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Abstract. Electromagnetic transients are considered in the implementation of three-phase automa-
tic reclose on the transmission line of extra high voltage 750 kV. The influence of automatic shun-
ting of phases and pre-insertion active resistance for limiting the characteristics of the aperiodic
component of the current, which obstructs the transition of full current through zero, is evaluated.
The paper analyses measures taking into account the effect of changing the degree of compensa-
tion of charging power and the angles of switching on an SF6 circuit breaker. Sub-schemes
of disconnected undamaged phases of the extra high voltage transmission line for the investigation
of the aperiodic current component have been developed. The values of the pre-insertion active
resistances of different connection and automatic shunting of the phases are determined at which
there is an effective reduction of the characteristics of the aperiodic component of the current.
In the software environment, a model was developed and switching transient processes were simu-
lated in the 750 kV transmission line. Operating modes that are potentially dangerous for SF6
circuit breakers are determined and recommendations are given to avoid them. Currently the tech-
nical and economic requirements for power transmission lines designed for the transport of elec-
tricity from large power plants and for the communication of powerful energy systems are increa-
sing. Today there is the importance of reducing specific investment in the construction of new
and reconstruction of existing lines. The solution of these issues is associated with the maximum
use of power lines by increasing their power transfer capability and controlling modes, especially
in operating emergency conditions and post-emergency operation of power systems.
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CBEPXBBICOKOTrO HanpspkeHus 750 kB. AHanu3upyroTcs IpeABKIIOYCHHBIC aKTUBHBIE COIIPOTHUBIIC-
HUS, yIIpaBJIsieMble NIYHTHPYIONIUE PEaKTOPhI, HEMOIHO(Ma3HbIE PEXUMBI PAaOOTHI ITYHTHPYIOIINX
PEaKToOpOB, aBTOMaTUYECKUE IIYHTUPOBAHMS (a3bl ¢ yIeTOM M3MEHEHHUS CTEIIeHH KOMIICHCAIUN
3apsIHONM MOIIHOCTH M YIJIOB BKJIFOUCHUS JJIETa30BBIX BBHIKIIOUaTenell. Pa3paboTaHbl cxeMbl 3a-
MEIIEeHHUs] OTKIIOUYEHHBIX HETOBPEXICHHBIX (a3 JIMHUU CBEPXBBICOKOTO HATPSDKEHUS IS HCCIe-
JIOBaHUS allepHOUIECKOI COCTABISIOMEH Toka. OIeHeHbI 3HAYSHNS aKTHBHBIX MTPEABKIIOYEHHBIX
CONPOTHUBJICHUII U aBTOMAaTHYECKOTO LIYHTUPOBaHHA (a3 Ha CHWKCHHE XapaKTePUCTHK alepho-
JIMUECKON cocTaBisouiel Toka. Pa3paboraHa MMHUTaLMOHHAs MOJENb M CMOAEIMPOBAHbBI Iepe-
XOIHBIE TIpOIlecChl Ha JMHUHU 3lekTponepenayn 750 xB. BeimonaHeHs! cepuu MoJenUpOBaHUM
3JIEKTPOMArHUTHBIX MEPEXOHBIX NMPOLECCOB HA PEANbHBIX JIMHUAX HJIEKTPONIEPEaad CBEPXBBICO-
Koro HampspkeHus. [Ipoananu3npoBaHbl IPUYMHBI aBapHid TMHEHHBIX 3J1€ra30BbIX BBIKIIOUATEICH
IpU KOMMYTAIMH KOMIICHCUPOBAHHBIX BO3AYIIHBIX JUHUNA 750 KB. M3yueHs! 251eKTpOMarHuTHbIE
IPOLIECCHl B KOMICHCUPOBAHHBIX JIMHUAX JIEKTPONEPEaay B 3aBUCUMOCTH OT HayallbHBIX YCIIO-
BUI B MOMEHT KOMMYTalUUH. BBIABICHBI MOMEHTBI PE3KOIO U3MCHEHHs IapaMeTpPOB IEPEXO-
HBIX THPOIECCOB IPH KOMMYTAaIlUH B JMHHUSAX CBEPXBBICOKOTO HampspkeHHs. OIEHEHO BIMSHHE
CyMMapHbIX UHIYKTUBHOCTEH U aKTUBHBIX CONPOTHBICHUI HA XapaKTEPUCTUKU allepPUOJUYECKOMI
cocTaBitolell. BbIBeleHbl aHAIUTHYECKUE 3aBUCHMOCTH IIOCTOSIHHOM BPEMEHM AalepHOAUYE-
CKOM KOMIIOHEHTHI OT MOMEHTA KOMMYTAallM{ U 3HAYEHUI CyMMapHOr0 aKTUBHOI'O COIIPOTHUBIICHUS
U UHOYKTUBHOCTU. PaccMOTpeHB! MEpONpUATHA AJs OTPAHUYEHHS NPOJOJDKUTEIBHOCTU CYLIECT-
BOBAHMS allepHOANYECKOM COCTABIAIONIEH TOKa. YKa3aHO, UYTO M30eXkKaTh aBapHHHOTO pexuMa pa-
OOTBI MOJKHO COOTBETCTBYIOIICH HACTPOIKOH YCTpOMCTBa KOHTPOJSI KOMMYTAIMH 3JIETa30BBIX
BhIKIIFOUaTeneil. JlaHbl pekoMeHIalMu Mo MpeaynpekIeHUI0 BOSHUKHOBEHUS U pPa3BUTHS aBapuil-
HOTO peXMMa Ha MOJCTAHIMUAX C 3JIETa30BbIMU BBIKIIOUATENISIMHU.

