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Abstract - Thispaper presents a control method to reduce
overvoltages due to three-phase reclosing for shunt
compensated transmission lines (TL). The method detects
the first minimum region of the voltage beating across the
circuit breakers after protection dead time and works
independently of voltage zero crossing, reducing
significantly the reclosure time. Based on the proposed
method, a controller was implemented and tested on a
Real Time Digita Simulator (RTDS). Finally, a
parametric evaluation is presented taking into account a
large variety of compensation schemes, the transposition
influence and the performance of the proposed method
compared to the traditional pre-insertion resistor
approach and another existing control method.
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1. INTRODUCTION

Transmission systems are subject to overvoltage
surges produced by transmission line switching
operations. These overvoltages appear as traveling
waves on the transmission network, occurring in a
millisecond time frame as a result of circuit break
(CB) operations.

The magnitude and shape of the switching
overvoltages vary with the system parameters and
network configuration. Even with the same system
parameters and network configuration, the switching
overvoltages are highly dependent on the
characteristics of the CB operation and the pomt o
wave where the switching operation takes place.

For line reclosing, the worst case occurs during
three-phase autoreclosing of compensated TL, wheen t
CB pole recloses with pre-existing trapped charge.
Random switching of CB under these conditions
generates high magnitudes of voltage and current
transients, which may produce negative impacts for
power systems. These impacts include reduction of
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equipment lifetime, breakdown of equipment in the
substations, and degradation of power quality.
Consequently, special overvoltage mitigation measur
are employed to meet the insulation coordination
considerations.

The most common practice has been to use closing
resistors, which often are combined with metal-exid
surge arresters to improve reliability. Howeveris th
approach is expensive [1], [2].

Controlled switching has become an economical
substitute for closing resistors and is commonbdu®
reduce switching surges. This is a technique teatu
an intelligent electronic device to control the itign of
closing and opening of independent pole breaketts wi
respect to the phase angle of an electrical rederen
voltage or current signal [3], [4].

Current controlled switching methods to determine
the optimum instant for reclosing of shunt compéata
TL are based on voltage zero crossing across the CB
This procedure requires complex logic becauseitige |
voltage is constantly changing and the compensation
degree of TL influences directly the voltage
waveshape.

The solution proposed in this paper was not to take
the voltage zero crossings as a reference, as gedpo
by earlier researchers [5], [6], but to evaluate th
voltage wave shape across the CB. With this sighal,
detection algorithm is considerably simplified athe
optimal instant for reclosing can be found fastre
reclosure of the CB occurs in the first minimumioag
of the voltage beat after protection dead time and
allows the restoration of the normal power suppithw
the minimum possible time interruption.

In the following sections, the transient switching
phenomena observed during auto-reclosing is redewe
Next, the main features of a new method for degecti
of the optimum instant for reclosing are presentdu:
algorithm is then implemented in hardware and
validated via testing on a Real Time Digital Sintafa

Finally, to complement the study, it is presented a
parametric evaluation taking into account:

- a variety of shunt compensation schemes,

- influence of series compensation,

- influence of different transposition schemes, and

- comparison of the proposed method performance

to the traditional pre-insertion resistor approach
and another existing control method.
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2. THREE-PHASE LINE AUTO-RECLOSING
FUNDAMENTALS

The sequence of events for autoreclosing operations
due to external faults includes automatic trippinfg
their associated circuit breakers and subsequent
reclosure, after a predetermined time interval.

When the line opens, an effective interruption
occurs at the current zero crossing in each phase
leaving a trapped charge on the line, which issambhe
on all phases. At the first interrupted phase vitieage
may reach 1.3 p.u [7].

If the line is reclosed with trapped charge, anémvh
the system voltage is with opposite polarity toelin
voltage, the transient overvoltage could be veghhi
On the other hand, if the trapped charge is ndhdda
by a transformer, a reactor, or a load, the liné wi
remain charged for a long time, the decay of the
trapped charge is very slow and is governed byatlon
conditions. Thus the line stays charged for a long
period after the current interruption, requiringpab?2
to 5 minutes to discharge completely; or even up3o
minutes in very dry conditions.

