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PREFAGE

CIGRE Working Group 13.02, Interruption of small inductive currents, was set up by Study Commitiee
No. 13 in 1974. A reason 1o create a new Working Group was IEC's request given to CIGRE 1o give
grounds for preparing an IEC-specification in the matter.

The WG 13.02 had the following subjects in its scope:

study the behaviour of the switching device and its influence on overvoltages

collect information about actual conditions

i

study influence on the switching overvoltages of the load and source side networks
- propose substitute laboratory circuits for carrying out small inductive current switching tests.

The WG 13.02 has prepared a report containing Chapters on switching of high—voltage motors, no-load
transformers, reactors and reactor-loaded transformers which have been published in Electra No. 72
to No. 138. Based on this IEC has issued the Technical Report IEC 1233 with test recommendations.

This brochure contains the Electra articles prepared by WG 13.02 and it aims at presenting the
theoretical background to IEC 1233. The test circuits and test procedures prescribed in the IEC report
differ somewhat from those proposed by 13.02. Since they are in principle equivalent, the |[EC proposals
have been adopted in this brochure. Also when new experience has been available, this brochure has
taken this into account.



Chapter 1.

INTRODUCTION

The switching operations taking ptace in a network are numerous and of different kinds. They occur with
manual switching during normal operation of the network as well as with autormatic switching upon earth
faults or short-circuits. Only a few of these switching operations cause high overvoltages.

The overvoltages arising from switching operations are not critical to a system as long as they do not
surpass or approach the switching impulse withstand voltage (SIWL) of the equipment in the system.
The critical value of the switching overvoltage thus depends on the SIWL which can be chosen from
several values (IEC Publication 71-1). This choice is of economic importance, as the price of high
voltage equipment is strongly influenced by the withstand voltage specified. This applies to the dielectric
strength against atmospheric overvoltages as well as against switching overvoltages. In overhead
systems where swilching overvoliages as well as lightning overvoltages occur, these relations are
interconnected. With medium voltages and particularly with motor insulation other considerations may
be involved. The art of insulation coordination is used to find the optimal solution between the different
overvoltage levels and the different withstand voltages of the equipment.

Usually the necessary dielectric strength of the equipment against atmospheric overvoltages, the
lightning impulse withstand voltage, is determined by the protection level of the overvoltage protective
device used. The protection level of the device is to a certain degree tied to the operating voitage of the
system. The lightning impulse withstand voltage of the equipment is related to the switching impulse
withstand voltage of the equipment.

So the choice of switching impulse withstand voltage also lies in a given range. If the switching
overvoltages to be expected in a system are higher than the withstand level of the equipment, they have
gither to be reduced by surge arresters or other protective devices to values below this level or their
development has to be limited to values below this level by modifying the switching operation (e.g. using
breaking resistors), or the switching impuise withstand level of equipment has to be raised. The last
method becomes very expensive especially at higher voltages. The first method, the reduction of
overvoltages by protective devices, cannot for the time being be applied at all places, at any time and
frequency. Thus the insulation coordination often requires that the switching overvoltages are kept below
a certain level by limiting their development.

The interruption of small inductive currents is one of the switching operations which may lead to
switching overvoltages. This operation takes place in switching off reactors, unloaded or reactor loaded
transformers and motors. The current interrupted is small compared to the normal fault current of the
system, it comprises the magnetizing current of fransformers, the nominal current of reactors and the
starting and the no-load current of motors. This operation is widely used at all voltage levels and can
therefore be of economic importance,



Chapter 2

DEFINITIONS AND PHYSICAL PHENOMENA AT INTERRUPTION
OF SMALL INDUCTIVE CURRENTS

2.1. General

The creation of overvoltages at switching of small inductive currents is complicated. It is not just the
sudden forcing of a current to zero thereby releasing the energy in the load inductance that is important.
The limited dielectric strength of the circuit-breaker contact gap, the ability of the circuit-breaker to
interrupt high-frequency currents, the transfer of transients between phases - all these factors play an
important role in the ultimate creation of the overvoltages. As a matter of fact even circuit-breakers with
practically no current chopping tendency rmay cizate dangerous overvoltages.

The aim of this chapter is to clarify the picture and describe in-some detail the physical phenomena
involved. The arc model presented cannot explain all observations in connection with current chopping,
but is regarded as the best available model. The behaviour of a multi-unit circuit-breaker is not fully
understood -two theories giving different results are presented. They may give an estimated range of
overvoitages for multi-unit circuit-breaker when the behaviour of one unit is known.

2.2. Definitions

For the purpose of this report the definitions of IEC 56 will apply. This holds in particular for the terms
IEC 56 number:

3.105.46: re-ignition

3.105.47: restrike

3.105.12: breaking capacity

3.105.19: short—circuit breaking capacity

3.105.18: short-circuit making capacity

3.105.48: normal current

3.105.23: recovery voltage

3.105.24: transient recovery voltage

3.105.25: prospective transient recovery voltage (of a circuit and with respect to circuit-breaker)
3.101.19: power factor {of a circuit).

As an exception 10 this the definition of the term "overvoltage" will be taken from |EC 71-1 (1976)
number 18 instead of {EC 56 number 3.101.13

The following additional definitions will apply in this report:

2.2.1. Inductive current: pewer—frequency current through a circuit-breaker drawn by an inductive
circuit having a power factor 0.5 or less.

2.2.2. Small inductive current: inductive current having a steady state value considerably less than
the rated short—circuit breaking current.

2.2.3. Arc instability: any abrupt change in the conductivity of the gas discharge between the
contacts of a circuit-breaker, occurring away from the natural zero in the cutrent ioop and
having its origin in the discharge characteristics and/or the quenching medium. (Arc instability
may appear as a discontinuity and/or a high-frequency oscillation in the voltage across and/or
in the current through the circuit-breaker).

2.24. |Instability osciilation: arc instability appearing in the discharge current as a high-frequency
oscillation with an increasing amplitude during at least a part of the oscillation.

11



2.2.5.

2.2.6.

2.2.7,

2.2.8.

2.2.9.

2.2.10.

2.2.11.

2.212.

2.2.13.

2.2.14.

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

True current chopping: current chopping originated by arc instability in the circuit-breaker
discharge.

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

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

Chopping level: maximum recorded value of the choppirg current due to true current chopping
in a specific circuit under rated voltage and normal operating ,D}d.

First parallel oscillation: osciliation occurring in the current through the circuit-breaker
immediately after a reignition and having its energy sources in the capacitances of the direct
vicinity of the circuit-breaker.

The frequency of the first parallel oscillation is in the Mhz-region. The discharge is a transient
to a new (quasi) steady state or a new current zero. The capacitances involved are the inherent
"stray" capacitances of the circuit~breaker pole and the few meters of conductors connected.
The first parallel oscillation can only deveiop when a rapid transition from zero current to a low
resistance gas discharge is possible and therefore often does not appear during a thermal
reignition but rather during a dielectric breakdown. If occurring, the oscillation may be strongly
damped by the transient discharge itself.

This oscillation can only be recorded by advanced measuring techniques but, due to a relatively
high first current peak, it may disturb the recording of the succeeding lower frequency
phenomena e.g. by zero line shifting in the cathode ray oscillograph.

Second parallel oscillation: oscillation in the current occurring after a reignition and having
its energy sources in the capacitances of the supply side and load side networks connected to
the circuit-breaker pole terminals.

The frequency of the second parallei osciliation is generally much iower than that of the first
parallel oscillation. But the lumped inductances of the main circuit, such as transformer, reactor
and generator coils, are not substantially involved in this phenomenon. This discharge has a
(quasi) steady state character.

Main circuit oscillation: oscillation induced by one or more arc voltage discontinuities or
reignitions and having its energy sources in the generators, capacitances and lumped
inductances of the supply side and load side networks.

The frequency of the main circuit oscillation is generally much lower than that of the second
parallel oscillation.

Note: Parallel oscillations and main circuit oscillation can be seen as current transients which
may successively follow after a breakdown in the period between current zero and a
new power-frequency current flow. The oscillations are often multi-frequency. They
often cause current zeros and may consequently originate virtual current chopping.

Supply side {or source side) oscillation: oscillation of the supply side part of the main circuit
after current chopping or natural current zero.

Load side oscillation: oscillation of the interrupted load side network after current chopping
or natural current zero.

12
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Figure 2.2.1 Definitions

2.2.15.

2.2.16

1 current through circuit-breaker

2 voltage across circuit-breaker (u,)

3 natural power frequency current zero

4 example of arc instability not leading to current chopping
5 example of arc instability leading to true current chopping
6 instability osciliation

7 chopping current ()

8 suppression peak

9 recovery peak

10 supply voitage

Suppression peak: maximum in the fransient voltage across the circuit-breaker, having the

same polarity as the previous arc voltage and occurring before definite polarity change of the
recovery voltage.

Recovery peak: maximum in the voltage across the circuit-breaker having a polarity opposite
to the previous arc voltage polarity and occurring after definite polarity change of the recovery
voltage,

Note: Suppression peak and recovery peak are not necessarily the absolute maxima in the

transient recovery voltage. Previous breakdowns may have appeared at higher voltage
values.



2.2.17. Voltage escalation: Increase in the amplitude of the prospective recovery voltage of the load
circuit, produced by the accumulation of energy due to repeated reignitions.

Figure 2.2.1 shows curfent and voltages at an interruption and illustrates the definitions.

2.3. Phenomena of current chopping
2.3.1. Introduction

At interruption of small inductive currents, practically all circuit-breaker types will force the current to
zero, "chop”, at a time other than the natural current zero. For vacuum circuit-breakers the chopping
is largely associated with instability of the last cathode spot, while for other circuit-breaker types, oil,
air-blast and SF,, current chopping is generally the result of an unstable interaction between the circuit-
breaker arc and the circuit.

natural current zero

FIGURE 2.3.1 Schematic diagram of current chopping
i, arc current
iy, chopping current
i, instability current

A typical current shape in this case is shown in Figure 2.3.1. From a certain current level i, an instability
oscillation develops, which leads to chopping at the (power frequency) current value i,,. The frequency
is usually so high (of the order of 100 kHz} and the amplitude of the oscillation rises so rapidly that the
chopping can be regarded as instantaneous.

2.3.2. Theoretical model

The interaction between network and interrupter arc which leads to instability and current chopping was
described by Rizk [1], who based his work on Mayr's arc model [2] and also on work by Weizel and
Rompe [3] and Noske [4). The simplified model according to Rizk is presented below as it seems to
explain the phenomena acceptably. More comprehensive theories exist, however [5], [6].

Assume a static characteristic of the circuit-breaker arc.

if = q (2.3.1)

where v, is the arc voltage, i, the arc current, a and n, constants. The equation applies for d.c. and also
for power—frequency current, while rapid current changes introduce deviations due to the thermal inertia
of the arc. After a small deviation a new stationary condition is assumed to be approached exponentially
with & time constant 6. For such small deviations the arc can be replaced by the equivalent circuit
shown in Figure 2.3.2.

Ra

va Figure 2.3.2
— & Arc characteristics and Rizk's equivalent circuit for
Yo f--~- ' ° small current deviations from steady state

t
1
1
1

'a
a
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In the equivalent circuit R, is the static arc resistance at the
current |, prior to the disturbance.

u
R = 2 2.3.2
a= T ( }

R, and L, are defined as

R, = % (2.3.3)

1+
z, = 2% (2.3.4)

l+a

When considering interruption of small inductive currents the simplified equivalent circuit shown in Fig.
2.3.3. used by Baltensperger [7], [8] may be applied as a first approximation,

L. C.B. Ly
S LLLE 1A u, = supply voltage (peak vaiue)
] ' L, = supply inductance
u ::C. Ct == .Lt L, = load inductance
C, = supply capacitance
suppl inducti C, = load capacitance
oY Lo yctive L, = stray inductance

FIGURE 2.3.3 Simplified single~-phase equivalent circuit

The inductances L and L, are large enough to prevent any rapid current changes, and therefore the
external circuit, which interacts with the arc resulting in chopping of the current, is approximately a
parallel capacitance C, equal to C_ and C, in series. In many cases C, is considerably larger than C,
making C approximately equal to C,.

Figure 2.3.4. shows the resulting circuit which determines the instability limit. The stray inductance L,
has been neglected.

T1.=_?..<o

f1= RGC:-D

FIGURE 2.3.4 Circuit for determination of the instability limits of the arc

The differentiai equation for the current i (= the deviation from the steady state arc current 1) in this
circuit is

2 ,

dl -+ (_}_+i)£ +(|_)20_i=0 (2.3-5)
de2 T, T, dt

15



with

2 R, +R; 1
T, = L/R;; T, =R.C: w5 = aRa loLaC (2.3.6)
The solution is
i(t) = fe t*cos(w ;t+) (2.3.7)
with
1/t = 2(1/1, + 1/1,); @, = (0% - 1/12) (2.3.8)
T= 3 T, /100 w; = (e T .3.

¢ is the phase angle and i is the current amplitude, both depending on initial conditions.

If 1/7, + 1/1, < 0, the damping factor 1/1 is negative. This means that a current amplitude will increase
¢R, > 6 (2.3.9)

with time instead of damp out. This is the case for
The angular frequency w, corresponding to the instability limit is found from 1/7 = 0, i.e. w; = ®, and with
the help of Egs. (2.3.6), (2.3.3) and (2.3.4).

w0, = Yo (2.3.10)

Thus, when interrupting a small inductive current, the circuit will become unstable when the arc
resistance has reached such a value that Eq. (2.3.9) is fulfiled. Equations (2.3.1) and (2.3.2) yield

R, = nI; Y (2.3.11)

Equations (2.3.9) and (2.3.11) together determine the current value i, at which the instability oscillation
will start. From test results so far published or otherwise known, it seems that in most cases the
instability oscillation develops so rapidiy that there are only moderate differences between the actual
values of i, and the chopping current i, For instance, it was found in [9] that the ratio i/iy, for an air-
blast circuit-breaker was in most cases between 1.4 and 1.0. The chopping current i, is thus
approximately

it o «nd (2.3.12)

Experiments, [1, 9...13], have shown that for both air-blast, oil and SF, circuit-breakers the chopping
current is approximately proportional to the square root of the capacitance C across the circuit-breaker
terminals provided that the stray inductance (L, in Figure 2.3.3) is low.

ich-‘/ﬁ (2.3.13)
With large values of L, there are indications that a finear relationship, i, ~ C, may be approached [9].
It may be seen from Eq. (2.3.12) that the theory is in accordance with the experimental results in the

special case of a = 1. This case was in fact suggested by Mayr [2]. With a = 1 Equation (2.3.12)
simplifies to

16



, c
i, = 19__ (2.3.14)

In addition to using the model described above it is possible, by means of computer, to simulate current
chopping by direct use of a dynamic arc model. Mayr's model [2] with constant arc parameters may be
used, but better resuits are obtained with an arc model with variable parameters [14]. With such a
model, used together with an appropriate circuit, instability oscillations and current chopping are
obtained which are in good accordance with real test recordings. Further experimental results, e.g. the
dependence of iy, on ¥C (Equation (2.3.13)) may also be reproduced [5].

The characteristic value i,/vC is called "the chopping number", A.
Typical vaiues of A = iy/vC for single unit circuit-breakers are (with iy In Amperes, C in Farads)

oil-minimum (7...10) x 1@*
SF, 4...17) x 10*!
air-blast (15..20) x 10*

Thus, with a load capacitance C = 10 nF, the mean values of the chopping currents of the various
circuit-breaker types will typically be from 4 to 20 A.

The behaviour of the vacuum circuit-breaker differs from the others in that the chopping occurs
instartaneously without any instability oscillations although other types of oscillation may sometimes be
observed [15, 16]. The chopping current is to a high degree determined by the contact material and is
typically 2...10 A for circuit-breakers and may be as low as 0.1 A for vacuum contactors. It is fairly
independent of the circuit parameters, but a slight increase with parallel capacitance has been observed
[17, 18].

2.3.3. Overvoltage generated

The current chopping results in overvoltages in the circuit. As long as the chopping level of the circuit-
breaker is higher than the peak value of the breaking current, the latter, of course, determines the
maximum current that can be chopped. When the peak value of the breaking current exceeds the
chopping level, the chopping current is fairly independent of the breaking current [19, 20].

The overvoltage factor of the inductive load in a single phase circuit is mainly determined by the
chopping current iy, the capacitance C, and inductance L, of the load.

Figure 2.3.5 b shows the most frequent case with current chopping before the natural current zero. The
voltage across the load increases to a first maximum, the suppression peak, with amplitude u,, and
thereafter oscillates with a frequency given by the circuit data (typically 0.5 to 10 kHz). The overvoltage
is caused by the release of the magnetic energy stored in the load inductance at the moment of current
chopping. It is usually fully justified to regard the current chopping as an instantaneous current step.
Only if the forcing to zero takes place during more than a quarter of a cycie of the natural frequency of
the load, will there be any noticeable decrease in overvoltage amplitude [21].

supply load ST FIGURE 2.35
= /\ Overvoltages at current chopping

a ~ equivalent circuit
b - chopping before natural current-zero

As the stored magnetic energy, e.g. in case of a no-load transformer, is not always fuily converted into
electrostatic energy it is convenient to introduce the magnetic efficiency, M., defined as the ratio
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between the magnetic energy gained from the load during demagnetization to the magnetic energy
applied during magnetization [22]. It must, however, be understood that n,, is not a constant but
depends in a complex way on the following factors [23]:

- non-linearity of the magnetic material
- degree of magnetization
- natural frequency of load circuit

With the definitions above the following relationship applies:

_;.'Ccum = %ctug + %Lciczhﬂm (2'3'15)

As the inductance L, the high-frequency inductance should, strictly, be used but several investigations
have shown that for reactors the high frequency inductance only differs from the power-frequency
inductance by a few percent. In caser where a true inductance.value does not exist, as for no-load
transformers, L, should be regarded as an equivalent inductance of the load, the value of which makes
1/2 L, equal to the energy applied during magnetization.

In Eq. (2.3.15) losses have not been taken into account. This is a considerable approximation but may,
however, be justified, as the influence on the peak value, u,, of the suppression peak can be assumed
to be fairly small. -

With
k, = = (2.3.16)
uo
k= —< (2.3.17)
u

where u, is the peak value of the power-frequency voltages. Equation (2.3.15) may be transformed to

I L
kakafz:"' (_L:)z.?z.nm (2.3.18)

If the current chopping occurs at a moment when the supply voltage is close to its maximum, which is
normally the case when critical cases are studied (chopping level is considerably lower than breaking
current peak value) and if further the arc voltage is neglected (which is almost always justifiable) then
u, is close to u, and k, = 1. Eq. (2.3.18) then simplifies to

i L
k= |1 cny2. Lt (2.3.19)
2 ‘J ¥ ( uo) ct.‘nm

The value of n, is close to unity in case of motors, reactors and reactor-loaded transformers, while
modern no-load transformers have n, of the order 0.2 to 0.5. This reduces considerably the
overvoltages at steady state magnetizing current chopping {23]. At interruption of magnetizing inrush
currents the value of n,, is larger and somewhat higher overvoltages may be generated.

Three phase loads make conditions more complicated. The following cases may be distinguished:

A Earthed neutral on the supply and load side with no mutual inductance between phases on the
load side. The above equations apply to each of the three phases in turn.

18



B. Earthed neutral on the supply and load side with mutual inductance between phases on the
load side. In this case power frequency voltage in the first and second phases to clear might
not be zero after interruption. Figure 2.3.6 shows an equivalent scheme which can be used in
this case, for each of the three phases in turn.

supply load +
. ® FIGURE 2.3.6
* I'§ Equivalent network to be used for
" Ceq Leq phases in case of loads with mutual
o u inductance between phases and/or
+ unearthed neutral
u
- _eq
earth

In Figure 2.3.6 u, is the remaining power frequency voltage inthe phase after interruption, while Leq
and C,, are equivalent inductance and capacitance values of that phase. u,, might be estimated from
the positive, negative and zero sequence impedances of the network, or determined from test
oscillograms. L., might also be approximated from

I, - |Uo B Ueql
& ol
where U, supply voltage phasor
Ueq  phasor of u™
| phase current before interruption
w power angular frequency

Cq, may be obtained from the oscillation of the load after interruption.

Figure 2.3.7 shows an example of interruption in a phase with remaining voltage, and also indicates how
the definitions of suppression peak voltage u,, and the initial voltage must be modified. Note that u,, the
momentary value of u,, at interruption, may be either positive or negative.

With the generalized definitions of u,, and u, (or k, and k) and by use of proper values of L and C,,
instead of L, and C, equations 2.3.15 and 2.3.18 may still be used, Since k, will no longer necessarily
be close to unity, equation 2.3.19, on the other hand, cannot be applied.

FIGURE 2.3.7
Example of interruption in phase with remaining voltage.

C. Unearthed neutral on the load side. The ioad will in principle behave as in case B and the same

equations apply. The last two phases will clear simuitaneously. If there is no mutual inductance
between phases, and the supply side neutral is earthed, U, of the first phase to clear will be

18



1/2 of the supply voltage and with reversed polarity. U, of the last two phases will be zero.
Therefore in the important case of an unearthed load with no mutual inductance between
phases L,, = 3/2 L, in the first phase to clear and Ly, = L, in each of the two other phases.

2.3.4. Multi-unit circuit-breakers

At constant breaking current and a fixed number of breaking units, the mean value i Of the chopping
current of a certain circuit-breaker is {except for vacuum circuit-breakers) more or less proportional to
the square root of the capacitance C seen from the circuit-breaker terminals. Two different theories of
the dependence on the chopping current of the number of breaking units are available [10, 11].

In [11] the arc losses of the individual breaking units are assumed to vary stochastically leading to the
following relationships

e i (2.3.20)
N 1/n-rC:r ‘[noCu
iC."é% = ( i’ﬂ;l )2 + I ic'Z% )2 _ ( i’m'n )2 (2-3.21)

n-C Vo cr n  /n-c- Jyn-c

where ' - chopping current, mean value
i com - chopping current, 2%-value
C, C' - capacitances
"em - chopping current, mean value
i"2e, ~ — chopping current, 2%-value

In [10] a different statistical approach is used, leading to a slower increase of iy, with n than given by
Eq.(2.3.20). This theory is based on the assumption that a multi-unit circuit-breaker will not be unstable
and chop the current until all units independently have become unstable, the instability limit of each unit
being a statistical variable. This assumption was confirmed by experience.

With this method the probability p* in the n"-unit case of obtaining a certain value of the ratio i,/vnC
or above is

D = {prynia (2.3.22)

where p' is the corresponding probability in the n'-unit case.

The nature of the interaction between series connected breaking units and the influence on the
chopping current is still not understood in detail. Further research is needed in this area, and the
equations given in this paragraph should be taken as guidelines only.

2.4. Virtual current chopping

Transient currents superimposed on the power-frequency current may cause the total current to pass
through zero. If this is experienced by a circuit-breaker the contacts of which are already under the
arcing conditions, the circuit~breaker may clear the circuit before the power-frequency current zero.
Some circuit-breakers have the ability to interrupt these very high rates of decrease of current. Such
a rapid interruption virtually appears to other parts of the circuit (particularly those not coupled to the
transient current) as if power-frequency current is chopped.

Note that with this type of "chopping" the current zero is not forced on the circuit by the instabilities of

arc as described in Chapter 2.3. Really, this is not the phenomenon of true chopping, it is rather a
normal interruption under fast transient conditions. However, the circuit transients which lead to such

20



an interruption may be typically originated by a reignition in another pole of the same circuit-breaker,
This kind of interruption, generally associated with three—phase circuits, is called virtus! current
chopping.

Of course, the principle, of the phenomena remains the same if the current zero is originated by
reignition in another or the same pole of the circuit-breaker. However, if the interruption is originated
by reignition in the same circuit-breaker pole, the phenomenon has a general tendency to be repetitive.
Several reignitions and clearances are normally experienced in fast sequence. Therefore such a
phenomenon, which is self-generating in a single-phase circuit, is known as repetitive reignitions. It is
treated separately in Clause 2.5. As opposed to the train of transients experienced during repetitive
reignitions, the virtual chopping can be a single "shot" phenomenon where the currents in all three
phases are interrupted simultaneously. Virtual chopping can be followed by repetitive reignitions. In fact
it can be the cause which would trigger a complicated sequence of events.

The basic phenomenon of virtual current choppire, can be briefly illustrated using a simplified circuit in
Fig. 2.4.1. Here a three-phase source of intemal emf E and impedance Z, supplies a load Z, via a
circuit-breaker. The diagram shsws also a capacitance to earth C, on the load side of the circuit-
breaker. This could be either the capacitance of the cable, or 4 surge capacitance for motor or
transformer protection, or only the stray capacitance of the load circuit.
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FIGURE 2.4.1 Simplified equivalent circuit of a motor or transformer installation

Let us assume that the three-phase load currents e I I @re being interrupted by the circuit-breaker
B and that the contacts in all three poles part at the time {, with respect to the current wave (see Fig.
2.4.2). The pole B, is the first pole to interrupt as it sees a current zero at time t,. The voltage across
its contacts begins to recover while the other poles are still arcing and waiting for their respective current
zeros. The pole B, may not be able to support its recovery voltage {e.g. due to short contact gap) and
a reignition can occur at the time t,.

This reignition will cause the capacitance C, 1o charge to the system voltage. The charging process
Causes a transient current i, to flow through the breaker pole B, the components of the reignition
current j, and i; will return through the poles B, and B, and some portion of the current will also flow
through the earth return. The sum of the reignition current and the load current may pass through zero,
e.g. as pictured at the time t, for the current in the phase c. The pole B, may clear the current at that
instant. This, from the viewpoint of the load, would look like chopping of the load current at jis
instantaneous value i,.. Should the load be inductive, the stored inductive energy may give rise either
to overvoitage by charging the capacitance C,. or to the process of repetitive reignitions as described
in Chapter 2.5.

It should be noted that the current zeros appear approximately at the same time in all the three poles
of the circuit-breaker, The circuit-breaker can actually clear the current in all the phases practically at
the same time. Therefore this phenomenon is sometimes also called "simultaneous interruption". Such
simultaneous interruption could give rise to a complicated sequence of voltage transients including
repetitive reignitions in all the three phases.
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FIGURE 2.4.2 Currents during interruption with virtual current chopping. (The dotted lines show
the circuit-breaker currents, if pole B, does not interrupt in the high—frequency current
zeroes.,)

It should be realized that the instantaneous value of the load current which is virtually chopped can be
much higher than the chopping leve! of the circuit-breaker. It would depend mainly on the amplitude
of the reignition current which in turn is given by the restriking voltage, the surge impedances at both
sides of the circuit-breaker, the mutual coupling between the phases and the mode of earthing. For
example, should there be a power factor compensation capacitor bank C on the bus bars of the source
side, the reignition current would be limited only by the short bus bars between C and C,. If the neutral
of the bank is unearthed, which is the usual case with medium voltage systems, half of the reignition
current would return through each of the other poles, thus determining the maximum possible value of
the virtually chopped current. For such a virtual chopping the circuit-breaker must have the capability
of clearing the high rate of fall of current to zero.

It should be noted that the virtual chopping in practical circuits is very limited. Not only the circuit
parameters have to be in a very limited range, but there are also very limiting constraints on the
moment of contact partition and the value of voltage at which the reignition occurs. For example, a
relatively high value of capacitance C, is needed to obtain sufficiently high reignition current for virtual
chopping. However, with the increase of the capacitance the frequency of the recovery voltage slows
down which in turn makes a reignition unlikely. Further the circuit-breaker must be abie to interrupt
high~frequency currents. Thus, from the practical viewpoint, the virtual chopping is limited only to some
specific circuits. It has been observed and reporied for vacuum switching devices when switching
medium voltage motors [24, 25) and arc furnace transformers [26], in both cases only within a certain
range of ratings. Various protective measures have been reported and can be applied, if desirabie.
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2.5 Reignitions
2.5.1. Introduction

After current interruption the voitage across the inductive load starts to oscillate, as described in 2.3.3.
If, during this oscillation, the momentary withstand voltage of the interrupter is exceeded, the circuit-
breaker reignites. A rapidly oscillating current will start to flow through the circuit-breaker, initiated by
the difference between the voltages of the source and the load side of the circuit. Such reignitions may
repeat several times.

The phenomena during reignitions can be illustrated from the simplified single phase equivalent circuit
diagram, Fig. 2.5.1, in which all network elements shown are regarded fumped and linear. Damping
elements are omitted for the sake of simplicity. However they are of basic importance for the
overvoltages actually obtained.

As shown in Fig. 2.5.1 the source-side as well as the load-side circuit is considered a parallel LC-
circuit. When no current flows through the circuit-breaker, i.e. after a current interruption with or without
chopping, the source-side and the load-side oscillate practicaily independently with oscillation
frequencies, respectively:

fo=—21  and £, = 1

2nI_C. 2n,/L,C,

In actual cases the oscillations are damped, the source-side oscillation due to a rather large value of
the resistance of the source network at high frequencies and the load-side oscillation due to losses of
the ioad.
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FIGURE 2.5.1 Simplified single-phase equivalent circuit dia;gram (in practical cases damping
should be considered)

The inductance L can be derived from the short—circuit current at the position of the circuit-breaker B,
and the load inductance L, from the load current. The capacitances C, and C, represent all distributed
capacitances to earth of the source and the load respectively.

In the direct vicinity of the circuit-breaker a circuit comprising a capacitance C,, and an inductance L,
exists C,, represents the inherent parallel-capacitance of the circuit-breaker plus the capacitance to
earth of both circuit-breaker terminals and the conductors connected. L, is the equivalent inductance
in the circuit of “first parallel oscillation®. It may physically be found in series with the circuit-breaker or
in series with grading capacitors parallel to the breaking units or may be a combination of both.

The connections between the source—side and the load-side circuit form a circuit with an equivalent
inductance L.
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Detailed investigations demand the C. - L, — B (circuit-breaker) circuit to be considered both when
current chopping occurs and immediately after reignitions [27]. To get an overall idea of the phenomena
during reignitions, however, the oscillation, denoted “first parallel oscillation”, in this circuit can be
disregarded. The first parallel oscillation has a very high frequency

1
fpl s —
2r/L,,Cp;
and the current through the circuit-breaker often becomes high too, > 100 A, so the current may cross

zero without causing the discharge in the circuit-breaker to cease.

Besides the *first parallel oscillation" a reignition in the circuit~breaker is followed by two kinds of
oscillation:

A “Second parallel oscillation" during which the voltage across the capacitances C. and C are
equalized and :
B. "Main circuit oscillation" during which the total circuit is involved.

Current interruption in the circuit-breaker may occur at natural zero-crossing during the second parallel
oscillation as well as the main circuit oscillation depending on the character of the circuit-breaker and
the current slope at zero-crossing. ‘

Although the different oscillations all start at the moment of the reignition it is appropriate to consider
each oscillation separately because the three oscillation-frequencies differ by at least one order of
magnitude,

One or more of the oscillations may be prevented from development. The second parallel oscillation,
for instance, can develop after the first parallet oscillation provided the conductivity of the discharge path
through the circuit-breaker remains sufficiently high. In the same way the main circuit oscillation can
develop only when current interruption does not take place during the second parallel oscillation.

Reignitions cause energy exchanges in the network. The energy content on the load-side of the circuit-
breaker is of special interest, because this energy is responsible for the prospective peak-voltage
across the capacitance C, i.e. the prospective peak-voltage to earth on the load-side of the circuit-
breaker after each interruption.

High overvoltages may occur in cases with consecutive reignitions where each reignition increases the
prospective peak-voltage of the load oscillation by increasing the stored energy. This situation is called
voltage escalation, and it may occur with circuit-breakers able to interrupt currents with high rate-of-
change at zero passage.

2.5.2. Single reignition

Apart from the first paraliel oscillation during which the capacitance C,, immediately after a reignition
is discharged through the circuit-breaker B, Figure 2.5.1, a potential difference u,(0) -u,(0) across the
circuit-breaker causes a second parallel oscillation to equalize these voltages. The flux-linkages in the
inductances L, and L, remain nearly constant and the oscillation-frequency therefore is

f — 1 CL‘ + CS
p2 2n\ L,C.C
b~s™~t

The current i,(t) of the second parallel oscillation is given as Eq. (2.5.1) in the Table 2.5.1 and its
general shape shown in Fig. 2.5.2a. i',(t) may be interrupted at a natural zero-crossing, but if no current
interruption takes place until the oscillation has damped out a common quasi-stationary voltage u(t)
across C, and C, results. u(t) is shown as Eq. (2.5.2) in Table 2.5.1.
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When the second parallel oscillation has ceased without current interruption the main circuit oscillation
develops. For this oscillation the complete network is involved. During the main circuit oscillation the
voltages across C, and C, are assumed equal, i.e. the arc-voltage in the circuit-breaker and the
inductance L, are disregarded. The oscillation-frequency.

f - 1 LS M LC
m " 2n L L. (C, + C,)

or

1 1
2m L(C, * ¢

m

if L is assumed negligible compared with L. The current i,(t) passing the circuit-breaker is given as Eq.
{2.5.3) in Table 2.5.1, and an examgle df its possible shape is shown in Figure 2.5.2b. Eq. (2.5.3) shows
that () does not always have a natural zero-crossing, for instance when C, » C. Under such
circumstances the discharge-current may continue until the main circuit oscillation has damped out and
renewed current chopping takes place,

Oscillations following a single reignition are indicated in Fig. 2.5.3 and Fig. 2.5.4. The figures are
examples only to illustrate the phenomena.

More thorough investigations are carried out in [27].

“ii)(t)

e
:%?D

a

FIGURE 2.5.2 a) General shape of I'y(®
b) Possible shape of i,(t} with no zero crossing.

In Figure 2.5.3 a reignition takes place near the recovery peak. Only the second parallel oscillation is
shown. The current i,(t) is assumed to have several zero crossings in which interruption may occur
before the transient oscillation has damped out. if no interruptions take place (as assumed in the figure)
further zero crossings may occur if a main circuit oscillation {(not shown in the figure) of sufficient
amplitude develops.

In Figure 2.5.4 a reignition takes place near the suppression peak. The current i,(t) has a start in the
opposite direction compared with Figure 2.5.3 and zero crossing during the transient osciflations must
follow. i, is usually close to zero at the moment of reignition and only a very small part of i,(f) flows
through L. No high overvoltages result in this case.

An example of reignitions even before the suppression peak is shown in Figure 2.5.5. Current flow
following the reignitions is not assumed.
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FIGURE 2.5.3 Reignition near recovery peak leading to new current loop.

FIGURE 25.4 Reignition near
suppression peak leading to new
current loop.
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2.5.3. Repeated reignitions - Voltage escalation

As previously indicated several reignitions may occur before final arc—-extinction. Each reignition follows
the pattern mentioned in 2.5.2. but the initial conditions in the network and in the circuit-breaker differ
from one reignition to the next.

The energy content on the load-side of the circuit-breaker changes during a reignition and thus the

total energy W, left on the load-side when the restriking current interrupts differs from the energy just
before the reignition.

FIGURE 2.5.,5 Reignitions before suppression
| peak not leading to new current flow.

The prospective peak-voltage across C; when the load-side oscillates freely is proportional to YW, and
appears at the times when W, is fully converted into electrostatic energy. Reignitions, however, may
prevent the prospective peak-voltage from being attained. If repetitive reignitions cause increased W,
and consequently increased prospective peak-voltage the phenomenon is denoted voltage—escalation
and is observed as an increase of the rate-of-rise in the voltage across C, following each arc-
extinction. The voltage-escalation must not be confused with the increase in the actual voltage across
C, just before each consecutive reignition (the reignition voltage) which is solely due to the increase in
the dielectric recovery strength across the contacts in the circuit- breaker.

Voltage escalation is often observed during interrupting procedures especially when arc—-extinction takes

place at the first current zero of the second parallel oscillation, and the phenomenon is not related to
current chopping.

In Figure 2.5.6 an example is shown just to illustrate the phenomenon. It is based on the equivalent
circuit diagram Figure 2.5.1. Figure 2.5.6 shows the voltage u, across C,, the curreni i, and the current
iy, through the circuit-breaker after a current chopping at t = 0 followed by two consecutive reignitions.
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The existence of voltage escalation could also be defined DY lomax > iymax @S this means increasing
energy W,, where i, is the maximum value of the load oscillation current before the first reignition and
iomay the maximum value after the first reignition.

1 | i |

FIGURE 2.5.6 Interruption with two reignitions and voltage escalation.
Note: i, and i, are not drawn to the same scale.

2.5.4. Energy exchange

The total energy content on the load-side of the circuit-breaker immediately following an interruption
can be expressed as W, = W,,,,, + Wimagn With W, ., and W, as given in Eq. (2.5.4), Table 2.5.1. If
damping is neglected W, remains constant until reignition, but the oscillation with the frequency f, causes
alternation between the electromagnetic energy W, ragn @nd the electrostatic energy W, s

When reignitions take place energy exchange with the supply-side starts following the pattern
mentioned in 2.5.1.

During the first paralief oscillation only the electrostatic energy in C.1 is released and energy exchange
between the load-side and the source-side does not take place.

During the second paralle] oscillation the flux linkages in L, and L, are assumed constant and energy
exchange takes place only between C, and C..
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During the main circuit oscillation all network elements are involved and the energy exchange, therefore,
comprises both electromagnetic and electrostatic energy.

The energy stored in the load-side after interruption of the restriking current normally differs from the
energy stored just before the reignition. If the energy steadily increases voltage escalation is present
as mentioned in Sub-clause 2.5.3. The risk of voltage escalation occurring increases when the ratio
between the capacitances C. and C, is large.

TABLE 2.5.1

Eq. No.

{(2.5.1)

' r
c.C - C,if0) + C i (0) T
i = [u_{0} —u, (6)] — T sincwpz ¢ +—”—“——[l e T cos wpal ]
L, (C. +CY) C,+C,

u. (@) ,u, (o) ,i (o) etjand 1, (¢) selon la figure 2.5.1 au moment du réallumage —

' according to Figure 2.51 at the moment of reignition.
T = constante de temps cotrespondant a 'amortissement téel — fime constant for the actual damping.
wpy = 2 ﬂsz

(2.5.2) L U@ Gt u0C, lige) — i ()1
u(r') = +
Cs +C, Cs +C,

(2.5.3) . Uy Uy—~ulth) c,
ip(f) = — +
L, Low,, C, + C,

$in w,, t + i (o) +

fig (0) i, (6} cos Wy t
§ r
Up, = Tension de la source {supposée constante) — supply voltage (assumed constant)
wy = 2uf, Remarque : on a négligé I'amortissement
Note : Damping is neglecred

(2.5.4) W = W

f,sta
r r
Wy srar = 1124} (0)? C, Energie électrostatique — electrostatic energy

t + wr,magn
Wr’magn =124, (02 L ; Energie électromagnétique — electromagnetic energy

u ; (o) = tension aux bornes de c, au moment de Uinterruption du  af rmoments of current interruption
{ 'r(o) = courant traversant L, courant dans le disjoncteur B in the circuit-breaker B

2.5.5. Influence of network and circuit-breaker parameters

The network parameters and the circuit-breaker characteristics influence the interrupting procedure in
a very complicated manner. For that reason it is only possible to give some general tendencies to
iliustrate the significance of parameter-variations.

In Table 2.5.2 the ranges of the frequencies involved are stated. For the circuit elements L, C; and
L, the following representative values are assumed:

Lo = 2...10 uH
Co =~ 100..50000 pF
L, = 0.1..1 mH

The supply-side inductance L, is normally small compared with the load-inductance L. At the same
time the capacitance C, on the supply—side most often is large in comparison with the load-side
capacitance C,. The voitage on the supply-side of the circuit-breaker is, therefore, nearly unaffected
by the transient phenomena during the interruption.

Frequency Frequency range
s 1...... 20 kHz TABLE 25.2,
fr 05.... 5 MHz* Frequencies during reignitions.
First parallel osc., fpi I.o.. .. 10 MHz.
Second parallet osc., fpz T2 00 ... 500 kHz
Main circuit osc., jf,., 5...... 20 kHz

{*) This phenomenon may be gperiodic e.g. in case of no-
load transformer switching. i
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The actual large ratio between C, and C, means that

a) the voltage u, across C,, during the second parallel oscillation, oscillates around the voltage
across C, just before the reignition.

b) the current slope at zero~-crossing during the second paraliel oscillation is determined by C, and
L, rather than C,.

c) the main circuit oscillation current i(t) often has no zero-crossing

High overvoltage and a great number of reignitions are to be expected if the circuit-breaker has a high
ability to extinguish the arc-current during or even before the second paraliel cscillation. This tendency
is especially pronounced at negligible damping in the second parallel oscillation. Damping, including
surge impedances of cable-sections acting as resistances, has crucial influence en the conditions, but
not necessarily in a simple way, because damping decreases the current slope at zero—crossing, which
means that the current interruption tis facilitated. A reduction-of the overvoltages, however, is a
consequence, )

Increasing C, reduces the second parallel frequency f,, and the load-side frequency f. The number of
reignitions and the resulting overvoltages may decrease, but, as shown in 2.3, the chopping current
depends on the actual size of C, resulting in chopping overvoltages that are more or less independent
of the C,~value for most circuit-breaker types.

2.6. Interaction between phases

In a 3—phase network the phenomena may be much more complicated than in a single-phase case due
to the interaction between the phases [28, 31]. Only in rare cases where the interphase coupling is
nagligible, the three phases may be treated separately. The interphase coupling, that may be magnetic
or capacitive or a combination of both, may result in two different classes of phenomena:

A - Cases where the interruption process in one phase is influenced by events in another phase, i.e.

(i} induced current chopping
(ii} induced reignition

B - Cases where the overvoitages in one phase are influenced by events in another phase without
further reignitions. The energy transfer may be due to;

(i} chopping overvoltages
(iiy reignition transients

The different cases will be described in the following sections.
2.6.1. Induced current chopping

An interruption of the current before the power frequency current zero may be caused by transients
induced from other phases. The induced high frequency current creates a current zero in which
interruption takes place. Virtual current chopping described in 2.4 is a specific example of induced
current chopping where the current zero is induced by a restrike in another pole.

2.6.2. Induced reignitions

Any transfer of energy from one phase to another after interruption may lead to increased voltages
across an open breaker pole. This may result in a reignition of that pole, and the whole interruption
process could be drastically changed. It is, however, more or less impossible to analyze this case. It
is further of statistical nature. It is therefore regarded sufficient to limit the discussion to the first step -
induced overvoltages due to interphase coupling.
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2.6.3. Induced overvoltages due to switching in other phases

The induced overvoltages could be fransferred by magnetic and/or capacitive coupling. The kind of
coupling may have ditferent importance depending on the nature of the transient. Normally the chopping
overvoltage (with load-side oscillation frequency = 0.5 - 5 Khz) of one phase is transferred to the other
phases mainly by magnetic coupling.

The first steep transient at reignition is normally transferred to the other phases by capacitive coupling
but magnetic coupling may "take over' iater.

Besides these obvious transient effects another type of energy transfer can be observed during the load
side oscillation after the successful inferruption of at least two phases.

2.6.3.1. Transfer of chopping overvoltages

The chopping in one phase can produce an overvoltage by coupling 1o another phase that has already
cleared. The transferred overvoltage is superimposed on the voltage of the phase which has cieared.
The magnitude of the transferred overvoltages depends on the type of circuit, the kind of interphase
coupiing, the relative clearing times and the chopping level of the breaker. Especially in circuits with
strong magnetic coupling considerable transfer of energy can be observed. E.g., switching on the HV
side of a transformer loaded with a tertiary connected reactor has resulted in coupled overvoltages in
the first phase-to-clear, exceeding its own chopping overvoltages, when the last phase clears [29],
even in the case of single phase units {20).

Also when switching a directly connected reactor with 3-legged core a considerable energy transfer is

observed. Figure 2.6.1 shows the load side oscillations when switching a 132 kV, 55 MVAr 3-legged
reactor. See further Chapter 4.

Red phase

Phase to earth voltage

Yellow phase

Phase to earth voltage

Blue phase

Phase to earth veltage

FIGURE 2.6.1 Load side voltages at switching a 35 MVAr, 132 KV, reactar,
Besides the possibility to create virtual current chopping a reignition in one phase may induce

overvoltages in other phases which may be superimposed to prevailing voltages and thus give rise to
a considerable enhancement of the overvoltage amplitude. The steep voltage wave created at a
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reignition is primarily transferred to the other phases by capacitive coupling. The process may be
ilustrated by an oscillogram from [29] shown in Figure 2.6.2. Field tests have given similar results when
switching a transformer with a reactor loaded tertiary. See further Chapter 6.

Upper beam -~ second pole-to-clear
1 div. = 1.35 p.u.

Lower beam - last pole-to-clear with
reignition

1 div. = 1.35 p.u.

Timebase = 1 ms/div.

FIGURE 2.6.2 Interphase coupling effects following a circuit-breaker reignition (30 MVAr ioad,
TNA study).

. // 1 lll[l' o AWM

N_/ | FIGURE 2.6.3.

Switching a 200 MVAr, 420 kV reactor.
Load side voltage of last
phase-to-clear

2.6.4. Transfer during load side oscillation

During the load side oscillations after the interruption an energy transfer can take place that results in
higher overvoitages than determined by the chopping level. In Figure 2.6.1 such energy transfer
obviously takes place in the interval when two of the phases have cleared. In Figure 2.6.3 an
oscillogram from a field test with switching of a 420 kV, 200 Mvar reactor of the 5-legged core type
shows energy transfer that leads to some enhancement of the load oscillation amplitude in the last
phase-to-clear [30]. The first phase-to-clear shows a uniformly decaying oscillation amplitude, but as
soon as the second phase clears the energy transfer starts. See further Chapter 4.
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Chapter 3:

HIGH-VOLTAGE MOTORS

The Electra Report was published in two parts — Chapter 3A and 3B, where 3B contained mainly
enlargements and a few amendments. They are merged in this brochure,

3.1. High-voltage motor and equivalent circuit
3.1.1. General

Normal high-voltage a.c. motors cover the ranges 2 kV...14 kV,
100 KW...40 MW. The motors are clagsified to following types: -«

- Asynchronous squirrel-cage molors, direct starting. 1., = 6...7 x rated current of the motor,
cosg = 0.15,..0.20, Large motors {i.e. > 10 MW) may be started with special means to reduce
the current, if it is necessary due to the characteristics of the supply.

- Asynchronous slip-ring motors, I, < 8 x |, The actual value of the current may be chosen
according to the requirements.

- Synchronous motors. Motors are often started by means of a squirrel-cage rotor, 1, = 3...5
X | zeer €OS = 0.25...0.30. Large motors (i.e. > 5 MW) are often started by means of a start—
transformer to reduce the current.

There is a trend towards more common use of direct starting at the higher motor ratings.

From the circuit-breaker point of view the direct started asynchronous motor is the most important

category. These motors are numerous. Also most measured overvoltages are observed when breaking

the starting current of asynchronous motors.

in normal motor applications the supply is strong enough so that its short circuit impedance has no

influence on the phenomena during the switching-off. The voltage drop in the supply circuit is normally

lower than 10 % during the starting period.

Other supply side conditions may have a considerable influence on the overvoltage generation such as
long cables, power factor compensation capacitors.

The cable between the circuit-breaker and the motor has a great influence on the natural frequency of
the circuit and on travelling waves. Cable lengths vary very much in practical situations, the range being
from a few meters to 1 000 meters. For high~frequency oscillations the distances from the circuit-
breaker to the first discontinuities are important as well as the nature of the discontinuities, especially
their capacitances, Therefore, it is difficuit to chose a typical situation,

3.1.2. Equivalent circuit of motor during current interruption and generation of overvoltages

Breaking of the starting current and breaking of the current of a running motor, loaded of unloaded, are
typical duties for circuit-breakers as motor—starters.

The characteristic features of these duties are;
1) Starting current

- high current (I = 6...7 x motar rated current)
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- low power factor {cos p = 0.1...0.2)

- infrequent operation

- due to the higher interrupted current the chopping current can attain high values

- the arcing time for some switching devices may be longer than when the motor is running

- according to practical experience the overvoltages when breaking the starting current are
usually higher than when no-load or load-current is to be broken. In addition to possible higher
chopping currents this is caused also by reignitions, which usually are much more numerous
when starting current is interrupted.

2} No-load current

- the no-load current of a small HV motor may be lower than the chopping current level of the
circuit—breaker

- the power~frequency recovery-voltage is very small compared to the case of breaking the
starting current. As the rotor is running a valtage is induced in the stator with a frequency equal
to the power frequency during the first periods.

- reignitions are not likely as the recovery voltage is low

- low power factor (cos ¢ = 0.1).

3} Load current

- high power factor (cos ¢ = 0.9)
- power—frequency recovery voltage is low
- low overvoltages, no reignitions.

Switching off a running motor is important when the mechanical and electrical wear of the circuit-
breaker is discussed, because the number of these operations may be high. As regards overvoltages
and breaking capacity, the interruption of the starting current is usually the more severe operation.

For ail breaking operations the same equivalent circuit applies, see Figure 3.1.1. Typical oscillograms
are shown in Figure 3.1.2. At the moment when current chopping occurs the currents and voltage in the
motor are as shown in Figure 3.1.1.

le(5 mL26 R2
% p S | 1 i L S
— —_
~ 1 1 -~
c AY 1 2 \\ R 1-5
—_— w =
m u ) Lh ; y s Rz
1 - 10 " - <
1 1

FIGURE 3.1.1 Single phase equivalent circuit of an asynchronous motor.
All impedances are transferred to the stator side of the motor.

0

3

Cabie capacitance plus effective earth capacitance at the motor terminal.
Stator leakage inductance.

Rotor leakage inductance referred to the primary.

Rotor resistance referred to the primary.

Slip

Main inductance.

Resistance equivalent to the power of the motor.

Voltage at the motor terminal (at the moment of current chopping u = u,).

[

I

Vo

iy,i, and i,
i"and "

Currents at the moment of current chopping (referred to the primary).
Transient currents following the current chopping.
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FIGURE 3.1.2 Typical oscillograms.
i, = chopping current.

ch

a) Switching off a running motor at no-load. A power frequency voltage is included in
the stator and the over-voltage U, is usually low due to the low chopping current

limited by the iow peak current.

b) Breaking of the starting current. The over-voltage may be high due 1o the possible

higher chopping current.