KiioueBble cJI0Ba: 3JICKTPOMArHUTHBIC NMEPEXO/IHBIC TPOLIECCHI, aBTOMATHYECKOE (ha30BOE MIyH-
THPOBaHME, Tpex(azHOe aBTOMATHYECKOE MOBTOPHOE BKIIIOYECHHE, allepUOANYECKast COCTaBIIAIO-
I11ast TOKa, aKTUBHBIC TIPEABKIIIOUCHHBIC PE3UCTOPBI

Jasa nurupoBanns: Kydanckuii, B. B. CpaBHuTEbHBIN aHAIU3 MEPOIPUITUN U TEXHHUYCCKHUX
CPEACTB IS NMOJABJICHHS AlePHOANYECKON COCTABILIIOLICH B TOKE JMHEMHOro BBIKIIOUYATens /
B. B. Kyuanckuit // Quepeemuxa. H3e. gvicui. yueb. sasedenuii u snepe. obveounenuu CHI'. 2021.
T. 64, Ne 4. C. 314-327. https://doi.org/10.21122/1029-7448-2021-64-4-314-327

Introduction

Due to the modernization of the switching equipment, viz. replacement of air
circuit breakers with SF6 circuit breakers in the bulk electrical networks, there
was a need to analyze the switching transients in 750 kV extra high volta-
ge (EHV) transmission lines. Due to the lacks of experience in operating SF6
circuit breakers at 750 kV EHV substations, accidents have occurred which have
significantly reduced the reliability of the bulk electrical networks operation [1-6].
One of the typical examples of switching that causes damage of SF6 switch is
the fast on/off cycle [1-3].

Such a typical switching example is the cycle of a three-phase automatic
recloses (TPAR) in the event of a non-liquidated metal short circuit in one of the
phases. In case of unsuccessful TPAR, the damaged phase is switched on to the
non-liquidated short circuit and the damaged phases are switched-off. After
switching on the non-damaged phases, there may be an aperiodic current com-
ponent i, (ACC) with characteristics values are significantly higher than
the maximum permissible operation data of the SF6. Exceeding the value i
and duration T, of the ACC leads to a delay in the transition due to zero full
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transient current (Fig. 1). A durable damping process i, with a value exceeding
the maximum allowed prevents the full current from passing through zero, resul-
ting in damage to the gas switch chamber. According to the requirements speci-
fied in [7], the ACC value may not exceed 58 %.

—600
-800

-1000 \ \
0.60 0.64 0.68 0.72 0.76

Time, s
Fig. 1. Total transient current

It is assumed that when the switch is off, arc extinguishing occurs in each
phase at the moment when the current passes through a zero value. Since the
dispersion in the action of the poles of a SF6 circuit breaker when switched on
does not exceed 0.001 s, the contacts are simultaneously closed. So, in the case
of an unsuccessful TPAR, when the arc on the overhead line during the TPAR
pause did not go out, it is possible to delay significantly the process of arc
extinction [1-3].

A significant aperiodic component in the switching currents occurs not only
with whole groups of shunt reactors. As a result of a series of transient calcula-
tions, the most unfavorable moments of contact closure after a TPAR pause
and the moments of disconnection of an uncorrected failure by the value of the
aperiodic component were found.

