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Abstract - This paper describes a model developed for
the EMTP program to simulate controlled switching
for the purpose of network studies. The model
implements scatter of circuit breakers as well as the
imprecision of the optimum time to controller used for
switching. By means of this new model it is possible to
consider also the pre-strike voltage characteristic of
circuit breakers. Its representation by EMTP program
was made through TACS (Transient Analysis of
Control Systems), which allows te simulate the
dielectric characteristic of circuit breakers during
closing operations. The new model developed, which
includes the gap characteristic and offers the possibility
of more precise assessment of the performance of
circuit breakers. This shows the benefit brought to the
control switching. '
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L INTRODUCTION

Stress on high voltage installations caused by both
transient overvoltages and inrush current from switching

operations are today well known and understood. The most-

common ways known to reduce stress on circuit
breakers(CB) and other electrical system equipment are
the overvoltage suppression by both zinc oxide arresters
and opening/closing of resistors. However, the acceptance
of the latter ones by the utilities is decreasing as field
experience indicates insufficient retiability(1,2,3].

Theoretically the transients provoked by energizing and
de-energizing shunt capacitor banks and no load
transmission lines could be suppressed if it were switched
at voltage zero across circuit breaker. In practice, some
deviation exists duc to the optimum point of wave for
switching as a result of variations in contact travel time
and contact diclectric withstand strength of circuit breaker.,
and the controller scatier to switch al an instani chosen by
algorithm as the switching target as the optimum
switching instant.

A very powerful manner to reduce the stress caused by
switching operations is closing or opening by point on
wave control. Positive experiences in field tests have becn
registered some years ago with a simple synchronisation
device, wsed for controlling switching shunt capacitor
banks in a low high voltage range{4]. The controller is
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responsible for adjusting the equipment automatically
selecting the optimum instant of switching.

The controller is normally an electronic device which is
connected to perform the switching operation at optimum
point on the wave where there is a minimum switching
stress. The operating principle of the controller is
generally known as the pattern of signal used as reference
to point on wave, which allows the prediction of optimum
targel for circuit breaker. The precision of this procedure
is rather dependent on the accuracy of the signal
evaluation, which can been related to the complexity of
voltage and the current signal that appears at the breaker
location[3,6].

For controlled switching the statistical modelling of the
controller and the breaker scatter are essential. The
evaluation of the precision of the controller is made by
determination of the switching scatter at the instant chosen
by a algorithm, when the optimum switching instant
accurs. _

The circuit breaker itself is characterised by its voltage
characteristics of the gap for closing operations as well as
for its mechanical accuracy. Thus the voltage withstand
characteristic for closing operations (@wdtlce) will
preferably have a higher steepness when compared with
the network voltage at zero crossing. In reality, the
mechanical spread and the actual {du/dt) of the circuit
breaker will occur within a pre-strike vollage range where
the pre-strike phenomenon will really occur.

The adoption of new solutions which affect the
switching surge performance of the network call for a
careful analysis of its impact.

In the first instance simulations are preferred as
instruments of analysis, duc to its simplicity and low
associated cost. However, care must be taken to assure that
the accuracy of the simulation siudies, which depends
strongly on the modelling adopted. This paper describes
the model developed by EMTP program to simulate the
behaviour of the controlled switching(controller + breaker)
for nctwork study purposes. The model implemenis the
circuit breaker mechanical scatter as well as the controller
imprecision to foresee the target for the switching which
are represented by two independent Guassian distributions
respectively.

By means of this new model the circuit breaker pre-
sirike voltage characteristic is also considered. Its
representation in EMTP is made bv means of TACS
routine. The closing switching in that moment occurs only
when the voltage across the breaker chamber is higher
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than the voltage withstand  characteristic of the
breaker(assumed to be linear for simplicity).