If damping is neglected the currents i* and i" are calculated as

i’ = ijcosvt + u.C,vsinvt (3.1.1)
i 1 ! 1 . ,
17 = - i, * 1,
1 4 L2 1+ L (3.1.2)
h h
where
1+£2..6_
v = LhL —— 1 (3.1.3)
Cm[L16+L25+ 148 26] -‘f C\:m]Lla""Lzb
Ly
In fact i' is damped out quickly, and from Eq. (3.1.2.) it appears that i* will reach the value
c!’ l v "
1" s m— i 41
oL T (3.1.4)
Lp

At the moment of current chopping the current through the main inductance L, is

i = iy — iy

If a running motor is switched off the main flux when i disappears has approximately the same value

as the value at the moment of current chopping.
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This flux is damped with a time constant

L, +
e Ln* Las
K, + Ry

and because the rotor is still running a voltage is induced in the stator with a frequency determined by
the running speed, that is a frequency equal to the power frequency during the first periods but
decreasing due to damping in the mechanical system.

If the motor is switched off during the start (s = 1) the starting current is high and has a low power
factor because the resistance on the rotor side is low and the current is determined approximately by
L,s and L, only. After the damping of ' no voltage is induced in the stator because there is no main flux.

The magnetic energy at the moment of current ~hopping is

Wp = 2 [2y3f + L, (3 - )%+ Lyif] (3.1.5)

When i’ has disappeared the magnetic energy is

Wf,{=%(Lh+Lza)i”2 (3.1.6)

The difference gwm =W_' - W_" is available for overvoltages

L,L , .
Wo = o (Lyg + By i 2Ly + Lyy) i (3.1.7)

Ly + Ly

The peak value of the voltage u in Figure 3.1.1 may be calculated from the Eq. (3.1.8), when damping
is disregarded.

um=\[uf. + (12,2 (3.1.8)

where U_ is the voltage before current chopping, i, the chopping current, and

L
Z, = .|==
m Cm

Ly = Lyy + Ly

The limitation of voltages by the dielectric strength of the circuit-breaker is not taken into account. Also

such high-frequency phenomena, which would require the use of distributed parameters and travelling
waves are disregarded.

The frequency of the oscillation is nearly the same both when the starting current and when the current
of a running motor is interrupted.

F= 1 1 (3.1.9)
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3.1.3. Switching-on (energizing) of a motor
Overvoltage problems may arise also when energizing a motor.

in the first pole to close (or prestrike) the surge wave injected into the motor may approach the peak
value of the phase-to-neutral voltage at least if the source is rigid (large capacitor or many cables
connected). As the motor normally is cable connected the surge wave may then be almost doubled
because of the reflections at the motor terminal.

The voltage appearing at the motor terminals, u,,, will be
u, = u 2Z;
m & Zc + Zi

where u, = incident surge amplitude
Z. = surge impedance of the cable
Z, = surge impedance of the motor {see 3.2.3)

Typical values are:

Z, =05 .. 8 k2 (Table 3.2.2 and Figure 3.2.1)
Z.=20..500Q

giving u, = 2 u,.
Due to damping and other effects the actual values are lower. Typical measured surge enhancement
factors are 1.5 ... 1.8 times the prestrike voltage [28].

The three phases are usually not energized simultaneously, but a certain spread in time (up to a few
milliseconds) will exist due to differences in the contact travel or prestrike conditions. The surge from
the first pole to close will cause an oscillation in the motor winding and the open ends of the windings
of the other two phases will also show an oscillating voltage. Assuming that the first pole prestrikes at
maximum voltage across the contacts, the peak voltage across the second and third poies of the switch
may approach a value of 2.0 ... 2.3 (= 0.5 + 1.5 ... 1.8) times the peak phase-to-neutral voltage
(28, 39]. If any of those poles then close or prestrike, a surge wave of the same magnitude will be
injected. Also this wave may be enhanced by reflections at the motor terminal by a factor 1.5 ... 1.8
theoretically resuiting in a maximum swing of 3.0 ... 4.1 p.u.

Note. Theoretically a somewhat larger swing can appear if the first pole closes or prestrikes 30
electrical degrees after the peak voltage [29], but the probability of this may be regarded as low.

In the calculations it has been assumed that the motor is energized at stand-still. Theoretically still
higher transients can be achieved if the motor is running close to full speed. Out-of-phase conditions
may then occur. This case may appear when switching from one source to another or at a reclosing
after a temporary fault on the feeder.

Switches that are able to interrupt high frequency currents (e.g. vacuum circuit-breakers, vacuum
contactors) may sometimes cause repetitive high frequency transients due to reignitions at switching-on.
The phenomenon is equivalent with the voltage escalation described in Chapter 2, Clause 2.5.3 but will
usually not resuit in escalation since the amplitude of the transient normally is limited by the breakdown
of the contact gap that is continuously decreasing contrary to the increasing gap at interruption.
However, due to the spread in dielectric strength it is possible for the prestrike magnitudes to attain
values higher than the initial gap breakdown voltage [25, 26, 40]. E.g. whiskers on the contact surface
may cause a breakdown after which the breakdown voltage may be increased as the whiskers are
burned off. Figure 3.1.3 shows increasing prestrike voltages during the five first breakdowns indicating
voltage conditioning (whisker burn-off?).

Contact speed and contact material have great influence on prestrike behaviour of vacuum swiiches.
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Figure 3.1.3

Example of voltage escalation during
switching-on of a 185 kW, 6.6 kV motor
with a vacuum breaker [39].

Vi, Vp and V,, are the phase-to-earth
voltages at the terminal of the breaker.

The amplitude and rate-of-rise of the overvoltages at switehing—on are influenced by the surge
characteristics of the motor, the connecting cable and the supply network, while the type of switch
seems to have no influence on normal prestrikes (without repetitive reignitions) [57].

The time to peak of the overvoltages has been shown to increase slightly with the length of the cable
between the switch and the motor [24, 52] while the initial rate-of-rise is unaffected by the cabie length.
Belted cables seem to give higher rate-of-rise than coaxial type [52].

A high surge impedance of the supply reduces the amplitude (and rate-of-rise) of the surge, while
lumped source side capacitances ciose to the switch (e.g. compensation capacitors or a large number
of cables connected to the supply bus) enhances the overvoltages.

Peak-to-peak voltage excursions up to 15 kV (3 p.u.) in 0.5 us have been measured at switching-on
of 6 kV motors according 10 reference [6]. Transients of up to 3.5 p.u. with front times as short as 0.2
s are mentioned in reference [43]. In reference [57] a switching—on of a 5400 kW, 11 kV motor is
presented that illustrates the enhanced transient in the second or third pole to close, due to the
oscillations excited when the first pole closes. See Figure 3.1.4.

1 p.u
Ve
1 Pau.
=9 kv
Vy
'y
VB 1 p.u.
2.7 = 3.4 pau.
PeU. = 30 kv
24 kv

; [ |
200 us ‘
FIGURE 3.1.4 Switching-on of a 5 400 kW, 11 kV synchroncus motor, with an SF, contactor.
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A peak-to-peak excursion of at least 3.4 p.u. is shown (probably closer to 4 p.u. since the maximum
overswing may not have been sampied}.

Repetitive prestrike transients, in the worst case, can be considered to involve 20 to 30 major strikes,
with swings occasionally above 3.0 per unit and rise times of 0.2 to 1.0 us [26, 39).

When conditions for enhanced prestrike transients due to voltage escalation exist, then similar
overvoltage enhancing phenomena may occur at interruption of motor starting currents. Precautions
taken to prevent motor damages at interruption are also effective at switching-on.

It should be noted that motor failures observed at switching-on also may be the result of an insulation
damage caused by overvoltages at a preceding interruption. However, there are several evidences that
switching-on operations have caused motor failures [39, 43].

When interruptions of starting currents and stalled motors are avoided, the closing transients will
represent the most severe case for the motor. Frequent operations will produce transients at switching-
on that may give a stalistical risk of excessive overvoltages a&welt as successive degrading of the
insulation eventually leading to breakdown.

3.2. RANGES OF PARAMETERS

In the following a summary of published information about typical parameters when breaking the current
of asynchronous motors is given. Parameters may be classified in three categories.

3.2.1. Power frequency characteristics of motor

voltage 2 kV...14 kv

power 100 kW...40MW

starting current 6...7 x motor rated current
no~load current = 0.3 x motor rated current
cos ¢ of the starting current 0.1..0.2

cos g of the no-load current = 0.1

cos o of the Ioad current 0.7...0.9

3.2.2. Parameters associated with natural frequency of motor

A summary of measured values available is shown in Table 3.2.1. Unless the cables are very long the
range of the frequency is 2...20 kHz. The highest values are observed for lower rated voltages. The
amplitude factor y is approximately 1.8.

Because of the relatively small capacitance of the motors, very short cables between the motor and the
circuit-breaker have a great infiuence on the frequency of the transients.

3.2.3. Parameters associated with steep waves
The surge impedances and travelling times are essential for high frequency phenomena.

The surge impedance of the motor is calculated using the equation

where

L, stray inductance of the winding
C, capacitance to earth of slot portion of the winding
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TABLE 3.2.1
The natural frequency of H.V. asynchronous motors

Capacité phase-
terre du cible

Fréquence naturelle
Naturat frequency

Tension Puissance Intensité de entre le disjone- Longueur kHz
nominale nominale démarrage teur et le moteur du cible o - . P -
Rated Rated Starting Phasc-carth capa- Length of 1 'P°l° qui |2 f“ ‘3 P°'=t5 Référence
voltage power current citance of the cable |  the cable s ouvre qui souveen
berween the circuit- Ist pole 2nd and 3rd
br. and motor ta clear poles to clear
kV kW A ulF m
3 110 0 15 {21
515 2
155 0 22 i3]
0.01 10
3 160 240 56 1.6 8.6 4]
110 133...140 551 21
110 140...164 165 4.3 4.4
92 145...158 470 2.3 23
4 100 ; 240 4...10 (5]
6 175 130 0.02 70 3 161
210 100 0 11
0.02 70 3
g.16 350 1
6 310 180 0.005 10 5 6 (6]
G.14 300 1 2
6 370 i) 10 [3)
0.01 6.6
0.1 23
6 520 240 ] 0 10 13 [6}
0.02 70 5 5
0.11 250 2.3 2...3
0.16 350 2 2
& 250 138...151 340 16,..1.7 1.5 14]
210 141...151 120 23 2.13
2500
915 43 7.0 8.7
synchron.
7 150 100 0 10 13 {6l
0.005 10 5 6
0.140 300 ] 1
7 100 ; 240 2.5 (5]
7
7 40...2000 not known 24 (71
12 80...4 000 non conmu 24
7 100...1 000 no cables 4...10 (8]
12 100...1 000 pas de cdblcs 4...10

Here the subindex "i* means "input' to emphasize that for high-frequency phenomena only the part of
the winding near the terminal has an influence. Z, is in principle not the same as Z. in clause 3.1.2. It
is important to note that Z is much higher than the surge impedance of the cable. The absolute
magnitude of Z, is not very important, the motor acts nearly as an open circuit for incoming steep waves.
It seems also that measured values of Z and Z,, do not differ much from each other, see 2, 9. A
summary of surge impedance values is given in Table 3.2.2 and in Figure 3.2.1 [9].
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TABLE 3.2.2
Typical ranges of surge impedance 2, 9]

Puissance nominale du moteur Tension du motaur Impédance de choc (Z,,.}
Motor rating Motor valtage Surge impedance (Z,,,)

kW kv k§
100 3 2...4
(3 3...8
1000 3 0.5...1
6 0.9...2

10 3

10000 + below 3 kV

z; ] A3/3 3RV
Q6/6.6 kv
{J 10 kV and above

+ < 3Ikv

A 3/3.3kV
0 6/6. 6 kV
o 1JkVer +

1000

100 \‘Q

10 ' oMva
0,01 0.1 1.0 s 10, 0 VkV

"oy
FIGURE 3.2.1 Surge impedance of rotating machines [9]
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3.3. Interaction with circuit-breaker

The theory of different interactions with the circuit-breaker and the motor is the same as for all other
cases of small inductive current switching, see Chapter 2.

3.4, Limitation of overvoltages and steep wave fronts

A low chopping current is most important, when low overvoltages are aimed at. The peak value of
overvoltages may sometimes be limited by the low rate-of-rise of the dielectric strength of the circuit-
breaker. However, in certain circumstances this may cause voltage escalation (Chapter 2, clause 2.5.3).
The rate-of-rise of the incoming waves depends mainly on the following factors:

- system voltage

- characteristics of the cables {the lengtih and surge impedance)
- lumped capacitances in the network

- reignition characteristics of the circuit-breaker.

The overvoltages may stress the motor insulation in two manners, the peak voltage stresses the phase-
to—earth insulation, the steepness of the voitage wave may stress the insulation between turns. In
general the following means of protection exist:

1) Surge capaciiors connected phase-to-earth at the motor terminals mainly to control the steepness
of the overvoltages.

2) Surge arresters of conventional or MO-type connected phase-to-earth to limit the phase-to-earth
overvoltages. Some types may not fully protect the motor against steep waves [10, 21].

3) Both surge capacitors and surge arresters at the motor terminals may be necessary for complete
overvoftages protection [18] including lightning overvoltages.

4) RC-circuit connected phase-to-earth [11] (typically 100 €, 0.1...0.2 uF) either
a) at the circuit-breaker
b) at the motor terminals

5} The circuit-breaker is equipped with breaking resistors typically some 100 2 or non-linear resistance
inserted by interruption in the main break for 20...30 ms [12].

6) Saturating series reactor at the circuit-breaker terminals [21].

7) An RC—circuit with the resistor parallelled by a MO-varistor (ZORK-suppressor)[40, 57] connected:
a) at the motor terminais
b) at the circuit-breaker if the cable is short(< 15 m)[40].

To get an idea of typical overvoliages when switching off a motor, a summary of values is given in Table
3.4.1,

Figures 3.4.1 and 3.4.2 [6] are based on 500 tests with a 12 kV oil-minimum circuit-breaker, when
interrupting motor starting currents. They show the general tendency, i.e. that the highest overvoltages
are observed when the motor is relatively small and the cable length is about 100 m. For other circuit-
breakers different curves may be obtained.
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FIGURE 3.4.1 Phase-to-earth overvoltage when interrupting motor starting currents.
Ue overvoltage

k., overvoltage factor referred to the peak value of the rated motor phase-to-earth
voltage (v2/3 x 6 kv)

10, 70 and 300 are cable lengths in meters {from circuit—breaker to motors)

a) 98 % (50%+ 20) probability vaiues.
b) Mean values

“LF K
PP

V)

50 T [ /\ 6
/*—-\___:0070\ 5

40 | - -

10 ,./\70§ 4

20

10

100 200 300 400 500 P(kw)
FIGURE 3.42 Phase-to-phase overvoltage when interrupting motor starting currents

kep OVervoltage factor referred to the peak vaiue of the rated motor voltage (v2 x 6 kV).
The other symbols are given in Figure 3.4.1.
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TABLE 3.4.1
Summary of phase-to-earth overvoltages when switching off a motor.
The overvoltage factors are referred to the peak values of the rated motor phase-to-earth voltages
(v2/3 U). Values only indicate the order of magnitude and should not be generally used.
In practical applications overvoltage protection may be applied to limit the overvoltages.

Longueur de cible Conditions Facteur de
m Nombre §: démarrage surtension .
U P (+ capacit. addition.) d’essais R : en marche Disjoncteur maximum Référence
Cable length Number Condition Circuit-breaker max -overvo I Reference
m of tests 8. start jbc‘lor ’
kv kW {+ add. capacit.} R: running
4
3 1o 163 1; g i faible volume ;3 (4]
. d’huile ’
331 10 R oil minitnum 1.4
6 A 43
3 92 470 12’ R 3 Phuile 15 (4]
8 N cil 4.8
4 air comprimé 4
3 160 56 4 hY air blast 6.8 (4]
i air comprimé
3 %0 70 4 S (sans résistance) 7.8 (131
+ 0.2 ulF 4 S air blast 6.8
+Auk 4 S (without resistor) 4.1
a air comprimé
3 90 70 16 S (avec une résistance 34 113
+ 0.2 ul® 4 A de 200 02) 39
+ 4 ugF 4 S air blast 3.2
{+ 200 2 resistor)
- . 14
3 75 + Olg[l) Mo g interrupteur a vide g g 14
+0.05 uF s vacuum switch 18
4 175 70 20 R a l'u:b]c v_olume 28 6]
71 s d huile 98
ofl minimum ’
4
6 210 120 15 R i faible volume 14 (14}
kH s d’huile 3.5
340 17 R oil minimum 28
6 S 35
6 210 70 10 R i faible volume 28 64
0 20 Ay - 5.5
70 34 s _d'huile 8.3
150 20 s ol minimum 59
6 3i0 10 2l R a faible volume 28 (6]
22 hY d'huile 4.6
300 11 S ofl minimum 4.9
6 520 70 9 R 2.2 161
0 26 A i faible volume 5.1
70 50 A d huile 6.7
250 21 M oll minimum 49
350 35 s 4.2
[ 210 340 44 R a air comprimé 3B 141
16 S air Mast 7.2
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TABLE 3.4.1 {continued)

Longueur de cible Conditions .
A Facteur de
m Nombre §: démarrage .
U P (+ capacit. addition.) d'essais R: en marche Disjoncteur surte'nsmn Référence
Cable length Nunber Condition Circuit-breaker maximuim Reference
max, overvoll.
m of tests S start .
kV kW {+ add. capacit.) R running Jactor
6 | 2500 43 6 s 4 air comprimé 2.7 141
air biast
6 110 100 10 s interrupteur 4 vide 5 (3]
racuum switch )
7 | 150 140 20 R é f“ié’f: ",‘l’“”"e 28 161
28 s ¢ hutte 5.2
0!1 munnnum
7 155 170 20 » s 3 faible volume 4.7 13)
+025uF 45 s dhuile - 50
+ 0.85 ulb 7 5 ofl minimnm 3.2
7 | 220 108 25 s 4 f“i:_‘ﬁ "_‘l’;“me 41 113}
+0.2ur 10 5 g 39
oil minintim
1 155 134 24 N magn. dans 'air 2.1 113]
(C=0.1....0.85 pl°) niggn. air
3.5. Surge voltage withstand of motors
3.5.1 Surge voltage distribution
The voltage stress caused by the natural oscillation of the motor (frequency < 20 kHz) is distributed
evenly in the coils of the winding in the same way as the power-frequency stress is distributed.
Switching—on and arc reignitions generate steep fronted surges which may have a rise-time of less than
a microsecond. When a steep fronted surge penetrates the winding significant stresses appear only
over a portion of the winding at the same time. The length (I) of this portion may be calculated, if the
rise-time (r) and the mean velocity (v} of the surge are known: | = vt. For steeper surges fewer turns
share all the voltage and the intertum stress is higher.
Figure 3.5.1 shows an example of the influence of winding length and front time on the relative stress
of the line-end coil [50].
|°.. -
S| » qH\\\‘\\\;;“\~
o > \\
w
ol o \S\\
[F "*\\ \\ \%%
f=50 m
0z \‘x‘\\ \\w\\\\\\\\\\x\\\\4iﬂm
‘\ =0 m
~. =Xm
o \L\\
oor M, Lo Figure 3.5.1
8 =10 m - - . -
_ ~ 4 Fraction of incident voltage appearing across
. ~ entrance coil as function of impulse front
’ t=Sm time for different conductor lengths,l, of the
| coil [50].
ot [k 04 e [ Tus W

——
Front time

47



| T T
100 |

L3

Rt

a

o

=]

o.

o

Nm

i

5% 0

s

o 8

=3

o W

.;Q’

£

za

as 50

g‘é-

Py

gy

e 3

o o

2%

g& 25

& &

o
1 [ |
0 1- 0 2-0 3 C

Durée de front, us
Front time, us
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percentoge ¥ agrass turns

The front of the surge becomes less steep, when it penetrates the winding, due to eddy currents and
reflections from the discontinuities of the surge impedance of the winding. The intertum voltage stress
is’therefore highest in the line-end coil of the winding.

Figures 3.5.2 and 3.5.3 summarizes published measurements of surge voltage distributions. There is
a tremendous spread in the data due to the wide range of pertinent variables represented. However,
the conclusion can be drawn that the peak voltage across the line-end coil may be as high as 70 to
90 % of the total voltage across the winding at front times of 0.2 us.

Within a coil a fairly even distribution is reporied [28, 51] even though at extremely short front times (<
0.5 us) a certain nonlinearity has been found. Figure 3.5.4 from reference [28] shows that the larger
interturn voltages then are developed lowards the inner end of the line—end coil. A similar result is also
reported in reference [55].
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3.5.2 Surge voltage withstand testing

White the IEC standard, Publication 34-1 [44], requires routine tests with one minute power frequency
voltage of (2U+1 kV), the testing of the ability of motor insuiation to withstand steep voitage surges is
not standardized, although discussions are geing on within IEC [45, 46, 54] and IEEE [41, 58).

The power frequency testing stresses the insulation to earth (main insulation). Besides the routine
testing at (2U+1) kV an IEC TC 2 Working Group (WG 15) is considering type tests on two representa-
tive ceils by rising the power frequency voltage with 1 kV/s up to a break down voltage of not less than
2(2U+1 kV) [46, 54]. This test is regarded as a substitute for an impulse withstand test of the main
insulation.

The power frequency tests stress the intetum insulation only moderately. Special tests to prove the
interturn insulation has been under discussion for many years and several proposals have been
published. Tests with separate coils or specially prepared singie turns have been suggested. Some
of the proposals are as follows:

- Working group 15 of IEC TC 2 proposes type tests with highfrequency oscillation voltage across
the terminals of two separate (representative} coils [54], with an amplitude of 7.2, 14.4 and 24
kV for motors with rated voltage of 3.0, 6.0 and 10 kV respectively (corresponding to k = 2.9
p.u). The proposal is based on the assumption that 50 % of the total voltage appears across
the entrance coil (for the standard 1.2/50 us impulse). The total winding is supposed to be
stressed with k = 6 p.u.

- High-frequency oscillation routine tests of separate coils are proposed by an IEEE working
group for trial use [47]. The test amplitude is suggested to be equal to the rated voltage, U, but
with a minimum of 0.35 kV per turn.

- Surge testing with various impulse shapes of separate coils as well as complete motors has

been discussed. E.g. in Europe proposals have appeared to test new motors with a standard
1.2/50 us impulse of amplitude (4U+5 kV) [41]. Other proposals have favoured shorter front
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times (0.2 to 0.35 us) and - for practical reasons - also short wave-tail durations of a few us

[28]. When testing separate coils the amplitude should be 70 to 90 % of the withsiand level
for the complete motor,

Power frequency testing of the imtertum insulation using cut windings or special test coils, with
r.m.s. voltages of 2.1, 3.2 and 4.7 kV for 3.3, 6.6 and 11 kV motors respectively according to

UK-requirements (CEGB). The German standard VDE 0530 requires a similar test at
somewhat lower voltages.

Impulse testing of the intertum insulation with a 0.25/0.8 s surge of amplitude (U+1.25 kV),
corresponding to 25 % of a required total motor withstand of (4U+5 kV). This is based on the
assumptions that the line~-end coil is stressed by the full surge voltage, that the distribution
within the coil is linear and that the number of turns per coil is > 4. The amplitudes for 3.3, 6.6

and 11 kV motors are thus 4.5, 7.8 and 12.3 kV respectively [48].

Table 3.5.1 summarizes the test valuds in some existing and proposed tests.

Routine tests with oscillating valtages have been discussed but no general rules for the peak values and

frequency are proposed [46, 54].

3.5.3 Surge voltage withstand

The surge voltage withstand of the main insulation (lo earth) is deemed to be 1.25 times the crest value

of the 1 minute power frequency test voltage, i.e. 1.8 times the rm.s.-value {45, 46, 54)].

Based on present routine testing of a complete motor with (2U+1 kV)} the minimum surge voltage

withstand figures of the main insulation will therefore be 5.0, 4.7 and 4.5 p.u. for 3.3, 6.6 and 11 kV

motors respectively,

TABLE 3.5.1

Summary of power frequency and surge voltage withstand tests.

System voltage U
33kV 66 kV 11 kv
Test Voliage Test Voltage Test Voltage
voltage | ampl. voltage | ampl. voltage | ampl.
kv p-u. kV - pu. kV p.u.

Power frequency tvpe iest, rms value

Earth insilation withstand voltage of hwo represeniative coils,

proposal of IEC TC 2 WG 15 (54 :

2 (2U + 1kV} rising with 1 kV/sec 15.2 8.0 284 1.5 46 7.2

Interturn insulation withsiand voltage (I min), per turn

{Spec. VDE 0530} : (U/3) 1.1 0.6 2.2 0.6 3.7 0.6

(CEGB spec.) : (U3 + [ kV) 2.1 11 3.2 08 47 a.7
Power frequency routine test, rms value

Earth and interphase insulaiion withsiand voliage (1 min)

TEC 34-1 : (2U + 1 kV) 7.6 4.0 14.2 3.7 23 36
Surge voltage type test (proposals), peak value

Earth and interturn insulation withstand voltage, complete motor :

(4U + 3 kV), 1.2/50usec. 18 6.7 31 58 49 5.5

Intertum insulation withsiand voliage, complere coil :

2U + 1OKV) 0.3/3usec. 16.6 6.2 232 4.3 32 36

Interturn insulation withstand voltage, per turm :

025 (4 U + 5kV), 0.25/08 psec. 4.5 1.7 7.8 1.5 12.3 14
High frequency oscillating volage type test, peak value

Interturn insulation withstand voltage. complete coil,

proposai of TEC TC 2 WG 15

341" 72 29 14.4 2.9 24 L9
High frequency oscillating voliage routine test, peak value

Interturn insulation withstand voltage, complete coil,

[EEE Sid. 522-1977 [47]:

U kY (min 0.35 kV/tirn) 33 1.2 6.6 ! i 1.2

(*} The values are based on rated voliages 3.0, 6.0 and 10 kV respectively.
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By the type testing proposed by IEC TC 2 WG 15 with rising power frequency voltage the insulation to
earth is stressed by crest voltages of 21 kV, 40 kV and 65 kV for 3.3, 6.6 and 11 kV motors respectively
corresponding to 7.8 ... 7.2 p.u. overvoltage factor.

An IEEE working group has presented a minimum impulse voltage withstand envelope as a function of
the front time considered appropriate for a.c. rotating machines of recent design valid also for aged
motors operating within their rated temperature limits [41].

For wave fronts equal to or longer than 5 us the withstand voltage should be:
V =1.25v2 (2U+1 kV)

and for front times in the interval 0.2 to 5 us the withstand value decreases linearly with the front time
down to a value of 2v(2/3)*U at 0.2 us. See Figure 3.5.5.

In Europe the acceptable impulse voltage level nas been discussed frequently [9, 42, 48, 49, 50, 51,
63, 54]. The surge amplitude mostiy considered has been (4U+5kV), i.e. 6.8, 5.8 and 5.5 p.u. for 3.3,
6.6 and 11 KV motors respectively [41, 49]. Front times of 1.2 us have usually been considered, but
also shorter times seem to be accepted at least in special cases [50].

It must be observed that these withstand levels are restricted to motors in new and cold condition. High
winding temperatures and ageing may result in a considerably decreased voltage withstand.

The Working Group has asked some of the main motor manufacturers to give a safe surge withstand
value at different front times.

Figure 3.5.5 presents the result of the enquiry for 6.6 kV motors. Answers from five motor
manufacturers are within the hatched area. The |IEEE envelope falls below this, but it should then be
remembered that the envelope is also taking ageing into account.

p-u. | Impulse
" voltage

Front time

FIGURE 3.5.5 Impulse withstand levels of 6.6 kV motors.
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Several investigations [1, 6, 26, 28, 29, 39, 43] show nevertheless that transients with magnitudes above
the |IEEE-curve with wave fronts < 1 us may occur at normal switching-on. To overcome this in the
U:S.A. the use of surge capacitors at the motor terminals is very common and this will reduce the
steepness considerably and may explain the generally good operational experience.

Many motor manufacturers also claim a surge voltage withstand, which is at least 3 p.u. at 0.2 ... 0.5
ps front time. This covers the maximum stresses that seem to be expected at normal energization in
the majority of cases according to clause 3.1.3 and may expiain the relatively few failures in other
countries, where surge capacitors normally are not used.

Surge arresters are deemed to have a minor influence on closing transients since the ampiitude to earth
is normally below the protection level (although the swing is larger). Other overvoltage limitation
methods may or may not be effective. See clause 3.4. :

The hatched area covers the withstand values given by 5 manufacturers. The IEEE envelope according
to ref. [41] :

3.6. TESTING |
3.6.1. Testing objective

Testing can be done with any of a number of different objectives. In this report the specific and general
objectives are distinguished:

Specific:
To investigate the performance of the circuit-breaker for a specific motor installation in the field.
General:

To investigate the performance of the circuit-breaker over a wide range of motor ratings and in various
installations.

To investigate the performance of the circuit-breaker means:

a) To confirm the ability of a circuit-breaker to switch motors.
b) To establish the switching overvoltage performance of the circuit-breaker when switching
motors.

This report concentrates mainly on objective b} and in this respect it may apply also to switching devices
other than circuit-breakers, e.g. high-voltage switches and contactors.

3.6.2. Test criteria

The circuit-breaker must be able to execute the prescribed motor switching operation within the
specified time, without damage of excessive wear and without external hazards like dangerous
exhausts, flames, etc.

At the moment it is not possible to estabilish the criteria for the switching overvoltage performance. This
is because there is no rated lightning and/or switching impulse withstand voltage prescribed by
standards for motors, nor is there enough information about the withstand strength and deterioration of
motor insulation, when subjected to repetitive switching overvoltage waveshapes. Therefore, it should
be left to the user and/or manufacturer to judge test results with respect 1o the equipment in question.
When interpreting test results, attention should be paid particularly to:

a) Low frequency maximum overvoltages, at the motor terminals (u - in Figure 3.6.1). This is the

maximum voltage attained by complete half cycie voltage excursions at the natural frequency
of the motor, with the cable connected. The order of magnitude is 1 to 20 Khz, see Table 3.2.1.
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b)

c)

d)

e}

This value could approximately be referred to the motor 1 min power—frequency withstand
voltage.

Maximum overvoltages, at the motor terminals (u, in Figure 3.6.1). This is the maximum voltage
attained, regardless of frequency or duration. The maximum overvoltage could be referred to
values between 1 min power-frequency withstand and impulse strength of motor.

Maximum peak to peak voltage excursion at a reignition (u, in Fig. 3.6.1). This value could be
referred to the level of interturn insulation of the motor.

Initial voltage (u, in Fig. 3.6.1).

Suppression peak voltage (u,, in Fig. 3.6.1). From u_ and u,, information can be gained of the
chopping behaviour of the breaker under test.

When evaluating overvoltages at a.complete three phase interruption U, U, and u; should be used to
denote the highest value of each type.of the entire interruption pracess in all three phases On the other
hand, u,, u, and u,,, which are mainly used for determination of chopping currents, should be evaluated
separately for each interrupting attempt. in this case the final interruption in each phase is normally of
most interest.

\_/Z Phasc avec essai

d’interruption
Phase with interruption
attempt

AN
PRI v\

Phase non interrompue
Pliase not yet interrupted

FIGURE 3.6.1 lllustration of load side voltages

U,

Instantaneous value of the remaining power frequency voltage.
Initial vollage.

Suppression peak voltage.

Low frequency overvoltage (to earth).

Maximum overvoltage (to earth).

Maximum peak-to-peak voltage excursion at reignition.
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3.6.3. Test conditions
In summary the motor switching overvoltages depend on:
A - Motor:

* Motor type and characteristics

* Power-frequency parameters like operating voltage, current, power factor, leakage
inductances.

* Transient parameters, particularly natural frequencies, surge impedance, input capacitances.
* Motor operating conditions like no-load, starting, load.

B - Electrical system {(configuration-and parametér's)
* The motor side of the circdit—breaker, particularly the length, type and parameters of the
connections between the circuit-breaker and the motor (e.g. cable surge impedance,
attenuation) any capacitances to earth, power factor compensating capacitors and mutual
coupling between phases.

* Source side of the circuit-breaker, particularly power factor compensation capacitors,
capacitances-to—earth and between phases close to the breaker and mutual coupling between
phases, number of parallel cables. The phenomena seem to be relatively insensitive to the
configuration of the system further away from the circuil~breaker, also to the short--circuit
current of the system.

* Mode of system earthing and earthing of the load side.

C - Circuit-breaker

* Type of the circuit-breaker, particularly its characteristics on chopping levels, dielectric
recovery, restriking behaviour and their statistical variations.

* Specific operating conditions as instant of contact separation with respect to the current wave.

This summary does not intend to list all the possible items which could influence the overvoltages,
however, it attempts to list the important ones, and/or indicate the area which should receive attention.

It is noted that a change of conditions described in any of the above paragraphs could lead to a
substantial change in overvoltage. Moreover, it is noted that a voltage shape, measured during any
particular test, may differ from that obtained at some other test under the same test conditions. The
statistical variations of the circuit-breaker performance call for statistical evaluation and description of
the overvoltage.

3.7. TEST CIRCUITS
3.7.1. Field tests

The enumeration of critical test conditions in 3.6.3 indicates that only testing in the field can produce
conditions which wilt allow the full assessment of the ability of a certain circuit-breaker in the specific
condition. The test circuit is fully defined by the installation itself. one should take care that the circuit
will not substantially be changed by connection of measuring and protective devices (e.g., the
capacitance of the capacitive dividers should be smaller by an order of magnitude than other adjacent
capacitances).

The test results, even though reliable for that specific installation, should be extended to other
installations only with the utmost caution.
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3.7.2. Laboratory tests
3.7.2.1. Specific tests

The laboratory test circuit should represent the actual installation as closely as possible. Namely, it
should be a three-phase circuit which includes the proper length and type of actual cables from the
circuit-breaker to the motor. A substitute circuit for cable representation (e.g. i or T sections) should
be used only cautiously. The circuit should include motor surge protective capacitors, if any. The
capacitances connected on the source side of the circuit-breaker should be estimated and adequately
represented. For some tests, even the distance between those capacitances and the circuit-breaker
(some tens of meters representing the inductances of the order of tens of uH) may be important.

If the actual motor cannot be used for the test, a laboratory substitute circuit could be a useful
approximation.

Motor substitute circuit:

Figure 3.7.1 suggests a diagram of a substitute circuit for a three-phase asynchronous motor. This
diagram is intended to represent the motor under starting conditions. The power-frequency impedance
is represented by the linear inductance L and resistance R for each phase. The values of L and R are
calculated from the test voltage, required starting current and associated power factor. The natural
frequency and damping of the circuit, for both first-pole and last-pole-to-clear, are adjusted by means
of capacitances C, to earth and parallel resistance R;.

Their values are adjusted to give the natural frequency and its damping for the simulated motor. Exact
calculations are complicated due to the stray capacitances and resistance of the reactor L. This
representation is adequate for both the first-pole and last-pole-to-clear transients. The surge
impedance of the motor is not represented.in any larger detail than that given by the parameters L, C,,
R, R,. Mutual coupling between phases is neglected.

FIGURE 3.7.1 Motor substitute circuit.
L and R are calculated to give the specified current and
power factor.

C, and R, are adjusted to give the specified frequency
and damping.

can altematively be connected across the
motorinductance R-L

The substitute circuit does not represent a running motor, because there is no back electromotive force.

The best test circuit is the actual motor circuit. However it is considered that the substitute circuit
suggested will be useful.

3.7.2.2. General tests

It remains uncertain that a test procedure can be formulated to give reliable data for general use. This
difficulty stems from the variations in performance of different types of circuit-breaker as well as from
the large spread of different motor parameters and variations in their installations. Little knowledge has
been accumulated to recognize the simplifications which would be generally acceptable without
rendering the extrapolation of test resuits questionable. Therefore, the test circuit for general test
purpose must be understood only as a means of providing limited information. This information may for
some circuit-breakers assist in making calculations and in the exercise of judgement on the
performance of the circuit-breaker in other applications. With this intention the parameters of the test
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circuit should be varied to cover a wide range of applications as well as to expose the tested circuit—
breaker to different stresses.

E

Figure 3.7.2 suggests a diagram of a test circuit for general test purposes.

The diagram is divided into sections representing the supply source, substation busbars, circuit-breaker,
connection, and motor substitute circuit. The sections are specified below. The diagram does not show
the measuring elements (e.g. capacitive dividers) and overvoltage protective elements which may be
desirable to protect the circuit from switching overvoltage hazards.

Représentation Appareil- Circuit de substitution

des barres lage en Connvc - I du moteur '

Bus representation essaj tion Motor substitute

Switehgear
Lb ueder test l } L R I
, —a-—oC
Ll 1L
“TIT TIT “v c)
FIGURE 3.7.2 General test circuit
2, Earthing impedance
L Source inductance
u Source voltage (phase-to-phase)
C. Bus capacitance
Lyt <2uH
Lyo Inductance of the connections between circuit-breaker and motor
L Load inductance
R Load resistance
C, Load parallel capacitance
R, Load parallel resistance
The sections are specified as follows:
a) Supply source:
- Z, impedance high enough to limit line-to-earth current to less than test current ( can be
infinite)

- u highest system voltage
- L wl, < 0.1 wlL, but not lower than that corresponding to the rated s.c. current of the

tested circuit-breaker
- C, 0.03 to 0.05 uF for supply circuit A
1.5 to 2.0 for supply circuit B
- L, < 2 pH, stray inductance of capacitor connections

b} Bus representation:

- Lo < 5 pH, stray inductance of connections
- Bus representation formed by three bars of 5 1o 7 m length, spaced at a distance appropriate
for the rated voltage
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in some cases reignitions with corresponding overvoltage generation occur in quite limited ranges of
contact separation instant. More information about the overvoltages may then be obtained by perform-
ing additional tests in the critical range.

3.7.4. Measurements

By oscillograph or other suitable recording techniques at least the following quantities should be
recorded:

- Power-frequency voltage

- Power-frequency current

- Phase-to-earth voitage, at the motor terminals, in all three phases, with slow and fast
resolutions

in general testing it may further be vaiuable to measure the phase—to-earth voltage at the source side
terminal of the tested breaker and/or the voltage across the circuit-breaker as well as the current
through the circuit-breaker. These me@asurements should preferably make use of high speed recording
technique.

Besides these recorded quantities the test report should include a thorough description of the circuit
including the following details:

- Main dimensions of the bus, connections to the breaker and the type of L, (lumped or
distributed)

- The characteristics of the cable
- Length
- Rated values
- Type - radial field (screened) or non-radial field (belted)
- Main insulation dielectric - XLPE, paper/oil etc.
- Earthing
- Capacitances
- Surge impedance

3.7.5 Switching-on (energizing) tests

Since the test circuit in Figure 3.7.2 is judged to be an acceptable representation of actual conditions
in case of reignitions, it shouid also be useful when studying the overvoltage transients that may occur
at closing the circuit. The influence of the circuit-breaker, the connection and the supply network
characteristics may be investigated, while the absolute magnitude of the overvoltage should be treated
cautiously.

The same number of tests may be used as when opening the circuit. Sometimes a higher number of

tests may be needed, because the range in the point-on-wave control during which high overvoltages
may occur, can be rather narrow.

3.8. RESULT EVALUATION

From the recorded quantities the following characteristics should be evaluated:

A ~ Overvoltage characteristics
The overvoltages at the motor terminals in each phase (see 3.6.2 Fig. 3.6.1):
*u, maximum overvoltage

*u, low frequency maximum overvoltage
*u, maximum peak to peak voltage excursion at reignition
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C total capacitance of phase under consideration

o
Wy angular frequency of the voltage oscillation after current interruption in phase under
! consideration
L, load inductance per phase

This calculation neglects the damping of the circuit, but is anyway regarded as a reasonable
approximation.

Attempts should be made to establish relationships between the chopping current, the circuit
capacitances, and the breaking current.

The shape of the current through the breaker at reignitions, and thus the critical current rate of change
at which a new interruption will occur, can only be recorded with fast measurement systems. if possible
relations between the critical rate of change of current, the arcing time, and/or the contact distance
should be determined.

The rise of dielectric strength betweeh breaker contacts should-preferably be determined from direct
measurements of reignition voltage between the breaker contacts as a function of time after the
interruption/chopping of the current. Alternatively the dielectric strength characteristic may be obtained
by means of the source and load side voltage measurements, but great care must be exercised in this
case since not only the load voltage but also the source voltage may vary rapidiy during reignition
processes. It should be attempted to relate the recorded curves of rise of dielectric strength 1o breaking -
current, arcing time and/or contact distance.

If the rise of dielectric strength between the circuit-breaker contacts does not depend on the current
the dielectric recovery characteristic of the circuit-breaker may be determined separately by measuring
the no-load characteristic with d.c. voltage applied through a resistance [23].

For certain interrupter types a few of the tesis in a test series, due to reignitions, may give appreciably
higher overvoltages than others. in such cases the number of tests giving reignitions should be stated.

For switching—on tests the steepness of the wavefronts should be given. The number of prestrikes
during the test should be recorded. It may further be valuable to identify any correlation between
overvoltage amplitude and number of prestrikes.

3.9. RESULT EXTRAPOLATION

The results obtained refer strictly to the tested circuit. Other interpretations of the results could be
misleading. On the other hand, the test results offer some insight in the performance of the tested
circuit-breaker. Based on this, the circuit-breaker performance in other circuits could be estimated.
3.9.1. Computer analysis

There exist a number of transient analysis computer programs which can be gainfully used to assess
the circuit-breaker performance in a given installation. It is necessary to consider the following

characteristics when modelling the breaker:

- the dependence of chopping level on load capacitance, current through the breaker and its
rate~of-change (frequency of current oscillations).

- the abhility to interrupt the current in dependence of rate-of-change of current and rate-of-rise
of recovery voitage.

- the dependence of dielectric recovery on arc current, arcing time, contact separation and
voltage wave shape.

The statistical variation of these characteristics should be taken into account.
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¢) Switchgear under test:

- includes possible overvoltage protection devices if they belong to the standard switching
equipment

d} Connection:

- Cable, 100 + 10 m, screened, Z, = 30 10 50 Q. (Radial field cabile is recommended to be used
in the tests. The belted type may give different overvoltages [52].

e} Motor substitute, see 3.7.2.1 and Figure 3.7.1

-

S03D

Notes 1

load circuit 1: 100 + 10 A
load circuit 2: 300 + 30 A
cos ¢ < 0.2

frequency 10 to 15 kHz
amplitude factor 1.6 to 1.8

The source impedance shall not be lower than that corresponding to the rated short-
circuit breaking current of the tested circuit-breaker.

A high ohmic earthing impedance is permissible so that the supply voltage is defined
with respect to earth. The resistance value must be high enough to limit a prospective
line to earth fault current to a value below the test current. Use of such earthing
resistance should he stated in the test report.

The switchgear under test includes the tested circuit-breaker with all its associated
equipment including possible overvoltage protection devices if they belong to the
standard switching equipment,

Testing at a current of 10 A representing the no-load conditions may occasionally be
of interest depending on the type of the circuit-breaker. However, no substitute circuit
for a motor can be suggested at the time being. The motor substitutes No. 1 and 2 do
not represent the situation when a motor running at no-load is switched off, because
the power-frequency recovery voitage in this case is very small compared to the case
of breaking the starting current. The substitute circuit does not take into account the
fact, that because the rotor is running, a voltage is induced in the stator with a
frequency equal to the power frequency during the first periods.

3.7.3. Test series

For practical reasons only a limited number of test series should be mandatory. The following is thought
{0 be a possible procedure;

TABLE 3.7.1
= ————
Test duty Supply circuit Motor substitute circuit
1 A 1
2 A 2
3 B 1
4 B 2

Each test duty should consist of at least 20 tests, differing in point-on-wave of contact separation by
9° el. (This is to avoid that the same phase angle at contact separation is repeated in the three phases).
If the point-on-wave control of contact separation cannot be achieved, a total of 40 tests in each test
duty is suggested with random circuit-breaker trip signal.
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For each test series the above quantities should be evaluated for

‘ - maximum value
- mean value
- standard deviation, ¢ - value

The frequencies of voltage oscillations should be evaluated.

B - Breaker characteristics

It is recommended that particularly for the general tests the following breaker characteristics are
evaluated:

- chopping current
- rate of change of current at which. the breaker is able to interrupt (after reignition)
- rise of dielectric strength between breaker contacts after interruption.

These characteristics may serve as a basis for estimates of the bréaker performance in other circuits
(see 3.8.1).

The chopping current should, if possible, be determined from current measurements. If this is not done,
approximate values of the chopping current may, however, be deduced from the peak value of the
suppression peak and the voltage across the load before current extinction, together with the frequency
of the voltage oscillation following current interruption. In Chapter 2 , clause 2.3.3 the following factors
were defined;

u
k, = =%
uo
u
k.= —=
uO
where
U, the suppression voltage peak value
u, the initial voltage at the moment of current chopping and

u, the peak value (phase-to-earth} of the power frequency voltage
Figure 3.6.1 shows how u,, and u_ are defined.

The chopping current is then (from 2.3.3. Equation 2.3.18 with n,, = 1, unearthed load, no mutual
inductance between phases:

eq
where
Ly, is the equivalent inductance in the phase about to clear namely:
L = 1.5 L for first phase to clear
L = L for second and third phases to clear
and
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The characteristics may be more or less important for different kinds of circuit-breakers. They are often
given as input parameters as they otherwise will make the breaker model very complicated.

The tests described in the previous section can provide meaningful data for at least an approximate
assessment of the circuit-breaker characteristics.

The computer study must adequately represent the system configuration. For some breakers even
representation of small capacitances close to the breaker may be necessary. Estimation and
representation of damping often presents problems, but its omission tends to give unrealistically high
values of overvoltage.

3.9.2. Other estimation possibilities

Besides the thorough analysis according to Section 3.9.1, there are some possibilities to make coarse
estimations of the circuit-breaker performance in.other circuits.

When estimating the overvoltages it i$ necessary to distinguish-between:

- overvoltages due 1o current chopping
— overvoltages due to reignitions

When the overvoltages are determined solely by current chopping (no reignitions occur) the highest
overvoltage is usually observed at the suppression peak (see Fig. 3.1.2). For relatively high overvoltages
{k > 2 p.u) a rough estimate of the maximum amplitude is given by:

um = Il:hmaxzrn

where

inmax 1S the maximum expected chopping level in the actual case (dependent on load
capacitance) and
Z, the surge impedance of the motor defined by Equation 3.1.8.

{This equation is an approximation of Equation 3.1.8)

This crude method may give an idea of the maximum overvoltages especially in cases of such low
currents that chopping may occur at current maximum.

A better estimate may be possible by considering the theory in Chapter 2, clause 2.3 if the breaker
characteristics are sufficientty known from the general testing. The difficulty arises, however, when
reignitions cannot be neglected. Reignitions may result in a limitation of the overvoltages [16] as well
as in a considerable increase in overvoltage amplitude [11, 20]. Simplified estimation procedures taking
reignitions into account have been suggested [17] but as long as they have not been proved by
experience the method of thorough computer analysis seems to be the only safe estimation method.
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Chapter 4:

REACTOR SWITCHING

4.1 Introduction

in high voltage systems it is often necessary to compensate the capacitive reaclive power by shunt
reactors. Shunt reactors are either directly connected to the substation bus, to a transmission line or
connected to the system through delta tertiary windings of transformers. Although in the latter case the
reactors are usually switched at the medium voltage side the need can arise to interrupt the reactive
current on the high voltage side of the otherwise unloaded transformer (dealt with in Chapter 6, Reactor
Loaded Transformers).

Shunt reactors are usually built with transformer-type windings GR an iron core with air-gaps, although
coreless reactors at medium voltage are also frequently used. In general, they are star-connected with
ratios X0/X1 in the range 0.3-2, or infinity with an unearthed reactor neutral. The neutrals of m.v.
reactors are often left unearthed to avoid additional zero-sequence current flow in case of faults at the
m.v. installation, whereas the neutrals of the reactors directly connected to transmission lines are
almost always directly earthed, although they may be earthed through a fourth reactor leg, installed
between the neutral and earth.

Many shunt reactors are switched frequently, even daily. Overvoltages may occur due to current
chopping, reignitions, or both. High voltage reactors are generally protected by surge arresters.

Even though this study is mainly directed to circuit-breakers, it is understood that the general
philosophy is also applicable to other switching devices such as high voltage switches.

Other overvoltage aspects, which may be associated with reactor applications (for example the
overvoltage caused by near resonance phenomena, coupling to paraliel lines or neighbouring
conductors and stuck breaker pole conditions) are not discussed although they may be important from
the overvoltage protection viewpoint. Further the switching of a reactor combined with a long cable or
line is not considered in this report.

4.2 Typical network configurations and reactor ratings

4.2.1 High-voltage reactors - rated voltage > 72.5 kV

Typical high voltage reactor and network characteristics may be summarized as follows.

4.2.1.1 Reactor ratings

The vast majority of the installed shunt reactors are in the 30-300 MVA (three-phase) range. The
largest single—-phase units at present (1985} in existence have capacities of about 125 MVA, i.e. 375
MVA as a three-phase group.

The table below summarizes typical reactor data at different rated voltages obtained in a survey
conducted by WG 13.02 [1].

4.2.1.2 Open-air substations

The supply system to which the reactors are connected usually consists of a doubie busbar
arrangement with a number of bays ranging from four to eleven. Ring-bus and breaker-and-a-half
arrangements are also common in some countries.
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TABLE 4.2.1
High voltage reactor ratings

Rated voltage Rated power of Rated Total losses three-
of reactor reactor, three-phase! current phase
kV MVA A KW
735 330 259 289
550 133-300 140-315 489-552
525 50-135 55-149 135-439
460 100 126 315
400 50-200 72-288 150-540
380 . 100 152 400
362 , 60 9% 180
300 ' 35 67 . 212
275 25-100 53-210 47-310
230 10-180 25-442 48-301
154 60 225 2186
132 15-63 101-280 66-276
115 25 126 n.a.
77 20-40 90-300 150-300

n.a. not available

The supply system neutral is usually solidly earthed, with exception at the lower voltages (< 123 kV)
where in some countries they are earthed through a reactance or resistance or resonant-earthed.