The objective of this work is to identify the conditions for the appearance
of an aperiodic component in the current, to analyze the process of damping
it using pre-insertion resistors, and also to analyze alternative solutions to the
problem as a whole

The reason for the appearance of the aperiodic component
of the current during switching

In the studies [7-10], the simultaneous influence of the above measures on
the significance of the ACC characteristics was not considered. The studies ana-
lyzed the effect of pre-insertion active resistances on the gas switch on magne-
tization currents and resonant over-voltages when switching on the EHV power
line to the unloaded autotransformer. There are also studies [11, 12] devoted
to the estimation of the influence of pre-insertion active resistances and the mo-
ment of switching on the value of the ACC characteristics without analyzing the
effect of changing the degree of the line charging power compensation.
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It should be noted that there are known works on the use of automatic phase
shunting (APS) during single phase automatic re-closure (SPAR) to compensate
for the recharge arc and elimination of abnormal resonance over-volta-
ges [12-16]. Studies on the evaluation of the effects of ASF when performing
the TPAR are also given. There are also no studies to compare the different
types of connection of pre-insertion active resistors to the values of the chara-
cteristics of the AC current. A As it was shown by the previous studies, the appli-
cation of only reducing the degree of charge power compensation and the use of
controlled switching do not always effectively reduce the ACC [1-3, 7, 8].

This paper deals with the switching off / switching on of the low-voltage
transmission line to short-circuit one of the phases, which leads to the activation
of TPAR. Studies have shown that the changes in the switching angle of the
gas switch and the change in the degree of compensation of the charging power
of the low voltage transmission line cannot effectively reduce the aperiodic
component to the given values [17].

The total current value in the switch ic(t) is determined by the expression

iC (t) = iinv (t) + iap (t) + iosc (t)v (1)

where i, (t) = I;,, cos(wt+a—¥) — involuntary component current in circuit

breaker, A; li,, — amplitude of involuntary value of current, A; ® — angular
velocity, rad/s; o — moment of commutation, electrical degree; W — phase

of involuntary value of current, electrical degree; i,,(t) = Iapsin(oc—cp)e’“T -

aperiodical component in circuit breaker, A; 1., — amplitude of aperiodical com-
ponent, A; ¢ — angle of lag, electrical degree; t — time of electromagnetic transi-
ent, s; © — damping constant of the ACC, s; i (t) = I, /™ cos(wt + o.— V) —
decaying current transient component in circuit breaker, A; I, — amplitude
of decaying transient component, A; 1, — damping constant of decaying current
transient component, electrical degree; Wy — phase of decaying transient compo-
nent, electrical degree.

The initial value of the current aperiodic component depends on the moment
the circuit breaker closes (for example, if the switch-on occurs when the instan-
taneous value of the mains voltage is close to zero, then the aperiodic component
has the largest value equal to the amplitude of the periodic component of the
current). The damping time constant of the aperiodic current is determined by
the ratio of the active and inductive resistances in its circuit.

The aperiodic time constant of the aperiodic component depends on the ratio
of the inductance and resistance of the circuit

T=—=, (2)

where Ly — equivalent inductance of an equivalent circuit; Ry — equivalent re-
sistance of the equivalent circuit.

So, the initial value of the ACC current component depends of values (1).
In Fig. 2 the aperiodical (AP) current in phase A in cycle of TPAR are shown.
The permissible value of ACC component for SF6 circuit breakers 750 kV is 58 %
of total current at the transition process. On the figure I, — current of the A phase.
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Fig. 2. Excess of ACC component the maximum permissible value

Measures and technical means of improving the reliability
and efficiency of EHV power transmission lines due to switching

The main task of existing measures and means used in EHV power transmis-
sion lines is to increase the reliability and operational efficiency of the operating
modes of the main electric networks that they form. There are innumerable
modes of operation of power lines, especially for operational normal operating
modes. Normal modes of electrical networks mean those that allow long-term
operation without any restrictions for both consumers and equipment of the net-
works themselves. But when critical deviations of parameters values of an elec-
tric network are reached, it is necessary to speak already about occurrence of an
abnormal mode for which the use of traditional controls methods will be inade-
quate and therefore ineffective. The consequences of uncontrolled abnormal
mode can be not only the deterioration of the technical and economic perfor-
mance electrical network, but also damage to the equipment of responsible con-
sumers, as well as failure of the main equipment of the network itself with the
further development of a system crash.

It should be noted that classification of abnormal modes, which occur in
the abnormal nonsinusoidal and nonsymmetrical modes of EHV power lines is
given in [12-16]. The use of the term of abnormal mode is not accidental,
because when working out literary sources [1-10] and studies of experimental
results [12-14, 16], it was concluded that this kind of modes is fundamentally
different from traditional ones. The difference and the special characteristics
of mode is that they are caused by an abnormal regime, primarily due to the
effect of the distortion source. In [15, 16], the division of this mode type into
two main categories, depending on the resonance at a certain frequency,
is shown on the basic harmonic and higher harmonic components.