2.1 Three-phase line auto-reclosing without shunt
reactive compensation

As mentioned in the introduction, breaker reclosing
usually occurs on a line with trapped charge. lis th
case, the voltage waveform across the CB poles is a
function of the degree of shunt compensation. For
uncompensated lines, the waveform can be
approximated with a function of the forin-cosQt),

with a suitable value of2 as shown in Fig. 1(a). The
three-phase reclosing optimization of such an
uncompensated line is straightforward, and is aeltie
by breaker closure at a valley of the voltage digma
when the voltage is around the voltage zero crgssin

12].

2.2 Three-phase line auto-reclosing with shunt reactive
compensation

In the case of shunt compensated lines, the degree
of compensation has an important effect on theagelt
waveform across the CB poles. Due to the osciator
circuit formed by the shunt capacitance of the
transmission line and the shunt compensator's
inductance, the voltage across the CB poles during
reclosing is characterized by a beat [as in Filg)-1d)].

This beat occurs because the voltages at eacthpoée
different frequencies, specifically, the system pow
frequency at one side of the CB, and the natural
frequency both of the compensated equipment and the
line at the other side of the CB [5]-[8].

The beat period depends on the degree of line
compensation. In Fig. 1(b)-(d), respectively, wavefs
are shown for the voltage across the CB for high
(90 %), medium (70%) and low (50 %) shunt
compensation levels. The line data is as in théwec
6.

The drainage of the trapped charge produces a

reduction of the voltage magnitude over time. This
drainage is a function of the reactor quality facts a
result, the maximum magnitude of the voltage beat
tends to decrease and the minimum magnitude of the
voltage beat tends to increase.

Based on these conditions, for a high-compensated
line, the optimal region for reclosing should be finst
minimum voltage beat across the CB as indicated in
Fig. 1(b) by a circle.

For a lower compensated line, the first minimum of
the beat occurs too early. When the dead time for
protection actuation is considered, a later minimum
must be used. The dead time is the time requireitidy
protection to process a breaker operation requasbt a
initiate the breaker opening. The breaker operes aft
additional operating time, as is discussed later in
section 4.2. Assuming a typical dead time of 12egyc
of the fundamental frequency, the optimal region fo
three-phase reclosing corresponds to the second
minimum Fig.1(c) and the fourth minimum Fig. 1(d).
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Figurel: Voltage wave shape across CB. 500 kV system.
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3. EXISTING CONTROLLED RECLOSING
METHOD

The existing method described in [5, 6] identifies
the region of minimum beat and sends an orderasecl
the CB in the next similar region.
Three conditions must be met for identifying the
region with minimum beat amplitude: the zero cnogsi
of the voltage signal at the source side and treedide
must occur at the same time, the derivative of both
signals must have the same polarity and the andglitu
of both signals must be the same. This condition is
equivalent to having near-zero voltage across the
breaker.
The period T of the beat is obtained from two
successive determinations of the minimum beat rihsta
and a timer at time T issues the trip signal &fterlast
measurement.
The disadvantages of this approach are as follows:
- The poles reclose after the first minimum bedticiv
means a longer time with the line out of service.

- The overvoltage is larger when the poles reciose
subsequent minimum voltage regions.

- The beat period is difficult to measure when the
compensation level is smaller (see Fig. 1d).

4. PROPOSED CONTROLLED RECLOSING
METHOD

To overcome the drawbacks mentioned in the
previous paragraph, the proposed method [9, 1@]ssen
the closing command appropriately such that thegol
closing occurs in the first minimum voltage beatoas
the CB, after the protection dead time. This mettsod
based on the voltage wave shape across the CB,
independent of voltage zero crossing.

4.1 Main Control Algorithm

The three-phase voltages are continually monitored
by potential transformers (PTs). For simulation
purposes, the method manipulates actual voltagés, b
for the implementation at the protective equipment
(relay) reduced magnitudes transformed by PTsheill
used. PTs were supposed ideals and effects of the
measuring have not been considered.