Use of a four-leg arrangement at EHV is also rather common in some countries 1o ease secondary arc
current extinction at single phase fault switching [2, 3]. The fourth reactor between the neutral and earth
has a reactance of 15 to 50 percent of the phase values.

The connection from the circuit-breaker to the line or busbar is usually by an overhead line from 10 to
100 m long with inductance and capacitance values of about 1 yH/m and 10 pF/m respectively.

The usual connection from the circuit-breaker to the reactor is by an over-head line of a length not
exceeding 150 m and inductance and capacitance values of about 1 yH/m and 10 pF/m.

The total effective surge impedance is typically in the range 250 to 280 ohms for the non-homopolar

modes (positive and negative sequences) and 300 to 500 ohms for the homopolar mode (zero
sequence).

Cable connections with a capacitance value usually in the 200-400 pF/m range with surge impedances
of 30-50 ohm and wave velocities of 110-160 m/us may also exist, aithough not so frequently.

A capacitance of a few hundred pF due to lumped capacitances may also be found along the

connections on both the source and load side. A lumped capacitance of several nanofarads could be
present in cases with capacitive voltage transformers.

4.2.1.3 Metal-enclosed substations

Gas-insulated substations have characteristics that differ greatly from open-air installations. It may be
more important to deal with them than conventional stations in the event of reactor switching, because
there may be no overvoltage protection between breaker and reactor.
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The lay-out of GIS substations differ, but the following covers the majority of cases [4]:

2

The supply system usually consists of a double busbar arrangement, with three to eight bays.
However, single or breaker-and-a-half arrangements may also be used with up to twelve bays.

The single-phase enclosed coaxial bus~-duct is most prevalent, with a surge impedance in the
55-100 ohms range. Values of about 60 ohm with a capacitance of about 60 pF/m are typical.

The wave velocity in the GIS is close to that of light, i.e. 300 m/us.

Three-phase common enclosed bus-ducts are also used, with a value for the self and the
mutual surge impedances, in the case of a symmetrical arrangement, in the 70130 ohms and
10-30 ohms ranges, respectively.

The circuit-breaker is usually connected to the reactor by a bus duct 8 to 30 m long and an
interconnecting cable or line 3 to 30 m or 1 to 50 m long, respectively. Cable connections with
a length of some 100 m may‘also be used, although not.so frequently.

The bus duct connecting the circuit-breaker to the supply bus bar is usually 3 to 15 m long.

The cables usually have a surge impedance of 30-50 ohms and a wave velocity of 110-160
m/us.

The circuit-breaker can be represented by its capacitance to the enclosure and grading
capacitors across the interrupter units {if any).

GlS-open air bushings are of different types:

* SF6-insulated, with very low capacitance of 25 to 150 pF (increasing with the vollage
rating)
Oil-paper insulated, with a capacitance of 100 to 1000 pF
Epoxy insulated, with a capacitance of 100 to 1000 pF

SF6-0il bushings have capacitances in the 190 to 550 pF range. The higher values are
representative for the higher voltages.

Examples of equivalent circuits of inductive potential transformers are given in Figure 4.2.1.
They are valid within 100 kHz to some MHz. Also for this range of frequency only a
capacitance of 100 ... 200 pF, sometimes shunted by a damping resistor of 5 ... 10 kohm, may
be taken as the equivalent circuit.

TABLE 4.2.2

Tension de service Capacité
Operating voltage Capacitance
ufkv C/aF
40 pf == = L} pF
145 16
245 8-11
I B 362 B
420 4-7
550 5
. 800 2-3.5
FIGURE 4.2.1

Equivalent circuit of inductive potential transformer

a) SF6-impregnated laminated foil insulation, U > 145 kV
b) Epoxy resin insulation, U < 145 kV
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- The capacitance of capacitive potential transformers is relatively large and should be taken into
consideration. Table 4.2.2 gives representative values for different system voltages.

- The influence of further elements, such as disconnectors in the closed position and current
transformers, can usually be ignored.

422 Medium voltage reactors - <72.5 kV

M.V. reactors are usually connected to the tertiary winding of a transformer o, in rare cases, directly
to a substation bus. The principal difference between a bus-connected and a tertiary-connected
reactor is that the short circuit current on the terfiary side of a large high-voltage transformer is usually
much higher than on a bus of a m.v. network. Therefore a more powerful breaker is needed and this
may influence the chopping level. ! s

The rated voltage of m.v. reactors ranges from 10 to 66 kV, the rated power from 10 to 100 MVA
corresponding to rated currents from 50 to 2000 A. Table 4.2.3 gives the main data of m.v. reactors
based on information collected in the course of the enquiry on actual system conditions [1].

TABLE 4.2.3
Medium voltage reactor rating

4.3

Tension assignée | Puissance tri- | Courant assigné Puissance de
phasée de dim pertes totale
ensionnewent de en triphasé
la réactance Total losses

Rated voltage Rated power Rated current three phase
three-phase

kv MVA A kW

>36 - €60 20 -~ 30 90 - 290 90 - 140

> - €36 S0 - 100 750 - 1500 150 - 300

>17.5- £24 a5 - BO 1000 ~ 2300 {00 - 300

212 - £17.5% 40 - 70 t400 - 3100 150 -~ 200

<12 10 - 20 500 - 100 70 - 190

Reactor switching phenomena

Interruption behaviour of reactors depends on a number of factors such as:

Construction (single-phase units, three-phase units, with three or five legs, gapped or coreless)

Star or delta connection

Connection to the line (directly, through a tertiary winding, via overhead line or cable, type of

cable)

Method of earthing of the neutral
Type of circuit-breaker
Rated power

Overvaltages may occur due to current chopping and/or 1o reignitions.

4.3.1 Reactor characteristics

Shunt reactors are often star connected with small interphase coupling (single phase units or 3—phase
units with five iron legs or shell type cores) and solidly earthed neutral. Other reactor connections are,

however, also used.
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Interruption in each consecutive phase will initiate transient oscillations. For iron-core reactors the
frequency is typically a few kMz while it may reach 50 kHz for air-core reactors. For each interrupting
pHase in turn an equivalent parallel RLC-network may be defined which can be used for simulation of
the interruption process.

The components R, L and C of such equivalent networks may be obtained from corresponding positive
and zero sequence values for the reactor. Frequency dependence must be considered so these values
must, at least in principle, be recorded at the same frequency as will occur at disconnection of the
reactor. A low voltage DC-chop method which can be used to obtain adequate data is described in
[5]. Measurements by means of a current ramp are also possible.

The positive sequence values of the inductance at a frequency of a few kHz will typically be 5-10 %
lower than the corresponding power frequency values [8, 7]. This will probably also be true for the zero
sequence values. A good approximation may thus be obtained by use of the power frequency values.

Positive and zero sequence power frequency capacitance and resistance values are generally not
known. Even if they were known espécially the parallel resistanee values would be of quite limited use
since they represent losses in both winding and iron and are thus strongly frequency dependent.

in the case of star connected reactor without inductive or capacitive inter-phase coupling and with
solidly earthed neutral, the phases are independent (positive and zero sequence components are equal)
and can be treated separately. In this case the representation of the reactor is quite simple: Each
phase can be represented by a parallel RLC-network, either with all components obtained from low
voltage current injection or chop tests, or with L obtained from the power frequency

reactor rating and thereafter C and R from frequency and damping of an interruption test recording.

The effective equivalent capacitance of a reactor depends on frequency and is typically of the order of
some 2000-5000 pF for the phenomena under consideration.

As examples of data, Table 4.3.1 gives values for ten different reactors of various types and ratings.

The gapped iron cores used in shunt reactors can typically be considered linear up to about 1.3 p.u.
voltage at power frequency. When dealing with transient oscillation frequencies, of the order of kHz,
the cores may be considered unsaturated.

4.3.2. Single phase type interruption without reignitions

Reactors without capacitive or magnetic interphase coupling and with solidly earthed neutral may be
regarded as single phase units and each phase approximately represented by the equivalent circuit in
Figure 4.3.1.

If damping is neglected the reactor may be represented by a parallel circuit of L, and C, having a natural
frequency w,. Damping could be taken into account by a parailel resistance R.

The load side capacitance, C, and source side capacitance, C,, are the effective high frequency
capacitances both seen from the breaker terminals. C, may be somewhat smaller than the low
frequency capacitance because a part of the latter one comes from the distributed winding capacitances
of the reactor. But often, as a reasonable approximation, C, can he assumed to be equal to the low
frequency capacitance.

R
Un —W—cs ct Lt [] Ut

FIGURE 4.3.1 - Single-phase equivalent circuit
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TABLE 4.3.1
Examples of reactor characteristics

Réactance n°

Reactor No.
i 2 3 4 5 6 7 [ 9 10
Tension assignée 3
Rated Wua;:“ w | 13.8 1.6 115 132 235 235 275 400 550 735
Puissance assignée tri-phasée
Rated power three-phase MVA | 20 1 25 55 120 180 100 200 133 330
Fréquence assignée y .
Rated frequency Hz | 60 60 60 50 60 60 50 50 60 60
Type de noyau sans ferl cuirassé| sans fed trois trois cing sans fer| cuirassd sans fer cuirassé
colonneqd colonned colonnes {2)
Type of core Corelese] Shell Coreless| 5-leg 3-leg S-leg Coretess] Shell Coreless| Shell(2)
&toile |&toile |delts |&coile | etoile Etoile [groile [éeoile |étoile |&roile
Type of connection atar atar delta star star star star gtar star star
Weutre 3 1 . s . B - - . .
Ne:t::l ea;e}tn::‘u non/no oui/fyes |- oui/yes | oui/yes oui/yes |oui/yes oui/yes | oui/yes oui/yes
Rappore Xolin (Eréquence industrielle) . ! = = > ]
Ratic X,/X) (power frequency) ® =L 0.4 i =1 =1 -0 =i =
Fréq.ind.,inductance Ly H/phase
Power freq.inductance L B/phage Q.017 o.017 1.40 I.Q §.22 .81 2.42 2.55 6.03 4.34
HF inductance Ly
High freq.industance L H/phase| - - - =1.0 B - 2.20 Z.4 - -
nF/phase
Capacit - nE/phase 2.1 10,1 2.9 1.3 1.2 2.3 2.95 i.9 2.5 4.05
Fréquence propre
Natural frequem:y 1) kHz[ 27.0 12.3 2.5 4,2 4.1 3.7 2.0 2.3 1.3 1.2
Amortissement,rapport entre ;
‘critu Successives 1) 0.75 0.88 0.99 0.9 0.80 0.99 0.96 0.93 Q.96 .97
Damping, consec.peak ratio

1) Premi¥re phase coupée/First phase to clear
%) Trois unités wonophasées/Three single phase units

The small short—circuit inductance of the source side, L., will be neglected in this section.

After interrupting each pole a single frequency load side oscillation occurs, independent of the
momentary situation in the other phases. The recovery voltage across the interrupted reactor phase
after a current chopping at t=0 is given by (see e.g. Appendix 4):

-1
u(t) = e * yecos(w, + §) (4.3.1)

Here 7 is determined by the actual damping and ¥ by the initial conditions respectively.

Neglecting damping the amplitude u, is given by

Uy = ¢u§ * (ic}zw Z:Lr:)2 (4.3.2)

where u, = instantaneous value of voitage at t = 0 _
i, = instantaneous value of current at t = 0 {chopping current)

The damping of a reactor current is very small. Therefore the highest overvoltage across the load after
current chopping (the suppression peak) is close to u.,.

Equation (4.3.2) can be rewritten as an expression for the maximum possible per unit chopping
overvoltage, k, = u,/u, (eq. 2.3.16 in Chapter 2):
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x = |x2+ 344 p.u. (4.3.3)
2 ¢ 20C.0

where k. = u/u, (Eq. 2.3.17),
u, is the amplitude of the phase-to-earth voltage
w is the angular power frequency
Q is the total power of the three phase reactor bank, i.e..

3ul
20L,

Q=

Since the chopping normally occurs close to the crest of the phase-to—-earth voltage, k. = 1.0, and:

a

.2
k, = J]_+ L S (4.3.4)

Curves indicating k, vs. chopping current i, are given in Appendix 4 for a number of Q and C-values.

Vacuum breakers have a more or less constant current chopping level which is only weakly affected
by C. So for a certain vacuum breaker the chopping overvoltage is a function of the product CQ.

For many other breakers the chopping behaviour can be characterized by a chopping number, k:
k= i,/\[Cy (4.3.5)
(See section 2.3.2 and equ. (2.3.13} in Chapter 2}

Here C is the effective h.f. capacitance seen in parallel to the breaker terminals including, of course,
any grading capacitors across the breaker. So for Figure 4.3.1:

C = CSCt
P Ce + Gy

Practical x-values, in AWF, for one breaker unit range from approximately 1-10° (for certain m.v. SF6-
breakers) to 60-10* (for some EHV air-blast breakers).

If a reduced chopping number x, is defined by

\li J__f_-’_ (4.3.6)
C, C, + C,
the overvoitage factor is
33
K, =l1+ T (4.3.7)
2w0

Overvoltage factors k, vs x, are plotted in Figure 4.3.2 with Q as a parameter, for a main frequency of
50 Hz.

In case of an “infinite” bus ("Infinite’ means here only: having a much lower impedance to the h.f. oscillations than the load
side} we can assume that C, >> C, and therefore
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c, ~ C,

an approximation which leads to x, = x in eq. (4.3.7) and Figure 4.3.2.

9

ko (pu) /
BF /
7

,
Wy
s -

SMyar

@ -~
i
-

N

\

i ]
e s

20Mvar

\

L
N

4 =
i

s

/ / 100Mvar
/ ] ﬁ // al
L 1 L—""

A s
|

T
\\
N

ey

NN
N
\

/ '--‘—-——.
?E_U_:AEL__—-“ o (Ampl/Farad)

/

W

0

I\

N
I~
o
o
s
=
&
@
G

12

FIGURE 4.3.2 Overvoltage factors k, vs the reduced chopping number x, for a number of
inductive power magnitudes. Power frequency is 50 Hz

In case of a reactor connected to a tertiary winding, C, may be appreciably smaller than C,. So x, will
be smaller than x and the overvoltage lower than in the case of an infinite bus.

The plots of Figure 4.3.2 may also be used for 60 Hz networks when instead of the real Q a reduced
power Q, = 5/6 Q is taken into account.

From eq. {4.3.7) and Figure 4.3.2 it can be seen that neither the incidental chopping value i, nor the
parallel capacitance C, are significant parameters behind the maximum possible chopping overvoltages.

In the first place the overvoltages are expressed in terms of only the reduced chopping number x, and
the reactor power Q.

Figure 4.3.2 indicates clearly in which situations high overvoltages from current chopping will certainly
not be generated. On the other hand, this figure cannot be used to predict the occurence of extremely
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high overvoltages because many breakers tend to smooth out such extrema by reignitions. However,
high overvoltages may also occur even without current chopping due to reignitions only.

4.3.3 Reignition phenomena
4.3.3.1 Overvoltages at single reignitions

Reignition phenomena associated with switching of small inductive currents are described in detail in
Chapter 2, Section 2.5, giving the basic theory as well as description of the relationships between the
various circuit parameters. The transient defined as the "second-parallel-oscillation” is that which may
impose overvoltages across the inductive component being switched. The "first-parallel-oscillation” and
the "main-circuit-osciilation" are not of particular significance regarding overvoitages.

The tendency for reignitions to occur under reacior switching is not uncommon. All circuit-breakers
exhibit this characteristic more or less. The frequency of occurrence and voltage magnitudes at which
reignitions occur are a characteristic of the circuit-breaker. The nature and relative magnitude of the
overvoltages produced, however, are’ a circuit phenomenon ang not necessarily dependent upon the
characteristics of the switching device. )

There is a reasonable probability that reignitions may occur near the recovery voltage peak. At this
point in time, the instantaneous transient voltage across the reactor may be approximately 1 p.u. of a
given polarity, assuming chopping has not occurred, whereas the instantaneous source voltage may be
1 p.u. of the opposite polarity. The voltage across the circuit-breaker therefore is approximately 2 p.u.
If a reignition occurs at this time, the instantaneous reactor terminal voltage will change very rapidly
towards the instantaneous source voltage. The reactor transient voitage will over-swing beyond 1 p.u.
due to the oscillatory nature of the circuit and may reach an opposite polarity peak of greater than 2 p.u.
but less than 3 p.u [11, 12]. See Figure 4.3.3.a. (A more detailed description is given in Figure 2.5.3
of Chapter 2.)

we— b

a) E— b}

73 _ max (ka+2) pu
kypu 7
max Jpu /
e \l-—-——-
!

max lpu

max kg pu

FIGURE 4.3.3 Maximum reignition voltages essentially without (a) and with (b) current chopping

During this transient oscillation, the net change in reactor terminal voltage can be greater than 3 p.u.
This net change in voltage occurs in a very short time, on the order of microseconds, and is dependent
upon the bus configurations on either side of the circuit-breaker, including a multiplicity of reflection
points typical of a high voltage substation. For h.v. shunt reactors, the rate-of-change of voltage
across the reactor may be on the order of 1000 kV per microsecond.

Current chopping may accentuate the voltages produced by reignitions. The maximum transient
recovery voltage across the circuit-breaker increases so that reignitions may occur at a higher voltage
across the reactor. If a reignition occurs at the recovery peak voltage, the maximum overvoltage may
approach a value k = (k,+ 2) p.u., where k, is the chopping overvoltage in p.u. See Figure 4.3.3.b.

The above description of the reignition phenomena is strongly simplified. It does not take e.g. damping
of the second parallel oscillation into account. Furthermore it assumes that the source side capacitance
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C, is infinite in relation to the load side capacitance C, ie. C, >> G, If this is not valid, charge
redistribution will reduce the first overvoltage peak to

_ Ce =~ C¢
k=1 + (ka*'l)(m) (4.3.8)

s

However, the situation is often more complicated by the fact that one or more lines and/or cabies are
connected to the source side busbars. In the first instant they react as their surge impedances and
contribute to C, with only a part of their low frequency capacitance.

The result is that the overvoltages are restricted to
k=1+B(k, +1) p.u. (4.3.9)

where 8 can be regarded as an equivalent damping of the first reignition transient taking charge
redistribution into account. For example, if k, = 2.0 p.u. and 8 =0.5 (which is a normal value [11, 12]),
the maximum overvoltage will be k., = 2.5 p.u.. Without any current chopping, i.e. k, = 1, and with
B = 0.5, a reignition overvoltage of k,,, = 2.0 p.u. may occur. Since reignitions cannot be excluded in
any kind of circuit-breaker or high voltage switch, an overvoltage level of about 2.0 p.u. may be
expected at reactor swilching irrespective of the switching device if no special mean for limitation is
applied.

For reactors which are not solidly earthed higher reignition voltages may occur. E.g. for a reactor with
isolated neutral reignition overvoltages with Ky, = 1 + B(k, + 2) p.u. are anticipated. Also the use of a
fourth reactor between star point and earth may lead to some enhancement of the overvoltages at
reignition (see Appendix 4).

Figures 4.3.4 to 4.3.6 iliustrate the influence of charge redistribution. The first reignition transient shows
much more *damping" than what could be expected from the decaying oscillation that follows.

Field measurements of the transient overvoltages produced at the reactor terminals caused by single
reignitions and without chopping of the switching device, indicate that the transient voltages are
extremely high in frequency {200 to 500 kHz) and can reach peak values of the order of 2.0 p.u.
[11, 12]. Figures 4.3.4 and 4.3.5 show results from switching a 500 kV, 180 MVA reactor.

4.33.2 Multiple reignitions

Overvoltages resulting from multiple reignitions may be higher than that for a single reignition. To cause
a voltage escalation as described in Chapter 2, Sub-clauses 2.5.3 and 2.5.4, the energy stored in the
load side after interruption of the restriking current has to be higher than the energy stored just before
the reignition. The following conditions increase the risk of voltage escalation:

a) the ratio C,/C, is large, i.e. the source side capacitance is much higher than the load side
capacitance (the surge impedance of a long bus between C, and the breaker, may influence
this condition)

b) the high frequency current is interrupted by the breaker at the first or an early uneven high
frequency current zero

o) the interruption of the reignition current occurs after the prospective current zero of the ioad
current. Compare Figure 2.5.6 of Chapter 2.

Condition b} exists mainly in vacuum circuit-breakers and vacuum switches resulting in a considerable
risk of generating trains of overvoltage transients with amplitudes that may increase to very high values.
The situation is similar to the switching of high voltage motors described in Chapter 3.

Other type of h.v. breakers are usually not able to interrupt high frequency current. Even though they
may reignite more than once, the repetition frequency is usually low. This characteristic in conjunction
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FIGURE 4.3.4 500 kV 180 MVA shunt reactor switching tests.
Typical oscillograms showing transient phenomena for a single reignition,
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FIGURE 4.3.5 500 kV 180 MVA shunt reactor switching tests.
Typical oscillograms showing transient phenomena for a double reignition.

with low chopping level makes on the other hand condition ¢) somewhat probable in typical h.v.
breakers. This can be seen in Figure 4.3.5 where an energy increase of the load side oscillation after
the first reignition has occured is shown by the higher rate-of-rise of the recovery voltage. However,
the enhancement of the overvoltage amplitude due to this phenomenon is judged to be marginal.

4.3.3.3 Computer modelling

Results from the field tests mentioned in Sub-clause 4.3.3.1 have been used as a reference when
developing computer analysis methods for calculation of the reignition overvoltages [11, 12]. The
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computer studies show an acceptable agreement with the field tests and the result for a wide variety
of station configurations indicates that maximum overvoltages of up to 2.1 p.u. [11] and 2.3 p.u. [12] can
be’ expected when the switch reignites at the recovery voltage peak (without chopping). The times to
crest voltage were on the order of 1 1o 4 us.

Calculation of reignition overvoltages by use of a digital computer requires that the substation bus
configuration and connected apparatus are properly modelled. The substation elements have to be
modelled such that travelling-wave phenomena are accurately represented, at least up to a point of a
major discontinuity.

A three-phase computer model must be used. The reactor terminal voltage is dependent upon the
capacitive and inductive coupling between phases, the positive and zero sequence components, and
travelling wave velocities. A single~-phase model will not permit an accurate representation of these
parameters. Reignition transient frequencies are on the order of 200 kHz to several MHz. Therefore,
it is necessary to use high-frequency models for_the resistive, inductive and capacitive line and bus
components. -

]
R

A typical reignition transient calculated by using a compiete three-phase model is shown in Figure 4.3.6.
Included is a comparison to the measured transient from a direct fest. It can be observed that the
general waveform, amplitude and time to first peak, of the calculated transient are similar to the
measured transient [11].

The use of a complete substation model becomes quite tedious and time consuming particularly when
setting up a three—phase model. A number of attempts has been made to simplify the model. [t was
concluded that an accurate model is necessary for the direct connections between the circuit-breaker
and the reactor, and to a distance of approximately 500-1000 meters on the source side of the circuit-
breaker. A relatively simple model beyond this point seems to be adequate.
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FIGURE 4.3.6 Comparison of reignition transients from computer study and field measurement
Complete 3-phase model used for computer study, 500 kV substation, 180 MVA
reactor. Reignition occurs at 1.8 p.u. switch voltage or — 0.8 p.u. reactor voitage
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FIGURE 4.3.7 500 kV station configurations - General computer study of influence of station
configuration on reignition fransients.

Such a simple mode! has been used to study a variety of station and bus configurations. The three-
phase model used and a few bus configurations studied are shown in figure 4.3.7. The calculated
reignition transient parameters tabulated in Table 4.3.2 suggest several broad trends regarding
overvoltage magnitudes as dependent upan station layout:

- Long bus connections between the breaker and the reactor will yield higher overvoltages

- Long bus connections on the source side of the breaker to a major discontinuity may cause
higher or lower voltages. The resuit is dependent upon the specific bus configuration and the
presence of an outgoing line [11, 14].

- Transmission line connections in the immediate vicinity of the reactor, as for line connected
EHV shunt reactors, will decrease the overvoltage, particularly if a direct connection is made
(e.g. no wave traps, series capacitors, coupling capacitors etc.).

Interphase coupling may create enhanced overvoltages in the other phases. This phenomenon is
described in Chapter 2, Clause 2.4. Three-phase switching effects are treated in Section 4.3.4.
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TABLE 4.3.2
Reignition transient parameters as a function of bus lengths and transmission line terminations

E

Bus lengths Reignition transients
First peak Max peak

Case Line ter-
Ne minatien Breaker Breaker Bus con- Bus con-

to bus to nection to nection

reactor substation to line
bus ter- u, T, Uoru, | T,
mination

m m m ) P.u. nsec P.u. nsec
A(1) 13 9 180 - - - 1.84 2.14 i
B(1) No line 27 - 180 - - - 1.86 2.28
e(1) 6 15 | 180 S - 1.87 2.18
D(1l) & g 90 - 1.77 1.54 2.02 1.94
A(2) 6 9 180 50 1.14 .98 1.%8 2.90
B8(2) Wave-trap 27 9 180 90 i.21 1.04 1.70 3.00
c(2} 6 15 180 90 1.14 1.00 . 1.64 2.20
p{2} CCPD [ 9 90 90 1.47 1.0z 1.57 2.80
E{2) & 9 18C 5 .61 .46 1.72 2.10
A(3) No ter- 6 9 180 g0 .82 L8O 1.48 1.90
B{3) mination 27 9 180 20 1.60 1.00 1.53 2.30
c{3) ' & 15 180 g0 .84 .8o 1.52 2.10
D{3) [ 9 90 90 1.29 1.20 1.44 1.60
hid) CCPD -1 g 180 90 - - 1.29 1.00
A(S) Series 6 9 180 90 - - 1.38 1.03

capacitor
-~ |

4.3.4 Three-phase switching phenomena
4.3.4.1 Influence of reactor type

In & 3-phase network the phenomena may be much more complicated than in a single~phase case due
to the interaction between the phases. The different types of interaction were described in Chapter 2.6.
The types of interaction which may occur at reactor switching are highly dependent on the reactor type
and its X/X,-ratio.

In Table 4.3.3 the normal cases are presented. The second order influence could usually be neglected
in assessing the expected overvoltage level,

Directly connected shunt reactors in high voltage networks are usually covered by case 1 and 2 in the
Table.

Reactors connected to a tertiary m.v. winding of a transformer are often unearthed (case 3). Switching
by a m.v. circuit-breaker may therefore give quite a complicated situation. Capacitive interphase
coupling aiso increases the complexity.

4.3.4.2 Earthed reactors with X/X, = 1
This case may usually be treated as three single phase consecutive interruptions with negligible

interaction between the phases. This is not even striclly true for the case with three single phase
reactors, since there may still be a capacitive coupling between the connections of the phases. But the
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influence on the maximum overvoltage amplitude could be disregarded when the line-to-line
capacitances are small compared to the earth capacitances.

In a 5-1egged reactor or a shell-type reactor a certain inductive coupling between phases may exist.
Energy transfer between phases may then take place. There is, however, no evidence that such an
energy transtfer has resulted in a noteworthy increase of the overvoltages. Figure 4.3.8 shows this kind
of energy transfer taking place during the decay of load side oscillations [7].

All experience gained so far support the view, that this case may be treated as three consecutive single
phase interruptions.

TABLE 4.3.3

Interaction between phases for different reactors
(without significant capacitive interphase coupling)

i Single phase reactor
ii 5-legged reactor
ili Shell type reactor

Reactor type Possible interaction
‘First order influence Second order influence
CASE 1 Transfer of reignition transients
Earthed reactor with:
x Transfer of chopping f
—2 =17 overvoitages
'Xl

CASE 2
Earthed reactor with:

i  3-legged reactor
i Reactor earthed neutral
("4—Ieg_ged reactors”)

Transfer of chopping
overvoltages

Transfer of reignition
trtansientss

lf

CASE 3
Unearthed reactors

Any type of core

Transfer of chopping
overvoltages

Transfer of reignition transients

Common d.c. voltage shift

voltage and current transients is possible.

4.3.4.3 Earthed reactors with X/X; = 1

NOTE With strong capacitive interphase coupling, e.g. through connecting cables, transfer of all

The common case is the three-legged reactor, which typically has X/X, = 0.3 t0 0.5 due to the mutual
inductance, M, between the phases. Corresponding values are M/L, = 0.7 to 0.3.

The coupling does not influence the chopping overvoltage to earth of the first phase-to-clear but
reduces the recovery voltage. (See Figur 4.3.9.)
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The suppression peak due to chopping at the second and third pole clearance will also be uninfluenced
by the coupling, but energy transfer may give somewhat higher overvoltages during the load oscillation
that follows (see Appendix 4).

Phase T

‘ rﬁllvill"mbm ey

i LT il
T

Figure 4.3.8  Switching a 260 MVA, 420 kV reactor, ioad-Side voltages, phase to earth [7].

One example of an interruption is given in Figure 4.3.9 (the same as Figure 2.6.1 in Chapter 2). The
first phase to interrupt (S) shows, as expected, a pronounced chopping overvoltage followed by
decaying load side oscillation as in a single phase case.

The second phase (R} to interrupt also produces a chopping overvoltage of the same order. This is
transferred to the S-phase by inductive coupling. The overvoltage in both phases then collapses
probably due to a reignition. After this the oscillating energy runs forth and back between the two
phases. In other tests with the same reactor without reignitions the oscillating energy decays normally
from the chopping peak, but with the energy swinging between the phases in the same manner.

When the third phase (T) interrupts, new transfer of energy to the R and S—phases cccurs.

This recording case demonstrates a transfer of chopping overvoltages giving rise to load osciliations of
almost the same amplitude as the chopping itself but still without any enhancement of the overvoltage
level.

Use of an inductance between reactor neutral and earth also resuits in XX, » 1 and a pronounced
coupling between the phases. With a reactor between neutral and earth the ratio X/X, usually lies
between 1.5 and 2.5. In this case the recovery voltage across the breaker is increased and the
arrangement may therefore result in higher reignition overvoitages in comparison with the neutral
earthed (see Appendix 4).

Phase R

s o0 TR

Phase $ Figure 4.3.9 Switching a 55 MVAr, 132
KV reactor, load side
voltages, phase to earth,
[15].

Time scale 2 ms/div.

Phase T
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4.3.4.4 Earthed reactors with capacitive interphase coupling

MXV. reactors connected through a cable with large line—to-line capacitances have a strong capacitive
interphase coupling. Therefore transfer of all voltage and current transients is possible,

Usually the second and the third pole interrupt before the energy in the previously interrupted phase(s}
is damped out. Then the total energy which swings through the interrupted network (in a double-
frequency mode) is larger than without interphase coupling. Therefore also higher overvoltages are
possible depending on the incidental conditions at the moment of second or third pole clearance (see
Appendix 4).

4.3.4.5 Unearthed reactors

In some cases the reactors are not earthed or not solidly earthed at their common neutral. Then some
typical differences with the foregoing cases make the occurring overvoltage pattern still more
complicated [16]: ‘

- After the first pole has cleared, the potential of the star conhection jumps to a value which can
reach half the source phase voltage. Therefore the transient recovery voltage to earth is
superimposed on a power frequency sinusoidal voltage wave with an amplitude of up to 0.5 p.u.

- At the moment of iast pole clearance the load-side capacitances are charged to certain
voltages to earth. Then the interrupted circuit is completely separated from earth and therefore
obtains a d.c. voltage level with respect to earth, which is an average of all the capacitance
voltages before. The transient recovery voltages to earth in the three phases are superimposed
on this d.c. level. The latter will disappear slowly in an unearthed system even in the presence
of an inductive potential transformer. Particularly high d.c. voltage levels with respect to earth
are possible due to the fact that a certain time lag may occur between current chopping in the
second and the last pole to clear. Figure 4.3.10 shows a typical oscillogram of such a situation.

- After interruption of the second and the last phase a reignition in one of these phases may
occur. This results in a stepwise voitage change in the relevant phase, leading to high
frequency swinging of all capacitor charges in the load-side circuit ("second parallel oscillation"”,
see Chapter 2, Clause 2.5.1). Therefore h.f. overvoltages are possible, superimposed on a
maximum of the load-side oscillation of the non-reignited phases, which in its turn is
superimposed on a high d.c. level. Typical oscillograms of such situations are given in Figures
4.3.11 and 4.3.12.

Note: This transfer of reignition vollage is not specific for the unearthed reactor. It may also
occur after last pole clearance of an earthed reactor, provided some capacitive
interphase coupling is active. But in those cases the induced hif. voltages are not
superimposed on a high recovery voltage as it is in the unearthed situation.

4.3.5 Summary of results from field tests

To give an idea of the magnitude of overvoltages by switching off reactors, some measured values have
been collected and presented in Table 4.3.2. The Table contains results from three—phase field tests
only.

The values only indicate the order of magnitude and should be used with care because there is an
important influence of network parameters on the overvoltage created.

It is not always known if the overvoltages were due to current chopping or reignitions. In some cases
their values have been limited by surge arrester operation,

The overvoltages given are all phase-to-earth. Phase-to-phase overvoltages may sometimes be
important. E.g. if overvoitages are generated due to induced chopping (see Chapter 2, Clause 2.6.1)
they will have opposite polarity in two phases. In three-phase enclosed GIS systems this will result in
enhanced stresses of phase-to-phase insutation.
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Ur. Ug and Uy, are phase-to-earth voltages. 100 samples = 100 Hsec.
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TABLE 4.3.4
Summary of measured overvoltages on reactor disconnection.
The overvoltage factors are referred to the peak values of the rated reactor
phase-to-earth voltages {v(2/3)U)

Rated Reactor |State of |Extin— | Ho. of | Breaking j Natural Max Re f
voltage | power the guish~ | opening | current frequency | over=
(three~ Jreactor ing opera- voltage
phase) neytral medium | tions factor

kV MVA A r.m.s. | kHZ
13 40 Free SF, 6 | 7 1770 1.8 5y 2.3 23
13 40 b " 8|S 170 25.0 1.0 23
14 40 " Air 14 2200 15.0 2.1 1 |18

7 2200 8.4 212.2 1N 18
30 &0 " il L0 1030 13.0 2.65 19

10 1030 a.s 3 | 2.55 19
30 45 " o 4 770 Not krown | 2..5 2
30 50 . fair |10 950 i 2.6 24
30 60 - sF, |10 1105 ‘ 2.0 2
30 35 " 0il 16 635 4.0 2.85 21
30 100 b SFg 12 1800 13.00 2.85 22
132 15 Direct oil 15 &7 1.3 3.14 17

earthed

132 55 " " 4 240 L.2 2.4 15
420 200 * " 10 290 2.3 1.55 1

17 290 2.3 2.26 7
400 50 " Air 7 216 1.3 2.2 20
500 60 1D " " 34 198 1.3 2.2 20
500 & 11y |7 " 83 198 1.3 >2.2 100 | 20
500 135 113 " SFg 63 | 13 154 1.3 1.3 23
500 180 11 | " &) | 38 208 1.8 >1.7 4 |23
750 330 11 | " Air 32 242 0.8 >2.0 1) | 20
765 274 1) | ™ SF, 8) 2 207 1.1 1.07 23
765 165 11 " Air 110 134 1.06 1.6 7y 125
765 5 11 " v 10 134 1,06 1.3 B |25
765 165 11 | ¢ " 10 134 1.06 1.52 9 |25

1) Circuit-breaker with high~ohmic breaking resistors, 30 kohms/phase

2) Parallel capacitance of 15 nF

3) - Parallel capacitance of 3 nF

4) Max overvollage may be limited by arrester operation

5) Parallel capacitance of 880 nF

6) High voltage switch

7} With opening resistor 1080 ohms/phase

8) With opening resistor 4000 ochms/phase

9) With opening resistor 8000 ochms/phase

10) Max overvoltage is limited by surge arrester. Prospective values
are estimated to 3.0-3.5 p.u. from chopped current

11} Single phase units

4.4 Switching stress and overvoltage limitation

4.4.1 General

If there is a risk of dangerous overvoltages, the insulation level may be chosen higher, or measures
must be taken to limit the overvoltages.
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4.42 Overvoltage levels

Thé overvbltages produced by switching small inductive currents can have very different wave shapes.
It is therefore difficult to assess the degree of danger in relation to the insulation levels defined in IEC
Publication 71-1 [26].

(p.u.)

TENSION
MODE VOLTACGE

nh T o

- TEMPS
TIME
lO/A}.S 3}

{micro sec)

15.9 %

(p.u.)

(proportion 3 fréquence industrielle)
4.2 7 (power frequency proportion)

TENSION
VOLTAGE

900 * s.b * mTy Gt 2 1k - ::PLS—-*—“— “h
TEM .
cro sec)
- A Tive (™

10}_15 b)

FIGURE 4.4.f Voltage distribution along the winding of a star-connected,
neutral earthed 150 MVA, 275 KV reactor with an applied lightning impulse (1.2/50 psec)
Fig. a) Curve 1: Voltage at the terminal (100% of the winding)
2: Voltage at 75% of the winding
3: Voltage at 50% of the winding

Fig. b) Voltage across first two sections
The clean chopping overvoltages {withou! reignitions) may be compared with the standard SIWL

{250/2500 us) test wave shape, which gives some guidance for EHV circuit-breakers. For lower rated
voltages the LIWL may serve as a guide-line [27, 28, 29].
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The character of the stresses imposed on the reactor by reignitions are similar to those in the standard
LIWL {1.2/50 us) test. it should then be observed that it is the peak-to—peak voltage excursion across
thé reactor and the non-uniform voltage distribution within the reactor at steep transients that stresses
the winding at reignitions. An example of the distribution of a 1.2/50 us lightning impulse is shown in
fig. 4.4.1. The stress between the beginning of the first section {disc) of the winding and the end of the
second section is given in fig. 4.4.1.b) and is shown to be nearly 16 percent of the impulse ampiitude.
This should be compared {o the fraction of the steady state power frequency voltage which is 4.2
percent between the same points.

4.4.3 Measures to limit switching overvoltages

4.4.3.1 Opening resistors

Opening resistors may be used to effectively limit the overvoltages caused by small inductive current
switching. The resistor is connected in parallel with the main interrupter and an auxiliary interrupter has
to be added to break the resistor current in a subsequent current zero.

To reduce the overvoltage amplitudes one can distinguish between two cathegories of resistors having
different ranges of resistance values:

- resistance values of the order 10 - 50 kohms per phase
- resistance values of the order 1 -~ 5 kohms per phase

Note: Low ohmic opening resistors are used for damping the TRV of short-circuit interruptions.
Resistance values for this purpose are several hundred chms (for line circuit-breakers) down
to a few ohms (for generator circuit-breakers). The values are too low to be suitable for reactor
switching. See Fig. 4.4.4.

The resistor influences the overvoltages generated by the main break interruption in several ways.

- The positive resistance parallel with the arc reduces the chopping level {see Clause 2.3 of
Chapter 2).

- For large resistance values (R > Z,, where Z, = vL/C) the recovery voltage is produced by the
LCR-circuit, where R determines the degree of damping.

- For medium resistance values {R < Z} the magnetic energy on the load side is dissipated
threugh the resistor, causing a voltage drop, which at most can be i, R.

The damping effect of resistors having high resistance values is illustrated by the recording in Fig 4.4.2
showing the voltages at the terminal of a 275 kV, 150 MVA reactor produced by an air-blast breaker
(with high chopping level) equipped with an opening resistor (15.8 k(2) and by an SF,-breaker (with low
chopping level) without resistor [36]. (It should be observed that the interruption of the resistor current
is not shown in Fig 4.4.2.a.)

Further results from the test series with the air-blast circuit-breaker are presented in Fig 4.4.3. The
anticipated overvoltages without the opening resistor have been calculated from the chopping ievel.

The resistor current is usually interrupted by an auxiliary break after cne or more loops of current. In

case of a high resistance value, this small current is aimost resistive and no overvoltages are expected
upon its interruption. The auxiliary interrupter can be a simple switch in this case.
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FIGURE 4.4.2 Typical oscillograms of reactor overvoltage waveforms

a) Air-blast circuit-breaker (with resistor) ! b) Puffe‘f‘—ty_pe SF, circuit-breaker {without resistor)
Top: 157 kV/div, 5 msec/div Top: 157 kV/div, 5 msec/div
Bottom: 206 kV/div, 200 usec/div Bottorm: 206 kv/div, 200 usec/div.
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FIGURE 4.4.3 Example of the effect of

0 7 . o) s 10 12 resistor (15.8 kf2) in air-blast circuit
pomes 98T (ms) breaker [36]

With high resistance vaiues reductions of overvoltages reported are:

- from k., = 28 p.u. to k,,, = 1.7 p.u. {with 15.8 kQ per phase) [36]
- from k. = 2.26 p.u. 10 k,,, = 1.55 p.u. {with 30 kQ per phase) [7]

To achieve still more effective reduction, which may be necessatry for breakers with very high chopping
level (e.g. heavy duty air-blast circuit-breakers) in EHV and UHV networks, medium resistance values
are used. In this case the auxiliary break has to interrupt higher currents and may therefore generate
overvoltages due to current chopping. They are usually low for the following reasons:

- The chopping level in the auxiliary interrupter is in itself lower than in the main interupter.
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- The resistance in the circuit provides a positive damping reducing the chopping level.

E

- The current and voltage are much more in phase and thus the recovery voltage is limited.

The overvoltage created by both main and auxiliary interrupters are dependent upon the resistance
magnitude as follows:

- In the main interrupter, the higher the resistance the higher the overvoltage because the smaller
damping effect of the resistor.

- In the auxiliary interrupter, the higher the resistance the lower the overvoltage.
As a result the resistance value shall be a compromise dictated by the two successive interruptions.
The effect is shown in Fig 4.4.4 [25].

A certain overvoltage reduction wouldtbe achieved if the main and auxiliary breaks interrupt the current
at the same zero. But to get the full advantage the timing of the contact parting of the main and auxiliary
breaks should be such that the auxiliary break is still closed upon the interruption of the main break. The
"insertion time", usually defined as the time difference between the contact partings of the main and
auxiliary breaks respectively, should be larger than the maximum arcing time of the main break. The
current loop through the resistor will in all practical cases also be several times the time constant of the
LR--circuit. '

Besides the use of linear opening resistors [7, 25, 31, 32, 36] also non-linear resistors may be used
[33]. It has even been proposed 10 use ZnO-resistors without any auxitiary break to reduce reignition
transients, i.e. to introduce a surge arrester connected in parallel to the breaker. See section 4.4.3.3.

Reignition overvoltages are also limited by opening resistors. With resistors of a value in the range of
the load surge impedance or lower, the recovery voltage will be heavily damped thereby considerably
reducing the probability of reignitions. See Fig 4.4.2.a. Should a reignition occur the overvoltage is
expected to be less than 2 p.u. even with negligible damping of the second parallel oscillation. This is
obvious from a comparison of figures 4.4.2.a and 4.3.3. The voltage excursion - peak-to-peak - will
also be reduced to values less than 2 p.u.

Surtension de
mangeuvre p.ud.
Switching
overvoltage p.u.

jinterrupteur principal
main interrupter

H
1.5
valeur max.ebtenue
max. value obtalned
1.4 valeur moyenne
~ " "mean value
1.3
1.2
1.1
b —interrupteur sux.
1
- \\\ auxiliary interrupter
0.9 .\\\\
n-3 i ¢ ! . r Ohms P27 nEase
1000 2500 4000 8000 per phase

FIGURE 4.4.4 Measured overvoltages produced by the main interrupter and auxiliary interrupter
when switching a 735 kV, 165 MVA reactor bank with an air-blast breaker [25]
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4.4.3.2 Spark gaps

Spark gaps have been widely used in the past to limit overvoltages especially at moderate rated
voltages, but they have several disadvantages which have reduced their use in modern systems:

- Erratic sparkover voltage

- Long and erratic time delay to breakdown

- Strong dependence on wave shape

- Dependence on ambient conditions

- Risk of creating an evolving fault

- Imposing a short circuit condition on the network
- Creating chopped waves

Spark gaps are not recommended as a measure to reduce switching overvoltages [34]. Encapsulated
spark gaps (in SFg) have been introduced lately, but their suitability to limit switching surges remains
to be investigated. :

' P~

4,433 Surge arresters
Two basic types of surge arresters are available today:

- Non-linear resistor type with passive or active spark gaps
Metal oxide varistor type without spark gaps (ZnO-arresters)

Knowing the approximate statistical distribution of overvoltages (calculated from breaker characteristics
deduced from general tests) the probability and/or frequency of arrester operations may be estimated.

Due to the relatively low discharge energy, a high number of arrester operations may be permitted.
Therefore the arrester is a very suitable device to limit overvoltages at intemruption of small inductive
currents. The gapless metal oxide arresters with their low protection level are especially well suited
since they reduce the (cumulative) dielectric stress applied to the reactor [12].

As noted in Sub-clause 4.3.3 reignition transients can still achieve peak-to-peak excursions much
higher than the arrester levet - theoretically up to twice the arrester operating level. Figures 4.5.3 and
4.3.7 together with the data in Table 4.3.2. (noting that u, = U, + 1 or u, = U, + 1} illustrate that a
voltage excursion of greater than 3 p.u. may be anticipated, even without any chopping by the switch.

As mentioned in Section 4.4.3.1 it has been suggested to arrange ZnO arresters in parallel with the
circuit-breaker to reduce the peak-to-peak excursion and steepness of reignition transients as well as
the number of reignitions. This may be an interesting altemative to opening resistors with an auxiliary
break. However, to limit the reignition overvoltages to values < 2.0 p.u., the protection level of the
arrester has to be decreased to 1.5 p.u. or lower. This may still be feasible, but the need for an arrester
to earth between the breaker and the reactor will remain unchanged.

4.4.3.4 Use of capacitors as voltage limiter

Adding of lumped shunt capacitances to the reactor has a complicated influence on the generation as
well as on the limitation of overvoltages.

For a given amount of released energy in the interrupted load circuit, the voltage amplitude decreases
(Eg. 4.3.2) and the time to crest increases. But ~ except for vacuum breakers - the amplitude reducing
effect is neutralized by a higher chopping level. The overvoltage factor given by Eq. 4.3.7 is only slightly
dependent upon the load side capacitance C,. If the supply side capacitance C, is much greater than
C,. the overvoltage is practically independent of C,.

An added capacitance may reduce both the steepness and amplitude of the voltage transients caused
by reignitions (see e.g. eq. 4.3.8 in Sub-clause 4.3.3). A large load side capacitance increases the
energy involved in the second parallel oscillation and the h.f. current magnitude associated with the
reignition. This may influence the risk for virtual current chopping in a similar way as reported in
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reference [39] of Chapter 3 for high voltage motor circuits [13]. (The widespread successful use of surge
capacitors in motor circuits is due to the sensitivity of motors to steep transients. The steepness of wave
frdnts at energization and reignition is reduced very effectively by the capacitors.)

a5 Testing
4.5.1 General

in the scope of WG 13.02 it is stated that substitute laboratory circuits for small inductive current
switching tests should be proposed. The analysis in the preceeding Clauses of this Chapter shows that
it is impossible to model an actual network situation correctly in all respects in a laboratory. In spite of
this, a substitute test circuit will be proposed. it is believed that tests in this circuit will give valuable
information that could be used in estimations of the overvoltage risk in actual networks.

The main purpose of any tests representing reactor switching is to establish the risk of creating
dangerous overvoltages. :

if the breaking ability as such or the coordination of the dielectric strength of the contact gap at
reignitions for some reason is doubted and has to be verified by tests, the general tests described below
may be chosen as they are intended to cover interruption of different kinds of inductive load. They may
also be used to test the breaking capability of other switching devices than circuit-breakers, e.g. high
voltage switches.

4.5.2 Field tests

Field tests in the actual network is the only way to achieve full assessment of the performance of a
certain circuit-breaker in that specific situation.

Care must be taken that the circuit is not noticeably modified by the measuring equipment used.
Specially the capacitance of voltage dividers must be low compared to the capacitances of the circuit.
Furthermore one should take care that the circuit will not be substantially changed by abnormal
connection of the supply network (the substation) and by protective devices.

In addition 1o the tests suggested in Subclause 4.5.4., it might also be valuable to perform some closing
tests to determine the severity of the switching transients upon closing for the actual instailation.

The test results, even though reliable for that specific installation, can be extended to other installations
only with the utmost care.

4.5.3 Laboratory tesis

Laboratory tests may be performed either to obtain general information about the circuit-breaker
behaviour (general tests) or with the aim of reproducing the conditions in a certain reactor installation
as closely as possible (specific tests).

The general tests may be used for assessment of the chopping performance and reignition level of the
circuit-breaker when used in other circuits. The absolute overvoltage level in another circuit may,
however, be quite different. The tests may also be used to provide data on breaker parameters
intended for more thorough computer calculations.

The specific tests are necessary when a closer prediction of overvoltages in a certain installation is
required. However, the accuracy of the result is very dependant on how precise the modelling of the
actual circuit components - the reactor, the supply network, the connections - can be made in the
laboratory.

4.5.3.1 General tests, h.v. reactor circuit

Figure 4.5.1 suggests a single-phase test circuit which may be used for determination of the general
properties such as the chopping level and the reignition characteristic of circuit—breakers when switching
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h.v. reactors, > 72.5 kV. The circuit could be used for testing of a full circuit-breaker pole if the
laboratory resources make it possible. Alternatively, tests could be performed on a part of a pole or on
a single breaking unit.

e i

Ly Ly Lyz

R
T B FIGURE 4.5.1 Basic lay-out of test circuit

The charaéteristics of the various parts of the circuit, are discussed below (refer to the lettering in Figure
4.5.1); :

]

a) Supply network

The test circuit supply network will normally consist of a generator and a transformer. The inductance
L, should be less than 10 % of the load inductance L. L, must, however, be chosen large enough to
limit the short~circuit current of the circuit to a value not exceeding the rated breaking current of the
circuit-breaker under test.

b) Supply side capacitance C,

The supply capacitance C, represents a network that may consist of several lines and/or cables, The
effective capacitance may be rather large and values of C, > 10 C, where C, is the total load
capacitance, are representative.

Note: No further modelling of the TRV of the supply is necessary.
¢} Connecting leads

The total inductance, L, = L,,, + L,,, is determined by the required natural frequency of the C, - L, - C,
loop, i.e. the circuit of the second parallel oscillation after a reignition. The added inductance, if any, may
be arbitrarily divided between the supply and the load side.

