. Substantial transient
voltage oscillations could be produced due to the interchange of
energy between the line capacitance and the inductance of the
source. This could lead to intermittent clearing and arcing of the
fault creating more onerous overvoltages. The process of excessive
voltage build-up in such intermittent earth faults is very
similar to that which may occur when line charging current is
interrupted with restrikes, as discussed in section 1.6.2.
1.3.2.2 Resonance phenomena

Several conditions may arise in which resonant oscillations
could be excited. Such a condition could be created by open-
circuited phase conductors or single phase inductive faults.
Open phase conductors will be discussed in the next chapter.
(See section 2.4). An inductive fault could result from an
inductive load accidentally taken to earth. The oscillatory
circuits formed by the system inductance and the capacitance to

earth could produce sustained overvoltages.

1.3.3 Single phase-to-earth fault

Single line to earth faults are by far the most common
of all high voltage transmission line faults. The occurance of
a fault on one phase causes the voltage on the healthy phases to
rise above their normal value. The increase in voltage is
attributable to voltage surges injected into the faulty and

healthy phases by the sudden collapse of the voltage at the fault

location. The power frequency voltages on the healthy phases may
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be reinforced at certain instances by these surges to produce
excessive voltage peaks.

The overvoltage on the healthy phase or phases 1is
largely dependent on the following factiors:

(1) the method of system neutral earthing adopted,

(11) the impedance through which the fault current

flows as determined by the location of the fault

along the line, and

(ii1) the load flow conditions existing prior to the

fault.
Overvoltages as high as 2.1 p.u. are reported to occur on an
unfaulted phase in a non-effectively earthed system (7,8) | 1n
gencral, these overvoltages are a maximum at the midpoint of
.the unfaulted phases when the fault occurs at the centre of the
line. Variation of the fault location by about 67% along the line
produces maximum voltages in excess of 1.75 p.u. The voltage
rise also tends to intensify with a reduction in the impedances
terminating the line.

On the other hand, when the system is effectively
earthed, the overvoltages on the unfaulted phases cannot, by
definition (see section 1.3.1 above), excced 80% of the normal
phase-to-phase peak voltage (i.e. 1.4 p.u. of normal phase-to-earth

peak voltage).

1.3.4 Fault'clearingtgvervoltages

In addition to the overvoltages produced when one phase

conductor is suddenly earthed, further voltage rises occur when

the fault is being cleared by operation of the circuit breaker,
These overvoltages are a maximum near the end of a lightly loaded

line or a line from which the load has been rejected following fault
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occuralce, licnce the cquipment and other lines connected Lo
the busbars could be subjected to substantial overvoltages.

One of the problems associated with reduced insulation
levels at the higher transmission voltages, is the susceptibilaty
of the system to uracceptable double or multiple line to earth
faults when single pole switching is usced to clear the original
fault,with severe conscquences.on the stability of the system.
The overvoltage caused by the single line to earth fault could
be of such a magnitude as to cause the breakdown of insulation
on one or two healthy phases, Great care should therefore be

exercised if single pole switching is cmployed.

1.3.5 Limitation of sustained overvoltages

The capability of protective devices such as surge
divertefs, and conventional type of circuit breakers, in
controlling sustained overvoltages is limited mainly by the
onerous and repetitive discharge duties to which these devices
would be exposed. Pending the development of more durable
surge diverters, an effective method of avciding excessive
sustained overvoltages is to earth the system neutrals either
directly or through a suitable resistor. This practice predicates
elimination of overvoltages created by sequential clearing and
restriking (arcing ground faults) and by several resonance
phenomena,and ensures that maximum overvoltages will not exceed
80% of the normal peak voltage betweei phases.

The most effective method of reducing fault clearing
overvoltages is the use of opening resistors of a suitable value
(typically 300 to 600 ohms), shunting the contacts of the circuit

7,8 . .
breaker (7, ). The optimum value of resistance required for

this purpose may differ significantly from that normally provided



for other purposes, These conflicting reaquirements could, however,
be overcoimc by the selective use of a two or multiple step resistors

in the circuit breaker.




1.4 Transicepl overvoltases of external orugrin

Lightning discharge constitutes the only important external
cause of travelling waves on a transmission systcem, and an extensive
literature exists on this subject. The resultant surges may broadly
be classified as those arising from:

(1) a direct stroke to a phase conductor,

(ii) a direct stroke to an earth wire or tower, and

(111) an indirect stroke in the vicinity of an overhead
line.

1.4.1 Mechanism of 1lightning

A thundercloud usually contains positive charges at the
top and negative charges at the bottom. These charges set up
electric fields not only within the cloud and between clouds. but
also between the cloud and earth by induction. When the electric
field strength within the cloud exceeds the breakdown level of the
medium (typically 10kV/microsec) a negative streamer f;om the
cloud is initiated by an electron avalanche. This initial
discharge progresses towards earth in pulsating movements and 1is
usually referred to as a stepped leader stroke. High electric
stresses set up above the ground as the leader stroke approaches,
initiate an upward streamer of positive charges from the earth to
neutmlise the charges in the leader stroke. Consequently, an ionised
column aleng which a faster and luminous return streamer travels,
1s created. Such a discharge usually produces potential unbalance
which will initiate further leader and return strokes. Up to 40
of such discharges, known as dart leaders, have been recorded, while
the ma jority of flashes involve 3 or 4 strokes. i

The magnitude of the current in the return stroke can be

as high as 220kA but, for the majority of lightning flaéhes, it



ranges betweernn 5 and 100kA, with an average value of about 20kA,
Its duration ranges from about 20 microscc. to a few millisec.
Short duration flashes usually preoduce the highest current while
long duration strokes of medium currcent arc associated with
high energy and consequential incendiary effects known as hot
lightning. Rates of rise of current up to 40 kA/microsec. have
been reported, with an average of 2 to 5 kA /microsec. for direct
strokes. Induced current surges from nearby strokes generally
exhibit lower rates of rise,.
1.4.2 Direct stroke to a phase conductor

When a lightning stroke terminates in an overhead line
conductor, current surges of equal magnitude, emanating from the
point of impact, propagate in both directions. Accompanying these
current waves are corresponding voltage surges of a magnitude
given by the product of half the line surge impedance and the
value of lightning current (typically 4000kV for an average value
of current (20kA) and a surge impedance of 400 ohms). Such high
overvoltages could cause flashover if the breakdown threshold of
the overhead line insulation is exceeded, thus imposing a fault
on the systemn,

1.4.3 Direct Stroke to an earthwire or tower

A direct stroke to an earth wire or tower sets up voltage
and current surges in a manner similar to that described in section
1.4.2 above, The magnitude of the voltage wave is given by the
product of the lightning current and the effective surge impedance
at the point of impact. For example, a lightning current of 20kA
magnitude divided between a tower of surge impedance 120 ohms and

two earth wires, each of 400 ohms surge impedance (effective

impedance of 67 ohms) injects 1340 kV voltage surges on the earth
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wires, Due to partial reflections at pointe of discontinuities
such as ncighbouring earth towers, these surges may build up

to excessive levels.

By electrostatic and electromagnetic coupling, current
surges of similar waveshape will be induced on the phasc conductors
and the voltage waves set up on these conductors will be superimposed
on the power frequency voltages. The resultant potential between
the tower or earth wire and a phase conductor may be of sufficient
magnitude to cause flashover, particularly across the insulators,
producing a phenomenon referred to as back-flashover. However,
since the induced surges on the line conductors have the same
phase orientation as the earth wire surges, they act to reduce the

potential difference and thus the incidence of tack-flashover.

‘1.4.4 Indirect s troke

Indirect strokes are those lightning f{lashes which do
not terminate directly on the system. If a stroke occurs in close
vicinity to the line conductors, 1t could initiate surges on the
lines. This is due to the sudden release of bound charges on the
line when the polarising charges of opposite polarity on the cloud
are neutralised in a lightning stroke. As these charges propagate

along the line, voltage surges of relatively moderate amplitudes

will be set up.
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Transient overvoltages caused by line energisation

When a line is being cnergised by closing the circuit
breaker at the source end, pre-arcing of the circuit breaker
contacts, which is particularly common when pressuriscd-head
circuit breakers are used, subjccts the linec to a voltage step.
The arc drawn by the contacts as they closec redistributes, around
the system, the voltage which cxisted across the breaker contacts
prior to switching, in accordance with the relative surge
impedances on both sides of the breaker. The magnitude of the
in jected voltage surge depends on this pre-existing voltage and
could be equal to the peak of the normal system voltage when an
initially quiescent line is being energiscd. The surge on the
line propagates to the remote end of the line where it is doubled
if the line is open-circuited, and reflected back to the source
as a surge of opposite polarity. Further discussion of this
travelling-wave phenomenon will be presented in Chapter 4, together
with an outline of Bewley's lattice diagram technique employed to
analyse the behaviour of these surges,

The prospective doubling of voltage surges at the
receiving end of the line does not represent the worst possible
overvoltage produced. Other factors may combine to produce
overvoltages in excess of the 2 p.u. Some of the factors which
influence the magnitude of the overvoltages are summarised in the

following sections.

1.5.1 Residual charge on the 1line

In order to minimise the prolonged interruption of supply
and improve system stability following those transient system

faults which do not usually result in permanent damage, it is

normal practice to re-energise the line after an interval sufficient
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to allow quenching of the fault current through e Cilcuit
breaker. A common type of line fault expecrienced in practice

is a single line-to-ecarth fault. Such a fault could cause
considerable residual charge voltage to be trapped on the healthy
phases following fault clearance. The process of load rejection

followed by disconnecting the line may also result in a trapped

charge voltage on the line.