Further, although the system is three-phase, the
algorithm needs the voltage of only one phase, lwhic
sends a signal to operate the three phases farsiegl
at the same instant. This is because the minimuah be
location is approximately the same for all threag#s,
regardless of the level of compensation.

First, the voltage at power system side and the
voltage at the line side are measured to deterthiae
voltage wavefornVprk across the CB as shown in Fig.
2. With signal processing, the envelope of the eusv
determined and becomes the reference sigral

In order to attenuate high frequency components, a
Butterworth low-pass filter is employed. The fiker
signal Vref will have a delay in relation to Vbrkhe
delay must be corrected. This correction is done

automatically within the general algorithm.

Prior to breaker openind/ref has zero magnitude,
so using a threshold comparator is identified thstaint
of CB contact openintppen.

tmax trec2
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Figure 2: Identification of optimum instants for TL reclogin

The beat half-period duratioh /2 is identified by

determination the poirttnax at whichVyer achieves its
first maximum. Hence, if the breaker reclosure alds
to be given at the next minimum beat, the delay for
closing from thetmax instant is T,, =T /2. The

method has to adapt itself to any degree of shunt
compensation. For example when the line is lightly
compensated [e.g. as in Fig. 1(cJl, =T /2 may be

too short to process the reclosure signal due to
protection dead time. In that case, the delay oan b
extended tol,, = 3T /2 where the next beat minimum

occurs, or for smaller compensation levels [e.ginas
Fig. 1(d)], even to the following beat minimum tirae

5T /2. Note that unlike previous methods, this method
does not rely on the zero crossing of the signad, the
delay to open can be determined well in advantbeat
point where the beat is at a maximum. A slight
correction is made to the computed breaker closing
time above to account for hardware-specific
characteristics. This is explained in the followisigp-
section.

4.2 Operating times

Breaker operating times of real CB vary
significantly with breaker type as well as opergtand
environmental conditions. Some of the operatingetim
variations are predictable and some are purely
statistical [11]. As shown at the Fig. 3, the CB
reclosing time is expressed as the sum of threester

Trec = Tdead +ATPred +ATSaIistic

The protection dead tim&gead is the interval of
time between energizing the trip circuit to opea €B
and the first re-establishment of current in anjepo
the subsequent closing operatidime periodAT, ., is

a predictable variation from CB closing coll
energization to when the instants at which the
mechanical contacts touch. Peri@d . is a purely

statistical variation of the operating time.
To account for these additional delays, the recksu

signal is reduced from the tinEy; obtained by the
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main control algorithm above by an amount

ATy AT gigic » Where ATgigic 1S the mean value of
AT,

Satistic -
possible to optimum instant as shown in Fig 3.

This way the breaker closes as close as
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Figure 3: Reclosing Time Adjustment
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4.3 Advantages of the Proposed Controlled Switching
Method

The proposed method presents greater reliability in
the determination of thérst minimum voltage beat,
after the protection dead time. The reclosing atfitst
minimum means a shorter out of service time for the
transmission line. The reason why this becomes
possible is that the determination of the first imimm
beat pointtrec: (See Fig. 2) begins at the instant of
maximum beatmax, well in advanceyec;. The previous
method only starts calculation at the pdit;, so the

earliest point to close becomes (approximatélys,.
Also, as the identification of the optimal clositigie is
obtained several power frequency periods in advance
this allows additional adjustment, if necessary, to
account for poles spread and dielectric charatiesis
of the CB.

Also, for lower degree of compensation, the voltage
across CB presents a less pronounced beat and some
zero crossings are omitted [see Fig. 1(d)]. Théiexar
method based on zero crossing is hence less elbl
the period of the voltage beat may not be easiymdo
On the other hand, the proposed method is indep¢nde
of the voltage zero crossing, which makes appli&abl
for any degree of shunt compensation.

4.4 Controller implementation in Physical Hardware

The controller was implemented in a separated
Processor Card (3PC) that contains three Analog
Device's ADSP-21062 digital signal processors. Ehes
are the same cards that used in the RTDS simulator
described below, and hence the graphical userféater
of the RTDS was used to directly translate the
schematic control diagram of the algorithm to agdgm
code for the controller. This greatly simplifiedeth
hardware implementation.