The capacitances of the supply and load side leads are considered to be included in C, and C.
respectively.

Even though the damping of the second parallel oscillation may influence the tendency of multiple
reignitions to occur by changing the current rate of change at current zero, it seems difficuit to prescribe
a damping factor. Experience indicates an overswing of > 50 per cent of the peak-lo-peak voliage
excursion on the load side after a reignition (see Figures 4.3.5 and 4.3.6 and Table 4.3.2, alt indicating
that 8 = 0.4 to 0.5 in eq. 4.3.9). This may be taken as a guideline.

d} Inductive load

The load should preferabiy consist of a directly connected reactor. When a suitable reactor is not
available a transformer, loaded on its secondary side by a reactor, may be used. The transformer
should be operated within the nonsaturated part of its magnetizing curve and its leakage inductance
should be low, preferably less than 10 % of the total load inductance L.

The natural frequency of the load may be adjusted by means of a lumped capacitance, connected in
the direct vicinity of the reactor or on the h.v. terminals of the transformer. The total capacitance C, of
the {oad consists of the sum of the stray capacitance, reactor capacitance and the additional lumped
capacitance.
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The damping of the load is represented by the equivalent parallel resistance R, The consecutive peak
ratio of the damped oscillation should not be below 0.9. The consecutive peak ratio (CPR) is defined
as the ratio of two consecutive peaks of the same polarity. The relationship to the damping factor
a =1/ in equ. 43,1 is: 1/1 =—(w/21) In({CPR).

Note: Use of a reactor loaded transformer to represent the load may introduce an additional
oscillation, associated with the oscillatory behaviour of the transformer network. Such an
oscillation may change the test results from those which would be obtained in a circuit with a
load consisting of a reactor only, e.g. by introducing additional current zeros. Often severa!
separate transformer units are combined with the high-voltage windings in series. If the low
voltage windings are in parallel the oscillation may be significant, thus this connection should
be avoided if possible.

if a serial connection of the Lv. windings or if one single phase transformer is employed, the
oscillation may be negligible and a representative result can be expected.

e) Breaker under test [
The breaker under test should include any grading capacitors and opening resistors.

The pressure of the extinguishing medium as well as the operating pressure should have rated values.
The reasons are: ‘

- the tests aim at a statistical distribution of overvoltages. The breaker conditions should therefore
be the most probable ones, i.e. rated conditons;

- pressures above the rated ievels may result in higher chopping overvoltages but lower reignition
overvoltages (due to fewer reignitions);

- pressures below the rated values may result in lower chopping overvoltages but higher
reignition overvoltages (due to larger number of reignitions).

The tests should be performed with the following power frequency voltage of the supply circuit after
interruption:;

- for full pole testing: U./v3 where U, is the rated voltage of the circuit-breaker,

- for unit testing: aU,/Nv3 where N is the number of breaking units in a full breaker pole and a
is a correction factor, a > 1.0, that takes uneven voltage division into account.

Note: Since the supply side voltage usually can be assumed to be stiff (large capacitance) the load
side oscillation will be distributed between the units in the same ratio as the TRV at short—circuit
tests (with opposite terminal connection). An increased test voltage to represent the most highly
stressed unit is required mainly to demonstrate the reignition characteristics of the circuit-
breaker.

f) Test duties

For simulation of the conditions in normal h.v. reactor installations, > 72.5 kV, tests should be performed
with the following parameter combinations:

A Current: 100 A

Natural load frequency, f: 0.8-2.3 kHz, preferably f, = kyv(lI/U) (where k, = 72.8-10° for 50 Hz)
Natural frequency of C,-L,-C-loop: 150-200 kHz

B. Current; 300 A

Natural load frequency, f: 1.4-4.0 kHz, preferably f = kv (I/U}
Natural frequency of C,-L,~C,-loop: 150-200 kHz
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The preferred natural load frequency f, is given by:

' _ I _ v3i_ 4 I 4.5.1
£, = k|5 Jm JU ( )

where | = test current
U = rated voltage of circuit-breaker
w = angular frequency of main voltage
C, = effective capacitance parallel to the reactor winding

The value of the factor k, (= 72.8-10° for 50 Hz and = 78.6-10° for 60 Hz) corresponds to an effective
load capacitance of 2.6 nF which is judged representative for reactors in the HV range.

Note 1: The highest chopping overvoltages, are usually produced at low breaking currents (see
Eqg. 4.3.7 in section 4.3.2). Therefore it may be necessary to perform test A at the lower
limit of the current range, for which the circuit-breaker will be applied as a reactor
switch (or to make an extra test series at that current).

Note 2. Further test duties may be needed to determine basic circuit-breaker data for
calculations.

it should be observed that the recommendations a) through #) are to a certain extent determined by
what is judged to be achievable in a normal testing station. They do not cover all actual instaliations.
For exampie;

- values C/C, < 10 may exist. This will result in a higher amplitude of the main circuit oscillation
which may influence the number of reignitions. With values of C/C, > 10 when L, < 0.1
L,, the supply side will not significantly influence the recovery voltage.

- the effective load capacitance may be considerable less than 2.6 nF, e.g. for air-cored reactors,
resulting in higher load frequencies

- the load natural frequency may influence the number of reignitions. A high frequency may limit
the chopping overvoltage due to reignitions occurring before the suppression peak is reached.
Reignition overvoltages may on the other hand be increased due to a larger number of
reignitions at voltages approaching the recovery peak.

- the second parallel oscillation frequency may influence the probability of a new interruption after
a reignition and thereby the risk of voltage escalation.

If the switch is to be applied in a situation that differs considerably from the conditions under a} through
7, the neccessity of specific tests with the actual conditions should be considered.

4.5.3.2 Specific tests, h.v. reactor circuit

Generally, for a specific test, the laboratory circuit should represent the actual installation as closely as
possible. Thus, ideally, the actual reactor in a three-phase circuit should be used, and the actual circuit
should be modelied as detailed as possible. Quite often, however, limitations of the test piant make
comprehensive simulation of an actual installation impossible. In such cases simplification is necessary,
and the following points may then be observed:

- In case ithe actual reactor is directly earthed and has uncoupled phases, the current chopping
and related overvoltages in the three phases are independent. It should thus be possible to
model these phenomena properly in a single-phase circuit. However, since a certain capacitive
coupling between phases always will exist, a three—phase model will yield improved accuracy
when reignitions, with the associated high frequency transients, are involved. Therefore,
especially in case of three—phase metal enclosed circuit-breakers, three-phase testing is to be
preferred.
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- In cases with strong interphase coupling where X/X, = 1 only three-phase modelling can give
a realistic result. The cases are: unearthed reactors, 3-1egged reactors and cases with a fourth
reactor between neutral (starpoint) and earth (see sub-clause 4.3.4).

- Unit testing considerably increases the difficulty of relating the laboratory test results to the
actual installation. Nevertheless limited available test voitage will often make unit testing the
only altermnative.

- Quite often the laboratory cannot realize a real reactor load even at unit tests, but has 1o resort
to a load consisting of a reactor-loaded transformer. It is then important that the natural
frequencies are not significanly altered by the transformer.

In addition 1o reproducing correct values of power frequency current and voltage the laboratory circuit
shoutd primarily be modelled to reproduce as correctly as possible

- The source side impedance

- The source and load side connections to the test breaker, length and surge impedance

- The natural oscillation frequency and damping of the load °

- The oscillation frequency of current through the circuit-breaker at reignitions (the second
parailel oscillation)

- The coupling between the phases

4.5.3.3 General test, m.v. reactor circuit

M.V. reactors, < 72.5 kV, are normally unearthed and connected to transformer tertiaries. During
switching there is strong interaction between the phases and for realistic simulation of the conditions
itis therefore necessary to make three—-phase tests. General tests should normally not be recommended
for m.v. reactor switching. Specific tests will generally give more reliable results. However, when some
guidance on circuit-breaker behaviour is required, a test circuit according to Figure 4.5.2 may be used
for determination of the chopping performance and reignition level of a circuit-breaker when switching
m.v. reactors.

} 2 : b ! ¢ et | ¢ ——l

Ls Lot Ly2 Lt

NN L1
|

FIGURE 4.5.2 Basic lay-out of three—phase m.v. circuit for‘genera( test purposes

The various parts of the circuit may be commented as follows (refer to the notation in Figure 4.5.2):
a) Supply network

Sarﬁe as for HV circuit, see 4.5.3.1.8)

b) Supply side capacitance C;

See 4.5.3.1.b

¢) Connecting leads

See 4.5.3.1.¢
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d} Inductive load

The inductive load should consist of single-phase unils and be unearthed. The single-phase units
should preferably consist of reactors. Otherwise the requirements are the same as for the HV circuit in
4.53.1.4d.

e) Breaker under test

The breaker under test should include any equipment normally fitted to the breaker, like surge
SUPPressors.

All operating characteristics (pressure, operating voltage, etc.) should have rated values. See subclause
4.5.3.1.9),

i Test duties

The tests should be performed with a power frequency voltage at-the supply side after interruption equal
to the rated voltage of the tested circuit-breaker. ;

For simulation of the conditions in normal m.v. reactor installations, tests are recommended to be
performed with parameter combinations according to Table 4.5.1:

TABLE 4.5.1
Test duties for general testing - m.v. reactor circuits
Rated voltage Test duty § Current Natural load Natural frequency of
frequency 1) C.-L,—C,-loop
kv A kHz kHz

12 - 36 A 500 9-11 2), 4 150 - 200

: B 1500 18 - 22 2}, 4) 150 - 200
>36 - 72.5 A 200 1.8-22 3), 4)
B 500 | 36-443),4)

1)  For the first phase to clear

2) These values are based on practical values for coreless reactors with an effective load
capacitance of 1.2 to 2 nF (including phase-to-phase capacitances of reactors as well as
connections). Considerably higher frequencies are not uncommon in installations with air-cored
reactor units and short connections.

3) These values are based on practical values for gapped iron-core reactors with an effective
capacitance of 3 to 4 nF (including phase-to-phase capacitances).

4) When the actual effective load side capacitance is known, a load frequency f_given by Eq. 4.5.1
in 4.5.3.1 would make the test to better represent the specific case.

Note 1: The highest chopping overvoltages are usually produced at low breaking currents (see
Eq. 4.3.7 in section 4.3.2). Therefore it may be necessary to perform test A at the lower
limit of the current range, for which the circuit—breaker wili be applied as a reactor
switch {(or to make an extra test series at that current).

Note 2: Further test duties may be needed to determine basic circuit-breaker data for
calculations.

It is obvious that a test circuit according to the recommendations a) through e} may differ considerably
from most actual installations. Tests performed in the circuit should result in giving an estimation of the
breaker characteristics and a basis for comparison of different circuit-breakers. To get a more
representative result specific tests should usually be considered.
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The common case with cable connections on the supply and/or ioad side differ drastically from the test
conditions recommended. In such cases it might be better to use the substitute test circuit for h.v. motor
switching proposed in Chapter 3.

4.5.3.4 Specific tests, m.v. reactor circuit

The supply circuit should be modelled as detailed as possible and the actual reactor should preferably
be used. In general care should especially be taken to mode! appropriately:

- The impedance and winding arrangement of the supply (e.g. star-delta connected transformer,
neutral point earthing).

- The type (e.g. bus, line or cable), length, and surge impedance of the connections between
supply, circuit-breaker and reactor,

- The oscillation frequency of current through the cicuit-breaker at reignitions (the second parallel
oscillation).

- If a substitute for the actual reactor is used:
* The winding arrangement and earthing conditions of the load.
* The natural oscillation frequency and damping of the load.

4.5.4 Test series and measurements

The required test procedure depends greatly on the purpose of the tests. This may be split into two
cathegories, which could be further divided according to the specific object of the test:

A. Proving the interrupting ability of the breaker (or switch)
At) to prove the ability of the breaker (or switch) to interrupt reactor currents.
A2) to prove that reignitions are not harmful 1o the breaker.

B. investigation of the breaker's behaviour mainly in respect of overvoltage production
Bt) to achieve an estimation of the maximum chopping current,

B2) to study the statistical distribution of the chopping current (and maybe a possible
dependence on arcing time}.

B3) to investigate the reignition probability or determine the range in point-on-wave setting
with reignitions.

B4} to get an estimation of the dielectric strength characteristic of the contact gap.

To cover item A1) and B1) it is recommended that, for both general and specific tests, a test serie
should consist of 20 breaking tests, differing in point-on-wave of the breaker trip signal by 18° el for
single phase tests and 9° el for three—phase tests. The reason for the latter being to prevent a repetition
of the same tripping phase angles in the three phases that takes place at the normally used point-
—-on-wave steps of 15° and 30° el.

To investigate the breaker characteristics (mean value, standard deviation) with some degree of
statistical significance, it is necessary to increase the number of tests considerably. To cover item B2)
a sufficient number as determined by the desired confidence level has to be carried out with contact
parting evenly spread over 360° el. At least 60 single-phase or 40 three-phase tests are deemed 1o
be required to give an acceptable estimation of the 20-value,

To determine the range of arcing times where reignitions occur (item B3) it is recommended to run 40

tests with 8° el change in point-on-wave setting of trip instant, This tests series will also provide data
such that an estimation of the dielectric strength characteristic (item B4) may be made.
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To cover item A2) tests should be performed wherein the maximum number of reignitions are caused
to occur. E.g. after a coarse determination of the reignition range with 20 tests to cover item A1} and
B1) a further 20 tests with settings evenly distributed within the reignition range(s) should be made.
Alternatively the test to cover item B3) may be extended to contain a sufficient number of reignitions.

If point-on-wave control for the moment of contact separation cannot be arranged, twice the above
numbers are suggested with a random circuitbreaker trip signal.

The above recommendations are summarized in Tahle 4.5.2.

TABLE 4.5.2
Summary of test recommendations

Single-phase tests 'Three-phase tests “
| ,Number of | Point-on-_ | Number of Point-on-
‘tests wave steps | | fests wave steps
“ Electrical Electrical
degrees degrees
A. Proving the breaker ability
A1) To interrupt reactor currents 20 18 20 9
A2) To withstand reignitions (in 20 8,/20 1) 20 6,/20 1)
addition to the tests under At)
B. Investigation of overvoltage
characteristics
B1) Estimation of chopping 20 18 20 9
current
B2) Statistical distribution of N{z 60) 360/N N (= 40) 360/N
" chopping current
B3) Determine range of 40 9 40 9
reignitions
B4) Estimation of dielectric 40 9 40 9
strength of contact gap
_——— —  ————————————

Notes — 1: 8, = reignition range(s), i.e. point-on-wave steps in which reignitions occur.
2: Test data from tests under B3) may be used.

By osciliographs or other suitable recording techniques, the following quantities shouid be recorded (in
alt three phases if applicable):

a) Recordings with moderate bandwidth and time resolution (suitable for power frequency
phenomena):

- Supply side voltage, phase-to-earth

- Load side voltage, phase-to—earth

- Load side neutral point voltage to earth {in case of unearthed reactors)
- Current through the circuit-breaker

- Current in the opening coil of the breaker

- Travel of moving contacts (if practicable)

b) Recordings with bandwidth and time resolution high enough to record correctly transient
voltages, even in case of reignitions:
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— Load side voltage, phase-to-earth, al the terminals of the load reactor {or the transformer
primary in case of reactor loaded transformers)

— Current through the circuit-breaker

- Voltage across the circuit-breaker

Note: If surge arresters used to protect equipment are connected to the test circuit, current through
the arresters should be recorded with a fast time resolution since counters may not operate for
short current pulses.

455 Result evaluation
4.5.5.1 Overvoltage characteristics

Several overvoltage characteristics may be measured from records of the load side voltage, the most
important being:

- u,, Suppression peak voltage to earth (for evaiuation. of iy,)

- u,, maximum peak voltage to earth of load oscillation following interruption
- v maximum overvoltage to earth

- u, maximum peak-to-peak voltage excursion at reignitions

The voltages are identified in Figure 4.5.3 for a typical single phase test circuit representalive of a h.v.
reactor which typically has an earthed neutral. A similar example for interruption in a three-phase circuit
with unearthed neutral is given in Figure 3.6.1. of Chapter 3.

FIGURE 4.5.3
u, u, lllustration of transient voltages
Supply slde voltage
E B U, Initial voltage
v, u,, Suppression peak voltage to earth
Loort alde voltage u,., Recovery peak voitage to earth
/\ u, Maximum overvoltge to earth
u, Maximum peak-to-peak voltage
) excursion at reignitions
/ \/ u, Reignition voltage across breaker
umz

The highest peak vaiue of the load side oscillation is usually u,, at single-phase testing. Only in case
of voltage escalation it may happen that u,, is higher than u,,. In the statistical treatment the highest
of the values should be taken as u,

For each test series, it is recommended that at least for u,, and u, a statistical analysis shouid be made.
The following values should then be determined:

—~ maximum recorded value
- mean value
- an estimated value of the standard deviation {e.g. by using normal distribution charts).

In addition the number of tests in a test series at which significant reignitions have occured may be
stated and, if possible, the point-on-wave range of trip settings which result in reignitions.

4552 Chopping current characteristics

it is recommended that particularly for the general tests the circuit-breaker chopping level should be
evaluated.
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The chopping current should, if possible, be determined from current measurements with sufficient
frequency response. The current should be measured close to the circuit-breaker to avoid errors due
tor currents through stray capacitances. This can be done using fibre optic telemetry technigues.

In case of current instability oscillations before the final chop, the equivalent chopping current can
usually be estimated as shown in Fig. 2.3.1 of Chapter 2.

if the current measurements give uncertain values of the chopping current, approximate, but usually
sufficiently correct, values of the chopping current may be determined from measurements of the peak
value of the suppression peak and the voltage across the load before current extinction. The chopping
current is then (from Eq. 4.3.2 or Eq. 2.3.18 of Chapter 2):

C
icb=u0J—°(k§~kZ‘) 4.5.1
Lt

where u, = peak value of the power «frequency voltage N
C, = total load capacitance ’
L, = total load inductance
Kk, = u,/u,, where u_ is the suppression voltage peak value
k. = ufu,, where u, is the initial voltage at the moment of current chopping.

In order 10 give precise results, this calculation must be corrected for the damping effect of the circuit
but since the consecutive peak ratio is > 0.9 this correction is normally negligible.

It can normally be assumed that k. = 1.0. For h.v. breakers, this will resuit in a negligible error.
For each test series the

- mean value and
- standard deviation

of the chopping current should be determined if possible. For most breakers the chopping number, x,
according to Egs. 4.3.5 and 4.3.6 may be evaluated and used as a convenient characteristic in further
calculations {exception; vacuum-breakers).

For certain breakers a correlation between chopping current and arcing time exists. But since one
usually can assume that the trip-angle in actual operation is random, the estimation of probable
maximum ‘overvoltage (e.g. the 20 -value), will take any dependence of chopping level on arcing time
into account by the value of standard deviation derived from a test with evenly distributed
point—on-wave settings over a cycle.

4.5.5.3 Dielectric strength characteristics

The rise of dielectric strength may be determined from direct méasurements of reignition voltages u
(see Figure 4.5.3) between the breaker contacts as a function of time after current zerc and - if relevant
with the arcing time as parameter.

4.5.6 Result applicability

The results obtained are applicable only to the tested circuit. However, they can also give information
of the characteristics of the tested circuit-breaker. Based on this, the breaker performance in other
circuits could be estimated. The main difficulties involved in such an estimation are:

a) Extrapolation to breakers with a different number of breaking units
b} Extrapolation from single phase to three—phase circuits

c) Influence of the source side network

d) Influence of the characteristics of the load
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If the overvoltages due to current chopping dominate over overvoltages caused by reignitions (i.e. the
suppression peak voltage u, gives the maximum overvoltage value) crude extrapolation of the test

results to other circuits is possible by using the Eq. 2.3.18 of Chapter 2 or EqQs. 4.3.2 to 4.3.7 of this
Chapter.

In extrapolating to other numbers of breaking units {item a) the chopping characteristic, x, is preferably
used. The relation is simple:

X, K,

w R

where «x, is achieved with N, units and
%, is achieved with N, units

This simple relationship has been shown to give a slightly too high chopptng number when
extrapolating to a larger number of breaking units [7, 38]. A.theoretical study supports this [39].
However, the error is small compared to other uncertainties in the procedure and since it gives a
conservative estimation in the normal extrapolation from single unit tests, the simple relationship is
recommended to be used in such extrapolations.

To overcome the difficulty to apply single-phase test results to a three—phase circuit some general
conclusions presented in Clause 4.3.4 may be used. For earthed reactors with weak interphase
coupling, three-phase interruption may be treated as three single phase interruptions when chopping
overvoltages are considered. In cases with strong coupling between the phases or for unearthed
reactors, the interaction between phases makes overvoltage prediction by simple caiculation doubtful
even though some indication of the level can be achieved.

The avervoltages due to reignitions are very dependent upon the source side network and the load
characteristics. For exampie, long bus connections tend 1o increase the overvoltages. Also, transmission
line connections in the immediate vicinity of the reactor on the source side will tend to decrease the
overvoltages, particularly if a direct connection is made (that is, without wave traps or series capacitors).
Therefore overvoltages due to reignitions cannot be extrapolated to other situations with any acceptable
degree of accuracy. The only possibility seems to be a thorough computer analysis as described in
Clause 4.3.3.3.

4.6 Conclusions
Interruption of reactor currents may create overvoltages of two types:

- Chopping overvoltages having magnitudes and time durations approxi-
mately corresponding to switching surges.

- Reignition overvoltages having time durations similar to lightning surges but having typically
lower crest voltages.

4.6.1 Expected chopping overvoltages

The chopping overvoltages can be estimated with acceptable accuracy from breaker characteristics and
reactor size. The diagram in Figure 4.3.2 shows that chopping overvoltages for reactors with earthed
neutral are below 2.0 p.u. for normal h.v. reactor sizes if they are switched with modern circuit-breakers,
that usually have low chopping levels {k < 20-10*%. Higher chopping overvoltages may occur for
relatively small reactors (smaller than 20 MVA). Overvoltages may be mitigated by reignitions especially
when the natural frequency is high as for medium voltage air-core reactors.

For reactors with isolated or impedance earthed neutral somewhat higher chopping overvoltages may
be expected due to the first-phase-to-clear effect. This may result in a higher recovery peak
{theoretically up to 1 p.u. extra). In isolated reactors a dc-voltage shift may occur after second and third
pole clearance which will also increase all transient voitages to earth (see Appendix 5).
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in cases with strong interphase coupling - capacitive and/or inductive ~ the oscillating energy of the
load side may be increased in any phase on the load side but the influence on the maximum chopping
ovérvoltages seems to be marginal.

4.6.2 Expected reignition overvoltages

The reignition phenomenon can limit or enhance the maximum overvoltages at switching. However,
some conclusions can be drawn:

- All kinds of circuit-breakers and high voltage switches are expected to reignite for a certain
range - smaller or larger — of contact separation instants just before a current zero.

- Circuit-breakers and even switches with very low chopping tendency are expected to generate
reignition overvoltages of about 2.0 p.u. with a peak-to-peak excursion normally less than 3.0
p.u. but in certain cases up to 3.5 p.u. The front time may be in the range 1 to 4 us.

! -

- Current chopping preceding é reignition may give rise to higher reignition overvoltages. The
highest overvoltages may be estimated from the following expression:

k =1+ f8(k, + p) p.u.

where

M = an equivalent damping factor < 1, normally = 0.5 or less
k, = p.u. maximum chopping overvoltage

p =1 for earthed reactors

p = 2 for unearthed reactors;

For the normal case of k, < 2 p.u., the maximum reignition overvoltage is expected to be
k < 2.5 p.u. and k < 3.0 p.u. for earthed and unearthed reactors, respectively.

The corresponding peak-to-peak excursions would then be < 4.2 p.u. and < 5.6 p.u. resp.
(with 8 = 0.4).

For breakers with the chopping level increasing with arcing time reignitions are not likely to
occur for long arcing times (= large contact separation). In such cases estimation of the
reignition transients should be based on k,—values for short arcing times only.

- Vacuum circuit-breakers and vacuum contactors may show repeated reignitions with increasing
ampiitude (voltage escalation) and have therefore to be ireated with special care. Other types
of modern high voltage circuit-breakers (air-blast, SF,, oil) normally reignite once or at most
a few times and then without voltage escalation.

- In cases with capacitive interphase coupling reignition transients may be transferred between
the phases. This may result in increased maximum overvoltages due to superposition. However,
this is a stochastical phenomenon and the probability to achieve more than marginal
enhancement is rather low.

For a more accurate estimation of the influence of reignitions on overvoltages ~ enhancement or
limitation - either field tests or a thorough computer modelling of the network is necessary. For a
computer analysis also knowledge of the breaker characteristics is essential. The general tests
recommended in this report can supply this knowledge.

4.6.3 Application considerations

The estimations of normal maximum overvoltage values due 1o chopping and reignitions may allow
some general application considerations:

104



4.6.3.1 Rated voltage < 300 kV

For rated voltages < 300 kV the normal withstand levels are so high that the overvoltages produced due
to chopping and/or reignitions are not dangerous for the reactor insulation. Even in cases of isolated
neutral or cases with strong interphase coupling, the rsk should be small, especially as those
configurations are mostly used at lower rated voltages where the relative impulse withstand is high.
However, one or more of the following conditions may create exceptions:

- reactor size < 20 MVA
- high chopping level (chopping number x > 20-10%), e.g. heavy duty air-blast breakers
- vacuum circuit-breakers or vacuum switches due to risk of voltage escalation.

Surge arresters are normally used to protect reactor installations. Due o the low energy that has to be
dissipated they may be operated frequently without difficulty. Therefore installing surge arresters may
in many cases make the need for closer study of the possible overvoltage level unnecessary.

Only in the case of vacuum circuit-breakers it may be necessary-to use special protection means of the
same kind as for motor switching described in Chapter 3.

4.6.3.2 Rated voltage > 300 kV

For rated voltages > 300 kV the relative withstand level is lower and overvoltages > 2.0 p.u. may not
be accepted.

Earthed reactors are predominantly used and the overvoltages are usually low. Unacceptable chopping
overvoltages may be produced only if:

- reactor size <« 50 MVA
- chopping number x > 15-10%,

Protection by surge arresters is usually applied and is quite sufficient to limit the chopping overvoltges,
which have relatively low frequencies. Opening resistors are also commonly used, especially with heavy
duty air-blast circuit-breakers.

Even with optimized surge arrester protection (ZnO arrester with protection level = 2.0 p.u.) reignition
transients with peak-to-peak excursions of > 3.0 p.u. are possible, The insulation and winding
techniques used in modem reactors are apparently adequate to withstand the fast reignition transients
since the operational experience is extremely good.

However, sometimes special precautions to limit the peak-to-peak excursion and/or the front steepness
of the reignition transients, may be judged necessary especially at the highest rated voltages. The
foliowing methods are possible:

- opening resistors
- Zn0O arresters parallel with the breaker
- high capacitance to earth between breaker and reactor

4.6.4 Validity of testing

Laboratory testing of circuit-breakers for reactor switching duty cannot fully reproduce the conditions
in service. Laboratory tests are often performed using single-phase circuits and with single units of the
circuit-breakers. Such tests do not take into account three—phase effects, influence of series connected
units and other circuit differences. In spite of this, tests carried out in accordance with the recom—
mendations in this report will provide information which may be used to predict approximately the
performance in any potential field circuit and allow a judgement of the feasability of the application,

For a more accurate determination of the overvoltage level a field test in the actual installation is the
only safe method.

105



4.7 References in Chapter 4

[F

2]

[8]

4

(5]

(6

nol

1

2]

4]

[1s]

el

(17]
(18]
[19]

(201

E. COLOMBO and G. SANTAGOSTINO
Results of the enquiries on network conditions when switching magnetizing and small inductive
currents and transf. and shunt reactor saturation characteristics Electra No.94, May 1984

N. KNUDSEN
Single phase switching of transmission lines using reactors for extinction of the secondary arc.
CIGRE Report No. 310, 1962

A.J. FAKHERI, J. GRZAN, B.R. SHPERLING, B.J. WARE The use of reactor switches in single
phase switching Cigre Report 13-06, 1980

W. BOECK and K. PETTERSSON
Fundamentals and specific data of metai-enclosed substations for the insulation coordination
CIGRE Report 23-03, 1978

CEGB: LV injection tesling, notes for seminar jointly organized by system technical branch,
planning department, HQ and CERL, 1974

B. JONES
The performance of 275 kV air-blast circuit-breakers when switching 100 MVAr shunt reactors
C.E.R.L. Laboratory Note No. RD/L/N 3/68, 1968

5. BERNERYD et al
Switching of shunt reactors - comparison between field and iaboratory tests
CIGRE Report 13-04, 1976

S.M. POPOV, V.S. RASHKES

Switching surges on 500 kV reactor transformer due reactor switching—off by air-blast cirucit-
breaker. VV-400 Elektricheskie Stanzii, 1963, (No. 9) (In Russian)

T.A. BELLEI

Analysis of overvoltages produced during switching of high voltage shunt reactors

Document CIGRE 13-82(WG 11.02)16 IWD

S.H. SARKINEN et al

High frequency switching surges in EHV shunt reactor installation with reduced insulation levels
Paper No. F 78 659-5, IEEE PES Summer Meeting 1978

C.E. SOLVER

The Stackbo shunt reactor - overvoitages at field tests and normal service switching
Document CIGRE 11-78(WG 134.02)24 {WD

Unpublished information (ECNSW, Australia, 1975)

V.M.C. VAN DEN HEUVEL

Overvoltages after current chopping in a three—phase inductive circuit with isolated neutral
{EEE Trans. on PAS, 100(1981), p. 4795-4801

Unpublished information (C.E.R.L., United Kingdom, 1972)

Unpublished information (FKH, Switzerland, 1965)

Unpublished information (FGH Mannheim, Germany, 1977/

AN. KOMAROV et al
La coupure des courants inductifs des reactances shunt & EHT. CIGRE Report 13-06, 1978

1086



[21]

[22]

(23]

124]

[25]

[26]

[27]

[28]

(28}

[30]

(31]

[32]

[33]

(34]

[36]

[38]

(391

H. PATRUNKY ¢t al
Switching of transformers, reactors and long transmission lines. Field tests in German 420 kV
networks CIGRE Report 13-08, 1980

E. HOFFMAN and B. STOSSER
Schaltversuche mit unbelasteten und induktive belasteten 380 kV Transformatoren
Elektrizitatswirtschaft 79 Jg. (1980} Heft 8

Unpublished information (S & C Electric Company, U.S.A.}

E. HOFFMANN et al
Schaltversuche mit unbelasteten und induktiv belasteten 220 kV -~ und 380 kV -
Transformatoren

E. THURIES, PHAM VAN DOAN, R. JEANJEAN, D. DUFOURNET Coupure des faibles
courants inductifs en réseau et en station d'essais limitation des surtensions Report 13-
81(SC)25 presented at CIGRE SC 13 Colloquium in Helsinki, September 1981

IEC Publication 71-1, Insulation co-ordination Part 1: Terms, definitions, principles and rules
(1976)

B SALVAGE et al
The electric strength of oil-impregnated, paper-lapped conductors for transformer windings
International High Voltage Symposium, ZUrich 9-13 Sept. 1975

M OUYANG et al
Switching impulse and lightning impulse strengths of oilimmersed insulation structures and
relevance to service and test voltage requirements of transformers. CIGRE 12-01, 1970

ET NORRIS
Transformer switching surge strength
Electrical Review (1865):12, February, p. 239-240

IEC Pubiication 56: High—voltage aliemnating current circuit-breakers

P BALTENSPERGER
Form und Grosse der Ueberspannungen beim Schalten kleiner induktiver sowie kapazitiver
Strome in Hochspannungsnetzen. Brown Boveri-Mitteilung 47(1960):4, p. 195-224

B JONES
The switching of transformers. CERL 1967, Report RD/L/R 1477

K HINTERHTHUR and B SCHEMMANN
Damping the switchig overvoltages of MV circuit-breakers by non-linear damping resistors.
Teschnische Mitteilungen, AEG-~Telefunken 65(1975):H 1/2, p 46-50

IEC Publication 71-2, Insulation co-ordination Part 2: Application Guide (1976)

A. KOBAYASHI et al.

Interrupting test of 275 kV reactor and its evaluation in three kinds of gas-blast cb. IEEE-report
855M371.0

G E GARDNER, R J URWIN

Performance and testing of multi-unit circuit breakers switching low inductive currents.

Proc. |IEE 125(1978):3, p. 230-236.

D ANDERSSON
Current instability and chopping with arcs in series. Proc. IEE 132(1885).4, p. 224-228.

107



Chapter 5:

SWITCHING OF UNLOADED TRANSFORMERS

5.1 Introduction

Unloaded transformers require a small no-load magnetizing current. For a given transformer rating the
magnitude of the no-load current depends on the size and quality of the transformer core. The
extensive application of coid-rolled, grain-oriented iron sheets, has reduced the magnitude of no-load
currents to values lower than 0.2 % of the transformer rated current, in the largest units.

The range of transformers considered is from medium voltage power transformers switched at 3.3 kV
to large-power transformers at the highest rated voltages.

The main consideration is given to modern power transformers having cold-rolled grain-oriented steel
(CROS) cores, but older transformers using hot-rolled steel (HRS) are also considered.

Experience shows that significant overvoltages are not typically generated by the interruption of the
steady-state no-load current of a modern transformer, even if the interrupting device should be able
to chop the current at its maximum value. However, in the case of interruption of the inrush current of
a transformer the actual switching device determines the maximum chopping level, since the inrush
current has an amplitude many times the steady-state value. Therefore under certain conditions
overvollage generation may have to be considered if inrush currents are interrupted.

High-voltage transformers are not switched frequently in service and the interruption of inrush currents,
in particular, is rare since this necessitates interruption within a few seconds after switch-on, e.g. due
to a low setting of the overcurrent protection level, which should be avoided.

The possibility of excitation of part winding resonance phenomena due to repetitive reignitions has been
discussed, but the probability is judged to be negligible [1, 2].

Even though this study is mainly directed to circuit-breakers, it is understood that the general
philosophy is also applicable to other swilching devices, for example h.v. switches.

5.2 Typical network configurations and transformer characteristics
This section is mainly based on the results of an enquiry carried out by WG 13.02. The detailed result
is presented in Electra No. 94 {3].

5.2.1 High voltage networks > 72.5 kV

In the great majority of the cases reported, the busbars on both sides of the transformers have several
bays connected. The lay-out of the supply system, to which the fransformers are connected shows
great variations. The most recurrent arrangements appear to be both a single and a double busbar
system, with three to eight bays [3}]. For higher voltages rning-bus and breaker-and-a-half schemes are
common.

The general layout and arrangement of connections eic., is the same as described in Chapter 4 in sub-
clause:

- 4.2.1.2 for open-air substations
- 4.2.1.3 for metal-enclosed substations (GIS)
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5.2.2 Medium-voitage networks

There are substantial differences between industrial, urban and rural distribution networks.
Disconnections of unloaded transformers are normally carried out from the higher voltage level.
Switching of 12-24 KV distribution transformers is very often performed by switches.

The neutrals of m.v. systems may be isolated, solidly earthed, resistance earthed or resonant earthed.

Capacitor-banks may be connected to the bus-bars and influence the equivalent supply-side
capacitances of the transformer circuit-breaker.

In outdoor installations the connections from the circuit-breaker to the higher voltage side of the
transformers very often are short (<5 m), this means that only small line inductances and capacitances
have to be considered between the circuit-breaker and the transformer, but supplementary capacitance
from current transformers may be present. The connections from the circuit-breaker to the bus-bars
are also rather short (5-10 m), but the equivalent supply side capacitance may be influenced by voltage
transformers and the actual bus—-bar configuration.

Open indoor installations differ only slightly from the outdoor installations. The connections between the
transformer and the circuit- breaker may contain higher capacitances due to cables or bushings and

the equivalent bus-bar capacitance is increased compared to the overhead line bus-bars.

Metal-enclosed installations represent a compact concept in which the circuit-breakers are connected
directly to the bus-bars, which have relatively high equivalent capacitance. The cable lengths between
the transtormer and the switchgear may be considerable, e.g. > 50 m.

In industrial networks transformer circuit-breakers are normally concentrated in a limited number of
switchboards whereas the transformers are placed close to the loads. Considerable cable distances
{several hundreds of meters) are not unusual. In some cases one transformer circuit-breaker may
switch several transformers.

An extremely large number of switching operations is executed in supply circuits feeding arc furnace
transformers. Usually such transformers are provided with tap-changers or series reactors of variable
inductance. Small inductive currents of transformers under no-load conditions, supplied through variable
reactors, may be interrupted 20-40 times per day.

Ancther special case is switching of generator transformers. When switching a generator transformer
by a generator circuit-breaker, the current in the no-load condition would be in the range of 10-50
Amperes, but during routine operations, and even in the case of a failure operation, an unloaded
condition is extremely unlikely.

Usually air-blast generator circuit-breakers are shunted by low ohmic damping resistors in series with
an auxiliary interrupter, therefore small inductive currents will not be interrupted in the main chamber
but by the auxiliary switch which has a much lower breaking capacity. It chops current at a level within
the range of normal air blast distribution circuit-breakers at the medium voltage level. Therefore air
blast, generator circuit-breakers with damping resistors behave in the same way as medium voltage
distribution circuit-breakers. Some air blast generator circuit-breakers may be equipped with voltage
dependent resistors across the last gap to interrupt. Furthermore, the m.v. side of the transformer is
usually protected by surge arresters and additional capacitance.

For the more modern SF6 self-blast generator circuit-breakers experience shows that because of its
arc characteristics this breaker type causes less overvoltages than medium voltage air blast breakers
without opening resistors.

it is concluded that generator circuit-breakers switching small inductive currents do not produce
dangerous overvoltages and thus this type of breakers need no special consideration.
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5.2.3 High-voltage transformers - rated voltage > 72.5 kV

in the majority of cases, the transformers are three—phase units though banks of single-phase units are
common at the highest voltages. Typical values of the steady state no-load current related to the rated
power and voltage of the transformers are as shown in Table 5.2.1. The maximum values of the no-
load current are not necessarily related to the higher values of the rated power. The maximum values
given for 1.1 U, are likewise not necessarily related to the higher values of Uy,

Typical values of the steady state no—load current for voliages other than the rated value and the
corresponding values of no- load losses are given in Figs. 5.2.1.a and 5.2.1.b respectively.

The inrush currents of transformers during energization are usually very high, up 1o ten times the peak
value of rated current or more, and high peak currents may persist for times exceeding 10 seconds in
the largest transformers.

Table 5.2.1

Typical values of no-load current for HV transformers (values are based on
information collected by WG 13.02, hut transformars outside the range in this table are
known to exist) [3]. .

Rated Voltage
of Transformer

Three Phase

No-Load Steady State Current (r.m.s.)
Rated Power '

i : i i
i H i g
i H i i
! Uy, ! of Transformer H Amperes ! % of rated current !
1 ! 1 1 [] 1 1
1 1 [} | i 1 1
i kv | MVA 1 Uy P 1.1 U, Uy P11 U, !
1 1 | i i 1 1
i a a i s s a
| 700 ! 510 I 04 R 1 0.09 1027 !
! 550 ! 300-800 ' 0.4-0.5 ! 1.4-1.5 ! 0.08-0.13 1 0.22-0.46 |
! 525 ! 560-1275 ! 0.3-16 | 0.4-33 ! 0.05-0.25 } 0.06-0.5 |
! 5125 i 240 H 0.4 1.0 I 013 i 037 i
! 500 ' 400-1000 ! 05-09 | 1.2-3.0 ! 0.05-0.19 | 0.10-0.65 !
: 430 H 735 ) 2.7 108 I 027 HE. i
' 420 ! 250-725 1 1.1-86.0 i 21-13.0 | 0.31-0.6 i 0.6-1.3 ;
! 415 ! 1020 13 ' na 1022 ' na !
' 410 ! 330-750 ! 0.8-2.5 ! 2.2-10.0 ! 0.08-0.33 | 0.21-1.01 |
H 400 H 200-1000 ! 0.5-4.2 ! 1.0-7.4 | 0.08-0.76 | 0.3-1.50 H
! 345 ! 560 1 Q.47 1 06 ! 0.05 I 0.06 !
! 2886 ! 510 109 1 28 ¢ 0.09 I 0.27 !
! 275 | 240-1000 1 1.1-25 vo21) ! 0.05-0.5 041 !
I 245 ! 330 ! 0.33 1 7.8 ! 0.33 t1.0 !
; 230 ' 100-1000 1 0.3-48 { 1.0-75 i 0.08-0.4 i 0.22-1.28 '
; 225 ; 75-250 | 0.2-0.9 ! 0.4-26 1 0.09-0.18 ! 0.17-0.41 !
1220 i 40-160 ! 0.2-0.8 1 3.0 T 1 0.09-0.3 ! 0.66 !
' 160 ! 100-250 ! 1.4-2.0 ! 5.4 1 0.22-038 ! 06 '
H 155 ! 75 1 03 1 05 P01 H 017 !
' 150 ! 16-250 ' 0.1-1.9 I 0.2-1.4) 1 0.09-1.23 ! 0.17-16 |
! 145 ! 160-750 L 1,1-2.4 ! 3.1-6.3 ! 0.08-0.18 ! 0.21-0.49 |
! 135 ! 40-500 ! 0.5-5.1  1.8-12.8 | 0.08-0.40 | 0.2-1.1 !
! 132 : 240 | 4.2-12.6 I 1259 1 0.4-1.2 ! t.1 H
' 130 i 16-250 i 0.4-58 ] 0.8-4.6') 1 0.09-1.25 i 0.41-1.22 |
! 127 I 25-40 I 0.7-1.0 1 1.1-2.4 ! 0.36-0.85 | 0.9-1.6 :
! 120 t 350 V1.7 | n.a 101 H n.a. '
I ] [} 1 1 1 1

*) Values for 1.'1 U, are not availablé for all transfo'rmers and are hot
necessarily consistent with vaiues for 1.0 U,
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Fig 5.2.1 a) Transformers excitation current (r.m.s. value);

b) Transformer No-load losses in percentage of base MVA [3]
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5.2.4 Medium voltage transformers

Medium voitage (m.v.) distribution or industrial networks show numerous variations. The transformers are
usually three-phase but single phase transformers are common at the smaller rated powers. Typical
values of the steady state no-load current related to the rated power voltage of the transformers are as
shown in Table 5.2.3.

Table 5.2.3 Typical values of no-load currents for m.v. transformers
(Values are based on information collected by WG 13.02 [3])

Rated voitage | Three Phase No Load Steady State Current (r.m.s.)

| : | :
| | | ;
i of Transformer | Raied Power | Amperes I % of rated current |
i Uy i of Transformer | i g d i
: kv i MVA i Uy PRy T Uy P11 Uy '
1 [} 1 - 1 |} 1 1
| 66 i 80 | 1.4 | 2.8 { 018 | 0.36 '
i 33 i 90 1 3.5 i 6.3 ) 0.22 i 0.4 i
;33 i 60 116 | 3.2 i 0.15 i 0.30 |
i @3 i 20 1 0.7 ) 1.4 i 0.20 i 0.40 |
| 20 | 2 1 0.40 P } 0.7 P~ |
i 20 i 1 i 0.20 P~ 1 0.7 Po- |
P20 i 0.63 ; 0.33 b= 1 1.8 |- i
i 20 i 010 1 0.08 V- | 2.9 V- '
g 17.5 | 10-50 | 43-32.0 }10.0-380 § - I g
g 12 i 10-40 {2.8-13.0 | 8.0-19.0 | - T ;
: 11 } 30 17.9 {15.8 i 0.5 i 1.0 i
i 11 | 1.25 1 0.50 } 0.72 i 0.70 i1 i
: 11 i 08 1 0.34 i 0.50 i 0.8 P 1.2 i
! 3.3 ! 1.25 11.6 ! 2.6 ' 0.74 P12 !
| ¥ | 1 1 L

1

5.25 Trahsformer core characteristics

Sections 5.2.3 and 5.2.4 give typical values of no-load r.m.s. currents for a range of transformers. Due
to the non-linear B-H characteristic of the core material the current contains a substantial amount of
harmonics as illustrated by Figure 5.2.2.

The ratio i/l,,,, may be of the order of 2.0 to 2.5 for a transformer having cold-rolled grain-oriented
steel (CROS) core as used in modern transformers having a maximum flux density at rated voltage in
the range 1.5 to 1.9 Tesla. In older type of transformers using hot-rolied steel cores the magnetizing
current is higher and the ratio 1/, . is less. The maximum flux density is also lower, about 1.3 to 1.5
Tesla.

Due to asymmetries of the magnetic circuits in three-phase transformers the no-load currents in the
three phases are generally different.

The extreme non-linearity of modern core material is illustrated in Figure 5.2.3.
However, in an actual transformer the B-H characteristic may be different from this, e.g. due to
inevitable air-gaps in joints.

The actual B-H or B-~i characteristic is normaily not available. instead the r.m.s. value of excitation
current is measured. From this it is possible to calculate the instantaneous current as a function of
instantaneous fiux linkage (or voltage) by a method suggested by Talukdar el.al. [5]. By using a slightly
modified method Boyle has calculated B-i characteristics from normal excitation measurements on a
wide variety of transformers. The method is presented in Appendix 1.
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Typical voltage, u(t),

flux, ¢(t), and

current, i(t),

relations in a transformer.
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Boyle has shown that it is possible to determine generalized characteristics sufficiently accurate to be
used in overvoltage calculations. The characteristics are independent of transformer size and rated
voltage from medium to ultra high voltages. The characteristic for CROS cores is valid for different
grades of material from M3 through M7. A characteristic for HRS cores is judged to cover most older
transformers with that type of core material.

Also the losses have an influence on the overvoltages at magnetizing current interruption. They are of
two kinds:

- hysteresis losses

- eddy-current losses
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The hysteresis losses per cycle are assumed to be basically frequency independent, while the eddy-
current losses per cycle are proportional to the rate of change of the flux density. This is important when
no-load current is interrupted. The current through the breaker can be assumed to be chopped
instantaneousty. The current through the transformer winding will then fall to zero along a hysteresis
curve, which is dependent on the rate of change of the current fall and thus on the effective capacitance
of the circuit to be interrupted.

5.2.6 Transformer capacitances
5.2.6.1 General

In each phenomenon occurring during the process of an interruption with current chopping, capacitances
are invoived. In the case of transformer switching one can distinguish between several parts that
contributes differently to the effective capacitance involved in the interruption process:

a. The interwinding and intercoil capacitances of the transformer are
distributed, often in a non-homogerious way, and are normally
different for the different phases in a 3-phase transformer unit.

b. The bushing capacitance to earth can be regarded as a constant and
lumped part C, of the total transformer capacitance per phase.

c. The components in the connection between circuit breaker and trans-
former terminals (busbars, cables, current transformers, voltage
transformers, busbar insulator etc.) have distributed capacitances
to earth and/or between phases. The total value is known by
measurement or calculation and may normally be represented by a
lumped capacitance to earth, C,. (The capacitances between the
phases are neglected)

Because of the first contribution a sophisticated treatment of the chopping phenomena requires
extensive modelling of the (three-phase) transformer primary coils, secondary coils and interconnecting
couplings.” This model should also include non-linear, voltage and frequency dependent, inductances
and resistances. These models can only be handled by circumstantial computer programs. An example
is the recent work of Langhammer [30].

Such compilicated analysis are neither suitable nor necessary in most cases, where only an estimation
is required of a total “effective” or "equivalent" capacitance per phase in parallel to an inductance
representing the transformer.

This total equivalent transformer capacitance is supposed to he composed from three different
contributions, see Figure 5.2.4.

uC
Ls H 12

>
wo

1T
A

Figure 5.2.4 Simplified equivalent transformer capacitance circuit
for chopping overvoltage calculation

Il
1]

Py ||
[N

L1+

fe

C, is the capacitance of the primary side bushing increased with the representation of all winding
capacitances to ground, C, is the same for the secondary side, C,, represents the effect of all capacitive
couplings between two windings of the same phase. These capacitances are determined by low-

115



frequency or resonance measurements or simply taken as typical values from text books or other
publications [7, 8, 9, 10].

Such a rough approach is often adequate because of two reasons:

- The constant part C, + C, of the total capacitance is often as large as the effective coil
capacitance. The larger this first part, the less critical is the exact determination of the
equivalent transformer capacitance.

- The associated voltage and current transient phenomena are a function of the square root of
the total capacitance.

5.2.6.2 Capacitance values for overvoltage calculations

For calculations of overvoltages after chopping the effective shunt capacitance of the transformer for
rather low frequencies (less than a few kHz) has to be determined. This capacitance is given by:

v S

' N, N,
C,=C +C + ('R’:)ZC’ + (1 *3}:)2{712

(5.2.1)

where N, are primary turns, N, are secondary turns. The sign in the third term chosen for additive (+)
and subfractive (=) phase to earth voltages. The third term can usually be neglected.
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C, and C, are often taken as 1/3 of the total {measured) capacitance to earth, bui in fact this factor is
only theoretically accounted for the coils and assumes a linear voltage distribution along the coil. It
should be larger if the bushings are a substantial part of it [7].

in Figure 5.2.5 capacitance values for a large number of transformers measured by low voltage injection
methods are given. (Values from Tables in ref [9]). These values are thought to be representative in
overvoltage calculations. The values are very scattered and there is little correlation between
capacitance values and rated voltage.

Somewhat lower capacitance values are given in ref. [8] and ref. [34].

When the transformer is switched from the high voltage side the third and fourth term in eq. 5.2.1 can
usually be neglected. In case the transformer is switched from the low voltage side the contribution from
the H.V.-side capacitance is considerable and the third term must be taken into account but the founth
term can often be neglected.

A three-phase equivalent scheme is given in Figure 5.2.6 for the three-legged star-deita transformer.
(Several other schemes with the same degree of validity exist).. -

Now C, is not the only capacitance to earth per phase but also the delta-star transformed phase-to-
phase capacitance has to be included. Single-phase eguivalent circuit representation depends on the
actual way of earthing and whether the 1st, 2nd or 3rd phase-to-clear is to be represented.