If the line is re-energised before any significant
trapped charge leakage has taken place, as would be the case in
non-reactively terminated lines switched by means of conventional
types of circuit breakers (i.e. breakers without opening or
closing resistors), voltage surges of approximately 2 p.u. could
be impressed on the line. The extreme case arises if, at the
instant of re-energisation, the peak system voltage on the source

side of the breaker is in phase opposition to the maximum trapped

charge voltage.

For reactively-terminated lines, an oscillation involving
interchange of energy between the lipe capacitance to earth and the
transformer or reactor will be initiated when the line 1s
disconnected. In this case, it is still possible for a substantial
potential difference to exist across the breaker terminals at the
instant of re-energisation, with resultant high voltage surges

being impressed on the line.

1.5.2 - Mutual effects between p hases

In practice, the three poles of high voltage circuit
breakers close electrically in sequence within a time span of up

to about 6 millisec. depending on the design of the. breakers,
Before the actual metallic contact of the breaker poles, pre-

arcing is likely to occur on one phase at a time depending on

- 20 -



the breaker pole churacteristics, the electric strength of the
insulation between the poles, and the voltage existing across the
terminals of the breaker.

The capacitive coupling which cxist between the phases
of a line enable charge to be transferred from the energised phase
or phases to those not yet energised. The magnitude of the voltage
induced in this manner depends on the magnitude of the mutual surge
impedance between the phases relative to the self surge impedance
of the line (typically 10-30%).. If the induced voltage on the
sebond or third phases to close is of such a polarity as to
increase the voltage across their respective breaker poles at the
instant of closure, voltage surges of magnitudes higher than those
arising from simultaneous closure could be impressed on the lines.

Consequently, excessive overvoltages may be produced at the
receiving end of the line (9). These overvoltages depend not only
on the relative instants at which the breaker poles close, but also
on the characteristics of the supply network and the line being

energised.

1.5.3 Source and jine characteristics

The receiving end overvoltages depend to a great extent
on the type of source from which the line is energised. A wide
variety of the supply network characteristics exist in practice.
These vary from sources consisting mainly of generators and
transformers (inductive sources), to those made up of one or more
transmission lines, consisting effectively a resistive source. In
practice, these two extreme types frequently combine to produce
complex supply networks consisting of local generation, transformers,

overhead transmission lines and underground cables. Although the

effects of the type of source on overvoltages is closely related to
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the characteristics of the line being energised, there is an
overall tendency to higher overvoltages as the source capacity
decreases (9,10). The critical case is that of a source consisting
of a generating or transforming station with a high effective
inductance feeding a considerable length of line. The presence

of a line on the supply network generally has a mitigating

effect on overvoltage magnitude, although in certain cases, 1t

may produce the opposite effect.

The length of line being switched has no effect on
receiving end overvoltages if it is energised from an infinite
capacity source, except for the Ferranti rise which is length
dependent. This is not the case, however, for any other type
of source. In this case, the overvoltage depends on the
interaction between the following frequency componentiss:

(i) the fundamental system frequency,

(ii) the natural frequencies and phase disposition of
the surges on the source-side lines and on the
energised line, and
(iii) the natural frequency of the circuit formed by
the source inductance and the line charging
capacitance.
The possibility of a resonance condition being approached due
to (iii) above exists, particularly when a considerable length

of line is being energised from a low capacity source.

1.5.4 Comgosite lines

Energisation of composite lines consisting of two or
more sections having different surge impedance characteristics
could, under certain circumstances, lead to the production of

severe overvoltages at the receiving end of the line (11).
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A mixture of overhead lines and short leungths of underground

cables with typical surgc impcdanccs of 400 and 30 ohms
respectively, having identifiable natural frequencies ot oscillation,
1s an cxample of a composite line. The overvoltage produced at
the receiving end depends on the relative positions and lengths
of the sections along the line, and on their surge impedances
and propogation velocities., It will be shown in section 6.4 that
if the sections are arranged in a sequence of increasing surge
impedances from the source end, the receiving-end overvoltages
are made more onerous, enhanced by a process of ten referred to
as 'surge magnification'. On the other hand, overvoltage
magnitudes similar to those obtained when energising an overhead
line on its own are produced if the composite line is energised
‘from the other end. The front steepness of the voltage at the
end of a cable terminating a composite line is reduced considerably
in comparison with the wave-~fronts characteristic of overhead
lines alone.
1.5.5 Line losses

Losses inherently present in transmission lines modify
both the magnitude and waveform of the surges propogating on
the lines. The main sources of these losses are:

(1) 1line series resistance,

(ii) 1leakage resistance of the line insulation, and

(1ii) corona.

Line resistances cause attenuation as well as distortion of the
travelling waves. Due to the presence of high frequency components
at the front of waves, the reduction in the surge magnitude is

enhanced by the increased values of effective resistance, since

this parameter tends to increase with frequency. The change in
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the waveshape i1is due to unequal series and shunt leakage cenergy
dissipation which tends to reduce the {ront steepness and lengthen
the tail of the surge as 1t propogates along the line, Distortion
could, in certain cases, increase thc magnitude of the transient
voltage at a particular point on the line.

Corona also contributes to attenuation and the reduction
of the steepness of wavefronts. It only occurs if the line
potential exceeds the corona inception voltage level. This means
the air surrounding the conducter is subjected to an electric
stress to such an extent that it is partially ionised and a
corona discharge is established. The ionisation energy 1is
extracted from the system and, as a result, the surges experience
attenuation and distortion.

"1.5.6 Reactive compensation

Provision of reactive compensation in the form of
shunt reactors generally produces lower transient overvoltages
if energisation is performed with the reactor integrally connected
to the line. The reduction obtained depends on the degree of
compensation in relation to the length of line and source
reactance and to its location along the line. In the case of
reclosing transients, the shunt reactor helps to reduce the
trapped charge voltage, although at a much slower rate in
comparison with transformers. The rate of discharge is
determined mainly by the reactor losses, and, to some extent
by the line losses.

The reduction in overvoltages is greater if the reactor
1s connected at the receiving-end of the line. This is mainly

due to the fact that the reactor introduces a finite surge

impedance at the receiving end of the line which lowers the
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1.6 Transicnttjvorvo]tages on civtcult interruption

Apart from normal load switching the primary {unction
of a circuit brecaker is to interrupt fault current within a time
interval sufficiently small to ensure minimum damage to system
equipment and continuity of supply. 1lts {functions are not, however,
limited to short circuit operation alone. The breaker must also
be capable of interrupting low inductive currents such as the
magne tising currents of unloaded transformers or reactors, and
capacitive currents when switching long unloaded lines cables,
or capacitor banks. The sudden disturbance introduced into the
system when the breaker operates could, under certain conditions
broduce excessive voltages across the breaker and at i1ts terminals.
Should a restrike occur across the breaker contacts, the voltage
across the contacts existing before the restrike divides 1in
proportion to the surge impedances at each end of the breaker
terminals and propogates as surges into the system. Repeated
restrikes of the circuit breaker could further accentuate the

overvoltages produced. v

1.6.1 Interruption of fault current

When the circuit breaker is called upon to interrupt
fault current, an arc will be established between the separating
contacts prio£ to eventual interruption when the current passes
through zero and the arc is extinguished. In the case whcre
the fault current is limited predominantly by the inductance of
the supply network, the system voltage will be near a maximum
value at the instant of current zero, and the voltage across

the breaker will be the relatively small arc voltage drop. When
the arc extinguishes, a voltage known as the restriking or transient

recovery voltage appears between the parting contacts of the breaker.

- 26 -



This voltage tises from the small arc voliage drop before arc
extinction to the normal frequency voltage (known as recovery
voltage) across the contacts when open. The capacitance on the
supply side of the breaker prevents thce recovery voltage frem
changing instantancously. As this equivalent capacitance 1is
charged through the supply network inductance, an oscillation at
the natural frequency of the circuit will be established. This
oscillation is superimposed on the recovery voltage and may
produce overswings up to twice the instantaneous value of the
recovery voltage. Subsequent to current interruption, the arc
will restrike if the rate of rise of restriking voltage (r.r.r.v.)
exceeds the rate at which the dielectric strength between the
parting contacts builds up. Reignition of the arc will delay
'interruption of current until the next natural current zero with
a possible repetition of events. Severe damage to the circuit
breaker and other items of plant could ensue from such repeated

restrikes.

The peak amplitude and r.r.r.v depends on the power factor

and natural frequency of the supply network, the losses on the

system, and on the type and position of the fault.