5. PERFORMANCE EVALUATION ON REAL-
TIMEDIGITAL SIMULATOR

After off-line testing using electromagnetic
transients simulation (PSCAD/EMTDC program), the
proposed method was also implemented in physical
hardware as mentioned in the preceding paragraph.
This hardware was then tested on a real-time &atssi
simulator. Real-time simulator based testing has th
advantage that the controller algorithm can be
evaluated as though connected to an actual sy3ieis.
is because the real-time simulator accepts andrgese
signals in realtime and is thus virtually
indistinguishable from the real system. Also modern
real-time power system simulators can model large
networks with considerable accuracy. Unlike ofelin
testing where the simulation only runs for a very
limited time interval, real-time testing can be rmad
run continuously with the protection equipment
connected in situ. Hence, hardware errors, signal
interface errors, signal drifts and so on in theigipent
under test can be identified and corrected. Heeaé r
time simulator based testing was used in this wbhe
particular simulator used was the RTDS from RTDS
Technologies Inc. and its properties are briefly
discussed below.

5.1 Real-Time Digital Smulator (RTDS)

The RTDS is a special purpose massively parallel
processing based computer designed to study
Electromagnetic Transient Phenomena in real tirhe. T
RTDS is comprised of both specially designed
hardware and software [12].

RTDS hardware basically is Digital Signal
Processor (DSP) based and utilizes advanced garalle
processing techniques in order to achieve the
computation speeds required to maintain continuous
real-time operation.

RTDS software includes extensive libraries of
power system and control system components. All
aspects of simulator operation, from constructing
simulation circuits through to recording simulation
results, are controlled through the user-friendly
graphical interface. Power system and controlesgst
components may be interconnected to form the dveral
system for simulation using this graphical user
interface. Similarly, theRuntime module of the RTDS
provides a virtual ‘control desk’ enabling the user
interact with the simulation in real-time by modify
various parameters within the simulation.

5.2 Testing of developed controller

As the actual hardware is being used, it is impurta
that all signals between the RTDS and the controlle
are appropriately scaled.

The interface with the controller was made through
existing analog and digital inputs and outputs hie t
RTDS. The analogue output allows the connection to
the oscilloscope to analyze the signals or physical
magnitudes in real time (Fig. 4).
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Figure 4. Hardware-in-loop testing of proposed controller.

To perform real-time tests, the controller itsedfsh
to be connected to the RTDS receiving the voltages
from the digitally modeled system and sending the
closing order signal to the CB modeled on the RTDS.
As shown in Fig.5, the RTDS performs the digital
simulation of power system and outputs the voltage
power system side and at the line side.

An Optical Analogue-Digital Converter (OADC) is
used to convert these analogue voltages in digital
output signals that can be interfaced to the ctiatto
The OADC inputs have a maximum value of 10 V.

At the instant when the logic signal of a period
identification finishes, an order is sent to reeldhe
CB. The trip is a digital signal, so the connectiaith
RTDS is done through an optical isolation systemgis
the Interface MUX Card (IMC).

s

Circuit Breaker Transmission Line
Zc
R L -
I unt
Equivalent System o
Reactors
(& J
i Trip Analog
i Signals y Signals |
E@ | onoc |
Digital
'Slgnals v

-1 Controller l

Figure 5: Test setup with showing interfaced signals

6. PARAMETRIC EVALUATION OF
PROPOSED METHOD

The proposed method is evaluated through an actual

500 kV AC transmission system. Metal oxide arrester

rated 420 kV have been assumed installed at either

ends of all the TL segments. The TL parameters
calculated for the fundamental frequency (60 H® ar
presented in Table 1.

A frequency dependent phase-domain transmission
line model was used, which included skin effecttaf
conductor as well as the earth.

Table 2 shows the TL shunt compensation data. The
scheme of compensation is composed by banks & thre
single-phase reactors grounded through a neutral
reactor with quality factor of 400.