During first phase interruption (phase A) connections B and C must be regarded as being earthed
directly {connected to D through the source side) for the transient oscillation. During second phase
clearing only the last phase is earthed. These earth connections influence not only the effective
capacitance C, in Eq. 5.2.1 but also the effective inductance in the single-phase representation.

Such influences are treated in detail for linear inductances in Appendix 4 and 5, also including
D-connections.

(
3 3
LA
ts| Tcx (1:_ -sz
Lo ) | 3
Uz é
i 1 ~
= T = T
= La
T o

Figure 5,2.6 A three-phase equivalent scheme of a
three-legged star—delta transformer.

L= 1/3(L, - L)) =-M

L, = zero sequence inductance

k.= positive sequence inductance

M = mutual inductance, taken as positive

117



Note: Since L, is usually negative, this equivalent scheme is not suitable in TNA studies and in some
digital calculation programs. The implementation of this scheme in the EMTP-program and
calculation of transient currents and voltages after interruption of linear inductances is given in
ref. [31]. Representation of a comparable model in TNA studies is possible by means of an
additional delta winding. More detailed representations can be derived by using the analogy
between magnetic and electric networks as treated in ref. [33].

5.2.6.3 Capacitances for chopping level calculations

The instability and/or chopping level of the arc current is dependent on the effective capacitance parallel
to the arc. See Chapter 2, Section 2.3 [13].

Since the instability oscillation usually has a frequency of > 100 kHz it is obviously the high frequency
capacitance that must be regarded in chopping level determination.

This high frequency “input capacitance®, C, is We.l'l known from surge voltage distribution theory and
calculations. Methods for measuring and calculations of such capacitances are given in ref. [8].

If approximate h.f. values of C,, C, and C,, are available the effective input capacitance can be
estimated to
CICH

e 712 (5.2.2)
C, + Clz

C,=€ +

When the transformer is switched at the H.V.-side, the value of C, is 0.6 to 0.8 times the value for
overvoltage calculation [8, 34}, but this difference has only a marginal influence on the calculation result
in most practical situations, for the same reasons as mentioned in 5.2.6.1.
The effective capacitance paralle!l to the arc is

C,=C.C /(C, +C), withC,=C, + C, (5.2.3)
In most cases the capacitance on the supply side, C,, is large in comparison with C, due to
capacitances of the busbar, potential and current transformers, coupling capacitors, capacitor banks etc.
Therefore, one can assume C, =~ C, in most cases, especially as C, < C, gives lower overvoltage.
5.2.6.4 Capacitance values at oscillations after reignition
The "second parallel oscillation", defined in ref. [13], is a h.f. phenomenon with a frequency of the same
order as the instability oscillation. Therefore the same "input capacitance” as in 5.2.6.3 should be used
for C.
“Main circuit oscillations" [13] are not to be expected in transformer switching because the small no-ioad
current will normally be interrupted again (after the second paraliel oscillation has died out or even
during the oscillation).
5.3 Interruption of no-load currents
5.3.1 General

This section is concerned with a theoretical analysis of the generation of overvoltages due to the
switching of unioaded transformers. Overvoitages created by chopping of steady-state no-load currents
as well as inrush currents are studied.

5.3.2 Effective magnetic energy

The overvoltage generated at chopping magnetizing current is given by the release of magnetic energy
during the change of magnetic status from the instant of current chopping to the zero passage of the
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magnetizing current. The released energy is proportional to the area P in Figure 5.3.1, when chopping
at i, = iy, and a natural frequency oscillation close to the power frequency is assumed. In the Figure
chopping at the peak value of a steady state current is illustrated.

In Figure 5.3.1 the return to current zero is assumed to follow the 50/60 Hz hysteresis curve. In actual
operation the return will follow a curve dependent on the rate of decay of the flux density as shown in
Figure 5.3.2 by curve b. The released energy is smaller than in Figure 5.3.1 since the decay in all
practical cases is faster than 50/60 Hz.

Figure 5.3.1 Figure 5.3.2

Chopping at peak no-load Chopping at peak no-load steady-
steady-state current. state current. Return with a rate
Power frequency return. of decay > power frequency decay,

The case of chopping an inrush current is illustrated in Figure 5.3.3. The current may then be chopped
at values higher than the peak steady state current when falling from saturation,

The released energy is again proportional to the surface area P {above the return curve b. Since the
slope of the B~i,, curve in the saturation range is mainly determined by the air-cored inductance of the
coil the area P in this range will increase more linearly with the chopping current. However, chopping
of currents in the saturation region (B = 2 T) are far above even the highest chopping level of any
circuit-breaker.,

o

tent ch2

Figure 5.3.3 Released energy at inrush current chopping
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We can now define the “magnetic efficiency”, n (or "efficiency of release of magnetic energy”) as

q = Wy _ _ AreaP (53.1)
W, ArealP + Q)
where W, = released magnetic energy from the transformer when

demagnetized from the point iy, B, along curve b,

W, = stored magnetic energy in an ideal linear inductor with the
same core area and number of turns, when i, = iy, and B = B,

W, is represented by the area P + Q in Figure 5.3.1. Therefore:
1 .
W, = SNAB, i, (532)

where N = number of windirig turns
A = crossectional area of the iron core

In the normal case of steady statle excitation, the highest possible chopping current is the peak value
of the magnetizing current, i,. Therefore, when interrupting steady state currents:

i S I, (5.3.3)

If an inrush current is interrupted, the circuit-breaker may chop the current at a higher value up to the
max. chopping level of the breaker.

To quantify the decay of flux density the equivalent scheme of Figure 5.3.4 could be analyzed.

- >

T2 > D0G

= !
pE=

Figure 5.3.4 Equivalent scheme of an unioaded transformer.

The eddy current losses may be represented by a parallel resistance R {according to Appendix 1).
With the transformer characteristics: flux = @, flux density = B, core area = A, magnetic path length =/,
number of turns = N and current = i, the following equations can be set up:

"c=lﬂ+lm

db 1 p .
NTE"'EIIC'&—.O

. dé

— =N—-—

u=1iR S
¢ = AB
H=-N~i
IM

B=p,p, DH
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where C, = the equivalent parallel capacitance (discussed in 5.2.6.2) and
#(i,,11) = a non-linear, hysterical function of i,

2

From these equations the relation between B and i, is derived:

d"B+ 1 dB im

+ =0
d* RC,dt CNA
or
2
4B, 148 _ B _, (5.3.5)
dr? RC, at 1k N2AC,

If the coefficients of the above differential equation in the dependent variable B would be constant, the
solution for B is known to be a damped sine function. It is, however, a differential equation with one

variable coefficient 1 since p, is here not a constart but a
HotN°AC, '
function of i, i.e.
w - L .48
" Np, di

Thus the analogous expression for the angular frequency o, i.e.:

W = _-.-.1-...2_
uoprN AC:

is varying with time. Therefore no defined frequency can be assigned to the chopping transient
oscillation of a no-load transformer.

If dB/di, is known by knowledge of the curve B = (i), the variation of

the variable coefficient and thus also of the varying quasi-frequency as function of i, IS determined by
the shape of this magnetization characteristic. The equation may then be solved numerically by
approximating the Bfi,,~curve by straight line segments.

Boyle has developed a practical way to estimate the overvoltage peak for modern transformers with
cold-rolled grain-oriented steel cores as well as for transformers with hot-rolled steel cores in the
following way (see Appendix 1):

a. Calculation of n dependent upon B, and an "effective frequency"
1 .
fg= —— (5.3.6)
T (I,
with a specially defined "effective inductance"
Ba 53
L, = pNA—Z (3.7

!c!:

where B =0.15 for CROS-cores *)
B =05 for HRS-cores *)

Note: *) The factors 0.15 for CROS-cores and 0.5 for HRS-cores are more or less arbitrarily
chosen. This does not influence the final results.
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b. Equating the released magnetic energy with the increase in electric energy

1. 2 1 . j
Ec}‘” = EnNABcklc.k + EC#O (538

where u,, = peak chopping overvoltage
u. = voltage across C, immediately prior to chopping

Though the defined effective frequency has little physical meaning, because of the non-linearity of the
problem (see above), it is a useful parameter for the representation of n (Fig. 5.3.5) and it may give an
approximate indication of the voltage waveform up to the first peak. Boyle's calculation of n is based on
an equivalent circuit consisting of a non-~linear inductance in paraliel with a resistor. The non-linear
inductance represents with its B(i,) characteristic the falling branch of the hysteresis curve for the
transformer. The resistor takes account of frequency dependent losses on the assumption that the ratio
of hysteresis losses/eddy-current losses (frequency dependent losses) is 0.5/0.5 for CROS and 0.7/0.3
for HRS at power frequency. This assumption seems reasonable because higher eddy~-current losses lead
to higher damping and investigations indicate that eddy-current losses even dominate over hysteresis
losses [14, 15, 16].

Additional resistive losses in the transformer and external damping are usually negligible in comparison.

u = U2sinwt, = NA'%

NA in eq. 5.3.7 may be found from the steady-state conditions:

So
N = Yo o Un (539
w,B, B,

where u, = amplitude of the rated voltage
U, = rated phase-to-earth voltage (r.m.s.)
B,, = maximum fiux density at rated voltage
w, = power angular frequency

The effective inductance can then be expressed as

uoBdl

Ly=8

o= (5.3.10)

@ lIcth

where B‘= 0.15 is used for CROS~cores
B = 0.5 is used for HRS-cores

From L, and C, the "effective frequency”, f,,. can now be calculated {eq. 5.3.6) and n determined from
Figure 5.3.5.
The generated overvoltage can now be calculated from Eq. 5.3.8, which gives

¢ c

H

u, = Juz , MNAByiy (53.11)

With NA from eq. 5.3.9
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B (Tesla} at interruplion

Figure 5.3.5 Efficiency of release of magnetic energy (n) for
transformers.
a) Hysteresis/eddy-current loss at 50 Hz = 0.5/0.5, typical for CROS-cores
b) Hysteresis/eddy-current loss at 50 Hz = 0.7/0.3, typical for HRS-cores

In the further treatment we must now distinguish between the two principal cases:

- steady state current interruption
— inrush current interruption

5.3.3 Steady-state current interruption

A typical oscillogram from an interruption of steady-state current in an unloaded transformer with HRS-
core is given in Figure 5.3.6.

YOLTAGE kv CURRENT AMP
300 - 40

|30

r
[\
h

L

el L b —

— 20

75

-225 ..l | =30
-300 __] L—A‘O

Figure 5.3.6 Interruption of steady-state current of a no-load transformer
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For modern transformers with CROS-cores, the steady-state peak current is often less than the chopping
level of the circuit-breakers. The current may therefore theoretically be chopped at its peak. Even though
the experience shows that this is unlikely, we will assume this 10 occur in the following treatment of steady
state current interruption since it would result in the highest overvoltages as shown in ref. [17].

To simplify the treatment we will study a single-phase case.

At or close to the current peak the voltage across the transformer terminals is close to zero, i.e., u, = 0.
Since further B, = B, and i, = i, egs. 5.3.11 and 5.3.12 simplifies to:

n uo idl
w, C,

oo | - (5.3.13)
¢ uo (01 Cl

with n from Figure 5.3.5 the overvoltage factor k, can be calculated.

and

The peak magnetizing current can be expressed as a fraction of the rated current

PN
i =vi =var (53.14
»= Y=Y U, )

where vy =i/l, = form factor
a = ratio magnetizing current/rated current (hoth rm.s. value)

P, = rated power of single-phase transformer

u, = Uyv2 = rated crest voitage of single-phase transformer

I, = r.m.s. value of magnetizing current

Eq. 5.3.13 can then be written as:
P . T B R (5.3.15)
" NeCUWZ N ZC U

Even though the design of the transformer has an influence on the form factor, one can assume the same
form factor for a certain design flux density, B, i.e. y = constant. Further in this case

n= f(faﬂ‘)

From Egs. 5.3.6, 5.3.9, 5.3.10 and 5.3.14:

mlyuPN
BC,Uy

I

n=s( (5.3.16)

i.e. k, is a function of the parameter:

« P,

cU

1
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The curves in Figure 5.3.5 are derived for a power frequency of 50 Hz, but can also be used for 60 Hz.
The difference (if any) will be negligible in view of other assumptions and approximations, (There are
different opinions in the WG on how the power frequency influences the magnetic efficiency.)

The use of the parameter a P/(C, U,%) was first suggested by Panek and Tuohy [18].
Panek and Tuohy calculated the chopping overvoltages by solving numerically the differential equation
for the flux density based on eq. 5.3.5 and a dynamic H(B) curve

gH=-B_,,98 (5.3.17)
1 (B) dt

The first term on the right hand side of eq. 5.3.17 - the characteristic
of non-linear inductance - was taken as

T A ¢ B b(B)? (5.3.18)
: H c .

which is a fair approximation for the characteristics of CROS.
The second term represents the frequency dependent losses.

The constants a in eq. 5.3.17 and b, ¢ and d in eq. 5.3.18 are empirical constants that can be obtained
from steady-state BH measurements.

The result of calculations of chopping overvoltages (peak current chopping assumed) for transformers with
B, = 1.55 T and form factor y = 2.5 has been reproduced in Figure 5.3.11. [18].

Eq. 5.3.17 leads to the same representation of frequency dependent losses by a resistor in the
appropritate equivalent circuit as in Appendix 1.

There are several other calculation models representing the B-H characteristic of core steel that could
be used in solving the differential equation describing the chopping process {19, 36]. The classical
Langevin function (B = B, -coth k,H - 1/k,-H) as well as pure mathematical approximations can be used
in established computer programs for differential equation solution.

5.3.4 Magnetizing inrush current interruption

Transfonmers are subject to high magnetizing inrush currents when energized. The level of inrush currents
depends largely upon the point on wave of energization and the remanent fiux in the core. The
transformer core will be driven into a saturated condition where the effective inductance becomes extremly
low in comparison with the steady-state magnetizing inductance and the inrush currents become very
large.

The chopping current level is now determined by the characteristics of the switching device, and this case
must therefore be treated differently from interruption of steady-state currents. Some circuit-breakers with
very high chopping levels may - theoretically — produce high overvoltages.

The most onerous case can be shown to be interruption when the inrush current peaks are stiff much
higher than the chopping level. In this case the initial voltage across the capacitance is close to the crest
value of the applied voltage, i.e. u, = u, = U, v2. Eq. 5.3.12 then simplifies to

PR PR L7 L. (5.3.19)

. —
uo uo ml Cer
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The n-value can be taken from Fig. 5.3.5 if By, and the equivalent frequency are known.

The equivalent frequency is as before given by

A p—— (=5.3.6)

where L, as for steady state current may be approximated by

NAB u B
Ly=8B _ch g (5.3.10)
tn 01,8,

where B8 = 0.15 is used for CROS and ,e = 0.5 for HRS cores.

B, can be estimated from the chopplng Ievel and the magnetlzmg current at rated voltage by means of
the curves in Appendix 1, Figures A1.3 and A1.4 for CROS and HRS cores respectively.

The curves show the flux density B as function of instantaneous current when falling from saturation. The
curves also approximately represent cases with flux falling from lower levels, as long as the peak current
is much larger than i, (the peak curreni at steady state). The normalized current in the diagrams is
referred to the r.m.s. value of the no-load current at a design flux density of B = 1.7 T.

For most circuit—breakers the chopping level is dependent on the capacitance in paraliel with the circuit-
breaker [4, 13]:

o = KV(NC) (5.3.20)

where n = number of series connected breaking units.
x = chopping number for one breaking unit.

A recording from an inrush current interruption is shown in Figure 5.3.7.

1
VOLTAGE kY CURRENT A
236 _l {_is. B
252 | t34. 2
158 : 22.8
|
83. 9 . !— 1.4
|
0 ——]-0
o 1 2 Y ‘“'-—-4-Jj HSEC
-83.9 _] IL-I 1.4
168 L—zz. 8
-252 =34.2
-335 _| ~45. 6

Figure 5.3.7 Example of no-load transformer inrush current interruption.

The value of the chopping number, x, for a breaking unit is normally in the range 1-10* to 20-10*. The
relation in eq. 5.3.20 is not valid for vacuum circuit-breakers whose chopping level is only weakly
dependent on the capacitance.
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The value of C, to be used is the effective high frequency capacitance treated in Clause 5.2.6.3.
Since the supply side capacitance usually is large we can often assume

C. =6
which further gives a conservative estimation of the overvoltages.

The value of B, to be used can be derived from Figures A1.1, A1.3b and A1.4, if the normal r.m.s.
excitation current at rated flux density, B, is known. The ratio of chopping level to normal excitation
current gives the B,,~value to be used both when calculating L., from eq. 5.3.10 and k, from eq. 5.3.18,
ie.,

PRI PR L W PR (5:3.21)
“ u, u,0,CB,_ u,w,C,

The curves in Figures A1.3b and A1.4 afe based on rated flux derisities of 1.7 T and 1.3 T respectively.
The curves could anyway be used with an acceptable accuracy for other rated flux densities with the K -
value based on the actual | —value.

5.3.5 Three-phase phenomena

Interphase effects in three-phase transformers where the phases are magnetically coupled by multi-leg
cores or delta windings will make the interruption process much more compiicated.

A wide variety of cases exist

~ banks of single-phase units
- three—phase units

- autotransformers

- 2 or 3 winding transformer
- Y or D connections

- number of core-legs

all of which have to be freated differently.

Only cases with banks of single-phase units without mutual inductive coupling are covered by the above
treatment of single-phase transformers. In a transformer with a three or five leg core or with a delta
winding the phenomena are more complicated because of the mutual effects ~ each coil confributes
rmagnetizing force to all the core legs. The situation is further complicated by the asymmetry of the
magnetic circuit.

The overvoltages are likely 1o be less severe than in the single phase case because the energy in the
magnetizing inductance will not be at a maximum in all three phases and this energy is discharged into
the three phase capacitance circuit.

However, due to the mutual coupling between the phases there is always a risk to achieve an
unfavourable superposition of voltages when the second and third phase is interrupted. This is illustrated
by Fig 5.3.8 showing a MV side recording from a field test with a 400/120/21 kV, 400/400/125 MVA
transformer under inrush conditions [37]. At the interruption a 1.3 kHz voltage oscillation is created due
to the tertiary winding coupling (zero sequence system inherent frequency). This voltage oscillation
is superimposed on the chopping overvoltage in the last phase to intemrupt (B-phase), enhancing the
overvoltage from some 1.7 p.u. to about 2.6 p.u. Phase A and C interrupt more or less simultaneously
with a current chop of approximately 40 A. The chopping overvoltage in phase A is 1.9 p.u.

A computer simulation of this three—-phase case has given a result that is very close to the recording. For

comparison alsc a computation of an equivalent single-phase interruption was made. A substantially
higher chopping overvoltage was achieved in spite of a lower chopping current

127



(20 A) used in the calculation. This indicates that a possible enhancement due to superposition, more than
well may be compensated by the general reduction in three-phase operation as compared to the single

phase case.
In ﬂ IM\/\
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Figure 5.3.8 Inrush current interruption in 400 kV transformer. Field test [37].

A few theoretical studies of three-phase chopping have been made. Although considerable simplifications
have been made, some general conclusions may be drawn. i

5.3.5.1 Star-connected transformers with earthed neutral and deita secondary

A worst case study has been made by Boyle in Appendix 2. in a star connected transformer the most
severe case would be when the second phase to clear chops at peak current provided that the first phase
was interrupted 60 electrical degrees earlier. An overvoltage will then appear on the first phase to clear
at the time of interruption of the second phase, which is the sum of the instantaneous value of the power
frequency voltage present on that phase and an induced transient voltage approximately equal to the
switching transient appearing in the second phase to clear. The maximum voltage on the first phase-to-
clear would then be approximately
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3
¥ = 4,3 v u (5.3.22)

where u,, is calculated from eq. 5.3.13 and
u, is crest phase~to-earth voitage

or k=086 + ka
where k, = u/u,.
The conditions required to create this worst case are:

- the second phase interrupts = 3 ms afier the first phase
- the second phase interrupis at peak current,

¢ 1 o

This is very unlikely and requires unusuélly large difference in contact opening of the breaker.
5.3.5.2 Delta connected tfransformers

For an unloaded three-phase bank of single-phase transformers connected in delta/star and supplied
from delta side, the magnetic energy stored in one phase will be maximum when the current and flux
density in its winding is at its peak value as is also the case in a star-connected transformer. In the
steady state the currents in the other two windings at that moment will be very low because of the non-
linear characteristic. Hence on simultaneous interruptions of the three phases the maximum energy is
released when chopping at peak flux density in one winding. The energy is transferred to the effective
capacitance across that winding. The inductance is high in the other two windings, therefore only a small
energy transfer to the third capacitance takes place. The resulting overvoltage to earth will then be
approximately half of the voltage across the winding, as can be seen from Figure 5.3.9.

Figure 5.3.9 Capacitance distribution in a delta-star transformer (circuit valid for current
chopping overvoltage calculations)

The effective capacitance across the delta winding will thus be

2
c - %, 3GWNINY (5.322)
EAD) 2

and the maximum overvoltage to earth is now found from eq. 5.3.13;

u =L | Dlla (5.3.24)
2 ‘-"1C¢r

Also Panek et. al. [20] have studied the case of a D/Y bank consisting of three single-phase transformers
switched on the D-side. In the study the eddy-current losses have been represented by a resistance:
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R-NA (5.3.25)
E al

parallel with each winding (“a" is the constant in eq. 5.3.17 and /is the magnetic pathlength).

The maximum overvoltage to earth can be described by the curve A in Figure 5.3.10, which is principally
the same as the curve for singlephase transformers in Figure 5.3.12. Panek et al. use the three-phase
rated power and voltage to define what they call a normalized capacitance
C.N*A
I

used as an independent variable. (This normalized capacitance is related to the chop parameter in Figure
5.3.12 by:

.' 2 L
N4 _ H,2 Uy ‘ (5.3.26)
! B o,y aP,

where H_, B, and y are design and material data.)

If instead a three-leg transformer is studied, the difference in magnetic path length and thus reluctance
in the three phases has to be considered in calculations. This means that the phase currents are different.

Calculations for medium voltage transformers show that the maximum overvoltages are approximately the
same as for the single-phase (or D-connected bank) case if simultaneous chopping in all three—phases
is assumed {20]. This assumption should be acceptable when the chopping level is higher than the peak
magnetizing current (a necessary condition to create maximum overvoliages). Curve B in Figure 5.3.10
shows the calculated maximum overvoltage for an actual transformer (1 MVA, 4.16 kV) in comparison with
the D-connected bank (or a single-phase transformer).

Brk
pu.

0 1 1 ) [ B A 1 1 1 'SR A B | CN’A
3 b5 e
10 2 5 10 2 5 th)

Figure 5.3.10 Maximum overvoltage as function of a normalized
capacitance, (CN°A)//. [20]
A: single-phase transformer and D-connected bank with peak current chopping
B: three-leg-core transformer with simultaneous chopping

it should be observed that the actual overvoltage factors in Figure 5.3.10 are from theoreiical calculations
on m.v. fransformers. A number of conservative approximations have been made giving values which are
too high compared to actual observations.

The main conclusion to be drawn from the studies is that three—phase transformer switching does not
normally produce higher overvoltages than single-phase transformers and that the calculations based on
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the single-phase model are approximately valid also for the three-phase case, at least as long as
chopping in steady-state conditions are concerned.,

It should be noted that when switching a transformer from the D-winding side the overvoltages in the
clearing phases have opposite polarities which may give a certain risk of overstressing windings of
conventionally protected transformers.

5.3.6 Reignition transients

Reignitions after the interruption of a small inductive current may either limit or enhance overvoltages (see
Section 2.5 of Chapter 2). However, when the inductive toad is an unloaded transformer a possible
enhancement is very improbable. A considerable reduction due to reignitions has usually been observed
[2, 7, 18, 29, 35] and the highest overvoltages have been recorded in tests without reignitions. A typicai
recording is shown in Figure 5.3.11.

Voltage phase-to-earth /K e
;f/
o :
J Figure 53.11 Measured voltage at
interruption of no-load transformer
Voltage across braaker /,f-" current [2].
At interruption of steady state magnetizing current the cases shown in Figure 5.3.12 can in principle be
achieved.

In cases 1 and 2 current chopping close to the current maximum is assumed. This gives the highest
chopping overvoltage (overvoltage factor k,). To achieve this case the breaker contact opening has to take
place at or immediately prior to the current peak, otherwise the current would have been chopped earlier
at a lower value. If the dielectric strength of the contact gap increases rapidly after the opening, either a
clean chop without reignitions will result or a reignition during the rise 1o the suppression peak, case 1.
The highest overvoltage will occur at a clean chop, i.e. the chopping overvoltage k,, while the maximum
reignition transient is created if the reignition occurs at the voltage peak. Without damping the reignition
transient (peak-to-peak excursion) would then attain a value of 2 k.. If damping and charge
displacement (see Chapter 4 Clause 4.3.3.1) are taken into consideration a maximum swing of 1.5 ka
could be anticipated. The overvoltage value (to earth) will anyway never exceed k..

If the breaker dielectric withstand increases slowly relative to the recovery voltage the chopping
overvoltage may be considerably limited as demonstrated by case 2. At each reignition the energy of the
load oscillation will decrease thereby reducing the actual maximum overvoltage to values helow the
prospective k,-value. Several reignition transients {(up to some dozen) may be produced, but their
amplitudes are small. Especially older types of oil breakers with slow contact speed could behave as
shown in case 2 [21]. It may then even happen that case 2 is followed by a train of reignitions during the
recovery period as shown in case 4. But the amplitudes are always very small due to the limiting effect
of the low voltage withstand of the contact gap [21].

If the breaker contact opening (and chopping) takes place near a current zero or if the chapping level is
low compared to the magnetizing current, the supply side voltage will be high, up to the crest value. Then
the cases 3 and 4 may then occur for breakers with fast and slow dielectric recovery respectively. In case
3 a reignition transient of about 2 p.u. would theoretically be possible without damping, but with damping
a maximum of 1.5 p.u. may be expected. Case 4 may produce a train of reignition transients with
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(20 A) used in the calculation. This indicates that a possible enhancement due to superposition, more than
well may be compensated by the general reduction in three-phase operation as compared to the single

phase case.
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Figure 5.3.8 Inrush current interruption in 400 kV transformer. Field test [37].

A few theoretical studies of three-phase chopping have been made. Although considerable simplifications
have been made, some general conclusions may be drawn. i

5.3.5.1 Star-connected transformers with earthed neutral and deita secondary

A worst case study has been made by Boyle in Appendix 2. in a star connected transformer the most
severe case would be when the second phase to clear chops at peak current provided that the first phase
was interrupted 60 electrical degrees earlier. An overvoltage will then appear on the first phase to clear
at the time of interruption of the second phase, which is the sum of the instantaneous value of the power
frequency voltage present on that phase and an induced transient voltage approximately equal to the
switching transient appearing in the second phase to clear. The maximum voltage on the first phase-to-
clear would then be approximately
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Figure 5.3.12 No-load i = magnetizing current

transformer interruption with u, = supply side voltage

reignition. u, = load side voltage

Steady-state current k, = chopping overvoltage factor

interruption. u, = peak-to-peak reignition
transient.
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Figure 5.3.13 No-load transformer
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increasing amplitude up to 1.5 p.u. Neither the overvoltage value to earth nor the peak-to-peak
excursion will thus exceed 1.5 p.u. in any case.

Even at infush current interruption no enhanced overvoltages due o reignitions seem to be possible.
Furthermore the reignition transients are expected to be less than 1.5 times k,. Figure 5.3.13 illustrates
this. Since the chopping level is normally much lower than the inrush current peak, the chopping takes
place when the voltage is close to the voltage crest. The arcing time may be short or long and the
dielectric strength of the contact gap may therefore attain any value. Reignitions may occur during the
suppression peak, cases 1 and 2, or with recovery voltage across the breaker, case 3. In case 1 the
peak-to-peak voltage excursion at the reignition is expected to be max 1.5 {k, - 1) p.u.

Reignitions at recovery voltage either after a clean chopping, case 3, or after reignitions at the
suppression peak, case 2, are expected to create overvoltages to earth of max 1.5 p.u. Even the
excursion peak-to-peak of the reignition transients will not exceed 1.5 p.u.

Contrary to the reactor switching case, reignitions"at interruption of no-load transformers cannot
produce dangerous overvoltages. : .

Since transformers normally are tested by lightning impulse voltage, the transients generated at reignitions
are deemed to be far from dangerous. Even repeated reignitions should be perfectly innocent due to the
low amplitude. The repetition frequency is low and further not sufficiently constant to excite resonating
overvoltages in the transformer winding.

5.3.7 Examples of calculation

To get a general knowledge on the maximum amplitude of overvoltages that could be expected when
switching magnetizing currents, a few typical examples have been calculated. This will also illustrate the
simple caiculation procedure developed by Boyle described in Appendix 1.

in Table 5.3.1 the overvoltages at interruption of steady state magnetizing currents in a few typical
transformers in the range 11 kV to 433 kV, have been calculated.

A total effective capacitance of 3 nF has been used in most calculations as this seems to be typical. See
Figure 5.2.5.

It might be of some interest to compare the result with previous calculations made by the CIGRE Working
Group WG 3.2. The main results of WG 3.2 are given in Appendix 3. Their calculations resulted in higher
overvoltage factors due to an assumed higher value of the "magnetic efficiency”, n,, [22].

For a number of transformers in the WG 3.2 study expected overvoltages have been caiculated using
Boyle's method. The values are presented in Figure 5.3.14 together with the values from Table 5.3.1.
Further the calculated overvoltage curve of Panek and Tuohy [18] for peak current chopping at switching
of single phase transformers has been inserted in Figure 5.3.14 for comparison.

The *chop parameter"

2
C,Uy
ab,
is used as independent variable.
The correspondence of the two approaches - Panek's and Boyle's - is well iliustrated. The calculation
of the chop parameter seems to be a convenient way of getling a quick estimation of the maximum
overvoltages to be anticipated when steady state no-load current is interrupted at the current peak

{independent of the type of circuit-breaker as long as its chopping level is higher than the peak current).

Only a few values are above the Panek curve. As expected the single value for a transformer with HRS
core is one of them.
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Vacuum breakers behave different from other types in some respects, but should give chopping
overvoltages of the same magnitude as other breakers. Ref. [29] compares result from a three—phase lab
test with a vacuum breaker switching a 10 kV, 1600 kVA dry type transformer with calculated overvoltages
according to the method of Boyle. For steady state current interruption the calculation gave conservative
overvoltage values, while a few tests exceeded the theoretical max value (2.5 p.u.) due to repeated
reignitions.

kg S
4
3
2
!
OIS ] L] LB L] L4 1 ¥ L) 11 1 LN |
2 3 4 5 10t 2 3 4 S 1073 2 s
ct-uN2
a-P

A calculated values from Table 5.3.1, CROS cores, Bm = 1.5 T
® calculated values from Table 5.3.1, CROS cores, Bm = 1,7 T
Is] calculated value from Table 5.3.1, HRS core, Bm = 1.35 T

~+ recalculated values for transformers in WG 3.2 study

Figure 5.3.14 Overvoltage factor for peak current chopping as function of
2
citihl_ from ref [18] {curve A) and Fig A1.9 of App. 1 (curve B)
aP
compr)!lred with calculated values in Table 5.3.1 and Appendix 3.

A few cases of inrush current have also been studied. Here knowledge of the actual chopping level of the
breaker is necessary (not only that it can chop at peak current). For modern breakers {except vacuum
breakers} this level is conveniently expressed in the chopping number for one breaking unit, x:

nCC
i;h=KnCP='K_—_S_;“_
C:+thl

where n = the number of breaking units in series and
C.. = the h.f. capacitance according to Clause 5.2.6.3, which determines the chopping current,

The value
xn = 10-10*

has been used in the calculation. To illustrate the influence of x also calculations have been made with

xh = 20-10*
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5.3.1 <Calculated overvoltages at interruption of steady-stace
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no-leoad transformer currents.
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(all 50 Hz)

Note (1)

HY switched CROS

rated volts,

240 MVA 4007132 kV auto operating at

Transformer (A

o
"

LY switched
HY switched

800 MVA &33/13.5 kv

cros
HRS

HY suitched

rated volts,

20 MVA 132733 kV double wound operating at

20 Mva 132/33 kv

CROS
CRCS

(1)

1 Mva 11/.433 %v dry type

o

immersed

1 MVA 117,433 kV oil

G
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Table 5.3.2 Calculated overvoltages at inrush current interruption for

several chopping numbers and capacitance values.

T;ansformer, See note 2 A A A A B
] ]
fRated power, PN VA 240+10 = = = 240-10
. . a3 _ - 3
Rated wvoltage (switched side), vy v 400-10 = = = 13210
g2 3 3
Crest voltage, u = oy v 327-10 = = = 10810
1
Px
Rated current, IN = U;T7§ A 346 = = = 1050
No-load turrent, rom.s value, In A 1.5 = = = 4.5
Irll
No-load current/rated current, ¢ = 1 ! [T 0.0043 == = = 0.0043
. N N
- " - " = peak value, ip A 3.5 = = = 10.4
Chopping number, « 2 10.10" 20.10°  10.10° 20.10° 1010
- " = current, ich = K A 6.7 13.4 4.8 9.6 6.7
ichllm P.U. L. 46 8.93 3.2 6.4 1.5
‘Max flux, density at rated voltage, By T 1.7 = = = 1.7
Flux density at ich' ach from Figure A1.3 T 1.81 1.87 1.77 1.84 1.67
u 'Bch
L, = 0.15 alt 0.5 - —2 H 24.8 12.8 33.9 17.6 7.6
eff wei B
ch "m
2
Eff (.f. capacitance ¢, = ¢ + ¢, + C [N—z] F 3.3.107° = - - 10.5-1077
e P t “x 1 2'N b N "
Eff h,f. capacitance Cop = 0-70C, F - - 2.3.107° = -
. t12°% - -9
Eff h.f, capacitance €, = ¢ + C, + ————= [ 4,510 = - - 4.5.10
' th x 1 €., +¢C
12 2
L _ 1
Equwalent |frequency, feff = m’m Hz 556 77k 476 669 33t
n from Fig 5.3.5 p.uU. D.12 0.10 0.12 0.1 0.13
u i B
. .
Max overvolrage v = \lu %+ g by 614410°  756-10° 544107 6B6-100 146
. t m
ull\
k = e p.is. 1.88 2.31 1.66 2.09 1.35

(=]

Hote 2: Transforder A 240 MVA 400/132 kv auto operating at rated voltage
HV switched

B 240 MVA 400/132 ¥V auto operating at rated voltage
LV switched
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To show the relative insensitivity of the h.f, capacitance, C,, on overvoltages, two different assumptions
have been made

- C, = 07C, according to Clause 52.6.3
CCp

- C,=C + ——
C2+C12

according to Eq. 5.2.2

where C, = C, = C, = 3 nF is assumed.

Since usua!ly the supply side capacitance, C,, is much larger than the transformer capacitance, the
approximation

C, = C,

has been used.

»

The result of the calculation is given in Table 5.3.2.

The overvoltage values at inrush currents are — of course - higher than for steady-state, but for modern
SF, puffer circuit-breakers with k=10-10* or less for one breaking unit, overvoltage factors of less than
2.5 p.u. seem to be a realistic anticipation.

At medium voltage considerably higher overvoltages are anticipated. But also here the calculation method
seems to give a conservative estimation of the maximum overvoltage. In ref. [29] a test with a dry type
10 kV transformer switched by a vacuum breaker is presented. Overvoltages calculated from the actual
chopping current is shown to always exceed the measured voltage values, in many cases considerably,
due to reignitions. Even repeated reignitions decreased the overvoltage considerably.

5.4. Operational experience and result of field tests

The operational experience shows that switching of unloaded transformers normally causes no problems
irespective of the switching device. Nevertheless, the switching case has been of some concern and a
large number of tests — both in networks and in laboratories - have been performed and reported.

The working group has collected the published information from a lot of older field tests [23]. A brief
summary of these tests together with more recent tests reported, has been made in Tables 5.4.1 and
5.4.2.

It must be observed that the tests have been made under extremely varying conditions of:

- type of circuit-breaker

- supply network

- earthing

- transformer size and design

- opening resistors (none, linear, non-linear)
- overvoltage limitation

When averaging overvoltage values in the Tables, those differences have been neglected. For details the
reader is directed to the sources (given in Table 5.4.3).

From the analysis of published test results it is difficult to draw any definite conclusions whether conditions
exist that may cause problems in no-load transformer switching. The material indicates that the
overvoltage level is low irrespective of the type of switch, transformer type and network arrangements.

For high voltage breakers (= 72 kV) overvoltages > 4 p.u. are observad only in rare cases of clder tests.
The mean values are usually helow 2 p.u,
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For medium voltage breakers somewhat higher overvoltages are occasionally recorded - as expected -
but with average values generally below 2.5 p.u.. Medium-voltage switches will typically produce lower
overvoltages, perhaps on the order of 1.5 p.u. or less, as shown in Table 5.4.2. The results to be
expected, of course, will be dependent upon the type of switch employed; however, generally speaking,
medium voltage switches do not chop currents to the same degree as circuit-breakers. If some chopping
does occur, it very likely would be similar to that depicted in Figure 5.3.12, Case 3 and 4, therefore, the
overvoltages to be expected will be low.

For both ranges the extreme values of voltages are recorded for transformers manufactured before 1953.
It is then likely that the transformers tested are of older types with HRS cores. Further the measuring
technique in those days were less advanced than today and the recorded values may suffer from
inaccuracies - in both directions.

Table 5.4.1 Transformer no-load switching overvoltages
at field tests with high voltage transformers

! .« Results
Type Rated Ref Year of Test No. of Transient voltage to earth
Voltage code test foca-  tests Mean (p.u.) Max (p.u.)
kv tion
AIRBL 80 H 1954 Net 120 1.27 2.3

“ 80 B 1960 Net 30 217 3.6

" 110 B 1960 Net 35 1.49 2.57

" 123 N 1880 Net 3 - 1.0

" 150 B 1960 Net &0 1.74 3.3

" " A <1953 Net 72 1.66 4.3

* y H 1980 Net 20 1.3 1.8

" 220 B 1960 Net 120 1.21 2.1

" 350 F 1954 - - 1.3 1.7

" 380 B 1960 Net 5 1.37 1.7

" 400 P 1986 Net 22 2.2 2.7*
MINOIL 80 H 1954 Net 240 1.46 2.7

" 150 A <1953 Net 51 2.02 4.7
OIL 75 H 1954 Net 480 1.19 1.9

" 123 N 1980 Net 3 - 1.0

" 138 J 1964 Net 4 1.28 1.86

" 150 A <1953 Net 34 1.95 3.3

" 230 J 1964 Net 6 1.35 1.93
SF6 123 N 1980 Net 18 - 1.45

' 150 M 1981 Lah 22 1.3 .

" 275 K 1981 Net 24 - 1.1

" 420 N 1880 Net 3 - .

" 500 K 1981 Net 12 - 11
SFe-HVS 230 J 1964 Net 12 1.02 1.24
Legend: AIRBL = Air blast circuit-breaker

MINOIL = Minimum oil circuit-breaker

OIL B = Qil circuit-breaker

SF6 = SF6 circuit-breaker

SF6-HVS = SF6 high voltage switch

MVS = Ablative type medium voltage switch
* = limited by arresters

For sources: See Table 5.4.3.

139



The only known problem area seems to be switching with vacuum circuitbreakers due to the possibility
of voltage escalation and virtual current chopping [24, 25, 26]. Most problems have been reported from
switching arc furnace transformers under load, but also no-load switching may produce excessive
overvoltages especially under inrush conditions. Special care should be taken in cases with dry type
transformers with low parallel effective capacitance [27, 29].

Table 54.2 Transformer no-load switching overvoltages
at field tests with medium voltage transformers

Results
Type Rated Ref Year of Test No. of Transient voltage to earth
Volitage code test loca- tests Mean {(p.u.) Max {p.u.)
kV tion
AIRBL 10 H 1954 Net 600 1.37 3.4
' 10 D 1974 ! Lab 40 e 11 1.4
" 11 A <1953 Net 9 3.2 4.7
“ 50 A <1953 Net 13 2.0 2.8
" 60 E 1863 Lab 1 - 4.3
MINOIL 12 D 1974 Lab 40 1.2 1.9
" 60 I 1962 Lab 208 1.36 2.42
QlLB 20 M 1981 Lab 20 2.12 2.8
45 A <1953 Net 13 1.7 2.4
50 A <1953 Net 30 2.1 3.6
60 A <1953 Net 179 2.2 6.1
VACUUM 20 M 1981 Lab 20 1.6 2.6
6 L 1981 Lab 360 - a1
12 D 1974 Lab 40 1.5 2.4
SF6-HVS 69 J 1976 Lab 15 1.15 2.02
MVS 13-15 0 >1860 Lab 210 1.01 1.44
23-25 0 >1960 Lab 208 1.02 1.53
34-38 © >1960 Lab 165 1.01 1.15
Legend: See Table 5.4.1; For sources: See Table 5.4.3.

Table 5.4.3 List of publications used as sources for Tables 5.4.1 and 5.4.2

Reference A: Berger, K. Ueberspannungen beim abschalten leerlaufender transf.
Bull. Schweiz electrotech. Ver. Bd 44 (1953) No 9

Reference B: Baltensperger, P. Inductive current switching surges
Brown Bovery Mitt. 47 (1960}:4

Reference C: Leyman, B S. Tests and simulation of reactor loaded transformers
C.E.R.L. RD/L/N 224/71

Reference D: Tiitola, T. Noload transf and artificial circuit switching
Doc CIGRE 13-74(WG 13.02)07 1WD

Reference E: Verre, P. le. Overvoltages caused by breaking of small inductive currents at high
voltages. Rev General de I'Ectricité, Fev. 1963
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Reference F: Jancke - Sandstrom. Field testing of 380 kV circuit breaker
CIGRE Report 1954-106

Reference H. Poma - Richard. Contribution to the study of overvoltages when switching small currents
CIGRE Report 1954-118

Reference |I: Berger - Vogelsanger. Overvoltages when switching no-load transformers
Internal Report

Reference J: From S & C Unpublished Data, Exhibit "A" - CIGRE 13-81(WG 13.02) 38 IWD

Reference K: S Matsumura, S Tominaga, K Yoshinaga (Japan). Small inductive current switching by
puffertype SF6 gas circuit breakers. CIGRE Document 13-81(SC) 16

Reference L: F Battiwala, U Habedank, H H Schramm, R Kugler (Germany, F.R.). Comparison of
different arc extinguishing systems with respect o interruption of small inductive currents
CIGRE 13-81(SC)20 from Collogium of CIGRE 13, Helsinki, Sept. 81

Reference M: G Aldrovandi, E Colombo, G Mazza, G Santagostino (ltaly). Behaviour of MV and HV
circuit breakers when switching no load transformers. CIGRE Document 13-81 (SC) 26

Reference N: H Patrunky, H J Sowade, B Stoesser, G Emberger, U Habedank, G Luxa, F Ritcher,
H Schramm. Switching of transformers, reactors and leng transmission lines. Field tests
in German 420 kV networks. CIGRE Report 1980: 13-08

Reference 0: Unpublished data from S&C, Document CIGRE 13-87(WG 13.02)03 IWD

Reference P Unpublished data from Imatra Power Company. CIGRE Document 13-
B6(WG13.02)18IWD

5.5 Interrupter testing for unloaded transformer switching
5.5.1 General

in testing for no-load transformer switching there are, basically, two methods used. One tests the circuit-
breaker performance when interrupting current in a test transformer and the other when interrupting
current in a linear reactor with added damping.

For circuit-breakers Used on systems of 100 kV and above and for switching large transformers it is not
practicable to use the actual transformer.

The use of a test station transformer is a doubtful substitute. A test station transformer would in general
have ratings and characteristics that may be very different from the actual transformer. It may even have
a different core material. A transformer with an HRS core can in noc way be representative for a
transformer with a CROS core.

Overvoltage levels due to chopping and reignitions generated while switching a test station transformer
would have little relation to the levels achieved when switching an actual transformer in the field. Further,
results may be entirely different in different test stations.

Alternatively a damped linear reactor circuit {or a reactor-loaded transformer) is sometimes used to
simulate transformer switching. The overvoltages obtained are then dependent on the inductance of the
test load, its natural damping and the damping provided by the added resistor. An actual no-load
transformer interruption would appear as an overdamped response and could be approximated by a
heavily damped reactor circuit provided that the actual transformer response is known. No general
conclusions on the behaviour as a transformer switch could be drawn and the results achieved in such
a test circuit cannot be used to predict overvoltages in actual installations,
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5.5.2 Test recommendations
5.5.2:1 No-load current of transformers 72.5 kV and above

Experience indicates that when switching unloaded transformers under steady state conditions and at
voltages not exceeding their rated voltage the overvoltages are usually well below the standard insulation
levels (IEC 71-1). Tests are therefore not recommended to simulate this switching condition. Switching
of the inrush magnetizing current of an unioaded transformer is an unlikely condition and no tests are
recommended.,

In case of doubt, it is possible to make approximate estimates of overvoltages by making the calculations
given in Section 5.3. The values of chopping characteristics may be provided by some reactor current type
tests described in Chapter 4.

5522 No-load current of transformers below 72.5 kV

Generally tests are not required but in cases of doubt only testing in the field will allow full assessment
of the ability of a circuit-breaker for that case. If field tests are not possible, three phase tests may be
made in a laboratory using the actual transformer to be switched in service.

Testing of a circuit-breaker will generally not produce meaningful results uniess the connection between
the transformer and the circuit-breaker is the same as in the field (iength, type of cable). The
characteristics of the supply side must also be as closely as possible identical to the field conditions.
Medium-voltage switches having a minimal current-chopping tendency may be tested in the laboratory
to determine the interrupting capability of the switch.

Test series, measurements and evaluation of results may be the same as for reactor testing. However,
equation 4.5.1 in Chapter 4, cannot be used for calculating the chopping current because L is no longer
defined for deenergizing a transformer.

5.6 Limitation of overvoitages

The no-load switching of modern transformers does not normally require measures to limit switching
overvoltages or even special care in the selection of a suitable circuit-breaker. If calculations according
to the methods given in Section 5.3 should indicate that unacceptable overvoltages are anticipated, similar
measures to limit overvoltages as applied in reactor switching , described in Chapter 4, section 4.4.3, can
be used. Only situations when interruption of inrush currents with circuit-breakers having high chopping
levels are involved (heavy duty air-blast breakers), may require protection measures. This particularly
applies to phase-to—phase overvoltages stressing unprotected windings of delta connected transformers
switched from the delta side.

5.7 Summarizing remarks

A substitute circuit to represent actual field no-load transformer switching cannot be realized. To get an
acceptable test evidence on the magnitude of the overvoltages created at interruption of unloaded
transformers, the only possibility is to test the actual switching device together with the actual transformer
preferably in the actual network.

With a good knowledge of the characteristics of the transformer and the switch together with approximate
network data, it seems 10 be possible to estimate an expected overvoltage level upon switching unloaded
transformers under steady-state as well as inrush conditions.

The calculation model given in Section 5.3 is based on two groups of fransformer core material:

- grain—oriented cold-rolled steel (CROS)
- hot-rolled steel (HRS)

Even though’the magnetic characteristics can vary rather much within the groups, the results of the
calculation model given are not very sensitive with regard to normal variations. E.g. the so-called
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"superoriented" steel (HI-B) behaves in respect of overvoitage production very much like normal grain-
oriented steel, at least in comparison with other approximations made to ease the calculation.

Other calculation models can be used. General differential equation solving programs can easily be used,
but the accuracy of the result is dependent on the representation of the B-H characteristic of the actual
transformer core. To get an estimation of the overvoltages to be anticipated for cases with peak current
chopping it may be sufficient to calculate the chop parameter,

C,UL

aP,

from available data for the actual installation and to evaluate the maximum overvoltage from Figure
5.3.14.

The restults of the calculations in Clause 5.3.7 should be regarded as estimations. Nevertheless, the
resuits for a range of typical transformers, both high woltage .and medium voltage, allows some
conclusions to be drawn. '

A. Modern transformers with grain-oriented steel cores generate very low overvoliages when
switched under steady state conditions, even if current chopping occurs at the peak current.

a) For high voltage transformers (=72 kV) the maximum overvoltages are generally less than
1.5 p.u. with maximum values less than 2.0 p.u. even in special cases (very high power,
- high magnetizing current},

b) For medium voltage transformers the maximum overvoltages will normally be < 2.5 p.u.
and in rare cases (dry-type transformers), < 4 p.u..

B. Switching devices with low chopping levels generate still lower overvoltages. E.g. with medium
voltage switches, the overvoltages will normally be less than 1.2 p.u. with maximum values on
the order of 1.5 p.u..

C. Switching under inrush condition may generate somewhat higher overvoitages. With modern h.v.
circuit-breakers that have chopping numbers x = 20-10* or less (for one breaking unit) the
probability to get more than 2.5 p.u. will be small. Only heavy duty air-blast circuit-breakers are
expected to cause higher overvoltages.

D. Reignitions will not give rise to any increase in overvoltage magnitude. The peak-to-peak
excursion will under all circumstances be below twice the chopping overvoltage value and in all
practical cases less than 1.5 times the chopping overvoitage, k,. This will not endanger the
transformer insulation. Resonating overvoltages in the transformer winding cannot be excited
since the rather few reignition transients that may occur, will not have a repetition frequency
stable enough. The only case where voltage escalation due to repetitive reignitions can occur, is
the switching of dry-type transformers with vacuum breakers or vacuum switches. But even in
this case the excitation of resonating overvoltages seems to be very uniikely due to the statistical
variation of the repetition frequency.

E. Modern transformers with CROS cores that have passed normal lightning impulse tests will
without any doubt withstand all switching overvoltages when switched at no-load with modern
circuit-breakers. H.V. transformers are almost aiways protected with surge arresters which give
a turther insurance. In the case of transformers connected directly to a gas insulated switchgear
protection may be omitted. But even in this case no-load switching will be harmless since the
chopping number of SF6-breakers is too low to create a dangerous situation even when switching
under inrush conditicns.
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5.8 CONCLUSION

The current interruption of modern transformers in no-load conditions, with modern circuit-breakers or
switches will usually give overvoltages below the insulation levels specified by the present standards. As
a consequence, specific tests do not need to be recommended.

