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Abstract-This paper describes transients caused by De-enggization of the VSRcanimpose a severe duty on
uncontrolled and controlled switching of threephase 420 kV poth the shunt reactor and itircuit breaker due to current
variable shunt reactor (VSR). The model for the analysis ofthe chopping that occurs when interrupting small inductive
transients caused by switchingf VSR was developed in EMTP . o6 The switching overvoltagean be dangerous for the

RV software which includes dynamic electric arc in Sk circuit . it th K | ds th d itchi
breaker and the model of substation equipment. Inrush currents equipment It the peak value exceeds the rated switching

due to VSR energgation and overvoltages due to denegization Impulse withstand voltage of théSR. However, ovevoltages
were determined at tap positions corresponding to lowest resulting from the denegization are unlikely to cause
80 MVAr and highest 150 MVAr reactive power. Based onthe insulation breakdown of VSRs as they are protected by surge
calculation results mitigation measures and operating switching grresters connected to their terminal$ie severity of the
strategy of VSR vere proposed. switching duty increases when single or multiple reignitions
) o occur. Such voltage breakdowns create steep transient
Keywords \.’ar'?ble .Shum reactor, - Ske cireuit breaker, overvoltages on VSR with the front time ranging from less
controlled switching, inrush current, electric arc model, . .
EMTP-RV simulations. than one microsecond to several microseconds and may be
unevenly distributed across the VSR winding. So these steep
I. INTRODUCTION fronted transient voltages are stieg the entrance turns in

HE function of shunt reactors in transmission networks Psarucular with high inteturn overvoltagesTherefore some

. . mitigation measures should be considered to reduce the
fo consume the excess reztive power generated bycho ing overvoltages and the risk of reignition of the circuit
overhead lines under lelwad conditions, and thereby ppIng 9 9

. . : breakers.
stabilize the system voltage. They are quite often switcimed o .
and off on a daily basis, following the load situation in the Uncontrolled switching of shunt reacsorshunt capacitors

: . and transmission lines may cause severe transients such as
system. Instead of having two or more shunt reactots . L .
! . ; . gh overvoltages or high inrush currents [2]. Conventional
fixed power ratings, a single variable shunt reactor (VS , . . .
. . countermeasures such as -preertion resistors, damping
could be used for compensation of reactive power. . N
. . actors orsurgearresterscan beused to limit the switclnig
The actual magnitude of the inrush current due to V . . . . .
S ] . : ransientsin addition, system and equipment insulatb@ambe
energization is quite dependent on the range of linearity of the ) . .
L oS upgraded to withstand the dielectric stresses. These methods,
VSR core and on thentie instant of circuit breaker pole e . .
. L . : however, may be inefficient, unreliable or expensive, and do
operation. Switching operations at unfavorable instants can

: . . not treat the root of the problem [3].
cause inrush currents that may reach high magnitudes and hav o L
ontrolled switching is anethod for eliminating harmful

long time constants. In case when VSRs have solidly grounded” . o o . .
g y9 qran&ents via time controlled switching operations. Closing or

neutral, unsymmetrical currents causeresequence current . o :
. . . opening commands to the circuit breaker are delayed in such a
flow which can activate zersequence current relays. This N . . .
e ; ay that switchingoccursat the optimum time instant related
may cause difficulties such as unwanted operation of the o
. 0 the voltage phase angle. Contrdllewitching has become
overcurrent relay protection [1]. . . . . :
an economical substitute for a closing resistor and is
commonly used to reduce switching surges. The number of
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analyzed. For this purpose, a model of VSR, substatiBa=3 . 0 4 k q, representing i ron
equipment and electric arc in &Feircuit breaker was among the three star connected phagasrepresented with
developed in EMTHRV software. zerosequence inductandg=3.7 H which provides a path for

the zero sequence cant [8].