II. CONTROLLED SWITCHING OF CIRCUIT
BREAKER DURING CLOSING OPERATION

For illustration, let us consider a three phase shunt
capacilor bank with neutral grounded. In order io avoid
overvollage, the encrgization must be carried out when the
voltage is passing through is zero. The dielectric withstand
characteristic of the gap of the circuil breaker is supposed
to be in straight line defined by Us(t). The withstand
tangent(dUs/dt) curve to be preferably equal or higher than
vollage tangent(dU/dt | o) curve of system at instanl zero
is a condition for reduce the stress caused by energizing
shunt capacitor bank.

As consequence of the scatter cited previously, the
withstand curve should be represented within a range of +
DT, i. e., the system voltage may be exceeded between the
instants A and B, 1aking into consideration the dielectric
withstand of the circuit breaker gap. In fact, this means
that the values of pre-strike voltages (Ua, Ub) may be quite
different from each other in subsequent half cycles, as
shown in Fig. 1, which may cause severe overvoliage.

+DT

Fig.1: Pre-strike interval A-B caused by influence of
mechanical precision of the circuit breaker for closing
operations

In order to get equivalent pre-strike voliage in
subsequent half cycles, it is necessary to adopt a time delay
~td” with respect to the system voltage zerocrossing, as
shown in Fig. 2. Considering those assumptions, the
maximum  pre-sirike  voltage, which will cause

Um.
Analytically, for reduce overvoltage due energization we
should have the following:

A. Condition dUsdt 2dU/dt [y

dUs du
=k-— =k-w-Um @O
dt dt =0

Um is the voltage peak for the pole in question.

From geometric relation between elements of Fig. 2 and
equation (1) it is possible to determine which values of td
and DT are necessary for the desired value of y.

Then:

y-Um=Umsin(w-DT) V)

overvoltage, is defined as a fraction(y) of the peak voltage

dls
——.id=y-U 3
dt y-Lm &

To obiain the maximum pre-strike YUm given by:

Tig. 2. By controlled switching energizing of a capacitor
bank, the pre-arcing voltage is limited {0 yYU.

y <sinf(w-DT)
or )
rcsen
pT < 2reseny
0]
From the above equations, we take the value td
4
td=—"— &)
w-k

B. Condition dUs/dt < dU/dt [0

In this case it is necessary a little more complex solution to
obtain the td value. At the correspoding time to point
“A”(according Fig. 2), the value t, may be found by
making the withstand tangent curve(dUs/dt) equal to the
voliage tangent curve (dU/dt | t=1,) of system, as shown :
arccos(k
tA ='—"'_w ( J (6)

Since the t, value is obtained, the value of td may be found
by following one of these conditions:

1) Condition t4 >T1 - DT

The value of td is given by:-
sin{ew.! .
id=—(——A—)—tA+DT M
ok

2) Condition t, <TI - DT

This case the value of 1d is same as that given by equation
(5)
td = 4
w-K
The values of delay to adjust the closing instant(td) may be
obtained of family of curves as shown in Fig. 3. As can be
observed the pre-strike voltage YUm is a function of system
frequency, constant &, which in turn is a function of the
variation rate of closing dielectric withstand of circuit
breaker. The delay to adjust the closing instant of circuit
breaker is a function of the rated voltage, the number of
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chamber per pole, the spsed of closing and sysiem
frequency. Fig. 4 represenis a family of curves of the
maximum voltage versus the decav rate of dielectric
withstand.

f=50Hz
o
E
T +/-DT:
20ms
15ms
1.0ms
- 05ms
0 T T T T T I 1
0506070809 1 111,
kK (pu)
(a) The system frequency is 50 Hz
f=60Hz
g +/- DT:
= 20ms
* 15ms
10ms
05ms
0 T T T T T T 1
05060706809 1 1112

k (pu)
b} The system frequency is 60 Hz

Fig. 3. The family of curves of the values of delay of
adjust the closing instant(Kpase = duyat| =0)-

From what was seen, it can be said that the reduction of
overvoltage from the closing operation of the circuit
breaker through controlled switching does not exclusively
depend on the capacity of the controller 1o identify all zero
crossings of pre-switching voltage. This reduction is also a
function of the circuit breaker characteristic.