For the special cases with older types of transformers (HRS-cores) and/or heavy duty air-blast circuit-
breakers which may result in higher overvoltages, tests cannot be recommended for the following reasons:

- A substitute test circuit to represent the no-load transformer can never give a reliable information
about the actual overvoitages in the field.

- A test station transformer cannot be used since the result will be highly unreliable.

For these caées the overvoltages can be estimated with sufficient accuracy by the procedure described
in this report, with the breaker chopping characteristics provided by reactor switching tests.

’
! o
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Chapter 6:

SWITCHING OF REACTOR-LOADED TRANSFORMERS

6.1 Introduction

Reactive compensation with medium voltage three-phase reactors, connected to the transmission
network through tertiary windings of three—phase EHV/HV interconnection or step—down transformers,
or autatransformers, is quite common in many systems. This compensation arrangement is very often
preferred, due to the swilching and insulation advantages offered by MV reactors, in comparison with
HV ones connected directly on the transmission line. MV reactors are normally switched at the MV side,
through suitable medium voltage circuit-breakers or switches specified for that duty. This is covered by
Chapter 4. : .

However, occasionally, the need may arise to disconnect the reactor from the HV side of the
transformer, or autotransformer, and this is the case examined in this chapter. This case of interruption
of small inductive currents is different from the direct reactor switching case, obviously due to the
intervention of the transformer between the circuit-breaker and the reactor. The transformer modifies
the interaction between the circuit-breaker and the reactor circuit, and complicates this three-phase
switching phenomenon.

6.2 Typical network configurations and reactor and transformer characteristics.

The general layout and arrangement of connections etc is the same as described in Chapter 4 Sub-
Clause:

- 4.2.1.2 for open-air substations
- 4.2.1.3 for metal-enclosed substations (GIS)

The power transformers used for connecting the reactors to the network, are usually step-down or
interconnecting three-phase transformers of the transmission system, including a MV tertiary delta
winding suitable for the connaction of a reactor. This winding may be connected to earth through an
earthing transformer or through surge control capacitors, externally connected to the transformer
terminals.

The main characteristics of the EHV and HV transformers of the system are given in Chapter 5 {Sub-
Clause 5.2.3).

The reactors lcading the delta tertiary winding of the transformers may have a rated voltage ranging
from 10 to 36 kV and a rated power in the 10-150 MVA range, according to an enquiry ¢arried out by
WG 13:02 [3].

The current on the HV side of the reactor-loaded transformer ranges from 50 to 300 A,

The reactors are either star connected with unearthed neutral, or delta connected. Some conditions with
star-connected reactors having their neutral earthed and with an X/X, ratic equal to 1 have also been
reported [3].

Examples of reactor data are given in Chapter 4 (Sub-Clause 4.3.1).

6.2.2 Transformer capacitances

Transformer capacitances are the most important characteristic of a transient transformer model. They
are, however, difficult to determine due to their dependence on the frequency of oscillations and a lack
of relevant data. The capacitance evaluation becomes more important due to the increased use of
digital simuiation, which requires a precise three-phase modelling of transformers for transient studies.
A treatment of transformer capacitances which should be adequate also for the requirements of this
Chapter is comprised in Clause 5.2.6 of Chapter 5. il is used as the basic reference for this Chapter.
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6.3 Single-phase switching phenomena

A study of the single phase switching case may give a basic understanding
of reactor-loaded transformer switching and a comparison with the cther cases treated in the previous
chapters.

Figure 6.3.1 shows one possible equivalent representation of a single phase circuit with a reactor loaded
transformer.

The basic phenomena of interruption and the circuit response can be outlined on the simplified lossless
circuit diagram of Fig. 6.3.1. Prior to interruption, the current i, is flowing through the primary winding
and the current i, is flowing through the secondary winding and the reactor.

Upon current chopping at the primary side, the power-frequency load current at the secondary side
stops as well. This abrupt stop is equivalent to a current chopping in the secondary winding. The
electromagnetic energy stored in the reactor inductance L, is transferred on the circuit capacitances C,
and C, through the transformer windings. .

Fig 6.3.1. Single-phase circuit of a reactor-loaded transformer

L,, L, :leakage inductances of the transformer windings
R,, R, : resistance of the transformer windings

L, : non-linear magnetizing inductance

G, : non-linear shunt loss conductance of the core

C,, C, :primary and secondary winding capacitance to earth
C.; : interwinding capacitance

: ideal transformer with ratio n:1

, C, :source side short-circuit impedance and capacitance

C, R :inductance, capacitance and resistance of the reactor, where
the capacitance to earth, C, is included in C,.

|

For an HV/MV transformer, C,/n® is very small compared to C,, therefore the energy is mainly
transferred on C, and any chopping overvoltage is mainly governed by this capacitance and the relevant
inductance. The chopping overvoltage can be calculated by referring all circuit inductances and the
capacitances C, and C,, to the primary side, as in Fig. 6.3.2a.

C, and C,, can sometimes be neglected at this consideration resuiting in the further simplified equivalient
scheme in Fig. 6.3.2b.

Assuming that the energy upon chopping is mainly transferred to C, electromagnetically through the
transformer windings, which seems reasonable at the actual oscillation frequencies of 1 to 5 kHz, the
simple equivalent circuit in Fig. 6.3.2b, similar to the directly connected reactor treated in Chapter 4, can
be used in calculating the chopping overvoltage. See aiso equations 2.3.18 and 2.3.19 of Chapter 2.
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The overvoltage factor k, is given by:

.2
L +nL
k, = Jl s oy
u, (o

Ly=Lypenlly, Le
— o N _c/‘L

c
1l

= C1+C1z(ﬁ)2
n?

(@) (b)

Fig. 6.3.2 Equivalent circuit referred to the primary side
(a); complete with C, and C,,,
(b): neglecting C, and C,,

Voltage transients are transferred through the transformer from one winding to another in many cases
capacitively. The capacitive voltage transfer of high-frequency transients, such as those of the "second
paraliel oscillation” {order of 100 to 500 kHz) is expressed as:

U=_.._C12_.
: Cp+ G '

where C,, represents the effective coupling capacitance between the primary and secondary windings
and C, the total capacitance of the secondary winding to core and ground. (These high frequency
capacitances have values that are different from the low frequency values. See Chapter 5.) |t is evident
that C,, and C, are determined by the coil and core geometry and structure, so that the transferred
voltage U, can represent a very significant fraction of the transient voltage U,. The turns ratio takes no
part in this voltage transfer. Such capacitively transferred surges are of very short duration because
other attributes of the winding quickly come into play.

During the second paraliel oscillation following a reignition, the circuit behaves approximately as the
equivalent circuit in Fig. 6.3.3a.
Through this oscillation the voltage difference between both sides of the circuit-breaker is equalized.

[ Jﬂ,m

@) ®)

Figure 6.3.3 Equivalent circuit for different oscillation frequencies after a reignition:
{a) for very high frequency oscillations (second parallel oscillation)
(b) for medium frequency oscillations (main circuit oscillation)

149



In case that the frequency of the second parallel oscillation is close to one of the resonant frequencies
of the transformer, a series resonance oscillatory circuit can be established between the capacitance
C;, + C, and the reactance L, of the transformer, which can give rise 10 an overvoltage in the
transformer winding.

During the main circuit oscillation following after the decay of the second parallel oscillation, the
equivalent circuit is described by Fig. 6.3.3b. The reactor inductance L, the transformer inductance L,
and the source inductance L, are all involved. C,, and C,/n’ are disregarded in Fig. 6.3.3b since the
effeciive capacitance C, of the MV side referred 1o the primary side is usually much lower than C,.

6.4 Three—phase switching phenomena

Three-phase switching phenomena result from the coupling between

phases especially on the load side of the switching device. For the switching of reactor-loaded
transformers the interphase coupling on the load side is considerably influenced by the winding
connection of the transformer.

] .

The typical case of a reactor-loaded transformer is a three—phase-

transformer or autotransformer or a bank of single-phase transformers or autotransformers loaded with
reactors on a defta connected tertiary winding, primary and secondary winding being star connected and
at least the primary neutral being earthed. The delta connection of the tertiary leads to the characferistic
inductive interphase coupling of this case.

The transformer together with the reactor may only be de-energized when the last voltage suorce is
disconnected by switching off the primary {resp. secondary) side if the secondary (resp. primary) side
has been disconnected before. The disconnected winding, as star connected, has no influence on the
switching transients except through its capacitances. These may be taken into account by using
resuitant capacitances. So an equivalent circuit with only two windings may be considered. Fig. 6.4.1
includes such an equivalent circuit which is suitable for caiculating chopping overvoltages related to the
switching of reactor-loaded transformers. The representation of the transformer takes account of the
short-circuit inductance of the transformer including zero-sequence inductance, earth capacitances and
capacitance between the switched primary winding (1) and the reactorloaded winding (2). It corresponds
to the single-phase equivalent circuit of fig. 6.3.2. For more detailed representation refer to [5] and [6].
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supply transformer reactor?*)

Figure 6.4.1 Three-phase circuit-diagram of a reactor-loaded transformer.
*) line-to—earth capacitances of the reactor transferred to transformer tertiary terminals.

if there is a long bus or line between the transformer and the reactor, this may lead to appreciable line-
to-line capacitances which then should be taken into account.
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The supply side and the reactor may be represented in the same manner as for the switching of direct-
connected reactors, treated in Chapter 4.

The zero-sequence inductance of the transformer L, is, due to the delta connection of the terliary
winding, even for three legged transformers approximately equal to the positive sequence inductance
which is equal to the relevant short—circuit inductance L,

The interphase coupling inductance for the primary side terminals, with the tertiary side short-circuited,
is (L,—L)/3, which therefore is smali. Nevertheless there is strong interphase coupling through the delta
connected tertiary winding if the tertiary winding is not short—circuited but loaded with the reactor. The
resultant interphase coupling inductance for the transformer reactor combination, as seen from the
primary side terminals, is:

1 n-lpe-n
3L 3!

where L, = the resultant positive— sequence inductance,
L, = the appropriate zero-sequence inductance of the comblnatlon seen from the primary side
) terminals and

O‘:LD/L,

The resultant zero—-sequence inductance is equal to that of the transformer alone (L, = L, = L)) whereas
the resultant positive-sequence inductance is equal to the sum of the short—circuit inductance of the
transformer and the inductance of the reactor (i.e. L, = L, + L',where L'= L-3n? is related to the primary
side of the transformer). Due to the fact that normally the inductance of the reactor is several times the
short-circuit inductance of the transformer the ratio a = L /L, is rather small, a typical value being 0.1.
This means strong coupling between phases.

-

Power frequency load-side line-to—earth voltages of the open poles are determined by this coupling
and the recovery voltages influenced accordingly. Tables 6.4.1 and 6.4.2 show these voltages in p.u.
for the limit value of a = 0 and the typical value of a = 0.1.

Of course not only power frequency voltages but also transients with moderate frequencies are
transferred from one phase to the others through this coupling inductance. The TRV of open poles is
infiluenced by transients caused by the interruption of later poles-to-clear including current chopping
transients and main oscillation transients of reignitions. (See foilowing Sub-clause 6.5 and especially
Figs. 6.5.1 and 6.5.2 of this Sub-clause.)

The coupling inductance has significant influence upon chopping overvoltages and on the transfer of
the chopping effects from one phase to other phases. This may be expressed by the resultant
inductance as seen from the breaker terminals of the pole where the current is chopped and by the
resultant coupling inductance between the terminals of that pole and the terminals of poles already
open, if any. These inductances are shown in table 6.4.3 for the different poles-to-clear related to L,
the positive-sequence inductance of the transformer/reactor combination.

In addition to the ideal value a = 0 and the typical value a = 0.1 also a = 1 which represents the
uncoupled case has been included.

Table 6.4.1; Per unit load-side line-to-earth power frequency voltages of open poles

|| Number of poles open
1 2 3
a=0 1 1/2 -
a = 0.1 0.75 0.43 - I
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Table 6.4.2: Pole—clearing-factor, i.e. p.u. power frequency recovery voitage for first, second
and third pole-to-clear

Pole to clear “

1 2 3 ||
0 v(3/2) 1
0.25 0.87 1

Table 6.4.3: Resultant inductances and resultant coupling inductances for the three poles—to-
clear related to the positive sequence inductance of the transformer—reactor combination

Pole fo clear
a Pole considered
1 2
1 0 R ~1/3
0 2 - 1/2 -1/3
3 - - 2/3
1 0.25 -0.43 -0.30
0.1 2 - 0.57 -0.30
3 - - 0.70
1 1 0 0
1 2 - 1 4]
3 - - 1

Due to the influence of capacitances these values are not a direct measure for chopping overvoltages
with respect to a certain current chopped but they show rather well the influence of the coupiing
inductance on these voltages.

The capacitances influence the transients associated with the interruption essentially. Even if the simple
representation of the transformer/reactor combination of Fig. 6.4.2 is used, chopping transients, except
for the first pole-to-clear, generally will be double frequency ones whereas for independent phases (a
= 1) and ideally coupled phases (a = 0) this representation leads for all poles-to-clear to single
frequency transients.

For the first—pole—to—clear the circuit is a single frequency one, therefore the resultant surge impedance,
i.e. the square root of the resultant inductance divided by the phase capacitance, determines the
chopping overvoltage in that phase.

One of the most interesting effects of this type of interphase coupling is that for the ideal case (a = 0)
the recovery voltage of the first pole-to-clear is zero (see table 6:4.2) and that current chopping in the
first pole-to—clear does not give rise to any chopping overvoltage. The resultant inductance is zero (see
table 6.4.3). it can be shown that, under this ideal condition, current chopping in the first pole-to-clear
neither changes the currents in the reactor nor the total magnetic energy. Only during interruption of
the second and third pole-to-clear there are non-zero recovery voltages and chopping overvoltages,
if chopping occurs.

a = 0 means negligible zero-sequence inductance compared with the positive sequence inductance of
the combination or, considering the delta connection of the tertiary winding, a transformer short-circuit
inductance that is negligible compared with the inductance of the reactor.

For the typical case of a = 0.1 the power frequency recovery voltage is 0.25 p.u. and the resultant
inductance 0.25 L,.

Compared to the uncoupled case with a resultant inductance of 1 p.u. refatively low chopping
overvoltages will result.
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Figure 6.4.2 Simplified representation of transformer-reactor combination
(L' = inductance of the reactor related to the primary- side of the transformer)
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Figure 6.4.3: Calculated line-to—earth voltages during interruption of a 400 kV reactor-loaded
transformer on the basis of the substitute circuit of Fig 6.4.2 with current chopping.

{1} Ly=L+L
o— BT
o OO0 1
e, ’ “TEEI 01

1 L L
o T - T TEOTG—

1
F (L) = S tyta-n)

4]

A
AN

ay

>
[

N

)

I

G

Ay

._/

‘v\..\\\
A

@

N/

VA

2

]
Y’
\

FLIELY

49 1

09-Hay489  11. 4¢.
Plot tjpe 4
Hede Mines ;LA

T-R i8S

=S LnsT:

-

\

=
AN

Y

.

v

]

JC

PLIETY
. 03-la
4

L3

89 11.33”

46 1

Piol Ufpe
Hede Hines :

T-R Las

=S LnsT

a) a = 0.01 representing a case near the limit case of a = 0
b) a = 0.1 representing the typical case.

The hatched lines show the course of the power frequency recovery voltage of the first pole-to-clear.
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If the capacitive transfer of overvoltages to the tertiary side is not considered or of no concern, e.g. due
to special capacitors connected to the tertiary terminals, and C, is large enough compared to C,,, then
C,. may be neglected. C, may be transferred to the primary side if L, is much smaller than L.

The equivalent circuit of the transformer/reactor combination may then be simplified representing only
the primary terminals as shown in Fig. 6.4.2.

This equivalent circuit is identical with that used for the switching of earthed reactors with
L/L, = X/X, # 1 (see Chapter 4, table 4.3,3) with the special characteristic that L/L, is of the order of
0.1. In Appendix 4 and 5 interphase coupling and the resulting three—phase switching phenomena
during reactor switching are thoroughly dealt with, The results may be used also for the primary side
of the transformer when switching reactor-loaded transformers. Fig. 6.4.3 shows line-to-earth voitages
during interruption of a 400 kV reactor-loaded transformer calculated on the basis of the substitute
circuit of fig. 6.4.2. The influence of a especially on the TRV of the first pole-to-clear may be observed.

6.5 Reignition phenomena : -

Overvoltage phenomena associated with reignitions during the switching of reactor-loaded transformers
can he expected to be similar to that associated with the switching of direct-connected reactors. The
conditions described in Chapter 4, Sub-clause 4.3.3, will be generally applicable to reactor-loaded
transformers. The circuit elements controlling the high-frequency transients associated with reignitions
are approximately the same for both circuits. The overvoltage magnitudes and frequencies generated
by a given circuit-breaker at a particular system voltage and load current therefore should be essentially
the same.

In the typical configuration for a reactor-loaded transformer with a delta—connected tertiary treated in
section 6.4, a reignition on one phase may be coupled through the delta-tertiary winding into the other
two primary phases. The interaction between the phases will be even more complicated than for the
directly connected reactor treated in Sub-clause 4.3.4 of Chapter 4. The interaction between phases
will be somewhat similar to that noted for Case 3 in Table 4.3.3, wherein there will be a transfer of both
chopping overvoitages and reignition transients.

To illustrate the compiexity, a recording from a field test conducted on a large 275 kV autotransformer
with & 30 MVA tertiary—connected reactor is presented in Figure 6.5.1. Two reignitions are observed
on the blue phase, the last pole to clear. The rapid changes in voltage resulted in significant voltage
changes also on the red and yellow phases causing a protective gap breakdown in the red phase [9].

. ;
gniti ' (¢}  Tension cfiké charge de la phase bloue
Instant du second réamorgage Blue phase foad side voltage
Instant of second re-ignition
Courbe sup./ U.8, ; 263 kV/div.

(@) Tension cOté charge de la phase rouge () Tension cdté charge de la phase jmme Cowbeint.f £ 8 : 261 k\idwv.
Red phase oad side voltage Yeliow phase load side voltage Base g temps/ T.8. ; 1 ma/div.
Courbe supSU.B, : 257 kV/div. Courte sup./ ILB. : 261 kV/dv, Demier pole & couper/ Last pole 1o clear
Courbe inf/ LB. : 258 kV/div. Courbe inf/ L.8. : 250 KV/dliv.
Base de temps/ 7.8, : 1 ms/div. Base de temps/ T.B. : 1 ms/div.

Note. Time bases are not coincident

Figure 6.5.1 Interphase coupling effects following a circuit-breaker reignition.
Field test record - 275 kV autotransformer with 30 MVA tertiary- connected reactor.
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A transient network analyzer (TNA) study was performed, using a model of the field test circuit, to
determine the sensitivity of overvoltage magnitudes to different circuit parameters and to examine the
various mechanisms of overvoitage production observed in the field test. Figure 6.5.2 shows
oscillograms from the TNA study similar to those obtained during the field test. Point A represents the
start of the recovery transient for the third pole-to-clear as reflected in the second pole-to-clear
recovery transient. This transient was coupled and added to the existing transient up until the time of
reignition, Point B, in the last pole to clear.

In (@) a reignition at the suppression peak is modelled and in (c) a reignition occurs at the recovery
peak. The voltage transients in the second pole-to-clear due to a reignition in the third pole are
completely different in the two cases. To explain this it was investigated what happened if no recovery
voltage transients were imposed on the second pole from the third pole.

If the third pole is not clearing (or if no coupling exits between the second and third pole) the second
pole-to—clear voltage would have been as shown in (b) and (d). At the instant of the reignition in the
third pole, the second pole-to-ciear voltage would thus have been at Point C as shown in (b) and (d),
if the third pole had not cleared. Upon reignition of the third pole.at Point C, therefore, the voltage on
the second pole-to-clear will collapse toward a voltage represented by Point C. The reignition therefore
results in a step change in voltage from Point B to Point C. An overshoot follows the step change in
voltage on the second pole and produces the peak positive or negative overvoltage as shown in (a) and
(c) respectively.

The shape of the transient overvoltage in the second pole-to-clear is thus exiremely dependent on the
reignition in the third pole-to-clear, not only on whether a reignition occurs or not, but also on the
instant of the reignition.

{a) Second and third pole-to-ciear voltages with {¢) Second and third pole-to—clear voltages with

a reignition in the third pole-to-clear at a reignition in  the third pole—to-clear at
suppression peak voltage recovery peak vollage

(b} Second pole-lo—clear wvoltage with no (d} Second pole-to-clear voltage with no
coupled transients from last pole ciearance coupled transients from last pole clearance

Upper beam; Second pole—to—clear, 1 div = 1.35 p.u.
Lower beam: Third pole-to-clear, 1 div =135 p.u.
Timebase = 1 ms/div.
Figure 6.5.2 Interphase coupling effects following a circuit-breaker reignition.
TNA study - 275 kV autctransformer with 30 MVA tertiary—connected reactor.
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The results of the field tests and the TNA study indicates the extreme difficulty to predict maximum
overvoltages without a very exact modeling of the actual situation. The recovery characteristic of the
circuit-breaker must be known very accurately to give correct reignition instants in a simulation.

Also the stochastic nature of the voltage withstand of the contact gap should be taken into account to
correspond to an actual application.

The magnitude of the coupled overvoltage will be influenced significantly by the following factors:
a. The point in time at which the reignition occurs.
b. The natural frequencies and damping of the second and third pole clearing transients.

c. The magnitudes of the chopping induced overvoltages; that is, higher chopping voltages
will result in higher coupled overvoltages. ..

d. The relative points in time of current chopping on the-second and third poles.

The variation in these factors would give widely differing results in practice. It may be concluded,
however, that the maximum overvoltages in the switching of the reactor-loaded transformers are no
longer determined by the maximum chopping induced overvoltages but by the coupled overvoltages
following a reignition.

6.6 Test Results

Available data on the switching of reactor-loaded transformers are minimal since direct-connected
reactors are typically employed at the higher voltages. Also, reactors connected to the medium-voltage
tertiary winding of a large autotransformer are typically directly switched at the medium voltage. A few
field and laboratory tests, however, have been performed.

Field tests were conducted on a 275 kV autotransformer with medium-~voltage reactors connected on
a delta-tertiary winding of the transformer. The transformer and either a 30 MVAR reactor or a 60
MVAR reactor was switched [9).

A summary of these test results appears in Table 6.6.1.

Table 6.6.1 Peak overvoltages caused by switching a 275 kV autotransformer with a 30 MVA
and 60 MVA tertiary connected reactor {9]

SURTENSION CRETE { PEAK OVEAVOLTAGE (1}
1o pOie/ 131 pole 2ome pilef 2nd pole | 3éme pdie/ 3rd poie Résumé! Summary
Tatle du
rhacien | Valewr Us Um Us Um Us Um Us Um
Reacior Value PU PU PO PU Py Py PU (41
sire -
WMVA
Moy, 1.43 1.72 1.42 204 1.99 1.25 1.61 1567
Mean
30 (%)
Max, 1.77 227 1.70 293 2.64 252 2854 293
{4} (4) ) (]
WHoy. 1.47 1.63 1.55 1.0¢ 1.78 113 1.60 125
Mean
60 (5) .t
Ma. L 2 222 1.00 214 250 2z 250
U, = suppression psak vollage to earth {1) nominal system voitage 270 kV
U, = maximum overvoltage to earth {2) values for first, second and third poles to open

(3} values for alt three poles

{4) gap breakdown occutred at maximum voltage
{5) 54 test operations

{6) 12 test operations
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The following general conclusions were drawn from these tests:

a. Switching the 30 MVAR reactor produced higher overvoltages on the primary than switching
the 60 MVAR reactor,

b. Circuit-breaker reignitions resulted in overvoltages on the adjacent primary phase which
exceeded overvoltages due to current chopping.

¢. The overvoltage potential for a reactor-loaded transformer is at least as great as that for
direct-connected reactors of a similar size.

In another field test, a 400/120/21 kV, 400/400/125 MVA transformer loaded with a 21 kV, 63 MVA
reactor was switched on the primary side [10]. The maximum overvoltage to ground produced was 2.6
per unit. The maximum overvoltage obtained upon simultanecus switching of two 63 MVA reactors was
on the same order of magnitude. Arresters were installed on the high—voltage side of the transformer;
therefore, the maximum overvoltages may have been fimited. The test oscillograms clearly show the
interaction between the phases during switching. e

6.7 Limitation of overvoltages

The overvoltages produced at switching of a reactor-loaded transformer appear on both sides of the
transformer, stressing as well the HV winding and the MV windings of the transformer and the reactor.

The phenomena can be expected to be similar to those associated with the direct switching of reactors
and the characteristics given in Chapter 4, Section 4.4 for the overvoltage levels and the means 10 fimit
overvoltages will be generally applicable to reactor-loaded transformers. However, it may be necessary
to protect additionally on the MV side. ‘

6.8 Testing
6.8.1. Laboratory tests

Laboratory tests may be performed either to obtain general information about the switching device, or
with the objective of reproducing the conditions in a specific reactor-loaded transformer installation as
closely as possible. [t is recognized that it would be extremely difficult to use a laboratory circuit to
simulate the transformer and reactor. Therefore the actual transformer and reactor should be used. But
even then it may be doubied that the behaviour of the circuit at reignitions in the circuit-breaker will be
reproducible from test station to test station. The maximum overvoltages observed at such tests may
therefore be significantly different in different test stations.

If tests are performed with the aim to determine circuit-breaker characteristics for calculation purposes,
the general requirements set forth in Chapter 4, Clause 4.4.4, should be taken into account.

6.8.2. Field Tests

A field test in the actual network seems to be the only way to achieve full assessment of the
performance of a switching device for a specific installation of a reactor loaded transformer.

Care must be taken that the circuit is not noticeably modified by the measuring equipment used. The
capacitance of the voltage dividers must be low compared to the capacitances of the circuit.
Furthermore, care must be taken that the circuit will not be substantially changed by an abnormal
connection of the supply network (the substation) and by protective devices.

For an outline of the test series and measurements, refer to Clause 4.5.4 of Chapter 4. In addition to

these tests, it might also be valuable to perform some closing tests to determine the severity of the
switching transients upon closing for the actual installation.

157



6.9 Conclusive remarks

The switching of a reactor-loaded transformer, as far as the development of transient voltages are
concerned, is basically similar to that of a directly switched reactor and the same general conclusions
as in Chapter 4, section 4.6, are mostly valid. it is also here necessary to distinguish between chopping
and reignition overvoltages.

6.9.1. Chopping overvoltages.

The chopping overvoltages appearing on the primary side of the transformer will most likely correspond
to switching of a directly connected reactor with differences in effective capacitances and inductances
taken into account. In the typical case of a tertiary delta connected reactor the chopping overvoltages
of the first phase-to—clear will be lower than in the corresponding case with a directly switched reactor.
For the second and third pole a certain reduction_of the suppression peak may also exist, but due to
the strong inductive interphase coupling the second and third phase to clear will be subject to fransfer
of chopping transients (with typical frequencies of some kHz) from the previously clearing phases. These
transferred transients may be superimposed on the overvoltages ‘created by chopping in the actual
phase in an unpredictable way. However, no significant increase of the maximum level is expected.
The overvoltages can be referred to the reactor side through the transformer ratio.

6.9.2. Reignition overvoltages

As shown in section 6.5 reignitions may drastically influence the interruption process, in the same way
as for a directly connected reactor with strong interphase coupling as described in Chapter 4, Clause
4.3.3 and thoroughly treated in Appendix 4 and 5. By the inductive coupling the main circuit oscillation
(5 to 20 kHz) following a reignition is transferred to the other phases and by the capacitive coupling the
high frequency transients like the "second parallel oscillation” are transferred (see Chapter 2).

The latter may attain relatively high values, depending on the capacitance configuration of the
fransformer.

Repeated reignitions may give rise to resonance conditions when some resonant frequency of the
transformer winding is excited. However, to create dangerous oscillation amplitudes a rather stable
repetition frequency is required, and it is most unlikely that such a condition will be fulfilied [11].

6.9.3 Validity of testing

Laboratory tests intended to be representative of network conditions are not recommended due to the
difficulty of achieving an equivalent laboratory circuit. The possibility to make a simple and
straightforward prediction of maximum overvoltages based on any tests except in the actual circuit, must
be regarded as very remote.

From tests with direcily connected reactors e. g. in the substitute test circuits described in Chapter 4,
it may be possible to evaluate circuit-breaker characteristics to be used in detailed modelling in a
computer.

6.9.4 Application considerations

The minimal information available from actual field tests indicates an overvoltage level comparable to
the one at direct reactor switching. There is a possibility, however, of creating higher, and in some cases
dangerous, overvoltages due to the interaction between the phases. The switching of reactor loaded
transformers normally is not practiced and should be avoided as far as possible. Reactor switching
should preferably be performed by medium voltage circuit-breakers between the transformer and the
reactor. When switching on the high voltage side is unavoidable appropriate prolection means, such as
surge arresters, should be applied.
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APPENDIX 1

CURRENT CHOPPING OVERVOLTAGES FOLLOWING THE
INTERRUPTION OF TRANSFORMER NO-LOAD CURRENT

by D. Boyle
A1.1 Introduction

This appendix aims to explain the phenomena observed when interrupting the no-load current of
transformers neglecting reignitions. The interruption of steady magnetizing current and of transient
inrush current is considered. An empirical method of calculating chopping overvoltages is described.

The paper forms a theoretical background for recommendations-relating to the application and testing
of switches and circuit-breakers for the transformer switching duty.

The range of transformers considered is from medium voltage power transformers switched at 3.3 kV
to the highest ratings of generator and transmission transformers.

Main consideration is given to modern power transformers having cold rolled oriented steel cores
(CROS) but responses from older transformers using hot rolled steel (HRS) are also given.

A1.2 Transformer Characteristics

in estimating overvoltages caused by the interruption of transformer no-load current, it is useful to
consider the magnetic energy stored by the transformer and transferred 1o the effective capacitances
during the interruption process. The effective capacitances are discussed in Chapter 5, Clause 5.2.6.

The transformer core losses per cycle may be separated into two components; non-frequency
dependent (hysteresis loss) and frequency dependent (eddy loss). The frequency dependent losses will
be referred to as eddy losses although they are not, strictly, all eddy losses [A1, A2, A3]

Much data has been collected [A4] and examination of this encourages the use of normalized data in
the assessment of overvoltages following interruption. General considerations of magnetization curves
and losses can give consistent results throughout the range of transformers.

An initial problem is that the information available on magnetization characteristics is usually expressed
in terms of r.m.s. voltage and r.m.s. current. The characteristics for a number of transformers are shown
in Figure A1.1.

The no-load current for a transformer is non-sinusoidal for a_sinusoidal applied voltage, and a
knowledge of the r.m.s. current is not directly useful. A method such as that described by Talukdar et
al [A5] with some modification as described below has been used to derive the instantaneous current,
im Given in Figures A1.3 and A1.4 from a knowledge of the r.m.s. current |_m to maximum flux density,
B... The 1,/B_, characteristic as given in Figure A1.1 may be obtained from transformer manufacturers.
If the characteristic up to B, = 1.9 T is known by measurements, this wili normally provide sufficient
information to permit the calculation of overvoltages for the range of possible chopping levels of circuit-
breakers. If it is necessary to extend the range of instantaneous current values to a higher level of
saturation, a knowledge of the air-cored inductance of a transformer winding will permit interpolation
between the maximum measured 1./B, to the point at which saturation is assumed to be complete,
considered here to be at 2.05 T. Beyond this point the dB/di,, gradient is constant.

The model used is a parallel connection of a non-linear inductance and a resistance representing no-
load loss. See Figure A1.8. The instantaneous current, i» May be calculated from the measured values
of the no-load r.m.s. currents for a series of ascending values of B,,. The no-load current is considered
to have two components; ii = the inductive component, and iz = the hysteresis part of the resistive

161



2.0

tasis
x

& 20 MVA 3 phase 138/36.1 Kv.

1.6 (X) 240 MVA 3 phase 275/132 Kv. Auto
OF X 800 MVA 3 phase 400/23.5 Kv.
) 1000 MVA 3 phase 400/275 Kv. Auto
1.4 T T T \
0 1 2 3 4

im for excitation to B
Im for excitation o 1.7 T

Figure A1.1 Flux density vs r.m.s. magnetizing current for transformers with CROS cores

component. The hysteresis loss is assumed to be 50 % of the total loss as discussed later. For a given
B.. we can assume that

B = B,.sin®(Y)
where 8(t} is the phase angle.
Then iy = ixC0SO()
where i = 0.5.42.P/U
U = phase voltage associated with B

P = losses per phase

i(B,) is considered to be a series of straight line sections between successive values of B, starting
fromi =0atB_=0.

If we define the flux density for i, = 0 on the falling excitation curve as B, and the corresponding phase
angle as 8, i.e. By, = B, sin0,,, (see Figure A1.2), we can obtain the first value of i, as:
i, = ip.cOS0

rem

The unknown values of i, cormesponding to the successive peaks of B, are then calculated using the
previous known value of i_ and the r.m.s. value of |, corresponding to the new value of B,, by a method
such as that described in Ref. /A5/.

fedt fe-dt Je.dr
B
l/ "“‘/b Figure A1.2 First step of calculation
U 7 T

The method is modified by calculation of a new value of iz @and a new value of B, for each successive
value of B,. For B = B,, we have
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in = Py.0.5.42/U,

where U, is the r.m.s. phase-to-earth voltage
Py is the single-phase power loss associated with B,

B..m Can be estimated with sufficient accuracy from d.c. hysteresis curves for the material used. There
is some error in this assessment but the error is small and the results of chopping overvoltage
calculations are not very sensitive to this error.

Power losses per phase for a typical transformer are shown in Figure A1.5 for CROS and HRS. From
data available from core steel manufacturers typical d.c. hysteresis curves for appropriate peak flux
densities are shown in Figure A1.6.

.

1.8

Btesla
1

1.6

Ki
1.4 T 1
i 2 3 4

(a) Peak current factor (K) for steady-state a.c. excitation to B
W= ifl,,, where i is the peak current at B and
I is the r.m.s. value of no-load current atB = 1.7 T

2.0
1.8
o
n
R
w
1.6
i4 7 T T Ky
) 10 20 30 40

{b) Current factor (K) for excitation falling from saturation

Ks = il,,, where i is the instantaneous current value corresponding to the instantaneous value of B.
I,, i the r.m.s. value of no—load current al B = 1.7 T

Figure A1.3 B vs i for CROS cores
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Figure A1.4 B vs i for HRS cores
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Figure A1.5 Total losses versus B,, for HRS and CROS cores at 50 Hz

The CROS curve in Figure A1.5 is a characteristic of a grade of oriented steel similar to 30M5 and this
characteristic has been assumed in the subsequent calculations. Variations in the core steel
characteristics for the range of materials currently in use will only slightly change the numerical results
in this paper. Similarly the HRS characteristics used are for a typical grade of hot rolled core steel.

The tfotal no-load losses of a transformer are usually known. Information on the distribution of the total
loss between eddy loss (frequency dependent) and hysteresis (non-frequency dependent) loss is not
readily available for transformers over the range of excitations of interest in this paper. Ref. [A1]
suggests that by extrapolating the curve of total loss versus frequency, for frequencies between 25 Hz
and 100 Hz, back to zero frequency an effective non-frequency dependent loss of 50 to 60 per cent
of the total loss at 50 Hz can be obtained for CROS cores excited in the direction of orientation.
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Note: i, at 1.7 T for CROS ¢ i, at 1.3 T for HRS
Figure A1.6 Typical d.c. hysteresis curves for CROS and HRS cores

Other publications [A2] suggest a somewhat higher frequency dependent share of the losses. Therefore,
the calculations in this paper are done primarily with a ratio of frequency dependent to total losses of
0.5 for CROS cores. A higher proportion of frequency dependent losses will give lower overvoltages.
To indicate the sensitivity of the resuits to this parameter some calculations are done with a ratio of 0.3,
Results of the calculations are shown in Figure A1.9.

A1.3 Transformer model for interruption overvoltages

For the purpose of assessing peak overvoltages on interruption without reignition we are interested in
the variation of no-load current from its vaiue at interruption to the point at which it changes sign at zero
current during which period the magnetic energy is transferred into the circuit capacitance.

'Bch

1.7 .
D te(es.‘s R
0.C- Hys
1.64
|)= Area D
= P
2 Behich/2-0
[+ 4]
1.5+
1.4 T T T T !
0.2 04 D.6 0.8 1.0

ifiy 5

Figure A1.7 Transformer no-foad current for falling flux
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The B/i curve following interruption will depend upon the rate of change of current. Figure A1.7 shows
d.c. hysteresis in comparison with a 500 Hz excitation curve. The maximum energy transferred for
example at 500 Hz to the circuit shunt capacitance will be proportional to the shaded area in Figure
A1.7. It is useful to define the energy released in terms of an efficiency of release of energy, n. In this
paper m is given a special definition. It is defined as the ratio of the energy released to the total energy
contained in a lossless linear inductance having a current iy, fiux density B, core area and number of
turns equal to that of the transformer.

When no-load current is interrupted, the current will fall to zero along a curve (i vs B), which is
determined by the inductance, the non-frequency dependent loss and the frequency dependent, 'eddy-~
current loss'. If the characteristic, fiux density {B) versus current (i), between the point of interruption and
zero current is considered to be along the d.c. hysteresis curve (non-frequency dependent) (Figure
A.1.7), this can be modelled by a non-linear inductance in the region of interest.

it = f(B) = f(k judt + By)
This has a characteristic similar to an' inductance, L,
where i(t) = (1/L} judt + iy,

The characteristic non-frequency dependent loss and pure magnetizing current may therefore be
modelled as a non-linear inductance, L.

The circuit of a single-phase transformer coit and its effective parallel capacitance, C, may then be
represented by a parallel combination of

R - L, - C, Figure A1.8, where L, is the non-linear function of the volts-time integral (magnetic flux)
mentioned above. For the purposes of assessing chopping overvoltages it is necessary to consider the
magnetizing characteristic of a transformer from the point of interruption to the point where i, in Figure
A1.8 becomes zero. R represents eddy current losses and may be taken as the resistance giving an
eddy current loss of 0.5 times the total 50 Hz iosses.

Thus
Uy
" 05P,

R

where U, is the rated phase-to-earth voltage and
P, is the loss per phase at 50 Hz

i
<

Figure A1.8 Transformer equivaient circuit
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For the falling hysteresis curve
L, = NA(dB/di)

where N is number of turns and
A is crossectional area of core

NA may be obtained from the manufacturer or derived from

U2

mBN

NA =

where B, is the peak flux density corresponding to Uy

The model has a frequency dependent eddy:current loss characteristic /A3/, and has good
accuracy from the point of interruption to the point of--zero current and peak voltage,
though the accuracy would be less in the following time interval.

The model may be used to calculate the peak voltages obtained for the interruption of a
specified transformer. Alternatively, it may be used to derive a set of curves giving
values of n for different values of capacitance and different points of current
interruption, using the normalized characteristics discussed in Section A1.2.

The calculations can easily be done on a computer to produce the results shown in Figure
5.3.5 of the main report.

Since L is non-linear, the RLC circuit calculations have been done by a step-by-step
trapezoidal integration method
u, u, = voltages at start and end of interval At respectively
i i = Capacitor currents at start and end of interval At respectively
iy, 1,2 = inductor currents at start and end of interval At respectively
iy @t the end of an interval At may be obtained as 1., = (i, + uy/R)
Therefore iy, = - fii; + At(u, + u,)/2L, + uy/R]
buti, = - fi,, + u,/R]
Therefore i, = - [At{u, + u)/2l, + uy/R - i, - u/R| Eqg. (At1.1)
where suffix 2 indicates values at the end of At and suffix 1 indicates values at the start of At.
Since u, = u, + At{iy, + i)/(2C)
we have also
iz = (U — U,) 2C/At - i, Eq. (A1.2)
Therefore combining equations A1.1 and A1.2 gives
U, = U (2C/At - AY2L, + 1/R) + 2 i, ]/(2C/AL + AV2L, + 1/R)
To a close approximation the value of L, is given by

L, = NA (dB/di),
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where  (dB/di), is the slope of the linear section "i* of the hysteresis
characteristic,

The characteristic may conveniently be divided into linear steps having small intervals of current. The
number of steps may be as large as desired.

) At(u, + u,)

Then B,=8B, + ToNA
where B, and B, are flux densities at the start and end of interval At respectively.

Thus in the interval At

L= NA(B, - 81)‘,(iL2 = k)
L, can be determined by an iterative procedure but it is sufficiently accurate to consider L, as the value
obtained from the previously calculated time step currents and flyx densities provided that the time step
is small. An iterative procedure then need only be used for the first time step of the calculation.

Using this procedure until i,, = 0, an efficiency can be calculated as defined in Figure A1.7, i.e.

n = - (from Figure A1.7)
By ‘i

i=0

where D= E

i=ig,

(iz + i1)'(Bz - 81)
2

Figure 5.3.5.a shows values of n for cores having cold reduced oriented steel (CROS), which has been
commonly used for power transformers for 25-30 years. Figure 5.3.5.b gives 1) for hot rolied steel (HRS)
cores, which was commonly used in transformer manufacture up to the late 1950s and may exist in
some transformers still in service. Other core materials have been introduced in recent years, and for
them the same principles may be used o calculate overvoltages following interruption provided that the
appropriate core steel characteristics are used.

n is a function of the frequency dependent loss and can be related to an effective frequency f, =
1/(2n/L,C) where C, is the effective capacitance across the winding and L, may be related to the B/i
curve in the interval between interruption and the first current zero in the winding.

Eg. L = NA{B,, - B,,)fi,, where B, is the flux density at zero current on a 50 Hz magnetisation
curve falling from By, i,

B, would be approximately 0.85 B,, for a typical CROS transformer.
(The value for an HRS core would be approximately 0.5)

Therefore L, = 0.15 NA B,/i,, (CROS)
L, = 0.5 NA B,/i,, (HRS)

Note that this is an arbitrary definition of L, which is simply a constant for a particular transformer
winding interrupted at B, and the constant 0.15 (or 0.5) is used solely to relate n to a meaningful
frequency which gives an indication of the order of the frequency obtained during the part of the process
between interruption and the appearance of the maximum chopping voltage. The essential values of
the curves given in Figure 5.3.5 would be unaltered by a different choice of this constant. All the
frequencies assigned to the set of curves would

merely be changed by a constant term.
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A1.4 Chopping overvoltages in a single-phase transformer

Ai.4.1 Steady-state current interruption

At steady-state current interruption the highest possible overvoltages are produced when chopping at
peak current. The maximum overvoltages will then be (see Clause 5.3.3, eq. 5.3.15, of the main report):

nyelP UiC, w
ky = | =f{—"‘1;nv}
V2 Uyo,C, Py«

where vy = I—"— = form factor
m
U, = rated voltage of single-phase transformer {r.m.s. -value)
a = ratio magnetizing current/rated current (both r.m.s. value}
P, = rated power of single-phase transformer

u, = U2 = rated crest voitage of single-phase transformer
|, = r.m.s. value of magnetizing current

o, = 2rf, = angular power frequency

C, = effective parallel capacitance

n = magnelic efficiency (from Figure 5.3.4)

The overvoltage factor is thus a function of the parameters

UXC, £y

and ¥
Py i

of which the first one is determined by the rated quantities of the transformer and the second by the B/H
characteristic of the core.

The form factor y = iy/l,, is dependent on the shape of the B/i charac-

teristic and hence on the peak flux density at interruption. The B/i characteristic shape has been found
to be substantially the same for a given core material type over the whole of the range of transformers
under consideration.

ko S . . B = Peok Flux Density {Tesla)
N e *. gt rated voltage
N
p u \‘. \ Hysteresis loss of 50 Hz =03
4 N v E£ddy current loss 0.5
\ . e — — Hysteresis loss at 50 Hz = 0.7
s N Eddy curren? lass 0.3
\\ .
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Figure A1.9 Interruption of single-phase transformer no-load current at peak value during
steady-state excitation

169



Figure A1.9 gives the peak overvoltage (phase-to-earth) versus the parameter (f'UNZCﬂ/(PNa) for
interruptions at the peak of the no-load current during a steady state a.c. excitation. Values are given
for transformers with CROS cores having a peak flux density of 1.7 T and transformers with HRS cores
having a peak flux density of 1.35 T at rated voltage. The ratio of eddy—current loss to the total loss at
50 Hz for these transformers is assumed to be 0.5 and 0.3 respectively as discussed in Section A1.2.
An additional curve is given where this ratio is 0.3 for transformers with CROS cores and a peak fiux
density of 1.7 T at rated voltage.

Note: The rather high theoretical overvoltages indicated from the Figure are very improbable in actual
operation due to low probability of current chopping at the peak value. Further if such a chop
should occur it must be at short contact gap and therefore most likely limited by reignitions.

A14.2 Inrush current interruption

Transformer no-load currents may also be interrupted immediately after energization, either by
maloperation of equipment or by the appearance of a fault on one phase at the time of energization.
in this situation the possible inrush currents are iarge, up to several times the rated full load current of
the transformer and a significant transient may persist for tens of seconds in large transformers. It is
necessary to estimate the possible level of current which may be chopped by the circuit breaker.
Calculations can then be done similar to those used for steady-state calculations.

The overvoltage factor will be (see Clause 5.3 of Chapter 5):

u i.B
k= |Cop e e
iy u»,C.B,

where u, = u, when the peak current is much higher than the breaker chopping level, iy,

In Figure A1.10 examples of calculation of overvoltages are given for transformers with CROS cores.
Curve A is the same as the steady-state curve in Figure A1.9, which means current peak chopping at
B = 1.7 T and 0.5 eddy currenVhysteresis loss ratio. Chopping currents are of the order 1 A to 10 A.
To chop at B = 1.8 T the chopping level must be about three times as high, which seems possible at
least for low magnetizing currents, while for B = 1.9 T the chopping ievel must be about 100 fimes the
peak current at 1.7 T. Such extreme chopping levels are not realistic.
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Figure A1.10 Interruption of single-phase transformer no-load current during inrush

conditions
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APPENDIX 2

THREE-PHASE TRANSFORMERS

by D. Boyle

Interphase effects in three-phase transformers where the phases are magnetically coupled by multi-
limb cores or delta windings wili modify the responses obtained at no-load current-interruption. There
is some possibility of an increase in overvoltage.

{a) Star connected transformers with earthed neutral

Considering the interruption of currents in a star connected transformer with a delta tertiary winding,
Figure A2.1(a). The 132 kV winding and the delta are shown but not the secondary winding, for
simpiicity. The most severe case would be a second phase to cledr at peak current in that phase. An
overvoltage will appear on the already opened first phase to clear which is the sum of the instantanecus
value of power frequency voltage present on that phase at the time of interruption of the second phase
and an induced transient voliage approximately equal to the switching transient voltage appearing on
the second phase to clear. Figure A2.1 shows the result of a computer calculation which'illustrates this.
it should be noted that no-load currents of a three-phase transformer with interphase coupling wilt
exhibit subsidiary peaks and this is evident in the shape of the current on phase A which falls after
interruption of phase B before rising again to a peak at 5 ms.

It can be seen that the maximum voltage on the first phase will be approximately UwW3/2 + U, where
Uy is the peak of the 50 Hz induced voltage and U, is the peak transient voltage on the second phase
to clear. This is, however, an unlikely condition requiring chopping of the second phase current at 3 ms
or later after the first phase and then requiring a chopping at peak current on the second phase.

Figure A2.2 shows a calculated response for single-phase transformer of the same rating for
comparison. The single phase case shows a higher chopping overvoltage than the three-phase case.
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240 MVA transformer 3 limb core 6F ne1 " '-i
Transformateur 240 MVA triphasé avec cirouit . 2 H
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Figure A2.1 Three-phase transformer current interruption
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Figure A2.2  Single-phase transformer current interruptions
{no interphase coupling)

(b) Delta connected transformers

For an unloaded three-phase bank consisting of 3 single-phase transformers connected in delta/star
and supplied from the deita side, the maximum magnetic energy will be stored in the three-phase
transformer when the current and flux density in one winding is at its peak value. In the steady state
the currents in the other two windings at that moment will be very low because of the non-linear
characteristic. For example, in a transformer having a peak flux density of 1.7 tesla in one limb of a
CROS core the other phases will have instantaneous values of flux density of 0.85 tesla at that moment
when energized from a balanced supply voltage. Examination of Figure A1.6 of Appendix 1 indicates
that the current in the iatter two windings would be only of the order of 3 % of the value in the first
winding. It may thus be presumed, with an insignificantly small error, that the current in the two lines
connected to the winding carrying the large current is the same as the current in that winding.

Hence on simultaneous interruptions of the three windings the energy released will be that stored in the
winding at peak fiux density and will be transferred to the effective capacitance across that winding. The
resulting overvoltage can then be estimated by the method described in Section 5.3 bearing in mind that
the voltage to earth will be half the calculated voltage across the winding as stated in Section 4.

If the transformer has a single multi-limb core the shape of the steady state magnetizing current curve
is more complicated due to interphase coupling through the core. This can be studied if required by
computer calculations on a full model of the transformer. But the overvoltages will not be significantly
different from those obtained by use of the parameters discussed in Section 5.3.
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APPENDIX 3

RESULTS OF A PREVIOUS CIGRE STUDY

Former CIGRE Working Group No. 3.2 made a study of no-load transformer switching overvoltages in
1967. See ref [A6] below and [22] of Chapter 5. They used a magnetic efficiency, 7, defined as the
ratio of released energy to actually stored energy at peak magnetizing current. (This 1, is thus different
from the n used in this report which is related to the energy stored in a linear inductance with the same
core area and number of turns.)

The overvoltages was then calculated from:

1 .
EC“:‘ =N,
where
ur
W, = 1L(IM‘/§)’- ="
2 w3

|, = r.m.s. magnetizing current (peak value/¥'2)
U, = rated voltage (phase-to-phase)
C = parallel capacitance

Maximum overvoltages at steady-state current switching are produced when peak current is chopped,

giving:
r - | Nedaf3
mx Al wC U,

This is identical to the expressions in Clause 5.3.3 if the form factor is set to y = ¥'2 in eg. 5.3.15. and
observing that U, here is phase-to~phase voltage.