Components Longitudinal Transversal
(Q/km) (uS/km)

Non homopolar| 0.0161 +j0.273¢ j 6.0458

Homopolar 0.4352 +)1.4423 ] 3.5237

Long Reactive Power Shunt
Segments of TIL (km) (MVAr) Comp.
Sending | Receiving Degree
1*- (B1-B2) | 250 136 200 100 %
2. (B2-B3) | 320 200 150 70 %
3. (B3-B4) 230 150 200 100 %
4™ . (B4-B5) 252 200 150 90 %

Table 2. Shunt compensation data

6.1 Variety of shunt compensation schemes
To consider the shunt compensation effects, the

study was focused on the following lines sections:

A. Final segment of the line that corresponds 52
km line section in between busses B4 and B5,
including two shunt reactors with 50 % and 40 %
compensation respectively (90 % total shunt
compensation).

B. The 320 km line segment between busses B2 and
B3 with the two connected shunt reactors (70 %
total compensation).

C. The same final 252 km segment between B4 and B5
considered in A), but this time with only one shunt
reactor connected (50 % shunt compensation).

The RTDS'’s analogue output allows to analyze in
real time the voltage signal across the CB as agethe
voltage at the end of the transmission line (busaB&
bus B3) for the above three cases. Fig. 6 shows
oscillograms for the three cases (90 %, 70 % an®50
shunt compensated lines) respectively, the CBoisetl
at the first, second and fourth minimum voltagetbla
each case this is the earliest reclosure instasgilple,
considering a dead time for the protection of 1@ey.

Tektronbx  TDS 3054 SEEEE R o IR

I
il anli

9000oo
®000Oo

b) 70% compensation

2
ifPemem®

a) 90% compensatlon

®000oo

2
fPePPEem
c) 50% compensation

Figure 6: Reclosing of TL using the developed controller.

Table 3 shows the difference between maximum

Table1. TL Parameters — 60 Hz. voltage of the three phases across the CB and minim
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voltage at region of minimum beat across the CBs Th
difference allows to note the advantage to recttBet
the region of the minimum voltage beat across CB.

Compensa{ Maximum voltagel Maximum voltage at region
tion degree across CB of minimum beat across CB
90 % 780 kV 125 kV _(First minimum)

70 % 840 kV 160 kV (Second minimum
50 % 900 kV 330 kV_(Fourth minimum)
Table 3. Maximum voltage across CB
6.2 Influence of series compensation

For very long transmission lines, in addition te th
shunt compensation it is used series capacitorgghwh
increase transmission capacity, reduce system dosse
and improve the voltage profile of the LT. Table 4
shows the series compensation data of the TL.

Series Capacitor

TL Long. (km) | Compensation Degree (%) [Xd| (Q)
900 50 95.432

Table 4. Series compensation data

Fig. 7 shows the comparison among a TL with 90 %
shunt compensation and the same TL with 90 % shunt
compensation plus 50 % series compensation.

The PSCAD/EMTDC simulations demonstrates that
the beats across CB for TL with series compensation
and TL without series compensation are very similar
so it is possible to conclude that series comp@rsat
does not interfere with the performance of devedope
method.

_® L Twith shunt compensation ™ | Twith shunt + series conpensation

(kv)
o

-600
-800-

(s) 0500 0550 0,600 0650 0.700
Figure 7: Comparison among shunt compensation TL vs.

shunt-series compensation TL.

6.3 Influence of transposition

At section 6.1 the performance of the controlled
switching method was evaluated using perfectly
transposed transmission lines. This consideration
contributes to the method effectiveness because the
negative and positive line sequence parameterthare
same. Therefore, for shunt compensated TL, the line
side voltage after the line deenergization presents
mainly one frequency component, related to the
positive sequence parameters.

However, the actual lines are not ideally transgpse
or in other words, the line is not balanced forth#
frequencies involved in a electromegnetic transieat
higher frequencies signals the wavelengths are not
much greater than the transposition cycle, anc:fbes
the line transposition should be properly repressnt

The Brazilian Power System Grid normally uses a
transposition scheme known as 1/6 - 1/3 - 1/3 5 1/6
which uses three transposition towers.

As a matter of comparison, the line was modeled in
two different ways: perfectly transposed and not
transposed with the transposition scheme as above.