1L EMTP MODEL FOR CONTROLLED
SWITCHING SIMULATION

- The simulation of the controlled switching the statistical
modelling of the controller and circuit breaker scatter has
been curried out in the program EMTP by means of
statistical switches, one being “slave” of the other. One is
used to represent the scatter of the controller and the other,
the main contact of circuit breaker. It is not representied

the circunit breaker dielectric characteristic during open
and closing operations{statistical model)[6,7].

1,0 - .
= 084 \\ + DT:
g 0,74 - \¥ 20ms
éﬁ 054 - 1,5ms
g 0.4 1 1.0ms
g 0,3 A 08ms
E 0.2 - 05ms

0,1 4

0,0 T ¥ Y 1

0.0 0,2 0,4 06 03 10
k{pu)

Fig. 4. Maximum striking voltage as a function of decrease
of dieletric strength and closing tolerance of circuit
breaker[4].

As was mentioned before to carry out simulation of
controlled switching it is necessary to reproduce 1wo
important -aspects: the scaiter of optimum instant of
switching due to inherent imprecision from operation
circuit breaker and the controller, and the withstand
dielectric characteristic gap between the contact of circuit
breaker during the operation which was developed by
TACS. In a specific case under analysis, the developed
routine would be applied only to the clesing condition.
Fig. 5 illustrates the connections for carrying out these
simulations(TACS model).

The working principle of this routine is fundamentally
associated to the definition of closing instant of the
statistical switches whose role is to reproduce the scatter
and imprecision in circuit breaker operations and the
controller. _ :

To implement the above scatter, it is necessary to define
two statistical switches. The switch s, is an independent
one, It informs the average value of was simulated closing
instant of circuit breaker(t,) and the standard deviation
and the switch sy(dependent). It must only supply the
standard deviation refercnt to the imprecision of the
controller. Fig. 6 shows the definitions of closing instants
to statistical switching.

The value of t,, is obtained from:

where:

t.= DOP + DUDT;

DOP: The circuit breaker vollage withstand characleristic

considering full open position:
tn=2zo+td -1
DUDT: The slope of voltage withstand of contact gap
breaker during closing operations;

td: correction of oplimum instant of closing which
changes in fanction of the rated vollage, number of
chambers per pole, the closing speed of circuit breaker
and the frequency system, according to equation (3);
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correspond to all zerocrossing voltages in three phases
through the poles of the circuit breaker in an appropriate

Z,. instant of system voltage zero-crossing which must be
established in simnlation carried out previously.

condition.
Statistical switch: s; .
(seatter of breaker) (_l ey Switch belongs to TACS
|
g [:1]
RN -~ o
TN v I'é_._.___._T___’ o
1 i V4 ; witching device: | =
' ': ' o i — lcapacitor bank orline 1 g
1 e U i
1 W 1
1o . ﬂ
o . . 3.
Allarge shunt resistor (10009) 4 .

] i
3 !i R T 014 time(s)

L ------ Voitage across statistic switch

Statistical switch(s,) allowing the scatier of controller Withstand dieletric CB
e Voltage acoross CB

Fip. 5. The connection scheme presents the conirolled
swiiching simlated using TACS.

Taking as an cxample a line out-reclosing on Fig. 7
shows a graph thal illustrates the proposed working
simulation of controlled operation switching,

ocp

Voltage across breaker
chamber

Fig. 7. The out-reclosing line with controlled
swilching

The circuil breaker of the system has two chambers with
the closing speed of 170kV/ms and the standard deviation
operation time scaller is 0.35ms(scg). The standard
deviation adopted for the controller was 0.6ms(Geg) 16].
Then the value of delay to adjust the closing instant (td).
obtained through equations of item II is 0.7ms, as can be
observed below:

DT = (256 guuion )-;— = 087ms where, (6)

The closing time Time delay
of GB: adjustment: - ’ 2 2
. td O-Equivalem - O-CB + GConlr.