WG No. 3.2 calculated expected maximum overvoltages for transformers from three different
manufacturers. The results are given in Figure A.3.1. All the transformers had CROS cores with a
characteristic approximately equal to the one used in Appendix 1.

The value of n,, used in the calculations was n,, = 0.2 to 0.4, which thus is higher than the n-values
obtained from Figure 5.3.5. as expected due to the difference in definitions.

For some of the transformers (Nos 1 to 25) data have been available to permit calculation with the
method proposed in this report assuming a form factor

é = 2.5. Recalculating the maximum overvoltages using the curves in Figure 5.3.5 gives lower
overvoltages than the values in Figure A.3.1. with a factor 0.7 to 0.9, in spite of the form factor probably
being on the high side. This may partly be due to that eddy current losses was not taken into account
in the WG 3.2 calculations.

The new recalculated overvoltage factors as function of the chop parameter i.e.:

2
k - f[C!UN

a
a P,

have been inserted into Figure 5.3.11.
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The values fit well with the Panek and Boyle curves and support the conclusion that dangerous
overvoltages cannot be generated at interruption of no-load steady-state current.

It should be observed that no external capacitance (C,) has been taken into account in the calculations,
therefore actual overvoltages in the field could be expected to be still lower.

1 2 <=

U (40]
o 200 X0 &0 500 600 700 80

Figure A3.1 Max overvoltage factors when interrupting transformer
magnetizing current (From CIGRE-report 1968: 13-01)

Reference:

AB. CIGRE SC 13 (Meyer, Baltensperger): Progress report of Study Committee No. 3 (High-voltage
circuit-breakers), CIGRE-report 1968:13-01.
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Appendix 4

INTERACTION BETWEEN PHASES
IN THREE-PHASE REACTOR SWITCHING
Part 1: Grounded reactors

by

W.M.C. VAN DEN HEUVEL and B.C. PAPADIAS

ABSTRACT

Interruption phenomena after current chopping in three—phase reactor -circuits are complicated by the interaction
between the separate phases. This interaction is due to capacitive and/or inductive interphase couplings. At the
moment of second and third pole clearance the transients in the foregoing interrupted phases are often not yet
damped out. This fact complicates the picture furthermore.

This first Part I (Appendix 4) gives a summary of the occurring phenomena and a general treatment of single—
phase and three—phase star-connected inductances with solid or low-impedance inductive grounding of the
neutral.

Capacitive as well as inductive couplings are studied. Attention is paid to the possible maxima in the recovery
voltages. This part ends with a compilation of all initial conditions and recovery voltage expressions to ease
calculation of the possible occwting overvoltages.

A second part, Part Il (Appendix 5), deals with ungrounded, star~ or delta-connected inductances.
A4.1 INTRODUCTION

It is well known that interruption of small inductive currents can introduce high overvoltages due to chopping
of the current before or after its natural zero. A vast amount of literature is published on this subject, see e.g.
the list of references 1o Chapters 1 to 6. Most of the fundamental work is directed to single phase circuits for
obvious reasons: current chopping, overvoltages and reignition phenomena are extretnely complicated. Three—
phase interactions confuse the issue still more and make it less approachable for numerical evidence.

But practical circuits nearly always are three—phase networks. Therefore not only testing but also calculation of
overvoltages in inductive current interruption should be directed to three phases.

This Appendix collects the theoretical work already done in this specific field and aims to give a general
treatment of the interactions in disconnecting networks containing three—phase reactors. Capacitive as well as
inductive couplings are involved and a low damping is assumed. Therefore the results are also applicable fo
stalled motors. Interruption of transformers in no-load has the same theoretical backgrounds but overvoltages are
considerably lower due to the complicated damping by iron losses [3, 4, Appendix 1].

This part covers reactors with grounded neutral. In the second part (Appendix 5) ungrounded inductances in star
or delta connection will be dealt with.

A4.1.1 Current chopping level

The chopping level in vacuum circuit-breakers is mainly determined by the kind of contact material. It is of the
order of 5 to 10 A and there is only a weak dependency on the capacitance which can be seen in parallel to the
breaker [6].

In other breakers the main reason for current chopping is arc instability due to the negative slope of the i(u) -
characteristic of the circuit-breaker arc. Here the chopping levels reach between one and some tens of amps. This
level depends on the arc extinguishing medium and mechanism and also on the circuitry around the breaker.
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Especially C,, the capacitance seen in parallel to the breaker, may have an essential influence. A number of
authors [6, 7, 8, 9] published a linear relationship between the chopping current i, and the sguare root of C;

iy = x\/ch (A4.1.1)

Practical x—values vary from 1.10* (for certain medium voltage SF;-breakers) to 20.10* (for some VHV
breakers), see Chapter 2.

Ad4.1.2 Survey of phenomena in a single phase circuit

A survey of idealized chopping phenomena occurring in a single phase circuit with considerable damping is given
in Figure A4.1.1. No reignitions are indicated here.The expression for the TRV

(= transient recovery voltage) is the same as for the three phase reactor with grounded neutral without any
coupling, as treated in section A4.4.1, equation (A4.4.4). In this case the highest overvoltage across the inductive
load is the suppression peak arising directly after current chopping. The highest voltage across the breaker
contacts is the recovery peak after polarity change of the TRV.

If a reignition occurs a main frequency current may start to flow again following the same steady-state loop as
before. The transition to this state proceeds via one or more h.f. oscillations, superimposed upon the initial rate
of rise of the current {16). The most important h.f. transient is the "second parallel oscillation" through which
the source side and load side capacitances (C,, C, and C) balance their charges through their series inductances.
Its frequency is typically of the order of (some) hundred kHz.

E
@
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A N !@_
U \ N 3
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Figure A4.1.1 Survey of chopping phenomena in a single-phase circuit

1 current to interrupt 6/7 instability oscillation leading to current chopping

2 voltage across circuit-breaker (c.b.) 8  chopping level

3 voltage across inductive Joad 9  main voltage

4 failed interruption due to short contact distance 10/11 first max. across c.b./ind. load — “suppression peak”
5 influence of arc voltage 12/13 second max. across c.b.find.load - "recovery peak"

Reignitions may occur during voltage rise to the suppression peak as well as to the recovery peak. In the first
case they reduce the overvoltage in the network because the reignited current has the same polarity as before and
will normally be chopped again at a lower level (Figure A4.1.2). Reignition in the second case may cause a new
current loop followed by new chopping and an overvoltage across the load which may be higher than before,
even if no chopping occurred at all, see Figure A4.1.3. In both cases the transient h.f. oscillating current
immediately following a reignition may be interrupted by the breaker in one of its current zeros. Thereafter new
voltage rise and reignition is possible. Repeated reignitions during increasing current-to—interrupt may occur at
successively higher voltages. This phenomenon is called voltage escalation [10, 11, 17].
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Figure A4.1.3 Maximum reignition voltages without (a) and with (b) current chopping

Figure Ad4.1.4
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A4.1.3. Additional phenomena in three-phase circuits

In three-phase circuits the calculation of TRV's is much more complicated because of the greater number of
circuit elements, the inductive and/or capacitive interphase couplings and the different initial conditions. Moreover
there are some additional phenomena which are not observed in single phase networks:

a) A current chopping in the first phase to interrupt, followed by a reignition at a high value of the suppression
peak, introduces a h.f. oscillating current as in the single phase case. All capacitive and inductive elements of
the circuitry in the direct vicinity of the circujt-breaker are involved in the energy exchange of this oscillation.
So in the three—phase condition a part of the current may flow through the other breaker poles, causing a h.f.
oscillation superimposed on the momentary main frequency current through these poles. The resulting current
may pass zero and consequently be interrupted although a relatively higher curmrent is flowing through the
inductive load. This phenomenon is called virtual current chopping [12, 13]. Up to now it was only observed in
vacuum breakers at very short contact distance.

b) The h.f. oscillation after a reignition in the last phase to interrupt is also fed from the capacitances of the three
phases. Theérefore h.f. voltages may be geperated in the other phases superimposed on the momentary value of
the TRV in these phases. This momentary value may even be a high recovery peak viz. in case of an unearthed
reactor. This reignition transfer of overvoltages was treated in more detail in Chapter 2. See also [14].

c) After interruption of the first phase of an ungrounded load the potential of the star connection jumps to the
half sum of the second and third phase voltage. Therefore the TRV between the entrance of the first disconnected
load and ground does not oscillate around zero, as in Figure A4.1.1,, but around 1/2(e, + &;} as given in Figure
Ad4.1.4. Now the recovery peak is the highest overvoltage to the circuit-breaker as well as to the load terminal.
Mathematical expressions were given in [14]. A similar effect will be observed in a non-solidly grounded load
but the main frequency component in the TRV will be smaller. Inductive coupling between phases will cause an
opposite consequence; see section A4.4.3.1 and A4.4.4.1.

d} After clearance of the second and third pole in the case of ungrounded load the interrupted circuit is
completely disconnected from earth except by its ground—capacitances. Therefore a d.c. potential to ground may
be left in this circuit. It was shown that a high d.c. potential can be caused by non—simultaneous current chopping
in the second and third phase [14].

Calculations of the transient recovery voltages and more details on the additional three—phase phenomena are
given in clause A4.4 and Part II (Appendix 5). Many of the treated effects are depending on the reactor
characteristics and the way of grounding of the neutral.

A4.2. REACTOR CHARACTERISTICS

Due to the interaction between phases in three-phase interruption of a reactor the recovery voltage and other
transients are affected by both the type of the core and the winding connections of the inductive three—phase
circuit. The reactor windings are commonly star connected, with grounded or ungrounded neutral.

When star connected reactors with independent phases (five-legged or shell-type cores) have solidly earthed
neutrals, interruption of each phase can be considered separately, provided line—to-line capacitances are small
compared to line-to-ground capacitances.

Reactors connected through a tertiary m.v. winding of a transformer are often unearthed.

A4.2.1. Reactors with earthed neutral

Directly connected shunt reactors in high voltage networks are usually covered by cases 1 and 2 of Table A4.2.1.
In the case of X/X; = 1, the independence of the phase magnetic circuits calls for negligible inductive interaction
between phases, so that the mutual inductance M = 0 and L, ~ L;. The three~phase interruption can usuaily be
treated as three successive interruptions, provided that the capacitive interphase coupling is also negligible. This

may not be always the case for a bank of three single phase reaciors, since there may still exist a small capacitive
coupling between the connections of the phases, but its influence could be disregarded (section A4.4.1.).
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In a 5-legged reactor, or a shell-type reactor a certain inductive coupling between phases may exist. Energy
transfer between phases may then take place, although there is no evidence that such an energy transfer has
resulted in an appreciable increase of the overvoltages. All experience gained so far support the view that this
case may be treated as three consecutive single phase interruptions (section A4.4.1).

The case of XX, = 1 is commonly met in three—legged reactors. The inductive coupling is considerable now
with a typical value of M of the order of 2/7 L, or 2/3 L, s0 that X/X; « 0,3. (M is taken as positive). Examples
of interphase influences are given in Figures A4.4.14, A4.4.20 and A4.421.

A4.2.2. Unearthed reactors

In some cases the reactors are not earthed, or not solidly earthed at their neutral. This is particularly true for the
m.v. reactors connected through tertiary windings of high voltage transformers or -autotransformers, where the
reactor neutrals are often left unearthed to avoid the flow of zero—sequence fault curtents. In that case the ratio
XX, is practically infinite, although in fact there is.always an indirect neutral earthing through the reactor
capacitance to ground.

Due to the intense interaction effects appearing in unearthed reactors, the whole pattem of switching phenomena
becomes still more complicated than previously. The detailed treatient of these phenomena is the main objective
of Part Il (Appendix 5).

Table A4.2.1 Typical reactor characteristics and interaction phenomena

[mpedance ratio Reactor type Possible interaction
First order influence Second order influence
CASE 1: Earthed reactors a) Transfer of reignition transients

no capacitive coupling
X b) Transfer of chopping overvoltages
2 =1 i1 Single phase reactor

X1 ii S-legged reactor
iti Skell type reactor

CASE 2 Earthed reactor a} Transfer of chopping b) Transfer of reignition transients
overvoltages
X As case 1 but with capacitive
2 =1 interphase coupling
Xl
_& 1 i 3-legged reactors
X, ii Reactor earthed neutral
("4-legged reactors™)
CASE 3 Unearthed reactors a) Transfer of chopping Common d.c. voltage shift
overvoltages I
X, -
% - Any type of core b) Transfer of reignition
X 1 transients
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Independent of the reactor connection, current chopping in each consecutive phase will initiate transient
oscillations. For iron—core teactors the frequency is typically a few kHz, while it may reach 50 kHz for air—core
redctors. For each interrupting case in tum an equivalent parallel RLC—circuit may be defined which can be used
for simulation of the interruption process. The components R, L and C of such equivalent circuits can be obtained
from corresponding positive and zero sequence values for the reactor. Frequency dependence must also be
considered. The positive~sequence values of the inductance at a frequency of a few kHz will typically be 5-10
per cent lower than the corresponding power frequency vatues. This will probably also be true for the zero-
sequence values. A good approximation may thus be obtained by use of the power frequency values. Positive and
zero sequence power frequency capacitance and resistance values are generally not known.

Neutral grounding and the core type of three—phase reactors determine the interaction between phases. This
asymmetry is characterized by the ratio Xo/X;, of the zero sequence to positive-sequence reactance of the reactor
circuit, which is in general equal or less than unity for directly earthed and very large (practically infinjte) for
unearthed reactors. There also exist some reactors equipped with a zero—sequence fourth winding, connected
between neutral and ground, with the purpose of increasing the zero-sequence impedance. In this case, the ratio
XX, varies usuaily between 1 and 2.

The typical reactor cases are tabulated in Table A4.2.1, with the associated interaction phenomena.

A4.3. ANALYTIC FORMULATION

All calculations in the next clauses are directed to a three-phase reactor circuit with grounded neutral (Clause
A4 4) or isolated neutral (Part II, Appendix 5). In all TRV-calculations the following simplifications were
accepted:

- The circuit is perfecily symmetrical in all its elements;

— The source side may be represented by an ideal three—phase voltage source in star connection with  solidly
grounded neutral;

— All dampings are neglected;

- The reactor is represented by three star—connected linear inductances with or without magnetic
interphase couplings and with capacitances to ground;

- The connection between circuit~breaker and reactor is represented by lumped capacitances. Their
inductances are included in the reactor representation;

- The average arc voltage is at least one order of magnitude smaller than the main voltage. Therefore
its influence on the magnitude of the current-to-interrupt is negligible;

~ All transient-oscillation frequencies are high compared to the main frequency.

—O—¥ “
ep Sh %1 L )M Figure A4.3.1 General representation of
the three phase symmetrical reactor
L T )M M circuit
€ | Sc Cy Lé/
A upe IORIN vOltages
L r B Sunet &b, poles
=E "E =€ i = c C,C, : line—to-ground, kine-to-line capacitance of
S 9 S \E[N the reactor and the connection between c.b. and
. 1 joad

Cy:  neutral to ground capacitance
L: total inductance of each single—phase reactor
M: mutual inductance between 1o rcactors
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Figure A4.3.2 General representation with transferred components °
As Figure A4.3,1, with transferred (positive and zero sequence) components

Uy are the voltages between the reactor terminal and ground
G =C+3C; G=13 G Ly=L-2M; L, = L+M (M is taken as positive}

The general representation of this model circuit is given in Figure A4.3.1. Depending on the configuration under
consideration the indicated elements have zero or finite values.

Expressing the circuit parameters in terms of their positive and zero-sequence components the model circuit of
Figure A4.3.2 is obtained. For very short line connections the reactor ground capacitances are dominating. Then
G, = G, =1/3 Gy and G, = 2C, may be introduced. Line~to-line capacitances may be neglected in this situation.

If cables are used for the connection between breaker and reactor, then Cy << C.. Belt type cables have line-to~
line capacitance with C; = 1/3 C,. So C, ~ 2 C,,. Shielded type cables have no capacitive coupling: C, = C,
Neutral-to~ground capacitance Cy may be shorted by low-impedance grounding of the neutral.

For single—phase reactors M = 0, so L, = L, = L. Shell-type and 5-legged reactors have some mutual inductance
but here also L, = Ly = L in first approximation.

Reactors on 3-legged iron cores with their relatively long air gaps have a zero sequence impedance which may
not be neglected: L = 0.3 L,. So only in the case of a 3-legged reactor with ungrounded neutral the tmpedance
Zy consists of Cy and Ly = 1/3 (L, - L,} in series. In this case Cy will be rejected by grounding the neutral
(Cy = ®) and then only Ly is left. In all other cases Ly = 0.

All currents and voltages in the following chapters are taken positive in the direction indicated in Figure A4.32.
All TRV's u,, u, and u, are voltages against earth.

Calculation methods using Laplace—transformation and symmeitrical in'ipedanoe components are amply treated
by Slamecka et al [15].

Ad.4. REACTORS WITH GROUNDED NEUTRAL (Cy = «)

A4.4.1. No capacitive or inductive coupling
(C,:O;CD=C1=CE=C;M=0;L1=L;LN=0)

A4.4.1.1. Recovery voltage after current chopping without reignition

Three solidly grounded reactors without any interphase coupling represent the most simple case. Each phase can
essentially be regarded as a single phase inductive load with its parallel capacitance (Fig A4.4.1). Interruptions
succeed each 60 el. degrees. They may be followed by reignitions until the contact gap is sufficiently large. There
is experimental evidence that the overvoltages due to chopping grow higher with increasing contact distance [7].
So the highest overvoltages are to be expected in the last phase to interrupt.
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Figure Ad.4.1 Single—phase representation of
grounded reactor without interphase coupling

In Figure A4.4.1 a source phase voltage
e = E, cos (ot + ¢)
will drive a current i = I, sin {wt + ¢) through the breaker S. Here - -

[ = Eng_wio (A4.4.1)
" oL

Further i; = I, sin{wt + ¢) and [,; = E /oL, because the arc voltage is neglected.
At t = 0 the current will chop at a momentary value

i(0)=1, sin$ = I, sin = 1;(0) (Ad4.42)
while the main voltage is
e(0) = E, = E,cosp = u,(0) (A4.4.3)
After chopping u, develops as
-E
u,0) = € “Ucos(w t+) (Ad44)
with
U, = g, OF + [, LF (A4.4.5)
T P At46
UI Ul
2 1
- — Ad.4.7
@ 76 ( )

Here 1/t is introduced as the actual damping factor of the LC-circuit at its natural frequency. This damping is
very small for shunt reactors. So after a time t = ¥/w, the 1ecovery voltage has practically attained to its first
maximum, the suppression peak, provided current chopping appears before natural current zero.

This case is the most frequently occurring by far. It is illustrated in Figure A4.1.1 and Figure A4.4.2a. Because
ip (0) and E, have opposite signs, ¥ in eq. (A4.4.4) is a negative angle.

Current chopping after natural zero i illustrated in Figure A4.4.2b. Now ¥ is a positive angle and there will be
no suppression peak.
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With the help of egs. (A4.4.1) to (A4.4.3) equation (A4.4.5) can be transferred into an expression for the
theoretically maximum overvoltage per unit, k,, (the amplitude of the phase voltage E_ being 1.0 p.u.).

P P C) i, (A4.4.8)
«TE J 20C0

Here Q = 3 E_I_/2 which can be taken as the total power of the three~phase reactor, because wL << L/wC,

- SUppression peak
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Figure A4.4.2 Current chopping before (a) and after (b} natural current zero

The overvoltage factor k, is plotted as a function of the chopping level for a number of C and Q-values in

Figures A4.4.3 to A4.4.6. Moreover k, = f(QC) is given in Figures A4.4.7 and A4.4.8 for a number of chopping
levels.
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Figure A4.4.3  Overvoltage factor k, as a function of the chopping current I, for three-phase inductive

load from 2 te 500 Mvar and an effective parallel capacitance of 10~ F. (Without
reignitions)
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load from 2 to 500 Mvar and an effective parallel capacitance of 310 F. (Without

reignitions)
load from 2 to 500 Mvar and an effective parallel capacitance of 1010 F. (Without

reignitions)
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Figure Ad4.4.4 Overvoltage factor k, as a function of the chopping current I, for three-phase inductive
Figure A4.4.5 Overvoltage factor k, as a function of the chopping current I, for three~phase inductive
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Figure A4.4.7 Overvoltage factor k, versus Q-C for chopping currents from 0.5 to 10 A.
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Figure A4.4.8 Overvoltage factor k, versus Q-C for chopping currents from 5 to 100 A.

Some dotted lines in Figures A4.4.3 to A4.4.6 show line voltage levels where the current amplitudes are equal
to the indicated current: I, = [;. So higher chopping currents cannot occur for these line voltages under steady—
state conditions.

For those circuits and breakers in which eq. (A4.1.1) holds the chopping tendency of the breaker can be
characterized by the "chopping-number” x:

K = (A4.4.9)

L
/G,
In case of a siiff source (Figure A4.4.1) the parallel capacitance C, is equal to C.

Relevant x—value lines are indicated in Figures A4.4.3 to A4.4.6. Theoretical overvoltage factors as a function
of x—values are plotted in Figure A4.4.9 with Q as a parameter, using:

= 1.3 (A4.4.10)
“ 2wQ

Foregoing considerations give rise to some remarks:

- From eq. (A4.4.10) and Figure A4.4.9 it can be seen that not the incidental chopping value I, nor the paralle]
capacitance C are governing the overvoltages. In first approach it is only the chopping tendency (x) together with
the power of the inductive load (Q).

~ Figures A4.4.3 10 A4.4.6 indicate clearly in which situations high overvoltages will certainly not be generated
by current chopping. They cannot be used to predict whether extremely high overvoltages will really occur
because many breakers tend to smooth out such extremes by reignitions. On the other side, high overvoltages due
1o reignitions may occur, even without current chopping (Figures A4.1.2 and A4.1.3).

- In Figures A4.4.3 to A4.4.9 a main frequency of 50 Hz was taken. All curves may be used for 60 Hz networks
when instead of the real Q a reduced power Q = 5/6 Q. is taken into account.
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- Figure A4.4.9 cannot be used for vacuum breakers because expression eq.(A4.1.1) does not hold for these
apparatus.

- The results A4.4.4) to (A4.4.7) are exact and independent of the magnitude of the arc voltage and the
capacitive current. In general

e
u_<l and —=— «1
L

will be valid. Therefore equations (A4.4.5) and (A4.4.7) may also be written as:

U, = JE + (o L?

) lyo L
siny = 7 and E, = E, cosd

(Ad.4.11)

In the next sections these simplifications will be maintained, so uL(d) = Ey and i(0) = i(0) will be taken.
Calculations of u; and i; in case of non-negligible arc voltage can be found in the work of Slamecka et al. [15].

— Usually the chopping level is much fower than the current amplitude: I, << L. In these cases |E,|=E, is a
justified approximation, but care must be taken for the right sign. In normal cases it is opposite to I;, so P is a
negative angle.

- Equation (A4.4.5), giving the recovery voltage amplitude (damping being neglected), may directly be derived
from the energy equation

-;-cu,.u(o)2 + JLiOF = S CU;

In more complicated three-phase circuits the expressions for the recovery voltages are more complex and often
have a double-frequency mode. But each individual h.f. oscillation amplitude keeps a same form as (A4.4.5):
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where x, is an expression consisting in initial capacitor charge voltages and x, is a function of initial currents
through the inductances.

- Although damping is neglected in the calculations a term £ is added in eq. (A4.4.4) to count for the decrease
in amplitude during the oscillation time. In fact the actual damping is a complex function govermned by the
frequency dependent resistance of L and the iron losses. It may be represented by a resistor R in series and/or
one in parallel to L. But because of its low value (R << wl) and the variation of its magnitude over the
frequency range such a precise representation has little sense. The more practical way of determining an average
damping factor 1/t from the decay of the TRV-amplitudes and so neglect the resistances in the calculation has
proved to be justified by experimental evidence and is followed in this paper.

- In eq. (A4.4.6) simp as well as cosy are defined bec:ause Y may have any value between zero and 2m. This
is of special importance when calculating!second and third phase interuption transients. For sake of simplicity
in the next sections the angles v will only be specified by their sin-valie.

Note: A k—value for a multi~unit circuit-breaker is not the same as for its single unit. Their relation is treated
in Chapter 2, sub-clause 2.3.4.

A4.4.1.2. Tertiary connected reactors

If the reactor is not connected 1o an infinite bus but to a tertiary winding of a high—voltage transformer there is
no difference in the expressions for the recovery voltage and all foregoing expressions are operative. But in
general the occurring chopping currents I, and consequently the overvoltages will be lower in this case. The
T€asons arc:

- medium voltage circuit~breakers have often lower chopping levels than the high voltage breakers (or, in other
words, they have a lower x-value):

— the source side transformer has a relatively high series impedance and low impedance to ground to the h.f.-
instability oscillation. Therefore the source side capacitance to ground, C, is also active in the instability
phenomena leading to current chopping. Seen from the breaker terminals this C, is in series connection with C.
So C, in equation (A4.4.9) is now

C, = CC, J(C + C,) (A4.4.12)

Now a reduced x-value, X, must be introduced in equation (A4.4.10):

3%’ C
E o= |1e—2 with x_=x = (A4.4.13)
o 20Q, ’ C,.+ C

Applying this lower x,~value instead of the real x of the circuit-breaker justifies the use of all curves as before.

There is also a slight distinction in the recovery voltage across the circuit-breaker. Now this voltage is not only
governed by the difference between main voltage and uy(t) but also by the short lasting h.f.—oscillation of the
source side transformer. The result is a high initial rate-of-rise of the TRV with a small amplitude giving
somewhat more tendency to reduce overvoltages by thermal reignitions.

A4.4.2. With grounded neutral and capacitive coupling solely
(Cn=; G=C C=C+3Cs;M=0Ly=0; L, =1)

As before interruptions succeed each 60 degrees in sequence a — ¢ ~b until the first pole clears. Now the
capacitive interphase coupling may influence the transient behaviour, especially after second and third pole
clearing. Each time a higher overvoltage than before is possible because the total amount of energy left in the
interrupted “circuit increases with each pole.
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A4.4.2.1 First phase interruption (phase "a")

Let phase "a" be first interrupted as indicated in Figure A4.4.10a. The source voltages ¢, and e, will not introduce
a notable main frequency component in the interrupted phase a, because w L << 1/wC,. Taking furthermore into
account that phases "b" and "c" are shorted for h.f. transients the reduced circuit of Figure A4.4.10b is left.

Therefore all results of current chopping in the first phase will be the same as before (section 4.1) provided now
C = C, + 2C, is taken. Introducing for the phase voltage

e, = E,, cos{wt + &)
gives
i, =1, sinfwt +¢) with [ =E/ol

The initial conditions are (*) : u, (10} = E_ cos ¢, i, (10) = L, sin ¢.
The recovery voltage after chopping can be written as:

w, (=T U cosle, t+ ¥pp) (A4.4.15)
with U_ 1z =V 1lu, QO + [, (10) w, L1} (A4.4.16)
in ¥y, = i, (10) w, L
Um12

wi = 1/{L(C, + 2Cp)}

Again 1/1, is the actual damping factor of the involved LC-circuit at its natural frequency w,.

Ad.4.2.2. Second phase interruption (phase "c")

After approximately 60 degrees the second pole (in phase "c¢™) will also interrupt by chopping. Now Figure
A4.3.1 is reduced to the circuit of Figure A4.4.11a. As before the influence of the remaining main frequency
voltage (e,) is negligible. For the h.f. transients Figure A4.4.11a may therefore be further reduced to Figure
Ad4.4.11b.

Changing now to a new time coordinate t' where t' = t — 1, and t; is the time passed between first and second pole
clearance, one can write:

e, = E, cos(ot’ + ¢;); i, =1, sin(wt' + ¢,) where ¢; = ¢ - I18CF°
The initial cenditions in the interrupted phase "c" are: u.(20) = E, cos ¢y i(20) = I, sind,

At this moment the transient oscillation in the first interrupted phase "a" may still have a sizable voltage and/or
current amplitude:

(1) The subjunction (10) is used instead of (0} to indicate the initial condilions at the moment of first pole interruption. Later
on (20} and {30) are used for the voltage and currents at the moment of second and third pole interruption respectively.
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u, (20) = (U, |, cosw, £,) exp(—t,[T)) = 05U, 5 005wy 1 (Ad4.4.17)
U o, U
£, (20 =("‘”'w:)e (-t fry) == gin o,
, (20) PRI A 1172 wo L et (A4.4.18)
t, =T/6 g, =exp(—t,/1,)

These values also appear as initial conditions in the transients after second pole interruption.

The recovery voltages are now:

g (1) = €11 U,y cos (oo £+ §,0) + Sl Upmas c0s (wyt' +¥,5) (A4.4.19)
o (1) = €L U g cos (e £+ W) — €713 U, cos(wat' +¥y,) (A4.4.20)
with

Um21= V[A1+A2] Um23= V[BI +B§]

A, = 1/2 {u,(20) +u_(20)} B, = 1/2 {u, (20) — u (20}

A, = 12w L {i (20) +i_(20)} B, = 1/2w, L {i,(20) ~ i,(20}}

sin,, = A4,/U, 5, Sin Wa3 = By/Up a3

wl = 1/{L(C, + Cp)} w§ = 1/{L(C, +3Cp)}

Line-to-line voltages u, - u,, u, — 4, and u, — u, are easy to determine from (A4.4.19), (A4.4.20) and
u(t) = ey(t).

The expressions (A4.4.19) and (A4.4.20) show that after interruption in the second phase a double frequency
oscillation occurs which has principally the same shape in both phases. The only difference is a 180 degrees
phase shift between the lower frequency (w,) components.

The highest overvoltage which possibly may occur in one of the two phases is:
(tmax = (Umax = Unzs + Upas
Using k; = U,,,/E,, = overvoltage factor after the first phase interruption
o, = FTIOTy kg =aky 5 B=wyr gy,

the initial conditions can be written as

u,(20) =k, E,, cosf ; u,(20) = E,,

E o
i (20) = kyy me sinff ; i (20) =, (10)
2
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i, (10) w,L 2
=1+ {=—=}]
k, [1+{ L,
and the possible overvoltage factor after second phase interruption is

W, 42
ky =12 {[{1+ k, cosB)® + (;—1-) (k,, sinﬁ—\/l?lz-_])z]”i +
2
(A4.4.21)
+ (1 -k, cosp)? + (f}—)z (k,, sinf + /KL — )?]172}
w .

2

In Figure A4.4.12 k;, is plotted as a function of § for several values k; and k;,, using w/w, = 1,1 and wy/w, =
0,92. From such plots it can be seen that possible overvoltages after second phase interruption are higher than
after first phase interruption: k, > k; except for 2 small part around f.=.100°. But there is only little chance that
the theoretically maximum U_,, + U_,, occurs instantaneously after current chopping. So the actual maximum
1s usually (much) lower than the theoretical value, due to the damping. A typical example with k, = 2 and ky
=1 is treated in section A4.4.15.
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Figure A4.4.12 Examples of maximum overvoltage factors after second phase interruption (k;) versus
angle § of the first phase transient at t = t(20)
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A4.4.2.3. Third phase interruption (phase "b") S

Again 60 degrees after the second pole the third pole will interrupt in phase "b". Now transients will develop in
a circuit according to Figure A4.4.13a which can be transferred in Figure A4.4.13b by delta—star transformation.

Now e, = E, cos (wt" + &) and i, =], sin (wt" + ¢,) when¢” =¢ - ¢, and ¢, is the time interval between first

and third pole interruption, ¢, = ¢.

So the initial conditions in the interrupted phase "b" are
uy (30) = E,, cos ¢

ip (30) = I, sin ¢,

At t" = O the transient oscillation in phases "a"” and "c¢" may still be present, causing initial conditions

u,(30) = 0, Upyqy cos B + o, U, a3 cOS {33

ue(30) = 0, U, ,; cosB, — a, U, ,, cos B3

. 9,y U,
i, (30) = L '221511131 + o, m23 o g

w, w, L 3
ic(30)=%zz—lsinﬁl - a, (::z;. sin §,
3
where
o, =€ Tfery oy = e~ T/673
By=wilyy -+, By = w1, — 1))+,

B, - v, w

=

By — ¥, w,

As a result of all these starting conditions the recovery voltages in the three phases are:

ot "
u, (1) =e"Foy_ 30 COs(wo " + Y )+ e 3 g

r
'ma33 COS (f...)3 r 4y

) :133)
u (f) - E—f [1‘0 U " L=t
b mao SO (Wot™ + ¥ )+ g7 /m Upnp 33 cos (wy & + Vpsy)

. u (£)y= eI "’ -t"
{8 Unap coswot™ + ¢ 3+ 7/ Uppe 3z €08 (wy ¢ + L
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(Ad.4.24)
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with

Um30=V[D§+D§] - Umb33=V[F%+F§]

D, =u,(0) Fi =u, (30) - u,(0)

D, =wyLi (0) Fy  =wyL[i,(30) - i (0)]
sinViso=D,/U, 10 Sinp33=Fy/Upas

Uma3a= VIET + £3) Upness = VIG} + G3]

E,  =u, (30) — u,(0) G, =u,(30) ~ u,(0)

E; =wyL[i, (30) - i (0)] G, =wyl (i (30)-i(0)]
SiNWag3 = E3/Upe33 SiNWo33 = G/ Upeas

1
u, (0) =?{ua (30) + u, (30) + 4, (30)] "

1
(0 =21, 30) + i, (30) + £, (30)]

wp = 1/LCG, wi = 1/[L(C, + 3Cy)]

So after interruption of the third phase a double-frequency oscillation is generated in all three of the phases but
with a specific shape in each phase. Depending on magnitudes and polarities of the several initial conditions high
overvoltages are possible in each phase. In the first as well as in the second phase higher overvoltages than after
their interruption are often observed. Due to the long period without current flow a reignition in these phases is
unlikely. Furthermore the chopping current in the last pole—to-interrupt is usually the highest one. For these
reasons the third pole interruption represents the most severe burden to the interrupted network in case of cable
connected reactors with line-to~line capacitances.

In other configurations some line~to-line capacitances will also be present. But if C, << C, all frequencies w,,
©y, ©; and wy are nearly the same and the recovery voltages are very near to those treated in section A4.4.1.

For small values C, and C, all frequencies w, to w, may be so high that they are practically damped out within
60 degrees.

A4.4.2.4. Reignition transfer through capacitive coupling

As stated before (section A4.1.2) a "second parallel oscillation” will arise after a reignition, involving C,, C,
and the (small) inductances of the circuit-breaker connections. In the case of first or second pole interruption the
current crossing C, will flow through at least one more breaker arc. This may cause virtual current chopping
(see section A4.1.3a).

Especially after virtual current chopping virulent voltage escalation due to repetitive reignitions is possible
{(section A4.1.2).

If the second parallel oscillation is generated by a reignition in the last interrupted breaker pole it appears across
the other two poles and reactors as a h.f. voltage, superimposed on the momentary values of their recovery
voltage. This phenomenon is more severe in case of ungrounded reactors, because thete a high recovery voltage
arises simultaneously in the second and third phase. Therefore it is treated in part II (Appendix 5).
Reignitions after second or third pole interruption will cause oscillations of the same kind as described in A4.4.2,
involving all inductances and capacitances in the circuit. The oscillating current may be interrupted around its
first current zero. Then the oscillation voltage has just changed polarity and is at its maximum. This maximum
appears as the new initial condition in the TRV-expressions. It may be much higher than before. Thus the new
overvoltages described by equations (A4.4.33) and (A4.4.34) or by (A4.4.37) 10 (A4.4.39) start with higher
voltage conditions in the reignited phase than was the first time. In this way reignitions may lead to high
overvoltages even without any essential current chopping.
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Ad.4.2.5 Examples of TRVs in capacitively coupled reactors with solidly grounded neutral

As an example a reactor-bank of 30 Mvar without inductive coupling, connected 10 a 36 kV, 50 Hz network is
chosen.

A circuit-breaker is supposed to interrupt the reactors in phase sequence a—c-b, causing an overvoltage of 2 p.u.
in the first phase (k, = 2, x = 14.10%, see Figure A4.4.9).

Figure A4.4.14, No. 1 gives the TRV occurring in the three phases when the connection to the circuit-breaker
consists of a three—phase cable with total line-to-ground capacitance C, = 10 nF and line-to~line capacitance
C, =3 nF.
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Figure A4.4.14 Examples of recovery voltages during interruption of a reactor bank with capacitive
coupling solely. Data are given in the text.
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Developing frequencies are f, = 3 390 Hz, f; = 3 760 Hz, f, = 3 110 Hz and f, = 4 290 Hz, egs. (A4.4.16),
(A4.4.20) and (A4.4.26).

With I_ = 680 A and w, = 21.3.10° s - a chopping current I, = (<) 17,4 A is found (eq. (Ad.4.16)). From i, (10)
=, = I sin ¢ the phase angle at the moment of current chopping appears to be ¢ = (-) 1,46°

To find comparable sets of TRV-patterns, K, = 2 was maintained and C, and C, were raised in steps of AC, =
0,34 nF and AC, = 0,10 nF respectively. So the number of complete oscillation loops in the time interval t, =
1/6 T changes in 6 steps (Figure A4.4.14, Nos 1 to 7) from n = 11.3 to n = 10.3. This causes a 60 degrees phase
shift in the initial conditions at t (20) for each step. During the same time I, changes somewhat (from 17.4 to
19.0 A) as well as the developing frequencies do.

The time constant T was taken 4,8.107 s for all TRV's. This gives a damping of 50 per cent in 1/6 T.

Figure A4.4.14 clearly shows the complexity of the TRV~patterns. But in this rather typical example no excessive
overvoltages arise due to transfer of chopping voltages. Only a few peaks higher than 2 p.u. are observed (e.g.
no. 1, phases b and c) but an analysis of the numerical data does not show more than 2.3 p.u. as a maximurn.
This is in agreement with the calculated values from eq. (A4.4.21) plotted’in figure A4.4.12 for k; =k, =2 and
k,; = 1 (due to 50 per cent damping).

Higher overvoltages might occur in case of lower reactive power Q, higher chopping current I, (and thus a higher
k-value) or smaller damping 1/T or due to reignition(s).

Note: The variation of C, and C, only causes a total 360 degrees phase shift in the initial conditions at 1(20).
The double frequency oscillation occurring between t (20) and t (30) makes the variation of the initzal conditions
at t (30) less systematically. The calculation of possible TRV's for a practical situation in the field should rather
be performed by varying the chopping current over its statistical range with constant C; and C,. In this specific
case a variation over 5 A would cause a total phase shift of only 36 degrees at t(20). Then the highest
overvoltages are related 1o the highest chopping current.

A4.4.3. With grounded neutral and inductive coupling solely
(Cx=0;C=0;C=C=C;Mr0;L=L+M;L=L-2M; Ly=%(L, - L)

Again interruptions and reignitions will succeed in sequence a-c-b until the first pole clears. After interruption
of the second and third pole, energy transfer from the earlier interrupted phase(s) through the inductive coupling
will also in this case influence the TRV's.

All expressions for the recovery voltages will basically have the same form as the foregoing chapter with one
single exception: After interruption of the first and second phase a main frequency voltage component will be
induced in the switched—off phase(s) adding a main frequency component to its TRV.

Because of this clear similarity, in this and the next chapter only the reduced scheme and the results will be
given, all based on the general representation of Figures A4.3.1 and A4.3.2. Initial conditions are only stated as

far as they deviate from the corresponding foregoing situatjons.

Results are applicable to reactors on three—legged iron cores and, more general, to all star connected inductances
which are grounded through a reactor (Ly). An example is treated in section Ad.4.5, Figure A4.4.22.

U L1

9 &
=
e L
b 1
H————
) b Figure A4.4.15  Inductively coupled
€ ! reactors. Reduced scheme for first phase
— O —=ic | interruption
Y o g b WIS
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Figure A4.4.16 Influence of inductive
(ka-2NEm coupling (i.e,) on the TRV after first phase
interruption.

A4.4.3.1. First phase interruption (phase "a")

Figure A4.4.15 gives the reduced scheme, Phase voltage and initial conditions being similar to those in section
Ad.4.2.1, the expression for the transient recovery voltage is now: '

- u (=—-Ae () +e™"1 U, cos(wt+ ¥ ) (A4.4.27)
with
L+ 3L, : [L,010)]z
U ,=/[—‘——u(10}] +[ ]
m L +2L, ¢ w,C,
i (A4.4.28)

Upiz = (1+ NV {{u, QO + [, (10) @, £,17)

. L, +2Ly . _ U+ N (10w, Ly
w; = smtp” =
Lng(L,'*‘ 3L,) Umia
)\=___£fl’.___.
.L1 + ZLN

As stated before (clause A4.3) the zero sequence inductance of reactors on three-lepged iron cores is approx.

I, =03 Ll
Because Ly = 1/3 (L, - L,), the main frequency component in ut) will then be 0.44¢,, so h = =0.44.

The amplitude of the TRV is much smaller than in a non-inductive coupled situation (seciion A4.4.3.2), see
Figure A4.4.16 as an example.

Some other specific configurations may directly be deduced from (A4.4.27):

- in ungrounded reactor banks L, in Figure A4.4.15 becomes almost infinite, so, A = 0.5 and the TRV oscillates
around -1/2 e, = 1/2 (g, + &) (see section A4.1.3c and part II, Appendix 5).

- an "ideal" coupled reactor bank or transformer would have Ly = 0 and Ly = - 1/3 L, = -M. This would give
A =~ 1 and eq. (A4.4.27) shows that there would be no transient recovery voltage at all after first pole clearance.

- inductive coupling introduces negative A-values. An uncoupled grounding impedance Ly causes a positive A-
value. Taking A = 0 the non-inductive coupled, directly grounded situation (section A4.4.2.1) is found again.

A4.4.3.2 Second phase interruption (phase "c")

The reduced scheme is Figure A4.4.17. The phase voltages again are written as:
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e, = E_ cos(wr+ ¢)
e, ='E_ cos{wt"' + ®,) e

— '. ;
e, =E  cos(wt + ¢3)
=11
- 1

[z
t —I—tz
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If again the moment of current chopping in the second phase is chosen t' = 0 and the initial voltages u, and u,
are:

uy (20) = E,, cos (¢, + 120°) (A4.4.29)
u (20) = E,, cos ¢3
Initial values 1,(20) and i,(20) are found from A4.4.27 as before (see egs. (A4.4.17) and (A4.4.18)) and using

— &,(20) = u, (20} + u (20)

{The main frequency component in i,(20) is negligible.)

So
1 (20) = X {1, (20) + 4 (200} +0; U5 €08 g1,y (A4.430)
i,(20) = 0,w,C, Uy 4 sin wyty (A4431)
LN —t,]r
with A=——"=—— and og,=¢ U7
L+ 2Ly -

Now t, » T/6 and ¢; = ¢ —~ 180° (unlike capacitive coupling solely).

Due to voltage induction from the other phases, the currents i and i, will not have a 90 degrees phase shift to
the voltage but may be written as:

En, V1A +22

i (1) = sin (wt' + ¢+, + 120%)
le
Ad.4.32
E_JT—A+ A , ( )
() =—" 7 sin(wt' + ¢ - ¢,)
(%]
1
AV 3

where tan ¢, = (see also Figure A4.4.18)

2-X

199



Figure A4.4.18 Voltage across L, after first
phase interruption

a) for inductively coupled reactors & < 0, ¢y < @

b) with external grounding inductance; A > 0, ¢ > 0

Note that in case of inductive coupling the second phase will interrupt after 60 + ¢, degrees, which is earlier
than before, because ¢, < 0.
So the initial current (= chopping current) is

ET— A+ A R .
i,(20)=——————sin(¢; — ¢ — 1807y =—1i,{10)
Wl
which defines ¢z and t}.
Recovery voltages are :
u, (N=ve, + g % Upag €08 (Wg 1"+ ¥y4) +gT T4 U, a4 cos(wy t' + ¥5) (A4.4.33)
—t} _tf
ue (N =ve, e IO U0 cos(wgt' + Wp) e T H Uppgcos(wy ' ¥ap)  (Ad434)
with

126 =\/(Hzl + HE) sin Yy, = Hy/Up 04

U,

1
Hy == {ug (200 + u, (200) - ve, (1))

1 ve, {t,) 1 Lot L
Hy= {i (20) + i (20%} e 4 w? = NT Ly )
2 G We LyC 3Ly + Ly

Umaa =V U+ 73) sinWoq =J2/Uinza

1
Iy =7 {u, (20) - u (20}

J, = i (20} ~i.(20)} Wl =
2 2w4Cg{a ¢ R A
Ly
[‘1 + LN

As before there is 2 main frequency component in the TRV which is now ve,(t). Taking again the three-legged
core reactor with L = 0.3L, as an example, v = - 0,3 and the component ve,, having 0.3E,, as a maximum, will
not contribute essentially to the overvoltage. The angle ¢, = — 17.3° and for [, << I: ¢ = ¢5.

So ve,(20) = vE, cos (ot + ¢; = 120°) at ' = 0 = Q.06 E_,

This example shows that the main frequency component has no influence on the first maximum after current
chopping. Then it also does not appear in H, and H,.

What is left in formula's (A4.4.33) and (A4.4.34) is exactly the same as (A4.4.19) and (A4.4.20).
Therefore the remarks on possibly increasing of overvoltages due to energy transfer from the first interrupted
phase as made in section A4.4.2.2 apply here as well. But since the overvoltage after first phase interruption is

reduced by the main frequency component, the TRV's after second pole clearing may be lower than with
capacitive coupling solely.
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A4.4.3.3 Third phase interruption (phase "b")

Starting again with
e, = E, cos(wt' + ¢,)

the initial conditions in phase "b" are
e,(30) = E, cosd, e E_

i,(30) = E, sin ¢, jo(L, + L)

Now this phase will interrupt 60 - ¢, degrees after phase "c”, so the foregoing transients are damped out further

than without inductive coupling, as ¢, < 0.
Further initial conditions are
1y (30) = v e, (30) + 0y Upppq cosPy + 0y Uypppq o038,

U, (30) = ve, (30) + 034 Uyp6 0SBy ~ 034 Upygq cos By
g (30) = 03¢ Uypag @y Cg sinfy + 0p4 Uypypq i Cg sin By

i (30) = Op¢ Vg Wog Cp sinfly — 044 Uppng o C, sinff,

with

Oy = exp {(t, — £,}/74} 044 = exp {(t; — 1))/7¢}
Bl =w5(11“t1)+\f126 B! =w4(r2—t1)+§b24

1

12 = -é T
c g u 3 Ll
——-"—'5—’12";\-—
c Yp L
9

TH— o

Cgq Ue Ly

" e Figure A4.4.19
YL interruption.

Recovery voltages in the three phases are:

et L .
ug (1) = e~y cos(wgt + Yy) + e My 1. cos (g 1+ Yy3,)

M ”
—_ =T -t
=e 71T U, 1o cos(wg t + Yy ) + eI Upnp 34 €05 (@ 2+ Y, 5.)

ub(t) n

U (D) = €T U o cos(eos 1+ Yyg) e~y cos (wyt + _yq)

with
Umas = v [Kl + Kil Unbza = V[Nl + Ni]

K1 = u_(0) N1 = u, (30) - u (0)
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sin 1}135 = sz'Um35

Upasa = VIM] +M]]

Ml = u, (30} - u:(O)

i (30} —: (B
W, C‘g

2

A COEIAD)

2
m4Cg

sin W =N, /U

b 34 mb 34

Upesza =VIpy + pi]
I ="c(30)_";(0)

i, (30) — i (0)

w, Cg

P, .=

o

SIn W, 34 = My /U, g Sin Y 54 = PY/U, 34

1
uy(0) = =lu, (30) + u, (30) + u, (30)] w?

i=1L.c

1 |
i (0 =={i, 30) +, 30) + i, (30)] wi = 1/C, (L, +3L,)

Comparing these results with the foregoing (eqs. A4.4.24 to A4.4.26) shows exactly the same formula's as in case
of capacitive couplings. The only difference (besides numerical values) exists in the initial conditions: The
somewhat longer damping time makes them less severe but the main frequency component may balance this
effect.

Therefore all remarks on shape and amplitude as made in section A4.4.2.3 will also apply here.

A4.4.3.4. Reignition transfer through inductive coupling

Without any capacitive coupling the "second paralle! oscillation” is not expected to penetrate into other phases
because its frequency is much too high. So virtual current chopping due to the inductive coupling is not to be
expected. However, Damstra [11) reported that virtual current chopping even is possible through the small mutual
inductances between the conductors connecting the breaker to the supply network and the load. All other remarks
on reignition transfer as made in section A4.4.2.4. will also apply here.

A4.4.4. With grounded neutral, inductive and capacitive coupling
(Cy=w;Cm0:;C=C;C=C+3C ;L =L+M;L=L-2M; Ly =%, - L)

The case of combined inductive and capacitive coupling has no essential new aspects compared to what is said
in clauses A4.4.2 and A4.4.3. All expressions for TRV's and initial conditions have exactly the same form as in
clause A4.4.3, only the capacitor values in the voltage amplitudes and frequencies differ.

Therefore there is no fundamental reason for higher overvoltages due to the extra capacitive coupling. But
compared to inductive coupling solely, all frequencies are smaller due to the larger capacitances and this effects
also smaller damping constants 1/x. So the initial conditions from the foregoing transients may be larger at the
moment of second and third pole clearance and this may result in higher overvoltages.

Because the expressions for combined inductive and capacitive coupling cover also all foregoing results they are

given here in a complete and general form. The more specific expressions of clauses A4.4.1, A4.4.2 and A4.4.3
may be found by introducing adequate zere values for C, and/or Ly, as are indicated under the clause headings.
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A4.4.4.1. Compiled expressions for TRV's in switching three-phase inductances with grounded neutral
(Scheme Figure A4.3.1,; Cy = =)

System voltages
e ()= E_ cos(wt+ ¢)
e, (1) = E, cos{wt + ¢ — 120°)
ectt) = E,, cos (eat + ¢ — 240%)
Symmetrical currents

i (1) = Im3 sin (ot + ¢) ete.

fns = Emile
w = main frequency = 2 /T: o

A4.4.4.1.1 First pole clearance at t = 0; pole "a".

Initial conditions: u,(10) = E_cos ¢

Chopping current: i(10) =L sind =1,

This chopping level is also accepted in second and third pole interruption.