Also, this developed classification of abnormal modes includes the considered
form of the TPAR operation mode. An abnormal mode of operation exists during
the implementation of the TPAR cycle and until the breaker is possibly damaged.
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In EHV power lines, the following measures and technical measures apply,
shown Fig. 3:

a) the use of pre-insertion resistances in SF6 circuit breakers, which can
be connected in series or in parallel (Fig. 3a, b);

b) applications of automatic phase shunting when a phase disconnected is
shunted by circuit breakers (Fig. 3c);

c) the controlled switching to ensure switching moments at the required time
(Fig. 3d);

d) disconnecting of groups of shunt reactors, as well as the use of open-phase
modes of groups shunt reactors (Fig. 3e).

At Fig. 3 Ly, Lg — inductance of the shunt reactor which compensate capa-
citance between phases and capacitance between phase and earth, H; L -
inductance of the transmission line, H; R_ — active resistance of the transmis-
sion line, Q; Lg;, Lsy — equivalent inductance, H; Rs;, Rs; — active resistance, Q;
Rpre — active pre-insertion resistance of SF6 circuit breaker.

Lg R

1 1
L, Ry Rsy Ly,
LS ] ¢
Lyt Le
Ly é__:lf?!”*’ @

Fig. 3. Equivalent circuits of phase extra high voltage transmission line
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The aperiodic time constant of the aperiodic component in case of applica-
tion pre-insertion connected in series
AB(REre (2M +1)+2R  A+2R, (FRs; +GRg, )+
T=
C(Rpre + RSl)(Rpre + Rsz)><
+Ryrel (Rs1 +Rg,) +CRy; + D(2M +1))

pre

x(AK + Lg;Lg, (L Ly + L L + Ly )

@)

where A = L LyLg, H% B = LgLs, H% C = Ri.RuwRe, Q; Ry — equal active
resistance of phase to phase component shunt reactor, QQ; Rg — equal active re-
sistance of ground component shunt reactor, 2; D = Rg1Rsp, Q; E = Rs; + Ry,
F=R.Rw, Q; G= RIRe, Q; 1 =RyRg, Q; K=Lgg + Ly, H; M=F + G.

The aperiodic time constant of the aperiodic component in case of applica-
tion pre-insertion resistors connected in parallel

AB(Ryy isCE +RD(2F +1)+2CD)
CD(A(Lg; +Ls)+ Loy Lsp (2L Ly +2L Ly + Ly, Ly))

T=

- (4)

pre—ins

where Ryre_ins — resistance of pre-insertion resistance, Q.

The above measures have proven themselves well in suppressing and limi-
ting the characteristics of abnormal resonant over-voltages in non-sinusoidal and
asymmetric operating modes [13-16, 18-20]. It should be noted that today there
is no work to assess the impact of measures and means on the aperiodic compo-
nent of the total transient current (1) and especially aperiodic time constant (2).

Switch with pre-insertion active resistor can be used to extinguish large mul-
tiple voltages on the second harmonic. As shown by research [18-21], overvol-
tages on the second harmonic can exist for a long time, so the decisive factor
in determining the scattering energy is the time of the emergence of an abnormal
regime with unloaded autotransformer.

The method described in the article solves the problem of putting the line
under voltage, avoiding the danger of damage to electrical equipment by reso-
nant overvoltages on the second harmonic. The use of pre-insertion resistors can
reduce the amplitude and duration of this type of overvoltage. It is important
to note that the decision to use pre-insertion resistors in each case must be sup-
ported by the results of mathematical analysis.

Thus, the use of pre-insertion resistances in SF6 circuit breakers has not been
verified by influencing the characteristics of the aperiodic component.

The objective of the ASP is to reduce the electrostatic as well as the electro-
magnetic components of the feed current in order to ensure a successful
SPAR [22-25].

Compared to air circuit breakers, SF6 circuit breakers have certain ad-
vantages, the main ones being performance and high switching capacity, as
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well as the possibility of installing an additional controlled switching devi-
ce. This device enables the switching of the gas switch at a predetermined
moment in order to reduce the negative effects of transients. The switching
moment of the air switch is random and it is not possible to open or close
it at the right time. Such a fault during operation led to emergency situations,
including the occurrence of resonant overvoltages in non-sinusoidal
modes [15, 16, 18-21, 26, 27].