1.6.2 Interruption of capacitive current

Excessive voltages could result from interruption of
capacitive circuits such as switched capacitor banks. These
capacitors are usually installed at substations to improve the
power factor and on transmission lines to improve the power
handling capability of the lines. Such banks are frequently
switched in accordance with varying load conditions. Should a
restrike occur on the switching breaker, excessive voltage surges

may be set up.
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At the instant of arc intcrruption, the capaciter being
switched may be charged to peak system voltage (-E), (as shown
on Fig. 1.1 (ii))since the charging current leads the voltage
by approximately 90 cl.deg. When the system voltage attains a
peak value of opposite polarity (+LE) half a cycle later, a contact
gap voltage of +2E could result., If, at this instant, the gap
breaks down, an oscillation inyolving the supply network inductance,
L , and the capacitance of the bank, C,» about the voltage across

S

C1 (see Fig. 1.1 (i))is set up, and the capacitor voltage rises

to a peak value of +3E. If the oscillation current is interrupted
as it passes through zero,(see Fig.1l.1 (iii)) a voltage of +3E
will be left trapped on the capacitor. Half a cycle later when
the system voltage attains its maximum vaiue (-E), the gap voltage
would be -4E. If at this instant the gap bLreaks down again, the
capacitor voltage will rise to a peak value of ~5E. Further
sequénces of clearing and restrikes could result theoretically

in an escalation of capacitor voltage. In practice, however, the
random nature of the restriking phenomenon is such that there

is a high probability of restrikes taking place before the supply
voltage reaches its peak value. This factor, together with the
effects of system losses, prevents such excessive voltages from
being attained in practice,

If the capacitance being switched (C2 in Fig. 1.1 (i))
comprises the capacitance of long transmission lines or underground
cable, muich the same phenomena would occur. In this case, the
voltage surges which are generated by the repeated restrikes
could further accentuate the overvoltages on the line being

switched.
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1.06.3 Interruption of magnetising current
When a transformer or shunt rcactor 1is being de-energised,
it 1s possible for the magnctising current to be forced to zero
prematurely before the natural current zero. This is due to the
instability of the arc being drawn by the parting contacts of
the circuit breaker, and the rapid build-up of arc voltage as
the current approaches its normal zero. This instability is
caused by the high frequency current oscillation in the arc and
stray transformer capacitance. Following such current chopping,
some portion of the magnetic energy trapped in the transformer or
reactor (%Lmiz) will be dissipated in a damped high frequency
oscillatory manner involving the effective capacitance of the
transformer or reactor and their connections (C). Fig 1.2(i)
shows a simplified equivalent circuit under these conditions.
The cyclic 1nterchange of magnetic and elecirostatic energy (%CVZ)
which results could produce overvoltages across the capacitor and
windings and across the circuit breaker contacts. The latter
could cause the breaker to restrike. This process may be repeated
at subsequent current zeroes, resulting in more cnerous overvoltages.
However, modern transformers and auto-transformers possess such

low magnetising currents which, when interrupted, produce
comparatively moderate overvoltages.

Fig.1.2(ii) demonstrates the relation between the instant
of current chopping, relative to time at peak current, and the
transient overvoltage. The transient voltage peak ranges from a
value of 2E,when interruption occurs at the natural current zero,

- to a value given by the peak current Io and the surge impedance

of the circuit when interruption takes place at peak current. The

effects of losses are ignored.
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1.6.4 Short line [“aull.

When a single line to eartih faull only a few kilometers

from the circuit breaker is being clecared, severe voltage conditions

could be created across the circuit bircaker contacts (12).

This
could happen at a time before the strength of the insulation
between the parting contacts has had time to build up, resulting
in the breaker restriking. .

A single line diagram and the distribution of voltage
along the network prior to circuit interruption i1s shown on
Fig 1.3 (i and 11) respectively. Due to the travelling wave
phenomenon established in the short length of line between the
breaker and fault, a triangular voltage wave appecars on the
breaker line-side terminal as shown on Fig 1.3 (1ii). This
voltage, whose magnitude and frequency depends on the length
and characteristics of the line between the fault and the breaker,
appears as a component of the transient recovery voltage across
the breaker contacts. The other compenent comprising the transient
recovery voltage is the voltage oscillation on the source-side
terminal of the breaker. If the initial r.r.r.v., due in particular
to the triangular component, is sufficiently large, restriking
would result. The rate of rise of the triangular component 1is
given by the product of the line surge impedance and the rate of
change of fault current at current zero. The amplitude of its
first peak is equal to the product of its rate of rise and twice
(12)

the transit time of the line

Fig.1.3(iv) indicates how various parameters are related

to the distance of the fault from the circuit breaker. As this

distance increases, the r.r.r.v., the frequency of the restriking

voltage and the fault current being interrupted tend to decrease

- while the restriking voltage peak increases.
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1.7 Tnsulation co-ordination

The basic objective of insulation co-ordination at e¢.h.v.
and u.h.v. is to cnsure that the characteristics of the protective
devices used to limit transient overvoltages are related to the
widely varying withstand voltage levels and voltage-time
characteristics of all the items of plant, in such a manner as
to achieve the required protection and acceptable system reliability.
In other words, the system insulation has to be coordinated with
those transient overvoltages which are likely to cause interruption
of supply and, at worst, insulation failure and serious damage
to expensive equipment (5). Although, at high transmission
voltage levels, power frequency and sustained overvoltages are
usually not critical to insulation co-ordination, 1t must be
ascertained that, under all credible system operating conditions,
these overvoltages are within system equipment withstand capabilities
as determined from tests.

The insulation level of the various items of plant 1is
a function of several factors such as rise time, duration,
frequency and polarity of the transient surges expected at the
equipment location. The protective level (i.e. maximum sparkover
of the protective devices) is set by the same factors and, in
addition, it depends on the characteristics of the protective
devices used. The adequacy of the protection afforded to the
system is ascertained by the margin by which the insulation level
of the svstem exceeds the protective level. A large margin is
usually not economically justifiable, particularly at e.h.v. and
u.h.v. transmission levels. In practice, a certain amount of

outages may have to be tolerated. The incidence of insulation

breakdown leading to permanent damage to equipment, should,
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however, be redinced to as low a probability ef occurance as 1is
economically practicable. Consideration must also be given to
the influence of ageing on internal insulation, and the cffect
of atmosphere contamination on external insulation.

Overvoltages of atmospheric origin have been, until
recently, the controlling factor in co-ordinating system
insulation. As transmission voltages increase, however, lightning
overvoltages generally become innocuous due to improved insulation,
while switching overvoltages assume greater importance,., At
operating voltages in excess of 400kV, switching overvoltages
become a limiting factor in the choice of insulation levels
and surge diverter characteristics. This reversal of roles is
mainly due to the fact that the magnitude of lightning overvoltages
is limited for a particular line, independent of the operating

voltage, whereas switching overvoltage magnitudes normally

increase with the system voltage.



1.8 Protection acainst external overvoltages

The occurance of lightning {lashover on overhead line
systems is not normally accompanied by permanent degradation of
the systems insulation. Use of modern auto-reclosurc circuit
breakers minimises pbrolonged interruption of supply, and
consequently, only a temporary outage 1s usually expericnced.
However, to protect expensive equipment at substations {rom
being damaged by excessive lightning surges and reduce the
f requency of outages, precautionary measurcs have to be adopted.
1.8.1 Earth wires

Overrunning earth wires increase the shielding effect
provided by the towers. Such earth wires reduce both the
incidence of direct strokes terminating on the line conductor
by intercepting the strokes, and the frequency of outages if used
in conjunction with low tower footing resistances. Earth wires,
however, normally increase the incidence of back-{lashovers.

Earth wire protection improves with a decrease in the
angle between the vertical through the wire and the outermost
line conductor, known as the shielding angle. A value of between
35° to 45° has been found, in practice, to be effective in
preventing the majority of sirokes from reaching the phase
conductor. The efficiency of protection could further be
improved by providing two horizontally displaced earth wires,
particularly where it is most necessary in the approach to
substations. JSubstation shielding wires are sometimes necessary
in places of high frequency of potentially severe lightning strokes.

(6)

According to national specifications , Shielding is regarded

as effective if the probability of shielding failure or back-

flashover is so small that the risk is considered acceptable for
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the specific application,

1.8.2 Tower footing resistance

In order to minimise the incidencce of back-flashovers,

tower footing resistances of a sufficiently low value (of the
order of tens of ohms) have to be provided. Such resistances
prevent large potentials being created at the top of the tower
due to the flow of exceptionally large amplitude lightning
current. The desired resistance values could be achieved by

providing additional earthing electrodes such as driven rods or

buried counterpoises.
1.8.,3 Voltage limiting devices

Since lightning surges can still reach the substations
in spite of adopting an effective shielding system, staticn
equipment has to be protected against overvoltages in case of
shiclding failures by providing protective devices.

The simplest and cheapest form of voltage limiting devices
is a rod gap connected between thc terminals of the equipment

and earth. The gap breaks down when a certain voltage level,

determined by the gap settings, is attained, and the voltage
across the protected equipment collapses. This, however, imposes
an earth fault on the system, which has to be cleared by operation
of the circuit breaker. The wide dispersion in, and the voltage
polarity dependence of the breakdown levels associated with
rod gaps, constitute further disadvantages of these devices.

The disadvantages of rod gaps are largely overcome 1in
the comparatively more expensive surge diverters or lightning

arresters. The essential elements of these devices are non-

linear resistors, usually of silicon carbide material, connected
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in serices with a number of active gaps. The diverter also
contains pre-ionising units which, by providing sufficioent
electrons in the gaps, reducc the dispersion and time lag
in flashover values. The gap breaks down when a certain voltage
level is reached, and the voltage across the diverter will be
set by the product of the diverter current and the rcsistance of
the resistor blocks. During sparkover, the current is limited
by the relatively low diverter resistance, while the subsequent power
frequency follow current is limited by the high valve block
resistance. This power follow current must be interrupted by the
series gap elements. In certain types of diverters, arc
quenching is assisted by propelling the arc through its own
magnetic field in order to achieve elongation and cooling of
the arc. The use of sil;con carbide discs, which allow relatively
small power frequency follow current to flow, also fagcilitate
arc extinction,

The effectiveness of the diverter in limiting the

overvoltage is not only governed by the relative impedances of

&

the diverter and the system, and the magnitude of the surge,

but it also depends on its ability to cope with the energy
: : (13) : : : :
involved . This energy is proportional to the magnitude and

duration of the impinging surge, and must be absorbed or dissipated

by the valve block resistors.
1.8.4  System configuration
Certain {eatures of the system layout may be used to

protect expensive equipment against overvoltages. A short length

~of cable is an example of such an arrangement. By virue of
its position and its relatively low surge impedance, the front

steepness of the impinging surge is reduced as it passes



through the cable, as explained in Scction 1.5.4. The resulting
slow fronts enablé the co-ordinating gap to operate more
effectively.