Il. MODEL IN EMTP-RV

3000
VSR considered in thipaper has 29 tap positions, and the c 150 MVAr

tap-changing order is in opposite direction, i.e. it starts from 2500 ~80MVAr |
tap position 29 (lowest amount of 80 MVAr consumption) and 2900 c
the final position is 1 (highest amount of 150 MVAr gl 00 / —
consumption). The 8R lowers the voltage byapping from -

tap position 29 to tap position 1. VSR manufacturer data are 1000 /

o]

o

shown in Table I. 500
TABLE | VSR 0 #-A
DATA 0 200 400 600 800 1000 1200 140C
Rated voltage 420 kV i(A)
Rated frequency 50 Hz Fig. 2. Instantaneous flugurrent saturation curve of VSR
. 150 MVAr 80 MVAr
Reactivepower (tap position 1) (tap position 29) : : : :
pp PP VSR model in EMTPRYV is shown in Fig. 3.
Rated current 206 A 110 A
Core type Five limb
Total losses (at 420 kV) 232 kW 145 kW .
. ] . = °Re
Zero sequence impedanc| 1. 2 kpWase| 2. 2 kY p i !
- — Ree? L )
Capacitance of winding tg 4 Nonlinear
P ground ) 3.8 nF per phase 1 *l‘; inductance
Fig. 1 shows the change of VSR reactive power, current and
impedance with respect toptposition. ] .
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Tap position
Fig. 1. VSR power, current and impedance versus tap position The aquivalent 420 kV networkwas represented with

positve R=1. 1 L,=¢47.13 mH) and zeroRe=3 . 14 q,

VSR switching transients were calculated only in case 10§=64.87 mH) sequence impedances, determined from single
lowest (80 MVAr) and highest (150 MVAr) reactive powerphase and threghase short circuit currents.
The a@lculation of inrush currents requires an adequate The equipment in high voltage substation was represented
modeling of the reactor nonlinear flugurrent curve. The by surge capacitances [9], whereas busbars and connecting
nonlinearity is caused by the magnetizing characteristics of tbads by drequency dependent line model. MO surge arresters
VSR iron core. Recorded RMS voltageurrent curves in VSR bay with rated voltage,=330 kV were modeledith
obtained from manufacturevere converted into instantaneousnonlinear U-I characteristic with respect to switching
flux-current saturation curggFig. 2) which wereused in the overvoltages.

nonlinear inductance model in EMI® [7] and Sk circuit breaker with two breaking chambers was
approximatedvith two segments (linear areaB\ below knee represented by Schwafzvdonin electric arc model [10], [11]
of the saturation curve and saturation are@)B and grading capacitors of 500 pF connected in parallel to

Each phase of a three phase VSR was modeled abreaking chambers. EMTRV modelshown in Fig4 consists
nonlinear inductace with serially connected resistancef equivalent 420 kV network, main busbars,sSHrcuit
Rem1. 36 q, representing c op preakerandegsiprerstirV8Rbdy. par al | el connec
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Fig. 4. EMTP-RV model of VSR, equipment in substation and equivalent network

[ll. UNCONTROLLED ENERGIZATION OFVSR The ®nducted simulation shad thattransient inrush current
The following instants o€ircuit breakemole closing were With amplitude of 4.27 p.u. and highC componentasted for
considered: ta=15 ms, ;=13 ms andtc=17 ms (Fig.5). 3-2 seconds (Fig.)7 This could cause difficulties such as
Simulations were carriedout in case of \BR lowest Unwanted operation of the overcurrent relay protection.
(80 MVAr) and highest (150 MVAr) reactive power.
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A. Tap position 1: reactive power 150 MVAr

Figs. 5 and 6 showcalculatedVSR voltages and currents,
respectively. The highest inrush current occurs at an inste
near the voltage zer@ossing in phase A, since it results with = m
the maximum DC component of current.
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Zero-sequence curremiccurredin case of uncontrolled reactor
energizatior(Fig. 8) as a consequence of asymmetry. This may
cause the fatsoperation of relay protectiarsed for detecting
single phas¢o-ground faults.
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Fig. 6. VSR currentstamax=1245.2 A (4.27 p.u.)