Initial transition conditions for each phase corresponding to the maximum
and minimum of the sine wave voltage

5"e[0;90;180; 270; 360]; 5°¢ [122; 212; 300]; &€ [60;150; 240;330]. (5)

It should be noted that the paper considers the worst case when the voltage in
the intact phases goes beyond zero and the case when the voltage reaches its
maximum value. In the first case, such initial conditions of the electromagnetic
switching transient cause the maximum initial value of the aperiodic component
of the current. As it is shown by the damping the study of the aperiodic compo-
nent of the current is determined by the ratio of the circuit's active resistance to
the total inductance [1-3]. According to the data, the damping process for cer-
tain lines continues to 0.003-0.04 s. A controlled switching device for aperiodic
suppression can be used in combination with the above.

As we can see from (1) iu(t) depends on a — moment of commutation.
So, we can say that controlling switch device can reduce these two components.
All circuit breakers are equipped controlled switching device Switch Sync F236.
The sinusoid with possible moments of commutation is depicted in Fig. 4.
To assess the impact of the switching moment on the characteristics of the ape-
riodic component, a simulation model is developed and the description of which
is given in the next section.
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Fig. 4. Sine wave voltage phases A, B, C with designated switching points
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When using controlled switching, the time constant will be equal to
o AB(GRy (Rs; +Rs,)D(2F +2G +1)) .
DFR; (AK + B(2L,\,I L +2L Lg + L, LE)(LSl + L52)+
AB(GRy (Rg; +Rg,)D(2F +2G +1))
+lalsy (2L (Ly +Le)+Lyle))

(6)

In case of switching-off the shunt reactor group, the decay time constant will be

~ AB(GRy (Rs; +Rs,)D(F +G +1))
o DFR, (AK +B(Ly, Ly + L Ly + Ly, Ly )(Lg + Lgy ) +

AB(GRy (Rs; +Rs,)D(F +G +1)) "

+ Lo Lo, (LLy + L Ly + Ly Ly))

In case of application APS decay time constant will be
LSlLSZ (R51R52) (8)

1= .
Rs1Rs (L31 + Lsz)

To perform the time constant calculations, the following EHV power line da-
ta were adopted for the next lines: Khmelnytsky nuclear power plant (Ukraine) —
Rzeszow (Poland), South-Ukrainian nuclear power plant (Ukraine) — Isaccea
(Romania), Western Ukrainian (Ukraine) — Albertshire (Hungary). The re-
sistance iS Rpre-ins = 400 Q for both cases shown in Fig. 3a, b. Parameters of
equivalent systems and shunt reactors are shown in Tab. 1.

Table 1
Parameters of systems and shunt reactors
Parameters of shunt reactor
Equal Equal active Equal Equal
Impedance inductance resistance resistance inductance
Name of system of system of ground of ground of ground of ground
Z,Q component component component | component
shunt reactor | shunt reactor | shunt reactor |shunt reactor

Ly, H Lg, H Ru, Q Rg, Q
Khmelnytsky
nuclear power 6.28 + 95.85i
plant (Ukraine)
Rzeszow (Poland) [4.78 + 60.85i
South-Ukrainian
nuclear power 6.88 + 77.65i 3717 042 30 13.44
plant (Ukraine) ' ' '
Isaccea (Romania) | 6.78 + 88.48i
Western Ukrainian .
(Ukraine) 9.28 + 82.88i
Albertshire 8.78 + 68.75i
(Hungary)

The calculations of the aperiodic time constant according to the expres-

sions (3), (4), (6)—(8) are given in Tab. 2.
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Table 2
Results of calculation of aperiodic time constant

Aperiodic time constant 1, s
Khmelnytsky nuclear | South-Ukrainian nuclear | Western Ukrainian
The name of case power plzzltt (6kraine) — power plant (Ukraine) — (Ukraine) —
Rzeszow (Poland) Isaccea (Romania) Albertshire (Hungary)
Without measure 0.097 0.098 0.1
Pre-insertion resistors
in series 0.055 0.052 0.051
Pre-insertion resistors
in parallel 0.093 0.095 0.098
Automatic shunting
of phase 0.044 0.047 0.048
Switching-off the SR
group 0.088 0.086 0.087
Controlled switching
device 2.1 2.02 25

The task of using technical means is to reduce the duration and value of the
aperiodic component. The duration of the aperiodic component is ensured by the
highest value of the constant damping time. As it can be seen from the results
in Tab. 2, the lowest constant time value is observed when using controlled
switching. In the case of ASP, the lowest value will be observed, which will lead
to the longest running of the aperiodic component.

For example, in [1-10] it is recommended to disable the shunt reactor group
to reduce the characteristics of the aperiodic component. As you can see from
the results, such an event reduces the time constant thereby increasing the dura-
tion of the transient. In fact, shutting down the bypass reactor group is ineffec-
tive. To test the efficiency, the results which are shown in Fig. 5 were evaluated.