The second segment of the system under study was
used for the analyze. Fig. 8 shows the voltagesacro
CB and the line side voltages respectively. The
developed method was applied to a ideally transpose
line and a line with the transposition scheme & 1/
1/3-1/3 - 1/6.

Therefore it can be concluded that the method
performance was satisfactory for both cases.

= | T perfectly transposed = | Twith transposition scheme

1.0kq
0.8kq
0.5kq
0.3kq
0.0+
-0.3k]
-0.5kq

(kv)

-0.8kq

10k
(s) 0.400

0450 050 0550 0600

Figure 8: Comparison: LT perfectly transposed and LT with
transposition scheme 1/6 - 1/3 - 1/3 - 1/6

6.4 Comparison of different methods

The proposed reclosure algorithm (base case) was
compared with the following situations that use
alternate methods:

A. without any control of the reclosing time,
B. with the existing controlled reclosing method,
C. with the use of pre-insertion resistor.

Simulation case A) is a hypothetical case conducted
for with reclosing at a time halfway between the
maximum and minimum beat typically 500 ms after
breaker opening. It was conducted for comparative
purpose only as it produces a ‘typical’ overvoltage
value.

Simulation case B) assumes reclosure using
previously existing method. The CB closes at the
second, third and fifth minimum voltage beat actbes
CB; for 90 %, 70 % and 50 % shunt compensated,lines
respectively. These reclosing instants are ideal. |
reality, the method may face additional difficulty
because the exact period of the voltage zeros raay n
be found.

In simulation case C) was used the pre-insertion
resistor. In this study, an existing 4@D resistor was
simulated, with insertion duration of 8 ms, begimat
500 ms after line opening (typical value for Breail
500 kV transmission systems is in the range 500110
ms).

Table 5 summarizes the simulation results and
includes breaker-reclosing times. The proposed oaketh
has lower overvoltages in comparison to the other
methods, but significantly less compared to the
commonly used pre-insertion resistor method.
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90 % shunt compensation 70 % shunt compensation % SBunt compensation
Voltage at Reclosing Voltage at Reclosing Voltage at Reclosing
receiving end time receiving end time receiving end time
(pu) (ms) (pu) (ms) (pu) (ms)
Without overvoltage contrg 1.80 500 1.94 500 1.91 500
Pre-insertion resistor 153 500 1.42 500 1.85 500
Existing method 1.25 740 1.28 350 1.61 297
Proposed method 1.24 360 1.15 230 1.59 239
Table5. Overvoltages on receiving end of transmissioa lin
Also, it can be seen that even though the application of MO-arrester and controlled

overvoltage is only slightly smaller for the prewsty
existing controlled reclosure method, the advantage
that the proposed method has is a much-reduced
reclosing time. It should be noted that the presipu
existing method was treated in an idealized manner,
with its CB being closed at the second, third afit f
minimum voltage beats. This is optimistic, and in
reality, the CB time would in all likelihood be ther
delayed (around 800 ms instead of 297 ms as rajjorte
[5-Part II]. This is because particularly for low
compensation levels, the CB voltage has a less than
pronounced beat and even certain intervals whem th
is no zero crossing at all, making it difficult fohe
existing method to identify the optimal reclosing
instance.
7. CONCLUSIONS

A new method to control the three-phase reclosing

of a transmission line that does not rely on zero

crossing measurements was developed. The proposed

method was implemented in physical hardware, and it
successful operation was confirmed using Real Time
Digital Simulator.

The controller is able to reduce the switching
overvoltage and is able to ensure reclosure at the
earliest possible time, thereby reducing the infaion
of power energy.

In comparison to presently used methods, the
controller presents greater reliability in  the
determination of the first minimum voltage beatr fo
any degree of shunt compensation.

The parametric analysis demonstrates that the
proposed method work satisfactory with a variety of

compensation schemes. The series compensation and

the transposition do not influence the performaate
the method.

The use of the adaptative three-phase controlled
reclosing eliminates the need of pre-insertionstess,
reducing the costs of transmission line CBs. As a
consequence, the controlled switching may provide a
increase of power apparatus lifetime and improvemen
on power quality.
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