If several transmission lines are connected to a common
junction point such as at a switching station, the co-efficicnt
of reflection at that point will be reduced by a factor depending
on the number of lines ﬁnd their surge impedances. The effect
of this is to reduce the magnitude of the overvoltage at this
poinf. The reduction is even more significant if some of the
feeders converging at this location are cable circuits, due to
the relatively low surge impedance of cables. It is therefore
evident that there is less need for protective devices against
surges at major substations to which several feeders convergc,

than on a transformer feeder.
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1.0 Protecticn “gpainst switching overvol noes

In practice, several factors exist which act to reduce
the magnitude of transient overvoltages. These include resistive
and corona losses in the lines and the leakage of residual
charge left trapped on the line from a preceeding switching
operation, through connected transformers, rcactors or through
the line insulation. In spite of these mitigating effects, the
switching overvoltages produced may still be in excess of the
permissible value. Other deliberate measures for reducing these
overvoltages may therecfore be necessary i1f the desired rcduction
in the insulation level at e.h.v. and u.h.v. is to be achieved.
An extensive literature exists on these measures (8’9’13’14),
some of which are summarised below.
1.9.1 Voltage limiting devices

The basic principles of operation of rod gaps and surge
diverters have already been described in Section 1.8.3. The

longer rise-times of switching surges in comparison with
lightning surges, increases the effectiveness of these devices,
The increased discharge duty associated with switching surges,
however, requires special attention. Although modernlsurge
diverters may be capable of storing and dissipating such
discharge energy, they may not be able to cope with multiple
operating requirements due to the frequently occurring switching
operations. It is for this reason that they are normally used
mainly as a back-up protection at e.h.v. and u.h.v. levels, when
other switching overvoltage controlling devices have failed.
This requires that the diverter minimum sparkove; voltage should
be set in such a manner as to make the fequency of diverter operation

consistent with 1ts durability,
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179'2 Resistor switching

Suirtably designed circuit breakers equipped with pre-
insertion resistors are a most cffective method of reducing
energisation and re-energisation overvoltages at their source.
The line 1s first energised through a resistor which acts to
reduce the voltage impressed on the line. Subsequently, when
the resistor is shorted out, another voltage surge will bec
initiated. With a judicious choice of the resistor value
(values of between 0.5 and 2 times the surge impedance of the
line are typical) and its insertion time (of the order of 120
elec, deg.), a significant reduction in the overvoltages may be

effected. The optimum value 1s dictated mainly by the length

of line being energised and the characteristics of the source-side
network. The time of insertion should exceed twice the travel
time of the line, since otherwise the resistor would not be
effective,

If further reduction of overvoltage magnitudes 1is
necessary, the more complex form of eircuit breakers incorporating
a two stage closing resistors may be used. The law of diminishing
returns applies in this case, however, since subsequent resistor
insertions do not produce nearly as much overvoltage reduction
as the first resistor.

Overvoltages caused by current interruption may also be
reduced by use of opening resistors. The optimum resistor
‘values required for this purpose are usually not consonant with
those considered ideal for reducing energisation overvoltages.

- Opening resistors are inserted during current interruption to reduce
the transient recovery voltage by damping the oscillations and,

in the case of multibreak circuit breakers, to assist in grading
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the recovery voltage across the several breakhs. Typical daniping
resistor values range from 10,000 to 20,000 ohms for magnetlising
current interruption, from 500 to 5,000 ohms for line charging
current interruption, and from 300 to 600 ohms for interrupting
short line fault. High resistor values are normally required for
grading purposes (10,000 to 200,000 olhms), depending on the
effective capacitive reactance across each break, and on the
frequency of the recovery transient. Evidently, only in the
case of short line fault interruption is the resistance value
required consistent with that normally used for energisation.

A limited range of resistor value requirements could, however,
be met by the use of two or more steps sclective opening

resistors with one of the stages incorporating resistors of a

value required for closing purposes.

In the case where auto-reclosure is employed, opening
resistors inserted during interruption provide a path for
discharging the line. Consequently, re-energisation overvoltages
could be reduced to magnitudes similar to those obtained during
energisation, depending on the closing resistor value and 1ts
insertion time, the length of line, and the properties of the

network supplying the current being interrupted.

1.9.3 Synchronous switching

The magnitude of the voltage surge impressed on the line

during energisation and re-energisation depends on the voltage
existing across the circuit breaker contacts. If the contacts

of the individual phases are closed, or if the closing resistor,
if provided, is inserted at the instant when the voltage across
the poles is virtually zero, elimination or significant reduction

of the surges may be effected. The main disadvantage of this
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method, however, 1s that i1l requires a rather complex and accurate

conirol system to ensure closure at the most opportune instant

for the individual phases. Although the basic concepts of this
(14)

me thod have been demonstrated by many authors , 1ts

practicability has yet to be established.
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1.10 Conclusion
Transient switching overvolfnges constitute the ma jor
criterion for co-ordination of insulation in e.h.v. and u.h.v, systcms.
In particular, critical overvoltages tend to be gencrated during line
energisation and re—enelg' sation operations (]'5). The magnitudes
of these overvoltages depend to a large extent on the interactions
between the effects of circuit constants and configuration, and
the performance characteristics of circuit breakers and voltage
limiting devices used. The economic incentive to reduce the
insulation level at high transmission voltages requires that :
(i) the development of these overvoltages be inhibited
by utilising appropriate circuit equipment such as
restrike-free circuit breakers incorporating closing
resistors,. and
(ii) the magnitude of the surges, once initiated, should
be limited by using suitable voltage limiting
devices such as rod gaps and surge diverters.
Particular attemtion need also be paid to the magni tudes
of sustained and steady state overvoltages likely to be produced.
This is necessary in order to ensure that the advantages of
reduced insulation levels, arising from effective control of
transient overvoltages, are not compromised due to excessive

post-transient overvoltages. This is partularly true at the
initial stages of e.h.v. system development. Such systems usually
have low short circuit capacity whicl: makes them more prone to
higher overvoltages than the more developed systems. In generai,
the magnitude of most steady state and sustained overvoltages may

be reduced by providing:
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(i) suitablce reactive compensation in the form of
shunt reactors or static compensators,
(ii) circuit breakers incorporating multi-stage
resistors, and
(1i1) system neutral earthing which will ensure that
the system is effectively earthed.
The generation of transient, sustained and power
f requency overvoltages may further be complicated if the lines
are reactively terminated. Such circuits require particular
attention since they may, in certain circumstances, produce
more onerous overvoltages. In the next chapter, several system

conditions which could create overvoltages in transformer-terminated

lines are discussed, and those aspects which will be investigated

‘further in subsequent chapters will be identified.
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SWITCHING OVERVOLTAGLES ON TRANSI'ORMER FEEDERS
2.1 Introduction

In order to avoid the installation of expensive switchgear
on high voltage transmission lines, transformers are {recquently
connected to high voltage lines through disconnect switches. Since
the cost of switchgear increases with the increase in transmission
voltages, such an arrangement is more common at the higher system
voltages. Direct connection of the transformer to the feeder may
sometimes be unavoidable during the early stages of superposing a
higher transmission voltage on an existing lower voltage level,
Interconnection of two high voltage transmission circuits operating
at different voltage levels with circuit breakers connected cnly on the
low voltage side of the auto-transformer is also a common arrangement.,
As a consequence of such composite feeders, the combined transformer
and feeder may be switched as a unit by means of circuit breakers
located at the transformer secondary side or at the end of the line
remote from the transformer. The presence of the transformer would
modify the overvoltages initiated by the various switching operations
and, in some cases, these may be intensified.

The phenomenon of linear resonance in three-phase transformer
feeder circuits arises from the interaction of the inductive reactances
of the transformer with the equivalent capacitance. This capacitance
may consist of the transformer and bushing capacitances, the capacitance
of the lines, cables or capacitor banks connected to the transformer
terminals, or some combinations of these components. If such
oscillatory circuits are excited resonantly, large overvoltages, limited

only by system losses, may be produced. This phenomenon is investigated

in Chapters 5, 6 and 8.
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1f the transformer becomes poriodically saturated during
unbalanced operation, ferro-resonant oscillations are¢ produced. These
oscillations may be sustained if sufficient energy external to the
oscillatory circuit is made available to compensate some of the cnergy
dissipated. Such phenomenon is usually initiated by faults or
switching operations which cause unbalance in the voltages applied
to the transformer. Single phase switching of transformer-terminated
lines could, under certain conditions, produce these oscillations.

Dropping one circuit of a double circuit line which is
terminated in a transformer while the other circuit rcemains energised,
could create conditions conducive to sustained ferro-oscillations in
addition to linear system frequency oscillations. Incidences of
ferro-resonance behaviour in such circuits, evidenced by overheating
of and increased noise in- the transtormer, have recently come to light.
Chapters 9 and 10 will, respectively, be devoted to such resonance and

ferro-resonance phenomena in double circuit feeders.
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2 2 Overvoltaves cuaused by circurt interiuptiron

Re jection of load Ly means of opening the circuit breaker
interposed between the line and the transformer has already been
discussed in Chapter 1. In the case whcre such circuit breakers are
not provided, however, the feeder and transformer may be de-energised
as a unit by opening the low voltage circuit breaker at the secondary
side of the transformer, leaving the transformer energised through
the line. Such a procedure is usually adopted when shedding load,
isolating the transformer feeder circuit for maintenance, or clearing
a fault occurring external to the composite feeder,

2.2.1 Secondary-side switching

Overvoltages caused by sudden loss of load from the
transformer secondary may, in certain cases, be in excess of those
pertaining to rejection of load by means of circuit breakers at the
trans former primary side. The latter are discussed in section 1.2
of Chapter 1. It was shown in that section that the overvoltage 1is
mainly due to generator over-excitation and machine over-speeding,
negative regulation and Ferranti rise. With the transformer directly
connected to the line, however, its interaction with the system could
create oscillations which may combine with these effects to produce
excessive overvoltages.