As it can be seen from Fig. 5, the use of shutdown of the shunt reactor group
does not lead to a significant change in the time constant, while further dragging
on the value of the impedance resistance does not lead to the required increase
in the time constant.

In order to verify the correctness of the equations and theoretical statements,
a simulation model was developed for the analysis of electromagnetic transients
in the TPAR cycle.

0.15

7, S = = Parallel two group of SR — Series two group of SR

0.13

\ — -} Parallel one group of SR —=i= Series pne group of SR
LY .
R

0.09 SR

-~

G

0 20 40 60 80 100 120 140 160 R,Q 200

Fig. 5. Reducing the aperiodic time constant at different measures and means
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Modelling of cycle three phase auto-reclose
of extra high voltage transmission line

The model was developed to study the processes at single phase auto-reclose
in the environment MatLab-Simulink which are illustrated on Fig. 6. Calcula-
tions were made to find the effective measure to prevent this kind of overvol-
tages. The three-phases power system is simulated by voltage sources with fixed
voltage and inductance. The overhead line is simulated by two parts, which are
given complex matrices with distributed elements or values on the forward and
reverse sequence.

Overhead line

Electrical Circuit Circuit Electrical
power breaker 1 breaker 2 power
system 1 ] — — system 2

Group of shunt Group of shunt Group of shunt
reactor 1 reactor 2 reactor 3

Fig. 6. Model of extra high voltage transmission line

Using the data of Tab. 1, we simulate EHV line modes using a specific mea-
sure and technique. Each case is illustrated in Fig. 7-10.

100 I
| y % - la
® 30 _ _ _ Maximum permissible value
70 /\, of AP current component
o0/ —~_
50 7 N
40 1 ! !
30 | | |
20
10
0
0.60 0.65 0.70 0.75 time,s 0.80
Fig. 7. Pre-insertion resistors connected in series
100 | y . "

% Ia - . -
_ _ _ Maximum permissible value
of AP current component

0
0.60 0.65 0.70 0.75 time,s 0.80

Fig. 8. Pre-insertion resistors connected in parallel
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Fig. 9. Controlled switching device
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of AP current component
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Fig. 10. Automatic phase shunting

As it can be seen from Fig. 7-10, the simulation results confirm the theoreti-
cal assumptions about the duration of existence of the aperiodic component and
the derived formulas (3), (4), (6)—(8). The shortest duration of the aperiodic
component is observed when using controlled switching (Fig. 9). The highest
duration is observed with the use of automatic phase shunting (Fig. 10). The use of
pre-insertions witched resistors also does not produce the required result (Fig. 7, 8).

CONCLUSION

1. When designing extra high voltage power lines, a careful analysis of
the electromagnetic transients accompanying the switching during operation
is necessary. Quick on-off cycles (symmetric or non-phase) should be avoided
in case of TPAR. In particular, in such cases it is necessary to pay attention to
the cycle of fast three-phases automatic reconnection, in which the switch may
be damaged due to the aperiodic component of the current.

2. The results of the work confirm the theoretical principles, which consist
in the inefficiency of using pre-insertion resistances and automatic phase shun-
ting to reduce the characteristics of the aperiodic component of the current for
the total transient process. This also applies to the disconnection of a group
of shunt reactors as measure. The derived formulas for the determination of
the aperiodic time constant of the aperiodic component confirm the above
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mentioned. Value resistance changing of the pre-insertion resistor when discon-
necting the group of shunt reactors also confirmed the inefficiency of using the
same means even when used together. This analysis without any significant
assumptions was performed based on the mathematical models developed
in MatLab which confirm the theoretical propositions.

Acknowledgments

This research is supported by the state youth grant “Development of measures and
technical means of compensation of open phase modes of the bulk power electrical net-
works of the integrated electrical systems of Ukraine” — order of 09.01.2020 Ne 15
“On the results of the competition for grants of the NAS of Ukraine by research labora-
tories / groups of young scientists of the NAS of Ukraine for research in priority areas
of science and technology in 2020”.

REFERENCES

1. Kuznetsov V. G., Tugai Yu. I., Shpolyansky O. G. (2017) Analysis of the Preconditions of SF6
Circuit Breakers Damage in 750 kV Electric Networks. Praci Institutu Elektrodinamiki
Natsional’noi Akademii Nauk Ukraini [Proceedings of the Institute of Electrodynamics of the
National Academy of Sciences of Ukraine], (47), 5-9. https://doi.org/10.15407/publishing
2017. 47.016 (in Ukrainian).

2. Naumkin I. E. (2012) Emergency Failures of SF6 Circuit Breakers when Switching Compen-
sated 500-1150 kV Overhead Power Lines. Elektrichestvo, (10), 22-32 (in Russian).