From equation of item 11, we take the value td

e Py~ e i .
Fig. 6: Influence of mechanical precision on td = Um- sin(w - DT) =0Tlms )]
real pre-strike dU%;’t

IV. ANALYSIS OF THE BEHAVIOUR OF THE
ROUTINE: EXAMPLE CASES

In this way, considering 1225kV as dielectric withstand
for circuit breaker completely open{DOP), the values of
the average instant of closing in three phases are:

To estimate the behaviour of the algorithm of the phase R:
routine two example cases of controlled switching tm = 0,03370+0,0007 - 1225/170.000 = 0,04729 [s]
previously simulated were reproduced only with statistical phase S:
switches: out-reclosing transmission line and shunt te =0,05235 + 0,0007 - 1225/170.000 = 0.04584 [s]
capacitor banks. phase T:

A. Out-reclosing transmission line compensated

For simunlation of the out-reclosing transmission line of
a radial system of about 700km in 500kV was utilised with
two intermediary substations. The line was 70%
compensated and it has surge arresters in the terminals.
The system frequency is 50Hz.

For {his system the following instant were selected: z, =
53.7ms to phase R, 2z, = 52.35ms to phase S and z, =
51.753ms to phasc T. As shown in Fig. 8, these moment

tm = 0,05175 + 0,0007 - 1225/170.000 = 0,04524 [s]

It was carried out one hundred line out-reclosing events
considering the last segmenl of the simulated system. The
obtained simulation resulis at the receiving end worked out
the following overvoltage: maximum value - 1.8pu;
average value - 1.7pu; and the standard deviation -
0.02256pu. Fig. 9 shows the curve of accumulated
probability of values expected in receiving end of the line
for two types of modellings(TACS and statistical switch).
Observe that the values referred to simulations only with
statistical switches show slightly lower values(maximum
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values 1.75pu, average values 1.67pu deviation and the
standard deviation 0.06371pu).

- - phase R
= - = - phase 8
- phase T
o e |fAUIE
- ' ‘
. ."_'\II 1 "'
‘l. ‘4. \ f.
Pl
BT - “1 _~— i time
o -.I ‘ l‘ Y ..-' | i . i_’ fl '
o The optimal . </

switching moment | '

Fig. 8: Voltage across the breaker

The values of obtained overvoltages, measured at 75%
from sending end, show a big difference between two types
of simulations as can be seen below:

Model V“m(pu) men(D“) U(PU)
TACS 2,00 180  0,0693
Statistic. 1,75 1,65 0,0146

Fig. 10 shows the curve of accumulated probability of
expected overvoltage for two types of modelling, namely,
TACS and statistical switch ones. Note that the measured
point was located at 75% from the sending end.

In simmlation with the TACS model, the closing instants
are defined by comparison between the dielectric
withstand gap and the voltage across the circuit breaker
contacts. On the other hand, in the statistical simulation
the closing instants are defined by the scatter of hoth

circuit breaker and controller operations. The latter accurs’

independent of what happens after closing of the first
circuit breaker pole. In the TACS model the closing of
second and third pole vary in function of the behaviour of
its respective voltages.

To evaluate the difference between utilised modellings,
in Table 1 a comparison is shown among the closing
instants of each modeliing(100 events). Fig. 11 shows a
graph of the line out-reclosing.

It can be observed that for two simulations that phase T
closes first. but with an average closing instant higher than
0.604ms which represents the value voltage through
circuit breaker nearly 8 limes above in relation to
simulation with statistical switches only, however for
statistical simulations the average closing inslant
corresponds to 9.4kV(2.5% in base of 550 x Y243k V) and
for simulation with the TACS corresponds 1o
75.6kV(16.8% in base of 500 x Y2/¥3kV).