B. Tap position 29: reactive power 80 MVAr

Figs. 9-12 show calculation result§.he ®onducted simulation

A. Tap position 1: reactive power 150 MVAr
Figs. 13and ¥4 show VSR voltages and currents.

showed that transient inrush current with amplitude of

2.16 p.u. and high DC componetdasted for 4 seconds
(Fig. 13). Inrush currents and zes®quence currentwere

significantly lower inthis case compared to 150 MVAr (Fig.

12).
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Fig. 10 VSR currentstamax= 3342 A (2.16 p.u)
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Fig. 11 VSR current in phase A
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Fig. 12. VSR zro-sequence currenina=-171.5 A (1.11 p.u.)

IV. CONTROLLED ENERGIZATON OF VSR

Phase A— Phase B— Phase C—
40 : - - -

Fig. 13. VSR voltages

Phase A— Phase B— Phase C—
400 : : :

300
2007+
1007 ige “ .

0

1(A)

-1007-
|
-2007

-300

AUCU 20 40 60 80 100 120 140

t (ms)
Fig. 14. VSR currentslamax=-347.8 A (1.19 p.u.)

The current in phase A (Fig4lwasslightly higher than in
the other two phases, due to the appearance of the DC
component, whictwas caused by initial magnetic flux in the
core limb at he moment of energization. This initial magnetic
flux is a part of a magnetic flux from the phase B, whicts
firstly switched on (Fig. 8). The final distribution of the
magnetic flux in the reactor core is shown in Fig. 1
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Fig. 15. Magnetic flux h case of VSR controlled energization

Due to the air gaps (Fig.6} utilized in VSR core there
were no severe saturation effects [12]. VSR is designed to
combine the highest possible inductive power with compact
size. For this purpose, irarored reactace coils with air gaps
are used. The iron core conducts and concentrates the
magnetic flux produced by the winding, which has to bridge
the air gap. Due to the large difference between the

Controlled energization at optimum instants of CIrCUIE)ermeability of magnetic sheet steel and oil, it is sufficient to

breaker poles closing at peak voltages10 ms,tg=6.66 ms
andtc=13.33 mgFig.13)were analyzed.

use the magnetic resistance of the air gap for the series



connection of the iron and air path. The air gaps redu , Phase A— Phase B—‘F’hase‘C—
inductance and increase the power output of this configurati ‘ ‘ ‘
The onducted simulation shed that amplitudes and DC 5y
components of inrush oent (Fig 17) and zeresequence ; N i : i ;
current (Fig 18) Weresignificantly lower in case of controlled g 0 .......... .......... ......... e
switching. : : : ‘
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Fig. 16. The distribution of the magnetic flux in the five limb core of VSR
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As a consequence, successfully nitolled switching o 20 4 B0 8O 12;“5) 20 140 160 180 200
rgduces the mechamcal and electromagnetic stresses OfFEE'.ezo. VSR currentsiams=-187.0 A (1.21 p.u.)
high voltage equipment and also prevents the unwanted
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Fig. 22 VSR zeresequence currenizma=160.4 A (1.04 p.u.)

V. DE-ENERGIZATION OF VSR

Fig. 23 shows circuit breaker currerits case of 80 MVAre
enegization andrFig. 24 shows current chopping in phase C.
B. Tap position 29reactive power 80 MVAr For small inductive currents, the cooling capacity of the circuit
Figs. 10-22 show calculation results in case 80 MVAr. breaker dimensioned for the shertcuit current is much
Controlled switching reduced inrush current and =zerbigher in relation to the energy dissipated in the electric arc.
sequence currents, which were lower in case of reactive powbis led to arc instabity and an oscillating phenomena shown
80 MVAr compared to 150 MVAr. in Fig. 24occurred
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Fig. 18. VSR zeresequence current