3. Blumschein J., Yelgin Y., Ludwig A. (2017) Adaptive Autoreclosure to Increase System
Stability and Reduce Stress to Circuit Breakers. 70" Annual Conference for Protective Relay
Engineers (CPRE), 1-8. https://doi.org/10.1109/cpre.2017.8090004.

4. Silva F. F., Bak C. L., Gudmundsdottir U. S., Wiechowski W., Knardrupgard M. R. (2010)
Methods to Minimize Zero-Missing Phenomenon. IEEE Trans. on Power Del., 25 (4),
2923-2930. https://doi.org/10.1109/tpwrd.2010.2045010.

5.Ji L., Booth C., Dysko A., Kawano F., Beaumont P. (2014) Improved Fault Location Through
Analysis of System Parameters During Autoreclose Operations on Transmission Lines. IEEE
Transactions on Power Delivery, 29 (6), 2430-2438. https://doi.org/10.1109/TPWRD.2014.
2307051.

6. Li G, Yao S., Wang P., Yan D., Gao X., Yao Y. (2017) Discussion on the Problem About
Capacitive Current Switching of EHV and UHV AC Circuit Breaker. 4™ International Confe-
rence on Electric Power Equipment — Switching Technology (ICEPE-ST), Oct. 22-25, 2017.
https://doi.org/10.13296/j.1001-1609.hva.2018.03.034.

7. Kachesov V. E., Kachesov D. V. (2011) Requirements for Switching Algorithms of EHV
Shunt Compensated OHL by SF6 Circuit Breakers. Proceedings of International Conference
on Power Systems Transients (IPST 2011), June 14-17, 2011, Delft, 15-18.

8. Naumkin 1., Balabin M., Lavrushenko N., Naumkin R. (2011) Simulation of the 500 kV SF6
Circuit Breaker Cutoff Process during the Unsuccessful Three-Phase Autoreclosing. Procee-
dings of International Conference on Power Systems Transients (IPST 2011), June 14-17,
2011, Delft. Available at: https://www.ipstconf.org/papers/Proc_IPST2011/111PST025.pdf.

9. Jian H., Xiaofeng J., Xiaoguang H. (2010) Automated Monitoring and Analysis for High Vol-
tage Circuit Breaker. 5" IEEE Conference on Industrial Electronics and Applications.
Taichung, 560-564. https://doi.org/10.1109/iciea.2010.5517076.

10. Gong R., Wang S., Luo X. (2012) Analysis and Design in Extra High Voltage Circuit Breakers
Employing Shunted Capacitors. 6" International Conference on Electromagnetic Field Prob-
lems and Applications. Dalian, Liaoning, 1-4. https://doi.org/10.1109/icef.2012.6310424.

11. Lazimov T., Saafan E. A., Babayeva N. (2015) Transitional Processes at Switching-Off
Capacitor Banks by Circuit-Breakers with Pre-Insertion Resistors. Modern Electric Power Sys-
tems (MEPS). Wroclaw, 1-4. https://doi.org/10.1109/meps.2015.7477204.


https://doi.org/10.15407/publishing
https://doi.org/10.1109/TPWRD

V. V. Kuchanskyi
Comparative Analysis of Measures and Technical Means for Suppressing the Aperiodic... 327

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Lazimov T., Imanov S., Saafan E. A. (2010) Transitional Recovery Voltages at Capacitive
Currents Switching-Offs by Vacuum and SF6 Circuit-Breakers. Modern Electric Power Sys-
tems. Wroclaw, 1-5. https://doi.org/10.13140/RG.2.1.2156.9446.

Kuchanskyy V. (2019) Application of Controlled Shunt Reactors for Suppression Abnormal
Resonance Overvoltages in Assymetric Modes. IEEE 6™ International Conference on Energy
Smart Systems (ESS). Kyiv, 122-125. https://doi.org/10.1109/es5.2019.8764196.

Kuchanskyy V. (2017) The Prevention Measure of Resonance Overvoltges in Extra High
Voltage Transmission Lines. IEEE First Ukraine Conference on Electrical and Computer
Engineering (UKRCON). Kiev, 436—441. https://doi.org/10.1109/ukrcon.2017.8100529.
Tugay Y. (2009) The Resonance Overvoltages in EHV Network. Proceedings of IEEE Spon-
sored Conference EPQU’09 — International Conference on Electrical Power Quality and Uti-
lisation. Sept. 15-17, 2009, Lodz, 14-18. https://doi.org/10.1109/epqu.2009.5318812.
Kuchanskyy V. (2017) The Application of Controlled Switching Device for Prevention Resonance
Overvoltages in Nonsinusoidal Modes. IEEE 37" International Conference on Electronics and
Nanotechnology (ELNANO). Kiev, 394-399. https://doi.org/10.1109/elnano.2017.7939785.