—& - TACS modet

—m— Statistical modeli
— T
® 1
o - - — — b - — =
S 1
=3 [T o -
@ '
o 1
LU e O U [
s 1 1
g it o ety Bl
5 I |
L&) ' } »—
1,75 1,80
Overvoltage(pu)

Fig. & The out-reclosing line{receiving end)

—& -TACS model
—m— Statical mode!

Cumulative frequeny(%)

160 165 1,70 1,75 180 185190 185
Overvoltage(pu)

Fig. 10: The out-reclosing line(75% from sending end)

Model | Phase Instants of closing{ms)
Minimum | Maximum | Mean | o
R L
TACS S :
T L
R X : X
Statistic. | S | 49.77 i 5458 52171 0.838 |
T 4928 | 5428 :51.83: 0919

Table 1: The out-reclosing lines instants closing

Ii a comparison were made with the resulls of
overvoltages, it can be concluded that for out-reclosing of
compensated ling the statistical simulation  shows
optimistic values in relation to the simulation of TACS
routine.

B. Energization of shunt capacifor bank

The case analysed refers to a shunt capacitor bank of
50.SMVAT in 230KV with grounded neutral and the
system frequency is 60Hz. Considering the same procedure
for previous simulations and considering that circuit
breaker 1o be used is one that has a chamber with the same
considered characteristic in case of line out-reclosing and
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the standard deviation of the scatler of conmtroller is
0.15ms. Taking the oplimum instants closing as indicated
below, it can be seen:

phase R:
to = 0,0125 + 0,0004 - 375.5/88,35 = 0,008649 [s]
phase S;
ta = 0,00972 + 00004 - 375.5/88,35 =0.005874 [s]
phase T:
tm = 0,006945 +0,0004 - 375.5/88,35 = 0,003099 [s]
Fig. 11: The line out-reclosing

The resulting overvoltages from two controlled
switching model by TACS routine and statistical switch
are as near as can be seen in registered values below: Fig.
12 shows a graph the shunt capacitor bank energization.

Model Vi (P0)* | Vimean({pu)* o(puy*
TACS 1.40 1.19 0.0697
Stalistic. switch 1.45 1.27 0.0714

* _The base voliage: 230 x Y23kV

V CONCLUSIONS

The new developed model which includes the gap
dielectric characteristic offers the possibility of assessing
the performance in a more precise way, this results in
additional benefits for circuit breaker analysis using
controlled switching techniques

Concern the results obtained it is possible to conclude
that the controfled switching simulation from statistical
switch to line out-reclosing introduce optimistic values in
comparison with modelling from that developed by TACS
routine. This occurs because on the statistical modelling

the closing instant is previously defined, which not happen-

in TACS modelling. This difference in relation to
subsequent closing of phase does not exit during simulated
energization of shunt capacitor bank with grounded
neutral.

These conclusions need a higher number of applications
to be consolidated as well as to reproduce the tested
conditions in the TNA(Transient Network Analyser), with
presence of a controller or even values obtained from field
tests.

This routine was developed to control switching of
closing, but to make it applicable for the opening
operations small adaptations are needed.

It is important to note that the TACS modelling will be
enhanced, i. e. performed in a more realistic way. as the
variation of the circuit breaker dielectric withstand, with
respect to its scatter, being implemented.

| ——Voltage across staistic switch

{ . wmeueo Yolage across CB
L]
; N, -+ = Wihtmddidaric
i — \‘ an ws me e cawront
- - T,
[ SN G T . — s

Fig. 11. The Ine cut-reclosing

— = — \gltage across statistic switch
- ---\joltage across CB
-« + = Withstand dieletric

[ Inrush corrent

N
g -
5 l o T A I .

1 "
wp A ) 1
.........————__J_L.,_).,.rlrhda.q._,f.__
: PR TR VR ‘,‘

Fig. 12. Capacitor bank energization
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