As a result of the rise in voltage at the receiving end of
the line following load shedding, the transformer may become over-
excited. The multiple harmonic components of the excitation current
required by the transformer have to be supplied through the line. The
over-excitéd transformer can be visualised as a harmonic current
generator feeding the parallel combine of the line capacitive

reactance to earth and the source reactance(Z). The harmonic voltage

generated would depend on the impedance of this parallel circuit to
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the various harmonic current components. This behaviour of the
transformer is independent of its position along the line (i.e. at
the sending or receiving end of the line). If the trans{ormer
windings are connected earthed-star and delta, a low impedance path

to the predominantly third harmonic currents would be available and

the resultant third harmonic voltages would be relatively small.

For certain line lengths and source reactances, the impedance
of the parallel circuit may be high to second, fifth and higher
harmonic currents, irrespective of the transformer winding connection.
Consequently, high resonant overvoltages will be produced at these
harmonic frequencies, and these would be superimposed on the existing
elevated power frequency voltages. Since the magnitude of the
harmonic current components decreases with the increase in the order
of the harmonic, only the second and fifth harmonic voltdges are of
practical significance. In general, for a given source reactance,
fif th harmonic resonance occurs with shorter lengths of line, while
resonance in the second harmonic mode is produced with longer line
lengths (2’16). The lengths of line at which these harmonic regions
appear tends to increase with increase in the voltage behind the
generator subtransient reactance, and decrease with an increase in

source reactance,.

In addition to the harmonic voltages produced when the load
is re jected, sub-harmonic oscillations involving the capacitive
reactance of the line and the non-linear magnetising reactance of the
transformer may alsc appear. The presence of such ferroresonant
oscillations 1is evidenced by the low frequency modulation of the

(2)

voltage waveforms . Their frequencies and amplitudes depend largely

on the conditions prevailing during load shedding.
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Due to the relatively long duration of these overvoltages
(of the order of 1 second), severe diécharge duty would be i1mposed on
the surge diverters protecting the transformers. It is therefore
necessary to employ measures to prevent or control this phenomenon.
For this purpose, several methods have been suggested in the literature.
These are summarised below:-

( 1) provision of suitable shunt reactors, synchronous condensers or
resonant shunt, located at the receiving end of the line (preferably
at the transformer delta tertiary winding if available),

( i1) opening the circuit breaker at the sending end of the line
within a prescribed interval after opening the breaker at the trans-
former secondary, to ensure that the transformer 1s not left energised
for a time long enough to permit the overvoltages to build up, and
(11i) automatic tripping of the generator field coil.

In practice, the presence of such dissipative factors as
line series and corona losses as well as the transformer core and
copper losses act to reduce the severity of these overvoltages.

The overvoltages considered in this section may be
eliminated by ‘'high-side switching'. This, however, introduces
overvoltages of a different character to those dealt with here, as
discussed in Chapter 1. Even with this method of switching, similar

phenomena may occur if a generator transformer 1s present at the

source-end (see section 1.2.3).

2.2.2 Dropping unloaded transformer feeder

If, following the shedding cf load by means of transformer
low-side switching, the composite feeder and transformer is isolated
from the rest of the system by opening the circuit breaker at the
(15,17)

sending end of the line, non-linear ferro-oscillations may be set up

Similar phenomena occurs if the sequence of opening the two circuit
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breakers is reversed, since in both cases, a residual charge voltage
is left trapped on the feeder subsequent to the switching operations.

(15,18)

Results of field tests (19),

and transient analyser studies
showing the character of these oscillations, have been presented 1in

the literature. These investigations have shown that, in general, the
presence of the transformer connected directly to the line being
dropped has a mitigating effect .on the magnitude and rate of rise of

the transient recovery voltage appearing across the interrupting circuit
breaker. This reduces the probability of restriking. Overvoltages

without restrikes could, however, be higher when the transformer 1is

present,

The problem is essentially a trapped charge voltage oscillation
involving the cyclic interchange of energy between the electromagnétic
field of the transformer and the electrostatic field of the transmission
line. When the leading current is interrupted at successive current
zeros , a voltage close to full system voltage will be trapped on the
individual phase conductors. It will be shown in section 9.7 of
Chapter 9 that there is a finite number of combinations of trapped
charge voltage distribution among the individual phases, depending on
the instants and phase sequence of current interruption. In general,
two phases would exhibit trapped voltage of the same polarity with a

magnitude approximately equal to the peak value of system voltage,

while a voltage of opposite polarity will be trapped on the third

phase.

The magnetising impedance of the transformer provides a
path through which the line discharges. This discharge current could

be small while the magnetising impedance remains unsaturated., When
the time integral of the voltage impressed on the transformer is

sufficient to saturate 1ts core, the line discharge current increases
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rapidly and the line voltage drops to zero at the peak of current. A
voltage of opposite polarity buiids up as the current drops towards
zero until the transformer comes out of saturation. At this instant,
a voltage of opposite polarity will be left trapped on the line until
the transformer volt-second capability 1is once again exceeded. A
repetition of events will then be initiated.

The characteristic trapezoidal voltage waveform and
intermittent large current pulses will persist until the losses inherent
in the system damp out the oscillations. Since the time integral of
the voltage at the transformer required to saturate its core is a
constant, successive cycles of the trapped charge voltage oscillations
will undergo a gradual reduction in amplitude and a corresponding
steady increase in the period of the oscillations,

These oscillations depend largely on the initial conditions
obtaining subsequent to switching, the degree of inter-phase magnetic
coupling within the transfcrmer and the extent of the electrostatic
coupling in the line. These effects will be discussed further in

Chapter 10.

If the knee of the saturation curve 1is high relative to

the rated voltage of the transformer, the trapped voltage would take
longer to.saturate the core. This increases the risk of a restrike
occuring due to the possibility of a higher voltage building up across
the interrupting breaker contacts. The probability of restriking is
further enhanced if the unsaturated impedance of the transformer 1is
large enough to restrain leakage of trapped charge while the trans-

former is in its unsaturated state.
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2.3

1sation of unloaded transformer-terminated feeders

Energisation of the line with a transformer intcgrally
connected at the receivaing end produces a voltage response somewhat
different from that pertaining to an open-circuited line. 1In certain
cases, the resulting overvoltages may be more scvere as demonstrated
by reported field tests (18) and transient analyser investigations(lg’zo).
In the case of simultaneous closure of the three phases, the over-
voltages at the receiving end of the line are gencrally lower than
those obtained when the transformer i1is omitted. This is not the case,
however, when the three phases close non-simultaneously as they do in
a practical three phase system. The mutual interactions between the

individual phases of the line and of the transformer, which are more
pronounced during unbalanced operation when the phases close in
sequence, could significantly alter the magnitude of the transient
overvoltages. The manner in which the line discharges through the
transformer during the circuit breaker reclesing period is a significant
factor in determining the magnitude of the reclosing transients.
2.3.1 Sequential Closure

The transformer at the end of the line being energised
offers a finite impedance to the line surges in compariscon with the
open-circuited line conditions. The finite surge impedance reduces
the coefficient of reflection at the line and transformer junction to
a value somewhat below +1. This accounts for the generally lower
receiving-end voltages experienced when the transformer is being
switched with the line, provided the three phases are energised
simultaneously.

In practice, however, when the switch is being closed, the

three poles of the circuit breaker do not energise the phase conductors

simultaneously but do so in sequence. It will be shown in Section 8.4
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that voltage surges will be induced on the still unenergised phases
through the following mechanisms:

(a) Electrostatic coupling between the phase conductors
induces a voltage in phase with the surgc on the first phase to close.
Its amplitude is determined by the relative magnitude of the inter-

phase and phase-to-earth equivalent line capacitances.

(b) Electromagnetic coupling between the phases within
the transformer induces a lower frequency voltage {(predominantly the
third harmonic). This component is initially in phase opposition to
the initial surge on the energised phase. Depending on the instants
and sequence of sparkover of the individual circuit breaker poles, it
is very likely that the amplitude of the surges injected on the second
or third phases to close exceed the corresponding values obtained
without the transformer.

In general ,coupling within the transformer, often referred to
as harmonic backfeed(IB), tends to increase with a decrease in the
leakage impedance between the primary and delta windings. If the
delta tertiary winding is omitted, however, a limited amount of
coupling within the transformer will only be present in transformers
of three-limb construction due to the core flux circuit. Transient
analyser investigations using a core-type transformer with a delta

. g 2
W1nd1ng( 0) have shown that the overvoltages at the transformer tend

to increase as the length of line or the transformer zero sequence

impedance increases.

2.3.2 Re-energisation of feeders with traEEed charge

It has already been mentioned in section 1.5.1 of Chapter 1

that, follewing certain switching operations, trapped charge voltages
of a value approximately equal to peak system voltage could be left on

the phases of the line. Re-energisation at the instant when the trapped
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charge voltage is ot opposite polarity to the source side voltage on
the same phase could produce scvere overvoltages at the receiving cnd
of an opén-circuited line. The presence of the transformer terminating
the line does, however, introduce some mitigating effects by reducing
the trapped charge during the circuit breaker reclosing period.