Live Tank Circuit Breakers. Buyer’s Guide. ABB AB. 2014. 152.

Chun-Lien Su, Po-Han Wang, Chi-Hsiang Liao, Min-Hung Chou (2016) Analysis of Har-
monic Overvoltages During Transformer Energization for Mass Rapid Transit Systems. 10"
International Conference on Compatibility, Power Electronics and Power Engineering
(CPE-POWERENG). https://doi.org/10.1109/CPE.2016.7544154.

Abdulsalam S. G., Xu W. (2007) A Sequential Phase Energization Method for Transformer
Inrush Current Reduction-Transient Performance and Practical Consideration. IEEE Transac-
tions on Power Delivery, 22 (1), 208-216. https://doi.org/10.1109/tpwrd.2006.881450.

Brunke J. H., Fréhlich K. J. (2001) Elimination of Transformer Inrush Currents by Controlled
Switching. Part 11: Application and Performance Considerations. IEEE Transactions on Power
Delivery, 16 (2), 281-285. https://doi.org/10.1109/61.915496.

Cho C., Lee J., Min B. (2017) Application of Controlled Switching Device for High Voltage
Circuit Breaker in KEPCO Real Power System. 4" International Conference on Electric Po-
wer Equipment — Switching Technology (ICEPE-ST). Xi’an, 492-495. https://doi.org/10.1109/
icepe-st.2017.8188892.

Hasibar R. M., Legate A. C., Brunke J., Peterson W. G. (1981) The Application of Highspeed
Grounding Circuit Breakers for Single-Pole Reclosing on 500 kV Power Systems. IEEE
Transactions on Power Apparatus and Systems, PAS-100 (4), 1512-1515. https://doi.org/10.
1109/tpas.1981.316499.

Baina H., Xin L., Jianyuan X. (2008) The Analysis of Secondary Arc Extinction Characteris-
tics on UHV Transmission Lines. International Conference on High Voltage Engineering and
Application. Chongging, 516-519. https://doi.org/10.1109/ichve.2008.4773986.

Mizoguchi H., Hioki I., Yokota T., Yamagata Y., Tanaka K. (1998) Development of an Inter-
rupting Chamber for 1000 kV Highspeed Grounding Circuit Breakers. IEEE Transactions on
Power Delivery, 13 (2), 495-502. https://doi.org/10.1109/61.660920.

Chi T., Xin L., Jianyuan X., Zhen-xin G. (2008) Comparison and Analysis on Very Fast Tran-
sient Overvoltage Based on 550 kV GIS and 800 kV GIS. International Conference on High
Voltage Engineering and Application. Chongqging, 288-291. https://doi.org/10.1109/ichve.
2008.4773930.

Zhezhelenko 1. V. (2018) The Main Directions of Improving the Efficiency of Production,
Transmission and Distribution of Electrical Energy. Energetika. lzvestiya Vysshikh Uchebnykh
Zavedenii i Energeticheskikh Ob’edinenii SNG = Energetika. Proceedings of CIS Higher
Education Institutions and Power Engineering Associations, 61 (1), 28-35. https://doi.org/10.
21122/1029-7448-2018-61-1-28-35 (in Russian).

Lasy P. G., Meleshko I. N. (2019) Application of Polylogarithms to the Approximate Solution
of the Inhomogeneous Telegraph Equation for the Distortionless Line. Energetika. lzvestiya
Vysshikh Uchebnykh Zavedenii i Energeticheskikh Ob’edinenii SNG = Energetika. Procee-
dings of CIS Higher Education Institutions and Power Engineering Associations, 62 (5),
413-421. https://doi.org/10.21122/1029-7448-2019-62-5-413-421 (in Russian).

Received: 8 May 2020 Accepted: 11 August 2020 Published online: 30 July 2021


https://doi.org/10.1109/elnano
https://doi.org/10.1109/%20%0bicepe-st.2017.8188892.
https://doi.org/10.1109/%20%0bicepe-st.2017.8188892.
https://doi.org/10.%20%0b1109/
https://doi.org/10.%20%0b1109/
https://doi.org/10.1109/ichve.2008.4773986.
https://doi.org/10.1109/ichve.%20%0b2008
https://doi.org/10.1109/ichve.%20%0b2008
https://doi.org/10.%20%0b21122/1029-7448-2018-61-1-28-35
https://doi.org/10.%20%0b21122/1029-7448-2018-61-1-28-35
https://doi.org/10.21122/1029-7448-2019-62-5-413-421