Recovery voltage:

u, (=—1Rre (1) + E_”"j U,jcosfw; ¢+ LT

uy = (1+ NP+ P sin ¥y = (14 M Py /Uy;
2

2y + L,
P, =u,{10) w‘f—Ll(Cg+ 2C) (3L + L))

Py =i, (10) w, L, A= Ly/L, + 2Ly

]/TI- = damping factor of w; = circuilt.

(Note: sin W is negative in case of current chopping before current zero. A is negative in case of inductive
coupling through three-legged cores.)

A4.44.1.2 Second pole clearance at t = 1, pole "c"
Two—phase currents for 0 < t < 1;:

iy = I, sin(wf + ¢ — 120° + ¢)
i, =1, sin(wt+ ¢ — 240° — ¢;)

) Im3 . —1 7‘\/5
sin (wi, + ¢ - 60 —¢0)=}——-—smw @, = tan )

m2

Ly = W = A+ WD} 1,

Initial conditions :

1 {this defines t,)

u, (20) = A {u, (20) + u, (20)} +oj Uy, cos
u, (20) = E,, cos(wt, + ¢ — 120°)
u (20) =E

m

cos (wt, + $ — 240%)
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iy (20) = 0; w; (€, + 2C) Uy sin B

i (20) =1, sin (wt, + ¢ — 120° + ¢)
i (20) =15 sin{ot) + ¢ — 240" — 9g) = chopping current
=1, sin(wt, + ¢ —60° — o) =i, (10)

aj=exp.(—.rlh'f) B=w’.11+\91’_

B = phase angle in u, and t, at t = ;. By varying B between - 180° and + 180° all possible TRV's are obtained.

I..—1 T i
3 2 -
t, = m ALY +60°+¢0 le[o<<]m
I 3600 .

Recovery voltages (¢' =t - 1,)

2

—t {7
u () =ve,(+e” Yy, cos (wy '+ Wy e [T Uny cos(n t "+ Yy

—t',
u (N =ve,(N+e I g cos (et F Wap) me | Ugpeos (Wt F ¥an)

2k = V(Ql + Qz) ; 8in ‘1}2;( = QZIUZIC U2n =V(R] + Rz);sin ‘,’/2n=R2/U2n

i 1

Q, =;{u,(20) +u (20}} —ve, () Ry=7 {u, (20) -« (203}
1 i 200+ (20 , 1

Q2=_ Iﬂ( ) IC( ) +Veb (!l) R.z =_{Ia(20)”‘c(20)}wnl‘1
2w (Gt Cp) N L

wi = Lyt L, Ly 2 !

V= W, =
Li(C+C)BLy+ L)) Li+Ly 7 L(C+3Cy)
e, (t,)=—E, .wsin(wt, +¢—120°)

A4.4.4.1.3 Third pole clearance at t = t;; pole "b"

Single phase cumrent for t; <t <t

Iy =1, sin (wt+e¢-— 120%)

t. ==

2 T

1
3
Tn1 = I3y (_L'l‘_)
Lyt Ly

Initial conditions:

u, (30y=vu, (30) + g, Uy, cosff; + 0, U,, cos By

u, (30) = £,, cos (wt, + ¢ — 120°)

u.(30) = vu, (30) + g, U,, cosf, — 0, U,, cos 6,

i,(30) =0, w, (C'g + Co)Uysinf, + 0, w, (Cg + 3C,) U,, sinf,

i, 30y =1, sin{wt, + ¢ — 120°) = chopping current
i, (30) = 03 0 (Cp + Cg) Uy sinfy — 0, w, (Cp + 3C) Uy, sin f,
0y = exp. {{t;= 1,)/7,c} By =ty — 1))+ ¥y
o0, =exp. {(r, - tz)jfk} B, =ew, (¢, -t )+ ¥y

B,, B, are phase angles in u,(30), i,(30) and u(30), i(30) respectively.
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Recovery voltages (1" =1 - t,)

" —t'"r T
u,(1)=¢ ™ Uy, cos (w,, "+ Vi) te " U, 3 cos(w, e+ /0
_r'f/‘r -r“/'r

u, ()= MU, cos(w, tTH Y )t e T Uy, cos(w, ! W00

—t"r —1"yr
u (=g MU cos(w, t" Yoy e MU, cos(w, tT F g

Usym = V(8] + 53) Upn = VVT + V2)

1

S, =1 (0) | = Uy (30) —u, (0)
i, (0) . .
2 =-;J—-—E- Vo= {i, 30) - i ()} w, L,
m g
siny g, =8, /Uy, Sin Y3, = Vo /Uy,
Uazn = V(T + T3) Upyy = V(Wi + W3)
T, =u, (30) —u, (0) W, =u,(30) —u Q)

Ty = {30 =i (O}w, L, W,= {i,(30)— (O} w, L,

cin

Sim’ba:sn = T‘Z/Uaan sin wc:m = WZ/U

: _
g (0) = — {11, (30) + u, (30) + u, (30)}

1
i (0)=—1{§, (30) +u, 30) + i, (30)}

2 ! 2 !

= W e ——
Mg (L + 3Ly) "Ly (G +3CY)

1,(10) and u,(30) may be taken E_ except for small I (I, < 3[;); u(20) may be taken E_ except for small I or
for inductively coupled reactors. See last remark of section A4.4.1.1. for all angles .

W

Ad.4.4.2. Examples of TRV's in inductively coupled reactors with solidly grounded neutral

To find comparable graphs to Figure A4.4.14 the same power, voltage, frequency, overvoltage factor and time
constant were taken: 30 Mvar, 36 kV, 50 Hz, k, = 2, v = 4.8.107%. Further ,=03L,s03L,=-07L,.

Figure A4.4.20 is with and Figure A4.4.21 is without capacitive coupling. Both cases start with C, = 10nF in the
set no. 1, where again C, = 3nF in Figure A4.4.20.

Developing frequencies are £, ., = 4520, 6010, 3110 and 7820 Hz (Figure A4.4.20) and f;, ., = 5720, 6850,
4290 and 7820 Hz (Figure A4.4.21) respectively.

Chapping currents are I; = (=) 19.5 A in Figure A4.4.20 and |, = () 15.4 A in Figure A4.4.21. The time interval
1, was t; = 2.39 ms, in both cases.

As before the next 6 oscillograms show the TRV's each time after a further 60 degrees phase shift in initial
conditions at 1(20). In Figure A4.4.20 the steps are AC, = 0.35 nF and AC, = 0.10 nF. In Figure A4.4.21 C_is
varied in steps AC, = 0.293 nF.

These oscillograms are still more complex than without inductive coupling. The reasons for this are the main
frequency components in phases "a"” and "c" after first and second pole clearance, and the larger differences than

before between w, and w, and between w, and w,.

The maximum overvoltages are a little more than 2 p.u. but even somewhat lower than with capacitive coupling
solely. Overvoltages higher than the recovery peak are principally passible.

Figure A4.4.22 is an enlargement of Figure A4.4.20, phase "a", no. 4, to show the combined effect of the multi-
frequency components in more details.
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Figure A4.4.22 Enlargement of graph No. 4, phase *a" of Figure Ad.4.20.

A4.5. CONCLUSIONS

The inductive and capacitive couplings between phases complicate the whole interruption procedure of three-
phase reactors, mainly affecting the recovery voltages of all phases, in both magnitude and frequency of
oscillation. The interaction between phases is twofold. At first, the recovery voltage of the first phase to clear
is influenced by the presence of the other two phases. Then, each successive interruption of any other phase
reforms the shape of the recovery voltage of the previously interrupted phases.

The relevant expressions of recovery voltages allow for estimation of the respective contribution in each case.
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Appendix 5

INTERACTION BETWEEN PHASES
IN THREE-PHASE REACTOR SWITCHING
Part II: Ungrounded Reactors

by

W.M.C. VAN DEN HEUVEL and B.C. PAPADIAS

ABSTRACT

The second part of the Paper treats the phenomena associated with the interruption procedure in three—phase
reactors with ungrounded neutral, in star or deita connection. The circuit reaction and the relevant electrical
phenomena in this case are much more complicated, compared to the switching of grounded reactors examined
in Part I (Appendix 4).

The Paper follows the same steps as in Part [, examining successively the interruption of each phase with all kind
of interphase coupling, i.¢. with no coupling at all, capacitive interphase coupling only, inductive coupling only
and both inductive and capacitive coupling. The emphasis in each case is given to the derivation and
interpretation of analytical expressions for the chopping and transfer iransient recovery voltages, which are the
important factors of the switching procedure and also an evidence of the interaction between phases.

Attention is also paid to the DC—-potential-to—ground due to non-simultaneous current chopping and to worst—
case calculation of overvoltages.

AS5.1. INTRODUCTION

In a first Paper (Appendix 4) on current chopping in three-phase inductive circuits a general summary of the
phenomena occurring was given. Thereafter single—phase and three—phase star—commected inductances with solid
or low-impedance inductive grounding of the neutral were treated.

This Paper continues with ungrounded reactors in star or delta connection with or without interphase coupling.
AS5.1.1. Simplifications and equivalent scheme

All calculations are based on the same simplifications as presumed in Part I, clause A4.3. Also the same general
representation of the reactor circuit will be applied again (Fig A5.1.1). Positive voltage and current directions are,
as before, indicated in the transferred components diagram of Figure AS5.1.2.

In the phenomena treated in this Part II the neutral to ground capacitance Cy is not shorted by an earth
connection. Therefore the transients in ungrounded reactors may be still more complicated than in the grounded
cases, especially in star connected reactors on 3-legged iron cores, where Ly = O as well as Gy = 0.

A5.1.2. Delta—connected reactors

Delta—connected reactors have no neutral~io—ground capacitances. Therefore their representation can be simplified
from Figure A5.1.3 to Figure A5.1.4 by delta—star transformation. In this equivalent scheme the currents through

the transferred inductances L; are the real line cuments, in contrast with the original delta~circuit currents.

Figure AS.1.4 may be regarded as a special case of Figure AS5.1.2 viz with Ly = c. Therefore all results from
Part [ may be applied, provided the justified values for the circuit elements are introduced.
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Figure A5.1.1 General representation of the three-
phase symmetrical reactor circuit in star—-connection

Figure AS.1.3 General representation of the three—
phase symmetrical reactor circuit in deita connection
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and

Zero-sequence

C=C+3CaG=Co+ Wl Lg=L-2M; L, =L+ M
(M is taken as positive)
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—&—

col.

Figure AS5.1.4
transferred components
Li=%BL+M;C=C+C,

As Figure A5.1.3

e
EcaT[vic bTF:cI!_

with

It is often rnore convenient to regard Figure AS.1.4 as a special case of Figure A5.1.2 viz with C = 0. This is
done in the Sections AS5.2.1.2 and A5.2.3.1. The same scheme can be used for calculation of overvoltages in
circuits with long connections between circuit-breaker and inductances, when the normal sequence capacitance
C, is much larger than the neutral-to—ground capacitance Cy.

AS.1.3. System voltages, currents and initial conditions

As before (see A4.4.4.1 of part I) system voltages are:

e t) = E, cos(wt + ¢)
eyft) = E,, cos(wt + ¢ — 120°)
e (t) = E, cos(wt + § — 240°)

Symmetrical currents are:
ig(t) = I,z sinfwr + ¢) etc.

I3 =E ol
w = main frequency = 2n/T.

(45.1.1)

First pole clearance occurs at t = 1(10) = 0; pole "a" (see Fig. AS.1.5 for time-coordinates). After that the
transient voltage-to—ground u,(t) will consist of one or more h.f.—~components superimposed on a main frequency
contribution of - 1/2 e,(1), see Figure A5.1.6 and Figure A4.1.4 of Part L.

Therefore the recovery peak after first pole clearance will be approximately 1 p.u. higher as compared with the

cases with grounded neutral.
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Initial conditions for first pole clearance are:

u,(10) = E_ cos ¢

(10} =I5 sin ¢ = I, (chopping current)
The same chopping level will be accepted' in the second and third pole intérruption. In general I « L5 and cos
$ =1, where ¢ <0,

After first pole interruption the remaining line voltage is:

e (t) = E,, V3 sin (wt + ¢} = - I, coswr (A5.1.2)
50
L) = - i) = -1, cos(wt + ¢) =1, coswt (A5.1.3)

L.> = E,V3/20L,

At about 90 degrees after interruption of phase "2" the current through the other two phases approaches zero and
will chop. Now the two arcs are never in exactly the same condition.

This is not only because of statistical variations, but also because the residual of the transient current in the a—
phase will partly take its way through the two other phases, where I = — i, So the phase currents iy, and i, will
alternately and by turns be increased and decreased by a same part of i, and this will influence their moment of
chopping. But if one current, say iy, at t =(20) is forced to zero, i can only flow back through the circuit
capacitances and will also chop at 1(30), a small time delay Atyq after 1(20).

For simultaneous current chopping (Aty; = 0) the initial conditions are:

u,(30) = remnant of the first phase transient voltage u (1) after 1/4 T.
up(30) = %E, V3 cosd’ « 1%E V3
u(30) = -%E V3 cos¢' « ~%E, V3

£,{30) = remnant of first phase transient current after 1/4 T.
i,(30) = I sind’ = I,
ic(30) = "'Imz sin q)’ = -IO

S50
sing’ 2
2% £ AS5.14
sing 3‘/- ( )

Although the quality factor of reactor circuits generally high u,(t) will be damped out by far at ((30). So the
average charge voltage of the three phases

u(0) = %[u(30) + u,(30) + u (30)
is small after simultaneous chopping.

During non-simultaneous chopping the transient in phase "b" will start at t(20). Then it is possible that u(t) has
already approached its maximum at t(30) and in that case 1u(0) may have a substantial value. This means that
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all transients are superimposed on a relatively high d.c.—potential to earth from which u (0} is the main
component, (sce e.g. eq. (A5.2.9)).

For this reason a worsi case calculation of transient overvoltages must involve a critical time delay Aty; between
(20} and (30).

C 1] L

— 00—

&, up L
— O Figure AS. 2.1 Equivalent scheme for first
s e v L phase interruption of ungrounded reactors.
C

—Q)—— Y ¥ — No interphase coupling.
Ly __ |

AS5.2. REACTORS WITHOUT INTERPHASE COUPLING
(CN—OO;CB=0;C1=Cg=C;M=0;Ll=L;LN=0)

Even without any interphase coupling, current chopping in ungrounded reactors will introduce higher and often
more complicated overvoltages than in the grounded state.

AS5.2.1. First phase interruption (phase "a")

After contact separation of the breaker poles current interruption followed by recovery veltage and reignitions
succeed each other every 60° until the first pole clears. Assuming this is phase "a" the reduced scheme of Fig.
AS5.2.1 will be valid and the next phenomena will occur:

At the instant of current chopping the source veltage e, will almost have its crest value E, see section A5.1.3.
Prior to clearing of any phase, the voltage to ground uy of the reactor ungrounded neutral is at zero, due to the
circuit and voltage symmetries and accordingly iy = 0. After clearing of phase "a" the neutral moves away from
ground potential through a transient oscillation towards the midpoint of the line voltages e, so that uy will take
a final value equal to - 1/2 e,(t). The potential oscillation of point N presumed energy transfer through the phase
and neutral connection inductances and capacitances L, C and Cy.

The energy trapped in L, and C will oscillate between L, and the capacitance C of phase "a", through the other
two phases and the source neutral. The voltage u,, developing across this capacitance will determine the recovery
voltage of the clearing phase. The voltages u, and u, at the other two phases, are held fixed by the source
voltages e, and e_, whereas the currents iy and i, will undergo transient oscillations.

Phase voltages and initial conditions are given in section A5.1.3. Current chopping occurs at t = 1(10) = 0. The
expression for the transient recovery voltage between phase "a” and earth is:

u (1) = ~ —;-e.(r) + 7 U, cos{onf + yu) + &7 Uny, cos (@t + W) (AS.2.1)
with
Unyy = a¥ {Ai + Ai} Unis = BV {Bf + BE]
A, = u,{10) B = u,(10)
Ay = L(10) o, L, By = i,{10) & L,
sin Yy == U.Az/U,.,“ sin Yo = ﬁBl/Umu
5 ) e
a=1/2{1+L1=C% 1 (% 1-C @,
{ ( + c*) b+ \a, f = 1/2 {l - m} (m_')
B=15-«a
C ®
C* = =¥ D* - L __L.}
3¢ AR
C = G, + 2G but C is taken zero (no interphase coupling).
: 1 :_]+C‘ B TR :=1+Cti+D,:
mo—L—IC'- mn————'“zc., {1 D*) w,, oy ——_—ZC‘ ( ) @)
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Even after the first phase interruption a double frequency oscillation occurs, superimposed on the main voltage
component - 1/2 e (t).

As before 1/t,; and 1/ty, are simplified representations of the relevant damping factors. Very short or long
connections between c.b. and reactors give a simplification.

A5.2.1.1. Short connections between c.b. and reactors
Each reactor leg may now be represented by a line pi-section with the total capacitance to ground of each leg
(2Cg) equally divided between the two leg ends. So the ungrounded reactor neutral is in fact connected to ground
through Cy = 3G,
Then in eq. (A5.2.1):

cr =1 _ D* = %1/3

3 1
=21 +_1/§.) = 1.1%
o 4( 373 B,%(1_%ﬁ)f_~0_32

1 T
ol = wl (l - —ﬁ) = 042 o}
: 3 mf2=mf,(1+§i@)=l.58mi

The transient recovery voltage is still a double frequency phenomenon. Examples are given in Figure AS.6.1. The
maximum overvoltage will be smaller in the next case.

A5.2.1.2. Long connections between c.b. and reactors or delta connected reactors
H Cy « C the frequency wy, is high and its amplitude U, ,, is very small.
Putting Cy; — 0 in eq. (A5.2.1) leads to c' - 0; D — l;a—=32;8—-0; m211 - 2/3 mzo; “’212 ~> @,

So eq. A5.2.1 reduces to :

u, (1) = — % e (1) + & U, cos (el + ) (A5.2.2)

where now

Uy = gl/{Ef ¥ El}.

2
E, = u, (10 i £
| (10) @} IL

by

E, = f,(lﬁ) Iy A sin Ve = EZ/Unm

The same result will be found from eq. (A4.4.27) of Pant [ by letting Ly — . It is illustrated by Figure A4.1.4
of Part L

If E, = 0 this equation (2.2) is the well-known expression for the first pole recovery voltage during a three—phase
fault clearing.

A5.2.1.3. Short connections versus long connections

The question when a connection may be regarded as being long depends on the influence of the ratio of C and
Cy on the occurring frequencies and especially on their amplitude U, ;; and U,y in equation (AS5.2.1).

In Figure AS5.2.2 the ratios w,;/wg and w,,/wy and the amplitude factors « and P are plotted as a function of C'.
It may be concluded that the w;,—component with its amplitude factor B has no significance for C* < 0.3.

In general a connection may be regarded as being long when the total capacitance C= C,_ + 2C, is at least of

the same order of magnitude as the neutral—to—ground capacitance Cy. Typical characteristics of reactors and
their connections are collected in [5] and briefly summarized in Chapter 4.
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Figure A5.2.2* Example of frequency ratios and amplitude factors after first-phase interruption as a
function of C' = C/3C.

Calculations of overvoltages with eq. (A5.2.2) and thus neglecting the term with frequency w,, will never yield
too low results, provided C/Cy > 1/3.

Then the main transient frequency tends to w,; = V(2/3) * wy. This will even stronger apply when inductive
coupling is present.

AS5.2.2. Reignition after first pole clearance

By combining the Figures A4.1.3 and A4.1.4 of Part L, it will be clear that a reignition in the c.b. during the
recovery peak may give an extremely high overvoltage. Theoretically it even may approach k, + 3 p.u.

Such high values will seldom be attained in practical situations. The reason is not only the damping but also the
fact that the source side is not at all "stiff" for the occurring h.f —second parallel oscillation, which is of the order
of 100 kHz or more, see Chapter 2. This may illustrated by Figure AS5.2.3 which represents a single phase
equivalent scheme for Figure A5.2.1 completed with some adequate source side elements.

Here L" « L. The second parallel oscillation circuit is Cg - C, - L, through the reignited c.b.—pole S,. Its
current is:

_ u0) - u,0) 523

1
P2 2
wy, LY

with . eyl = (Cy + CYLCC,
and up{0) = E,; u(0) = =(k, + DE_,

the expression for u. (1) after a reignition is found to be:
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Figure A5.2.3 [Equivalent circuit for second
- parallel oscillation after first pole interruption

—ea 2 followed by a reignition.

CS
u () = E, {—(k‘, 1) - &, + 2)q—+-a:cosco,pt}

The maximum overvoltage will occur at Wy, =7 and .this peak may theoretically reach to:

u cC -C
k. = 2= 2B (k, +2) + 1 with = p = - 8 (A5.2.4)
max E, C, + CK

Only for C, » Cor (thus for a stiff source) and nc damping, p = 1 and the theoretical maximum of (k, + 3) p.u.
is attained.

G = Cg, f = 0 and there will even be no reignition overvoltage at all. A normal value seems to be § = 0,5
according to Chapter 4.

This observation illustrates the significance of large and lumped capacitances in front of the c.b., such as are
proposed by CIGRE Working Group 13.02 in the motor test scheme, Figure 3.7.2 of Chapter 3.

If C; and L' are not lumped but distributed elements the occurring second parallel oscillation may be a more than
single frequency phenomena which may reduce B to a lower value than given by eq. (A5.2.4).

It should finally be repeated here that also k, itself is reduced if C, » C, 1s not valid, see eq. (A4.4.13) of Part 1.

Figure A5.2.4 Equivalent scheme for second
phase interruption. No interphase coupling.

A5.2.3. Second phase interruption (phase "b")

The equivalent scheme is Figure A5.2.4 when "c" is the second pole to clear. This will happen approximately
90 degrees after phase "a" at t = 1(20) = 1/4 T.

Initial conditions u,(20) and i,(20) follow from eq. (2.1) or (2.2).

Further

u4(20) = — #(20) = E,cos(¢p — 307 = 1/2 /3 E cos &
(20) = I,,sin¢
i(20) = - I, sing

I, = E.{/37Zal)

ety E.cos(wt + ¢ — 2407
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or with the new coordinate t', starting at 1(20), so t' = t — t(20):
e t) = - E,, cos(wr + 30°)

The transient oscillations after interruption of the second pole will only develop during the short interval Aty,
= t(30) - 1(20) and will determine the inial conditions for the third phase clearance.

We will restrict to two cases:

~ A5.2.3.1. Deita connected reactors or star connected reactors with long feeders (C » Cy)
~ A5.2.3.2. Star connected reactors with short feeding lines (Cy ~ 3Cg) respectively.
A5.2.3.1. Long connections between c.b. and reactors, Cy—= 0

When Cy; — 0 is taken in Figure A5.2.4, the transient voltages after interTuption are:

-

(1) + Unpp€os (@at” + W) + Unyycos (@' + ¥n) (A5.2.5)

u (1)
{1’

e(t) — Unypcos (0ot + Wao) + Unpcos{(w:f'+ ya) (A5.2.6)

(damping is neglected because of the small period At,.).

1

U,, = -V{D! + D}

10 3 { 1 1} Umn _ %‘/TF:‘ I Fzzl
D, = u,(20) — 1, (20) Fi = u,(20 + u,(20) — 2 u(20) = 3 14,(20) + =.{(20)
D, = {20} — §(20)

1= ®.C £ oo b20) + i(20)

! w,C

sin Y = Dz/Z U"'ZO 5in Y = F;/Z U"'ZZ
ol =1/L,C o =1/3L,C W, = 0.58 ©,.

As an example the equations (A5.2.5) and (AS5.2.6) are plotted in Figure A5.2.5 for the first 100 psec., using the
same reactor—bank and chopping current as in section A4.4.2.5. of Part I: Q = 30 Mvar, line voltage = 36 kV,
frequency = 50 Hz, x = 14.10%, Furthermore C = 2500 pF is taken. A damping of 75 percent in 1/4 T is
presumed and accordingly i,(20) = -1.7 A, u,(20) = 0 is chosen.

In this example u, has increased to > 62 kV after 25 psec. and u, is still rising. If the current in the third pole
interrupts at Aty; = 30 psec. the average charge voitage u0) = 0.67 p.u.

Substantially higher values of uy, u(0) and also u, would be attained if Aty is of the order of 100 usec, but such
long intervals between 1(20) and t(30) are not very likely to occur.

AS5.2.3.2. Short connections between c.b. and reactors, Cy ~3C

When Cy ~ 3C is taken in Figure A5.2.4, the iransient oscillations contain three different frequencies:

ur) = ) + Unspcos(@.t'+ W) + Unycos(oy '+ wu) + Uny cos(wnt’+ wa) (A5.2.7)
(1) = e{t) — Unpcos{o.t'+ ) + U, cos(ont’+ wa) + Unpcos{ont’+ yz) (A5.2.8)
Uiy = 3VIDT+ DY Uny = VIET+ H] 0, = LV + 00
Dy, = u,(20) - 20 i = 2
N.( ) 1.‘»( } sin yx = = U
Dy = [i.(20) = &(203 :
i ®,C
Hy = u,(20) + u(20) — 2(I + V1,5) u.(20)
H. = =20 + i(20) e =
: — sin wu = o U
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gy

,(20) + w(20) — 2t — V1,5) u.(20)

. L(20) + i(20) o =

/2 o, C S W 4 U,,

o) = EI'C“ w} = {l — ¥(2/3)] &} wh = i +V(2/3)] ol
Wy = 0,43 w.,. W = 1,35 w,

y(20) is taken zero because e,(t) = 0 and i,{20) = 0.
The component U, with frequency wg is the same as for long connections.

Summation of the two components with frequencies w,; and w,, can at most give the same amplitude as U ,,
in egs. (A5.2.5) and (A5.2.6). Voltages calculations by egs. (AS5.2.5) and (A5.2.6) will be safe for both cases and
thus for all cases between Cy = 0 and Cy = 3C.

Reignitions during the short period Aty are not very l'ikely o occur.

-
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0 T Figure AS.2.5 Example of developing voltages
40 between second and third-phase interruption
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AS5.2.4 Third phase interruption (phase "c¢")

For short connections Cp may not be neglected now and Figure A5.2.6 gives the equivalent scheme. Current
chopping occurs at t =t(30) and the new time coordinate is t" = t - t(30).

Initial conditions u,(30), 1,(30), u,(30) and iy(30) can be calculated from (2.5) and (2.6) using ' = t, = t,.

Further i(30) =i (20) = - I _,sing’
U (30) =u(20) = - %E, V3

— S Pt

A — o
__c" "'“"'“'UC L:“. ] _C"_‘”LU |

Ic

—_—

i
CN Un <N CN
st ——
Figure A5.2.6 Third phase interruption. Figure AS5.2.7 As Figure AS.2.6 but with

No interphase coupling. inductive coupling.
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If inductive coupling is present this will not introduce new aspects. Therefore this case will be invelved here:
Figure AS5.2.7.

After complete interruption the actual energies will divide and oscillate in three modes:

a. The normal sequence meode oscillation in the three equal Ly ~ C circuits causes a voltage across each
capacitance with frequency
1
) = —o—
LC

This oscillation is stimulated by the difference between the initial phase voltages and currents in the
relevant phase and the average of the initial conditions over the three phases.

b. The zero sequence mode—-oscillation develops through the series cireuit of Cy - Ly - 1/3L; -3C and
thus has a frequency : -
1 [ 3c, C C,
W, =
L, + 34 L Cc, +3C L,C,C

This oscillation is generated by the averaged initial conditions in the L C-circuit and the initial
conditions in the Cy—circuit.

Only the portion Cp/(3C + Cy) = C/3C, of the occurring voltage will appear across the phase

capacitances C and thus between the phase terminal and ground, but the reactor coils will be loaded with
the total voltage.

c. The present charges in the four "parallel” capacitors will be averaged, causing a dc-level-to-ground
Uy Its magnitude follows from:

(3C + Cpy) Uy, = Cluy(30) + uy(30) + u(30)] + Cpup(30)

The complete set of transient voltages between coil terminals and ground is:

(1) = Ue + e Uy cos (03t” + w;) + €7 e U.is, cos{wet” + ;) (A5.2.9)
j=ab c
with
Us
o 3 (A5.2.10)
Unyy = ¥ VIKE + Kj} sin y, = yKy/ U,y
K, = u{0) — u,(30) K: = i(0) w,L,
Y = CN/3C0
Uiy, = VIKL + K} sin g, = K,/ Uy,
K. = 5,(30) — u,(0) K, = [i(30) — L{0)} w.L,

1, (0) = l {1, (30) + u,(30) + u, (30)}

i(0) = -{: (0) + 4(30) + L (30)} = % .
C = 3 Ch+ C= zero sequence capacitance
L, =3Lv+ L, = zero sequence inductance

(Voltages across the windings of each separate coil have the same expressions but now Uy, =0 and y=1)

Obviously the h.f. transients are now superimposed on the d.c.—potential 1o earth Uy, given by eq. (A5.2.10). This
d.c.-level may disappear very slowly in a well-insulated ungrounded system.
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The amplitude U, 24 is small if C > Cy. For C » Cy there only remains a single frequency transient of frequency
wg and then Uy, = u(0).

It is shown in section AS5.1.3 that u(0) = 0 after simultaneous current chopping. However, as demonstrated in
section A5.2.3, u(0) may reach a substantial value due 10 non-simultaneous chopping. Experimentally d.c.-levels
of > 2 p.u. are measured in the motor test scheme as proposed by Working Group 13.02, see Chapter 3. This case
is treated in more detail in [6].

As far as the authors know there are no experimental data available on d.c.-levels when switching shunt reactors.
AS5.2.5. Worst-case calculation

It is clear that in this last phase interruption all electric and magnetic energies, stored at t(30), are involved. All
these energies contribute to the amplitudes K, adding or subtracting, depending on the sign of initial current and
voltages. Combinations leading to extremely high amplitudes are possible and may appear together with a
relatively high d.c.-level.

In worst—case calculation the first and the last phase interruption must be compared, the latter being based on
the maximum value of Uy

For "long connections” combining of (AS5.2.5), (A5.2.6) and (AS.2.12) yields:
Uy = u(10) = e ft) + 2U, 55 cos(wyt’ + by,)

In the short interval A,, et} = — uy(20) « %E v3. Therefore the d.c.-level is max. for w,Aly; = — You(+3),
(where always — + > (), or, for the first maximum:

F.
(At = - arctan|-2 (A5.2.11)

W,y F,

It can further be shown that U, », will become maximum when i,(t') is at its maximum and has the same sign
as the current in the second—pole—to~interrupt (then u,(1') = 0). If i,(20) = 0i (10) = ol, (so o is the damping
factor over t' « 1/4T of the network frequency w) the time-to~maximum Uy can be calculated from

(A, - :t-mcmn[g%of@—")‘i] (A5212)
2

So, if this interval (Aty)y,, = 4(30) — (20) is accepted together with i,(20) = ol the d.c.-level is
Uy = - % EN3 + % V(FF + F})

and all initial conditions at t(30} may be calculated, using eq. (AS5.25) and (A5.2.6). Maximum possible
overvolltages follow from (AS5.2.9).

For very short connections the results may be somewhat too high.

AS5.2.6. Reignition after third pole clearance

During a reignition in one phase, say phase "c”, at 1(40) the voltage across the relevant capacitor, u,, swings in
a second parallel oscillation. After half a period, at 1(50), it may reach its maximum which is now opposite to
the original value (Fig. A4.1.3 of part I, taking into account section AS5.2.2).

Such a reignition in one phase is often not followed by a reignition in 2 second phase. Therefore the second

parallel oscillation-current must be interrupted again. This may happen in its first or a following uneven current
zero.

Then the transient voltages as given by (A5.2.9} start again, but now u,(50) and u_(50) will have the same
polarity and possibly a high instantaneous value. Therefore the new d.c.—level may again be higher than before,
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especially when also u,(50) has the same polarity as the two other phases.

Thus the result of a reignition may be a higher transient overvoltage superimposed on a higher d.c.-level. This
effect is illustrated in Figure 4.3.12 of Chapter 4.

AS5.3. REACTORS WITH CAPACITIVE INTERPHASE COUPLING
(Cy=®;C =C+3C;M=0;L; =L Ly =0

A capacitive interphase coupling may be due to winding capacitances and/or to phase-to phase capacitances
between the conductors of the connections.

A5.3.1. Interruption of the first phase
For first phase interruption eq. A5.2.1. is still valid provided C = C, +2C; is introduced.

A connection between c.b. and reactor may be rcgarded. as being long when the reactor bank is delta—connected
or when C, + 2C, is at least of the order of Cy. In that case eq. A5.2.1 tends to eqg. AS5.2.2.

A53.2. Second phase interruption

For long connections the equations (AS5.2.5) and (A5.2.6) are available, provided
C = G, + 3C,; is introduced in wy and D,

Cs= Cg + C; is introduced in w, and F,

For short connections the same procedure will give acceptable results which may be somewhat too high.
AS5.3.3. Third phase interruption

All results and remarks in section (A5.2.4) are correct when

C= Cg + 3C is introduced in wg;

C = G, is introduced in @y, Gy and Uy,

Examples are given in Figure 6.2.

A53.4. Reignitions

What is stated before on reignitions in section AS.2.2 and AS.2.6 will also hold for reactors with capacitive
interphase coupling. In section A5.2.2 now C, must again be replaced by G, +2G,.

A reignition after interruption of the third pole will introduce a second paralle! oscillation in which not only the
reignited phase (say "c") is involved, but, through the interphase capacitances C,y» also the two other phases ("a"
and "b"). Therefore a voltage peak with second parallel oscillation frequency will be superimposed on the
instantaneous voltage in the non-reignited phases.

The instantaneous voltage in one of these phases may be high when this extra pulse is added and this can easily
start a reignition in the ¢.b. pole or even a break—down in the circuit-to—interrupt. This effect is demonstrated
in the oscillogram Figure 4.3.11 in Chapter 4. It is treated in more detail in [6].

A5.4. REACTORS WITH INDUCTIVE COUPLING SOLELY. LONG CONNECTIONS
[Cym®;C=0;C=C=C;L;=L+M@-com: L; =L +M3);Lg=L-2M; Ly= Ly - Ly)3]

This case may correspond to a three—phase reactor circuit, with inductive coupling between phases, but with
negligible interphase capacitance, compared to the capacitance between cach phase and ground. The three—phase
reactor circuit is represented by its measurable positive and zero—sequence inductances and capacitances, taking
care of the interphase coupling, as shown in Figure AS5.1.2.
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Again the cases of "long" and "short" connection between c.b. and reactor-bank may be distinguished. "Long
connections”, (including all delta connected reactors) mean that the neutral-to—ground capacitance Cy isrelatively
small. The expressions for overvoltages in the three phases are extremely extensive and non-transparent. But the
higher frequency component in which Cy is involved is small. Application of egs. (A5.2.2), (A5.2.5) and (A5.2.6)
gives safe results (somewhat higher than the realistic values to be expected) for the first and second phase-to-
Interrupt.

With the same restriction the last phase—interruption may be handled with egs. (A5.2.9) and (A5.2.10) without
the component of frequency w;, so taking Up34 = 0 (for y — 0).

The case of "short connections" will be treated here. Again each reactor leg is represented by a line pi-section
with the capacitances to ground of each leg (ZCg) equally divided between the two legs. Thus the ungrounded
neutral is in fact connected to the ground circuit through a capacitance Cy = 3C,. In this case, G = 2Cg =2C

and Cy = (3/2)C, = 3C.

c Ya s , u
) Uy b, U b,

A fy——e Y U [}__M
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Figure A5.4.1 First phase interruption, Figure AS5.4.2 Second phase interruption,
inductive coupling inductive coupling

A5.4.1. Short connections, first phase interruption (phase "a"})

The physical behaviour is again as described in Section A5.2.1. But now the results are more complicated because
the inductive coupling, represented by the (negative) inductance Ly, is also involved in the transient oscillations.
Figure AS.4.1 gives the reduced scheme.

Phase voltages and initial conditions are given in section AS5.1.3. The expression for the transient recovery voltage
between phase "a" and earth is:

1 - -
u,(1) = - 3 e + e MU cos(et+ ) +e ¥ U_;, cos(wt+ ¥,,) (A5.4.1)
with
Unyy = 0 [Azl + Al Unyy = BV [B% + B3}
A, = w10} B, = u/(10)
A, = f.(lO) @y L, B, = f,(][)) wn L,
sinyy = a4,/ U, siny, = BB/ U.,;
I | — L* ®, ¥
= -yl 4+ ———— 2 -
* 2( (HL*)D*)(m..) ﬁ:l(l_..._.__.l_:._.l‘__) (m_)
2 2+ Ly D+ Wy,
B=15—-a
« - L.
T p* = {l - __g_L_.__}
@+ L%
L,=L +3Ly= ) zero sequence inductance
mf,=L w§.=L—*i—2(l—D*)mi mfz=L‘+2(l+D*)mi
Lc 3L 3L

Agzin the transient recovery voltage is a double frequency oscillation with frequencies w;; and @, superimposed
on a cosine term of amplitude (-) 1/2 E_; and system frequency w.
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Nommally L' is of the order of 1/3, which makes D" ~ 0.8, wy; = 0.7wy; wyy = 2wy, a = 1.42; B = 0.08.

Even in case of short connections the amplitude of the contribution with the highest frequency (U, ;,) is small
and neglecting this component by taking o = 1.5, = G will not give serious mistakes in amplitude. The transient
oscillation after first phase interruption is not far from single frequency phenomenon under conditions given here,
see for example Figure A5.6.3.

A5.4.2. Second phase interruption {phase "b")

Figure A5.4.2 represents the equivalent scheme. Initial conditions agree with those of section AS.2.3. Analytical
expressions for the voltages u,(t) and u (1) during the small period Ay, contain e(t) and triple-frequency
transients. The expressions of the amplitudes and frequencies of oscillations are very complicated functions of
all the initial conditions and L's and C's indicating strong interactions between phases of the three—phase circuit.

Calculations using equations (A5.2.5) and (AS5.2.6) as described in section A5.2.5 may satisfy practical demands
for possible initial conditions at 1(30).

A5.4.3. Third phase interruption (phasé "e™)

This case is already treated in section AS5.2.4 (Fig. A5.2.7). Expressions for the transient voltages are eqgs.
(A5.2.9) and (A5.2.10). In this instance, where Cy = 3C,, the amplitude factor y = 1/2 and Uy, = 1/2 {uy(0) +
u,(0)}.

So the d.c. level Uy, is only half as high as in case of Cy « C. All further remarks made in sections A5.2.4 and
A52.5 will hold here.

AS.5. REACTORS WITH BOTH INDUCTIVE AND CAPACITIVE COUPLING
[Cywo;C=C+3C, i M~0;L; =L +M; D-comn: Ly = (L + M)3) ; Ly = (g - Ly)/3}

Now all elements of Figure 1.2 are involved in the transients.

AS5.5.1. First phase interruption

Despite the more complicated circuit the transient voltage after first phase interruption still has the same form
as before: eq. (AS.2.1) or (A5.4.1). The two occurring frequencies are:

o, = 2L :Li)g t340 - by and (A5.5.1)
ol = QL ;-L:)g 230+ DY ol (A5.5.2)
where
241xC* )
pr = ]/[l e+ e+ 3}1] (A5.5.3)
mi=z—12, L*-—--E:' C‘=3C—E, C=GC +2C

The amplitude factors o and B contain complicated relations of the present L's and C's and are in particular
dependent on the two frequencies w,; and w;,; see for example egs. {A5.2.1) and (A5.4.1) for special solutions.
In meost cases of inductive as well as capacitive coupling B is so small that no influence of the higher frequency
component is perceptible.

AS5.5.2, Second phase interruption

The remarks made in section AS5.4.2 will also apply here.

AS5.5.3. Third phase interruption

Principally the same two frequencies and DC-level as described in section AS5.2.4 will hold now (see eq. (A5.2.9)

and eq. {A5.2.10)). The inductive coupling keeps the same influence as given there. The capacitive coupling C,
is only involved in the "normal sequence mode" oscillation. This means that C = C, + 3C, must be introduced
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in wg, where C = Cg holds for Gy, w4 and Uy,

Determination of (Atyy).. and (Ug)y,, May again be carried out as described in section (AS5.2.5).

A5.6. EXAMPLES OF RECOVERY VOLTAGES IN UNGROUNDED REACTORS

In Part [ (Appendix 4) all oscillograms were computed and plotted directly from the analytic expressions and
given ratings. In this chapter all oscillograms were calculated with the EMTP—program only based on the given
circuitry and ratings. Results of the two methods were compared for several circuits and showed to give the same
results.

The EMTP-program offers an easy and swift method to tackle the problem even without any knowledge of
mathematical results. Much care must be taken, however, to choose sufficiently small integration steps.

(A chopping level Ly will be reached a time At = Iy/(wi) before current zero. So an accuracy of 5% percent In
Iy requires an integration step t; s 0.05 Ly/(wi). For an amplitude 1= 1000 A, main frequency 50 Hz and chopping
current Iy = 10 A, this step width is t; < 1.6 ps). -

This fact, together with the rigid structure of the EMTP-program makes long calculation times inevitable,
especially when a worst—case situation must be determined.

To find comparable graphs to results in Part [ the same data of the reactors and the c.b. were chosen. Time
constant of damping is determined by a resistor R in parallel to the reactor coils. All data of circuit elements,
calculated amplitude factors and frequencies are collected in Table AS.1.

Figure A5.6.1 represents the case of ungrounded reactors without any coupling and with short connection. Figure
A5.6.1, No 1 gives the recovery voltages occurring at the terminals of the three inductances when short
connections with the c.b. exist. Terminal-to—ground capacitance C, = 3 nF and neutral-to-ground capacitance
Cy=9nF (so c' = 1) are chosen. Then from eq. A4.4.9 (Part I): [y =xvC,,, and C, = C, a chopping current
= 7,67 A is found. This current is also accepted for the next two phases.

Table AS.1
Lour, Coupure premidre phase Cou d i h. J
. . pure dernigre phas
Type de co Donnu‘fes qu circuit haché& "
ypet figugglage Cireuit data Chopp First phase clearance Last phase clearance
Type of coupling ST
and Figure Cg €y L M R Io . . f‘ll f1z £ .y EJ
nF nF mH mH MO A Hz Hx Hz Rz
Pas de coupiage
Non-coupled
S mt: tt et 3 0 138 0 0,53 | 7,67 1,1B 0,32 | 5080 9820 7820 | 0,5 [11660
Fig., 6.1
Couplage capacitif par
cdble triphasé |
Capacitively coupled
through 3-phase cable 10 3 138 0 0,16 {17,7 1,496 | 0,014 ] 2680 8090 3110 | 0,23 9400
I .
¢ =o0.1875 : Lt =1 . 1,5
Fig. 6.2
Couplage inductif par’
3 noyaux
Inductivel led
through 3_ge;;:'§ ;,.g 3 o | o0s,8| 32,2| 0,53 {7.67] 1,432] 0,068 ]5420 |16820 || 7820 | 0,5 [11660
L]
C =t:L =0,
Flg. 6.3
Couplage capacitif et
inductif
Capacitively and tnduc-
p‘éfvegy cﬁupzed 10 3 105,8) 32,2{ 0,16 (17,7 [ 1,5 =0 2675 | 14730 3110 | 0,23 | 9400
¢ =0,1875 : v - 0.3
Fig. 6.4
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To change the initial conditions at the moment of second pole interruption the number of complete oscillation
of w,; between t(10) and t(_20) was changed from n = 28.3 to n = 27.3 in 6 equal steps of 60 degrees by variation
of (.“,g and Cy, keeping C =1 and x = 14.10*. Thus all frequencies and the chopping level were changed
somewhat per siep. Results are given in the plots Figure A5.6.1, numbers 2 1o 7.

The procedure followed here defines only the initial conditions at t(20) roughly. The sequence of the interrupting
phases (b-c or c-b) is not known beforehand since the moments of interruption 1(20) and 1(30) will follow
automatically when the required chopping levels in the relevant phases are obtained. The occurring DC-levels
are therefore determined by the casual voltage and current conditions at 1(30) and thus a worst—case will not
necessarily be present.

The above procedure was also followed in the next three examples. In Figure A5.6.2 a capacitive coupling is
added to the reactors through a three—phase cable with a line-to~ground capacitance of 7 nF and line~to-line
capacitance of 3 nF. In Figure AS.6.3 the reactors arc considered as being inductively coupled through M = 32.2
mH (gi\iing I.Q/!.,l = 0.3; in Figure AS5.6.4 capacitive as well as inductive coupling is accepted, maintaining the
same C and L™ - values as in Figure A5.6.2 and A5.6.3. Capacitive coupling increases the capacitance—to-
ground at the c.b.~terminal to G, =G, + 2C, and this will increase the.current chopping level to Iy =(-)17.7 A.

The examples given here show clearly the complexity of the TRV-patterns when relatively short connections
between c.b. and reactors exist: Figures A5.6.1 and A5.6.3. These patterns tumn into simple mono-frequency
oscillations in case of "ong" connections: Figures A5.6.2 and AS.6.4.

Al! oscillograms show the influence of the first—phase—to—clear basic voltage — e (1) and a DC-level which varies
in dependency of casual initial conditions.

The highest overvoltages in these typical examples are collected in Table A5.2.

Table AS.2
Max. Min. )

i Nr./P
Fig. (k) Nr./Phase v z./Phase
6.1 82,7 3 B - 85,2 7 c
6.2 Bg,3 3 B - 87,6 ] A
6.3 81,0 3 B - Bl1,9 4 A
6.4 86,3 3 B - B8,9 5 A
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Figure A5.6.1 Non-coupled reactors. See Table A5.6.1 for circuit data.
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Figure A5.6.2 Capacitively coupled reactors. See Table A5.6.1 for circuit data.

228



100 ¢ 100 100
LY} kY KV
S0 r S0 50
0 0 = o
-50 Fpuascn -S0 [enrses ~-S0 |eupsec
HR 1 nSER HR 1 nSEN HR 4 nsek
_IOO L '} i ] _100 1 S _]00 1 1 J
-4 0 4 -4 4 8 -4 0 s 8
100 100 ¢ 100
KY KY RY
o0 S0 50
0 i 0 0 : /m
i
-50 rpnasen ~50 [ ruases . -50 puast ¢
NR 2 RSEN ) HSEK NR 2 nSEKR
~-100 1 1 1 -100 1 ! -100 L . —!
-4 0 4 -4 4 8 .. -4 9 4 8
100 100 100 ¢
KY KY Xy
S0 50 + S0 r
? 0 % 0 __//W
~50 T runsen -5C [eunses -50 }pupsec
NR 3 HSEN MR 3 RSEX WR 3 nsex
-100 L L J 100 4 — 100 ) : —
-4 0 4 -4 4 B -4 0 4 8
100 100 p 100 ¢
HV KV k¥
50 SO ¢ S0 |
0 0 0
-50 lennsen -50 Teurses =50 Feumsec
NR 4 hSER HR 4 HSEK HR A HSEK
-100 1 1 — 100 L l .j00 . - -
-4 1] 4 -4 4 8 -4 0 4 8
100 r 100 100
v k¥ Ky
50 50 F 50
0 g = 0
-50 Teunsen =50 [eunses -50 Frumsec
MR S nSEk NS nsek MR S nsex
_100 L 1 J _100 1 1 _100 L 1 1 ]
-4 0 4 -4 4 -4 o 4 8
100 ¢ 100 100
L33 HY 4]
50 50 S0
-S0 Teuasea -50 [ pwasee -50 [punse ¢
uR 6 NSER NR & nSEk HR & nsen
-100 . L —! -100 L S -100 L . .
-4 0 4 -4 4 8 -4 0 4 8
100 100 100
KY nv KY
50 50 50
0 0 = 0
-50 Fenasen -S0 [puases -50 Feunsec
MR 7 NSEK WR 7 nSEK W 7 nSEX
-100 A L — -100 L - -100 1 L 1
-4 a s -4 4 8 -4 0 4 8

Figure A5.6.3

Inductively coupled reactors. See Table A5.6.1 for circuit data.
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Figure A5.6.4 Capacitively and inductively coupled reactors. See Table A5.6.1 for circuit data.
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AS5.7. CONCLUSIONS

The phenomena of interaction between phases during the switching of three—phase reactors are more complicated
in the case of ungrounded reactors, as compared with the grounded ones. The lack of neutral grounding in star—
connected reactors provides a degree of interaction between phases even without any interphase coupling, to make
the interaction stronger and more complicated when inductive interphase coupling is also considered. This is
obvious from the complexity of the coefficients of the voltage terms and the composition of the oscillation
frequencies as well, which both imply a multitude of circuit paths of the involved transients during the evolution
of the phenomena.

Capacitive interphase coupling through C, will also complicate the analytical results of voltage calculations. But
in effect this kind of coupling reduces the amplitudes of the contributions of higher frequencies. As a result the
transient oscillation seems to be reduced to a single frequency phenomena which strongly facilitates its
calculation.

The same observation will follow from application of large capacitances to ground Cg in relation to the neutral-
to—ground capacitance Cy. In general ungrounded reactors will produce single frequency transients when C, +
2C; = Cy. In that case inductive coupling has no significant influence on’ the occurring transients.

The case of delta~connected reactors presents no particular problem and can easily be reduced to the simpler case
of ungrountled reactor, non—coupled or with capacitive interphase coupling only.

In ungrounded reactors current chopping will generally generate higher overvoltages than in the grounded case.
One reason is the first-pole—to—clear basic voltage of — 0.5 p.u. on which the transients are super—impesed. The
other reason is the DC-voltage—to—~ground at the reactor—terminals after third-pole—clearance. Worst—case
calculation should involve and compare both effects.

It has to be repeated here that overvoltages due to current chopping can only develop in relatively small reactors
together with circuit-breakers with high chopping—numbers. Voltage escalation effects due to reignitions are often
more dominant and may occur even without any noticeable chopping level.

When interrupting large currents, di/dt before current zero may be so high, that an instability—oscillation cannot
develop completely in the available time-before~zero. In that case no overvoltage due to current chopping can
occur,

From the other side the transients treated in this paper are not only restricted to reactor banks but are also
relevant for interruption of locked h.v.—motors and inductively loaded transformers. The complicated pattems of
oscillations occurring in such cases might be better understood by the given analylic expressions and the examples
of Clause 6.
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