When the transformer is unsaturated the trapped charge on
the line leaks through its high magnetising impedance. If, on the
other hand, the trapped charge voltage is such that the voltage-time
capability of the transformer is exceeded, the cyclic saturation of
the transformer, in conjunction with the line capacitance, leads to
non-linear subharmonic oscillations (as discussed in Section 2.2.2).
This voltage will gradually diminish with each successive oscillation
as a result of energy dissipation. It will essentially disappeat
within a few cycles. Consequently, if the reclosing period of the
circuit breaker is longer than the duration of these oscillations
re-energisation overvoltage magnitudes will be made equal to those
pertaining to energisation without trapped charge, provided the

(18)

interrupting breaker does not restrike. Field tests have shown

that an earthed star/delta transformer drains the trapped charge from
intermediate lengths of line within approximately 5 cycles.

If the transmission line is shunt compensated, however, the
trapped charge oscillations would persist for a much longer period
which, in most cases, exceeds the reclosing period of the circuit
breaker. In general, shunt compensation tends to reduce energisation
overvoltages and increase re-energisation cvervoltages when integrally

connected feeder and transformer circuits are energised,

2.3.3 InterEhase overvoltages

Although the air clearances between the phases of an e.h.v.

transmission line are usually adequate to withstand the overvoltages
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likely Lo be experienced in practice, a carciul evaluation ol the
effects of these overvoltages on the direct interphasc insulation of
the transformer (particularly the composite coretypc) and other station

(21,22) ave

equipment, is necessary. Transient analyscr studies
indicated that surge diverters normally connected phase-to-earth at the
transformer, cannot be relied upon to limit the interphase overvoltages.
This is because the phase-to-earth components of the interphase over-
voltage may fall below the diverter protective level, particularly in
the case of maximum interphase overvoltages. The latter could rise

as high as twice the phase-to-earth overvoltage. In certain cases,
therefore, it may be necessary to adopt a phase-to-phase design over-
voltage factor twice as high as the corresponding value between phase
and earth,

White(23)

has demonstrated from field tests that,when
energisation is performed by closing the sequence isolator contacts of
an air—-blast circuit breaker, simultaneous or near sinultaneous
prestriking could occur on two phases. Overvoltages some 30% higher
compared with single-pole prestriking overvoltages may be produced.
This arises when the two phases are energised simultaneously at the
instant when their source voltages are in anti-phase. Due to the high
surge impedance of the transformer in relation to the line surge
impedance, giving a reflection coefficient close to +1, these surges

will be nearly doubled at the transformer, producing high interphase

overvoltages.

If the pole span of the circuit breaker is sufficiently
long in relation to the transit time of the line, harmonic backfeed
voltages will develop. Depending on the magnitude, frequency and phase

relationship of this component relative to the high frequency voltage

on the energised phase, excessive interphase voltages could develop.



im

2.4 Resonance and ferrorcsoniance phiciiomend

Interest in the field of resonance when a transformer
feeder is Dbeing energised with the transformer integrally connected to
the line has recently developed due to a number of reported incidents
of co-ordinating rod-gap flashover on the low voltage side of the
transformer. This probelm has been attributed to resonance phenomena
by Czuros, Forman and Glavitsch(24’25). The occurreice of similar
phenomena on the South of Scotlaqd Electricity Board (S.S.E.B.) system
has been reported (26’27). According to Heaton (28), much the same
problem arises when a reactor-terminated line is being energised.
Incidences of flashover, attributable to resonance conditions, between
ad jacent low voltage terminals of an auto-transformer when the latter
was being energised from the remote end of the high voltage line have
also been reportedc23). In most cases, the protection of the surge
diverters normally installed at the high voltage terminals of the
transformer proved ineffective. This is because when a resonance

condition involving the transformer leakage reactances and 1its
associated capacitances exists, the voltage magnitude at the line side
of the transformer is normally below the surge diverter protective
level, It is therefore necessary to employ certain precautionary
measures when such oscillatory circuits are being energised.

Ferroresonance oscillations pertaining to open conductors

in transformer-terminated lines have been recognised for many years.
Several reports of laboratory or transient analyser studies exist on

: . 2 29~ . :
this subject (2,31,29 33). Analytical techniques have also been used

to study the mechanisms of this phenomenon(2’31’33’34).

Overhead transmission lines of double-circuit configuration
are frequently encountered in e.h.v. transmission systems. The

phenomenon of resonant excitation of one of the circuits of such a
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double-circuit linc, rcactively torminoted, when s circurt 15 being
dropped, has only recently received the attention of the electricity
industry. The relative sparcity of information i1n the literature
about this problem to date, is in itsclf an indication that the
potential hazards of such phcnomena have not been fully appreciated.
With increasing interest in lines of double-circuit configuration,
however, this problem will become an important factor in coordinating
insulation in double circuit feeders. The safety of workmen when

one of the circuits is dropped for maintenance purposes is also of
paramount importance,

The oscillations excited on the de-encrgised feeder circuit
of a double-circuit line could be either linear or non-linear in
character, depending on the effective terminating reactances. If the
predominant reactance at the end of the line being dropped 1is
essentially linear, as would be the case if linear reactors are
provided at the end of the line or at the transformer tertiary
terminals, the oscillations excited would be linear(34’37). If on the
other hand, the transformer saturation effects are prominent, non-
(38,39)

linear ferro-oscillations would be produced

2.4.1 Resonant excitation of a transformer

With the transformer omitted, the energisation voltage
generated at the receiving end of the line essentially consists of a
square waveform., It is caused by the repeated reflections, at the
terminals of the line, of the initial voltage step impressed on the
line. Its magnitude is twice this voltage step if the effects of
attenuation and distortion are neglected. 1Its frequency is determined
by the length of line and is given by fi = 1/4T, where T is the
propagation time of the line. 1In practice, however, the effects of

transmission line losses will gradually damp out this oscillatory
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component, which is supcrimposcd on the normal system frequency. The
natural frequency of the line can be related to the characteristics of

the feeder and those circuits connected to the busbar supplying the

feeder.

I1f the transformer is connected directly to the receiving-
end of the line, the effective capacitance to earth, C, associated with
the transformer, bushing and any length of cable connecting the
transformer to the switchgear on the secondary side, forms a series
oscillatory circuit with the leakage inductance of the transformer,

L. .The natural frequency of this circuit is given by fT= 1/27 VLC
and will subsequently be referred to as the transformer frequency.
Its value depends on the design of the transformer, bushings and the

length of cable on the transformer secondary. When the line 1is

energised, there 1s a possibility of excessive resonance overvoltages
being produced across the components of the oscillatory circuit,
provided the frequencies defined above are close tc each other

(i.e., fTﬂx fL). This is likely to occur when relatively short lengths

of feeder are being energised.

When the voltage pulse arrives at the junction between the
line and the transformer, the reflected and transmitted pulse fractions

will depend on the ratio of the apparent surge impedance of the

transformer, defined as ZT_= / L/C (where L and C are as defined
above), and the line surge impedance, ZL' This ratio, ZT/ZL, will
determine the amount of energy drained from the line to excite the

transformer oscillation. A high ratio favours the evolution of large

overvoltages since then the energy drawn from the line will be small

and the exciting line oscillations will not be significantly affected.
Conversely, a low surge impedance ratio involves a drain of relatively

large amount of energy from the line which would cause a gradual decay
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the oscillation exciting the transformer., In order to determine the
magnitudes, duration and shape of the voltages at the transformer, 1t
is necessary to investigate the cffects of those parameters and of
such system layout which determine the natural {requencies and surge
impedances of the line and the transformer. Chapter 5 will be devoted
to the evaluation of the effects of system constants on the over-
voltages at the transformer while in Chapter 6, the effects of the
configuration of the feeder circuit and the source network {from which
it 1s being energised, will be investigated.
2.4.2 Open phase conductors in compensated transformer f eeders

Open phase conductors in three phase systems could be
brought about by

(1) single phase switching by means of switching isolators

or disconect switches,
(ii) three phase switching in which one or two of the
poles are mechanically stuck, or

(ii1) accidental breaking of phase conductors,

The latter could result in a phase-to-carth fault if the
broken conductor falls to ground. Sustained linear resonance
oscillations could be produced if linear reactors are connected directly

to the terminating transformer for reactive shunt compensation. These
osciilations are produced by the excitation of the oscillatory circuit
formed by the terminating reactance and the distributed capacitances

of the 1line or cable by unbalanced system trequency voltages. Excessive
voltages could occur across the open phase or phases of the feeder

and across the reactor of the phase corresponding to the closed phase

or phases, depending on the circuit constants.

2.4.2.1 One open Ehase conductor

If one phase conductor of a transformer feeder is open
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wiiltle the other two phases are encigiscd, the circuilt diagram is as
shown on Fig. 2.1 (1). The capacitance shown could represent the
distributed capacitance to earth of a line or cable. The compensating
reactor, i1f present, is connected to the transformer secondary and
its neutral is isolated from earth, The parallel connection of the
sequence network for one phase open is as shown on Fig 2.1 (ii). 1If
the linear reactor is present, S1 and S2 are always closed while XR
1s always disconnected from the zero sequence network since the
reactor neutral is isolated from earth. Different transformer winding
conﬁections are simulated by the state of the switches S$3,S4 and SS5.
For a delta-delta connection, S4 and S5 are closed. S3 is open for the
delta-star (earthed or isolated neutral) and star-star (secondary
earthed or isolated) connections. S3 and S5 are closed for the earthed
star-delta connection while S3 is closed for the unearthed star-delta
and earthed star-star (secondary earthed or isolated) connections.

Fig 2.1(ii1) (without the dashed connection) represents
the simplified equivalent circuit in the case where the reactor is

present and the transformer is connected star-delta with the neutral

isolated from earth., It is assumed that the sequence magnetising

reactances of the transformer (X ., X , and X ) are large in comparison
, ml® m2 mO

with the reactance of the réactor, XR, and hence are neglected. It

is further assumed that X = X .= = The impedance of this |

C “Cl "c2 “co/m’

circuit as viewed from the source end is given by

Zjn = 3 XCXR[ZXC - (2n + 1)/n XR]
(XC - XR) Xc:- (n+1)/n:
At resonance, (i1.e. Z. = 0)
in

| X, = (2n +#1)/20 . X
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Fig. 2.1 One Phase conductor open |
(i) Circuit diagram

(ii) Sequence component network for different transformer
connections.

Simplified equivalent circuit,
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Fig 2.2 contains a summary of results of laboratery
investigations, using a transformer commected unearthed star-delta,
The line or cable was simulated by a bank of threc-phase earthed-star
capacitors representing the distributed capacitance to earth of the
feeders. Each bank was made up of a 7.5 KVAr, 250V, SOHz Bryce
capacitors in steps of 0.125 KVAr and one 100/1F, 300V, S50Hz capacitor
in steps of 0.1/4F. The three Qhase reactor rated 415V, 50Hz had

tappings to give from 1.67A to 20A in 12 equal steps. In this case,

X =X = X = X i.e. n = 1). For shielded cable, the value of
C C1 C2 co ‘ ’

XC0= XCl whereas for overhead transmission lines n is of the order
of 2.

The three phase transformer used was an 8.16KVA 50Hz
3-1imb core~-type Foster transformer with two sections rated 415V
and one section rated 240V. A 1:1_transformer turns ratio was used
for all tests. For the case of one phase energised, the outer core
1eg was energised (phase A) while for the case of onc phase open, the
outer core leg was opened (phase C) in the tests.

A three phase variac was used to supply the system through
a 10A switch. The per unit quantities are based on a reference voltage
of 240V and base KVA of 2,72 (i.e. transformer ratings). All measured
voltages were recorded in per unit of normal r.m.s. phase-to-neutral
voltage. The tests were carried out at reduced voltage. "As a
consequence, the saturation effects of the transformer and reactor do
not play any significant role.

It will be seen from Fig 2.2 that, as the capacitive
reactance is increased, the reactor and capacitor voltages rise to

excessive values when the relation for resonance is satisfied (i.e

XC:= 1.5 XR). Curves (a) and (b) also show the locus of peak resonance

voltages as the reactance of the reactor is varied. Maximum capacitor
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overvoltages occur on the phase which 1is open, wvhercas maximum reactor
overvoltages are produced on the phases corresponding to the cnerpsed
conductors.

When the neutral of the star-delta connected transformer
is earthed, the equivalent circuit of Fig 2.1 (iii) (including the

dashed branch) applies. In this case, the impedance of the circuit

is given by

X (XR +2X

c ") - (2n+l1)/n o xRx,m

TO

XC(XR + X.m) - (n+1)/n . XRXTO]

XXy
(XC-XR)
Hence resonance would occur when

v = 2n+1 _ XRXTO

C n
xR +2XT0

If XR is large in comparison with X

L. =
in

10’ 2S is usually the case, the

above relation reduces to

2n+1 '
X(:"' n x'no

This expression also holds true if the reactor is omitted from the

circuit.

2.4.2.2 Two phase conductors open

The circuit diagram for two phase conductors open and thc
series connection of the sequence network to simulate this condition
are shown in Fig 2.3 (i) and (ii) respectively. The state of the
switches is as defined previously. Using the same assumptions as
stated in (a), the simplified equivalent circuit of Fig. 2.3 (iii)
resuits. The dashed section is omitted for the case where the
transformer is connected star-delta with isolated neutral. Analysis

of this circuit will show that a resonance condition is excited if

For the case where n = 1, laboratory investigations revealed the

resonance curves of Fig 2.4. Resonant overvoltages of approximately

- 65 -



" —C

T -
LT—T "

T1/2 T1/2

” - iNs NP e F3 L.

"POSITIVE"

L

=
R

82
Arazz Rrope 0
"NEGATIN "
Ae2 2 'm2 ‘R
53 gy A10/2
“ZERQ"
4 A, '
> "m0 A
" FEEDER - TRANSFORMER REACTOR
(ii)
[© 3
(iii)
" Fig. 2.3 Two phase conductors open
(1) Circuit diagram ¢
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twice the valucs of those obLtained when only one phase 15 open are
produced. The relation for resonance (XC? (2+n)/n° XR = BXR i{f n = 1)

is confirmed by these curves. As in the case of one phasc open,

maximum capacitor overvoltages occur on the opcn phases whilce for the

L
reactor, maximum overvoltages are produced on the phase corresponding
to the closed phase. The loci of resonant overvoltage peaks again

reveal an increase to a peak value followed by a steady decline as the

reactance of the reactor increases.
If the neutral point of the transformer is earthed, analysis
of the simplified circuit of Fig.2.3 (iii) (including the dashed sectiorn)

will show that the resonance condition is satisfied by the rclation.
+
_ (2 n) x’lUXR

2XR+XTO

X .
C n

In practice, XR 1s usually much larger than X The above expression

10°

could thercfore be reduced to

X
C

2 + n
n T 10

This relation also defines the necessary conditions for resonance in

the absence of the compensating reactor,

2.4.3 Ferroresonance caused bz opei phase conductors

The application of unbalanced voltages at the transformer

terminating the line, as a result of open phase conductors, may excite
ferro-oscillations between the transformer magnetising reactance and
the distributed capacitances of the line. The oscillations depend on
the parameters of the circuit, the initial conditions and the charact-
eristics of the transformer and the switching device. This problem

is perhaps more prevalent at distribution voltagescz’zgnaz)

where
economic considerations favour the use of single phase switching. This

is particulatly true where pad-mounted cable-connected distribution

transformers are being switched in sequence. This is because
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the capacitive reactance of the cable is more likely to boe an such a
proportion to the transformer magnetiéing reactance as to produce
ferro-oscillations, than would be the case i1f an equal length of
overhead line were used.

This phenomenon is not, however, confined to distribution
systems. Certain malfunctioning of the threc phase circuit breaker could
leave the transformer energised through one or two phases for several
cycles. This, together with accidental breakage of one or two phase
conductors, could create conditions conducive to ferro-resonance.

The phenomenon described above occurs on an effectively
earthed system terminating in a transformer with any winding connections,
except the star-star connection with both neutrals earthed. In contrast
to the linear resonance case discussed in section 2.4.2., the non-
linearity of the transformer magnetising curve produces a resonance curve
which 1s relatively broad and multi-valued. It 1is thereforec not
necessary for exact resonance conditions to be satisfied since
excessive voltages may still be produced as the peak of the resonance

curve is approached. It has been found that suitable secondard loading

could eliminate this phenomenon,

Peterson(z)has carried out a detailed investigation of
this phenomenon and he has derived certain relations which may be
used to predict whether ferro-oscillations would be produced for given
circuit constants. His method of analysis is however, based on linear
circuit theory and ignores the effects of transformer saturation.

Details of the diagrams used to explain this phenomenon are shown on

Figs. 2.5 and 2.6 for one and two phases open, respectively,

2.4.3.1 One open phase conductor

The single line and circuit diagrams of the system for one

phase open are shown on Fig, 2.5 (1) and (ii) respectively. The vector
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Fig.- 2.5

(iii)

One open phase conductor
( 1) One-line diagram
( ii) Circuit diagram
(iii) Vector diagram
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diagram of Fig 2.5 (iii) illustrates the behaviour of the voltages

across the line capacitances as a result of this abnormality, 'This

diagram shows the balanced source voltagcs EA EB asnd EC of unit value
?

under normal operating conditions which also appuear across the

corresponding line capacitances (1i.,e VA VB and VC). Vhere phase A is

open, VA moves along the locus indicated and its position is defined

by the ratio ofﬁxj/xm. (Xm is the value of the transformer magnetising

reactance at rated voltage). Assuming thatXCO is infinite, VA will

attain a value of -0.5 p.u. which is the average of the voltages VB

and ch As the ratio XCD/Xm decreases, V, moves further to the left,

A
When VA? -2 p.u, for a certain ratio, the vector diagram shows that
balanced phase-to-phase voltages of reversed phase rotation would
~obtain. This condition could cause reversal of the direction of
rotation in motors. Further decrease in the ratio xCO could produce
large ferroresonant voltages. The non-linear characteristics of the
transformer allow more than one mode of oscillation to occur, depending
on the initial conditions prevailing following the switching action,

As the ratio is decreased even further, the possibility of linear
resonance being excited between the saturated reactance of the

transformer and the capacitive reactance of the line arises. Voltages

in excess of those obtained under ferroresonant conditions, limited

only by the system losses, could result.

”

2.4.3.2 Two open Ehase conductors

Fig 2.6 shows the one linec and circuit diagrams for the
case where two phase conductors are open, and the corresponding vector

diagram. The latter shows the balanced source voltages when the
system is operating normally. With the two phases (B and C) open the
voltages VB and VC move along the locus indicated, their position

being fixed by the ratio XCO/Xm. If the zero sequence capacitive
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Fig. 2.6

(1)

TRANSFORMER

(iii)

Two open phase conductors

( i) One-line diagram

( ii) Circuit diagram
(iii) Vector diagram
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rcactance of the line 1is infinite, then VP =VC=VA=Eﬂ since there i1s no
) 2 4

path for current flow. As the ratio XCO/Xm 1s decrecased, the voltages

on the open phases, V_ and VC’ will move to the right along the locus

B
shown on the vector diagram and may attain excessive values, Further
decrease in the ratio Xcofxm could again initiate linear rc¢sonance
oscillations as described above.

2.4.4 Resonant coupling in double circuit feeders

Most transformers in Britain have a tertiary winding which
may, among other things, provide a connection for low voltage shunt
reactor. Such reactors are normally rcquired to compensate lipe
charging requirements and stabilise voltage at the end of a long
transmission line under light or no-load conditions. Where such a
transformer and reactor unit terminates one circuit of a closely
coupled double circuit line, when this circuit is being dropped, it
will form an oscillatory circuit with the effective coupling capacitance
between the circuits. If the natural frequency of this circuit 1s
in close proximity to the fundamental system frequency, the resulting
oscillations could have severe repurcussions in terms of reclosing
transients,and the insulation levels of the line and connected
equipment could be violated.

The magnitude of the coupled voltages due to the unbalances
in the electrostatic field depends on the characteristics and the
physical dimensions of the conductors comprising the double circuit
configuration, A value of 15% of the voltage on the energised line 1s

typical. It should be noted, however, that although such induced
voltage magnitudes (in the absence of resonance) are of little
significance if the two circuits have similar insulation levels, this
may not be the case if these voltages are coupled onto a circuit of

lower insulation level. This would be the case if the Lwo circuits
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on the same tower have different voltage ratings. Analysis of the
coupled voltages into sequence componcints indicates that they usually
contain a significant zero sequence component, In addition to the
positive sequence resonant oscillations, therefore, resonant excitation
in the zero sequence mode is possible. The frequency responsce of the
oscillatory circuit may therefore exhibit two prominent peaks associated
with the positive and zero sequence components of the exciting waveforn.
The salient features of this phenomenon, and the results
of analysis using a mathematical model of the circuit, will De
discussed in more detail in Chapter 9. An analytical method for
predicting the occurance of such resonant oscillations will be derived,

and the several factors which influence the amplitude of these

oscillations will also be investigated.

2.4.5 Ferroresonant oscillations in double circuit feeders

The conditions leading to ferroresonance in double circuit
feeders are similar to those discussed in section 2.4.5 above., The
essential difference ié that, in this case, compensating reactors at
the transformer tertiary are ommitted. The effective reactance at the
end of the line being dropped would therefore essentially consist of
the non-linear magnetisation reactance of the transformer. This
difference alters the character of the resulting oscillations

significantly. The ferroresonant oscillations are produced essentially
by the cyclic interchange of the energy initially trapped on the line
at the instant the line is dropped, between the electrostatic field

of the line and the electromagnetic field of the transformer (as

explained in section 2.2.2). In this case, however, since the other

circuit of the double circuit line remains energised, electrostatic
coupling between the two circuits would provide mcans of replenishing

some of the energy lost. Depending on the balance betwecen the supply
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and loss of energy in the oscillatory circuit, theue [orro-oscillations
may be sustained for a considerable length of time. ‘The resultant
repurcussions on transformer overheating, re-energisation overvoltages
and safety aspects, could be severe,.

This phenomenon depends on a multiplicity of factors. The
most prominent are the initial conditions existing subsequent to the
line being dropped, the characteristics and geometry of the transformer
core, the transformer winding connections, thc charactcristics and
physical configuration of the conductors of the double circuit line
and the losses inherent in the system. These effects will be
investigated in Chapter 10, with the aid of an analytical
technique combining the trave lling-wave phenomena on the lines with

the state equations representing the electrical and magnetic behaviour

of the transformer.
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2.5 Conclusion

In this chapter, the many and variced facets of overvoltage
generation when transformers connected integrally to the fceder are
being switched, have been reviewed. The conditions which arc likely
to produce excessive or sustained voltages have been identified, and
the areas requiring further study have been defined. Some of these
factors will be investigated i1n subsequent chapters,

In particular, the phenomenon of resonant excitation of
transformers terminating a fgedef will be examined in more detail an
Chapters 5, 6 and 8. The effects of linear resonance and ferroresonance
in double-circuit feeders will be investigated in Chapters 9 and 10
respectively, using the new compensation method utilising the lattice
diagram and lumped parameter techniques.

The presence_of a transformer terminating a fesder introduces
peculiar phenomena in the response of the composite feeder to certain
disturbances. The most prominent feature in the behaviour of such
circuits is the interaction between the capacitive recactances ot the
feeder and the transformer reactances and its magnectisation character-
istics. The cyclic interchange of energy between the electric and
magnetic fields associated with the feeder and the transformer could,
in certain cases, produce resonant voltage oscillations or sustained
" ferro-oscillations. In the former case, excessive voltage amplitudes

could be attained while the effects of the latter are manifest in

transformer overheating and increased noise level,

In spite of the mitigating effects of.such factors as
the inherent system losses which act to damp the oscillations, certain
measures may be necessary to prevent such phenomena from being

initiated or to alleviate their effects.
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These measures includes:-
(1) avoidance of those circuit constants and configurations
which are potentially susceptible to such oscillations,
(11) observance of certain operating restrictions, and
(1i1) deliberate insertion of resistors of suitable

value at appropriate locations in the system to dissipate the energy.

In the case where these oscillations are sustained, the
protection of the surge diverters connected at the transformer may
not be adequate. On the contrary, thc repetitive operation of the
diverters under such conditions could lead to the destruction of these
devices which would also impose severc stress on the insulation of
0£her station equipment. Until such time when surge diverters of
improved durability, capable of withstanding multiple operation, are
developed, system designérs and operators will continue to rely on the
ability to predict and control these overvoltages by some other means,
This, of necessity, requires an extensive and thorough knowledge of all
the causative factors and the resultant voltage waveforms, magnitudes

and frequencies as well as the probability of occurance.
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CHADPTLER 3

METIIODS OF ANALYSIS

3.1 Introduction

In Chapters 1 and 2, a rcview of system overvoltages in
general and, in particular, overvoltages associated with transformer
feeders, was presented. These overvoltages are created by disturbances

internal or external to the system, and both experimental and

analytical techniques have, in the past, been utilised to study their
effects. The purpose of this Chapter is to present a brief
description of the methods presently available in studying transients
in power systems. The next Chapter will be devoted to the new
compensation method combining the lumped parameter and lattice diagrap
me thods to determine the transient response of transformer feeders,
The analogue‘and digital computers have, for many years
been widely used as tools for transient studies. The most commonly
used analogue devices are the transient network analvser (TNA) and
the electronic differential analyser (EDA); The TNA is essentially a
lumped parameter method whereas the EDA in effect solves the equations
describing the system. The main advantage of these two aids is theirv
flexibility during operation and the ease with which a particular
circuit Epnstant could be optimised to achieve a desired condition.

There is, however, a limitation on the size of the model, particularly

when greater accuracy is desired.

Digital computers, on the other hand, are fast, versatile
and capable of high accuracy. This accuracy is, howcver, limited by

the degree of resemblance achieved between the mathematical model and

its actual counterpart.
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These two computing aids arc¢ frequently used in co-ordination
for transient studies., The advantages of thc TNA during the prcliminary
investigations or when minimising certain system conditions may be
combined with the higher accuracy capability of the digital compulter
in specific cases. Digital methods may also be uscd to provide
accurate constants for the TNA components,

The methods used in transient studies may be divided 1into
three basic categories. These are:-

(i) the analogue simulation,

(i1) the transform method, and

(1ii1i) the travelling wave method.

In the analogue simulation, the cquations which describe
the operation of the artificial system are made analogues to those
representing the actual Eystem. While the EDA could incorporate a
facility for simulating distributed parameter elements, the TNA is
less accurate when applied to such elements.

The second method involves the transformation of the
partial differential equations describing wave motion into either the
frequency domain (Fourier transformer method) or the complex
frequency domain (Laplace transform method). The final solution 1in
the time domain is obtained by an inverse transformation. For all

but simple systems, this method is usually economically prohibitive,

particularly when used to determine the response at several points on
the system. The major advantage of the Fourier transform lies in the
fact that the frequen. Jependence of line parameters may readily be
incorporated in the a: :ysis,

The third category includes methods which solve the wave
equations such as the Uram and Miller, Schnyder-Bergeron and lattice

diagram methods. The latter two methods are digital computer adaptations
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of praphical techniques for solving the wave cquations. These methods
are capable of accurately reproducing the travelling-wave phenomena
in lines and cables, provided the variation of 1uductances, resistances

and speed of propagation with frequency i1s accurately simulated.
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Analogue simulation

The TNA 1s the most widely used analogue computer., Tt 1s

basically a scaled electrical model of the actual system. The EDA

essentially solves the differential and algebraic cquations representing

the system. These two computing tools are described below.
3.2.1 Electronic differential analyser

The EDA is a general purpose analoguc computer which
solves the system equations using electronic units to perform certain
basic operations (e.g. summation, multiplication and intcgration).

The system variables are represented by voltages at various points
within the model, and the results may be displayed on the cathode ray
oscilloscope (CRO) or on recorders. Actual system response to changes
in certain system parameters can immediately be determined by variation
.0of resistances and capacitances corresponding to the variable system
quantities.

The 1umpy constants of the system can be accurately
simulated on the EDA. Transmission lines and cables may be represented
either by their lumped parameter equivalents or by travelling wave
methods. The main disadvantage of the {ormer method is the large
number of components, such as integrators, required to produce more
accurate results., The travelling wave method requires additional
equipment to simulate wave travel times along the lines and reflection

effects. This equipment consists of multi-channel pure transport

delay time units capable of storing surges of arbitrary waveform and
. : : (40)

returning these to the computer at a predetermined instant N

Al though the attenuation effects can be represented, the frequency

dependence of attenuation and wave velocity is not included in this

method. Component size limitations restrict the application of this

method to simple circuit arrangements.
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3.2.2 Transient network analyser

The TNA is an establis<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>