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Abstract: 

An approach for controlled reclosing of transmission lines with shunt reactive compensation is proposed here to reduce switch ing 

surge over voltages . It consists of applying Karrenbauer’s transformation as a matrix operator for the analysis of voltage sign als 

required to control switching operations. The procedure also determines the arc ext inction time for single and double -phase-to-

ground faults which may avoid unsuccessful reclosing. A device to control the line reclosing was implemented and evaluated through 

real-t ime simulations. An offline version was implemented for parametric and sensitivity analysis through the Electromagnetic 

Transients Program using actual parameters from the Brazilian Power System Grid. Several field oscillographic data, obtained  from 

Brazilian power transmission lines with different transposition schemes, were used to validate the proposed approach, and the  results 

attest its efficiency.   

 

Index Terms : Controlled switching, fau lt ext inction, switching over voltages, transmission lines.   

 

I. INTRODUCTION 

Controlled switching has been a desirable method for stress 

reduction, in particular, fo r the reduction of switching over 

voltages becoming an issue of widespread interest to utilities 

and manufacturers [1]–[4]. Its feasibility has been studied for 

several years, and it has been shown that it can be quite 

effective [5]– [11].Trad itionally, circu it breakers (CBs) with 

built-in pre-insertion resistors (PIRs) have been used to 

mitigate switching overvoltages in transmission lines. 

However, PIRs make the CB mechanically more complex and 

costly, and controllers have been developed to replace them [3], 

[4]. Besides presenting an electrical performance s imilar to that 

of PIR, controlled switching provides higher overall reliability, 

easy retrofit, CB performance enhancements, and reduction of 

associated maintenance costs [1], [2]. In addition, the design of 

500-kV trans mission lines has been based on an insulation level 

of 1.7 p.u. and that was made possible only by using a 

combination of controlled switching and surge arresters [1].   

II. LINE-S IDE VOLTAGE ANALYS IS  

 For shunt-compensated transmission lines, after line de-

energizat ion, the line-side voltage presents an oscillat ing 

characteristic due to the circuit formed by the line capacitance 

and the shunt reactors inductance. This oscillatory wave shape 

may contain different frequency components. For a better 

understanding of the line-side voltage oscillat ing behavior, 

consider the opening of a three- phase fully transposed line 

with shunt compensation and no fault condition. Due to the 

electromagnetic coupling between the line phases and the three 

phase shunt-reactors, the line reactor circu it has two natural 

oscillating frequencies f0 and f1 , which correspond to modes 1 

and 0, respectively. These frequencies can be determined by 

ignoring the line series reactance, since it is very small 

compared to the reactor reactance L0 and L1 are the shunt 

reactor inductances while C0 and C1  are the line capacitances 

for modes 0 and 1,  respectively 

 
A. Single-Phase-to-Ground Faults (SPGs)  

Under fault conditions, the oscillat ing frequencies of the line 

side voltage can be obtained by means of fault analysis using 

modal transformation. In this paper, the Karrenbauer matrix 

was used as an operator, due to its simplicity. The relation 

between the line-side voltages in phase domain (va ,vb , and vc) 

and in modal domain (v0, v1 , and v2 ) can be expressed as 

 
 For single-phase-to-ground faults, it can be shown that after 

line opening, the modal circuits are connected in series as in 

Fig. 1. The following equations for the modal voltages are 

obtained: 
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So, under single-phase-to-ground faults, the oscillat ing 

frequencies of the line-side voltage are determined by the 

arguments of the cosine functions in (4)–(6). At the instant in 

which the fault  is ext inguished, the modal circu its are 

decoupled and then the oscillat ing frequencies of the line-side 

voltage are then determined by (1) and (2). 

 

Fig. 1.Connections of the Karrenbauer modal circuits for an 

opened line under a single-phase-to-ground fault. 

B. Double-Phase-to-Ground Faults (DPGs)  

For double-phase-to-ground faults, it can be shown that due to 

the modal circuits  connection, there is only one oscillat ing 

frequency at the sound phase, which is given by (7). When the 

fault is ext inguished, the modal circuits are decoupled, and the 

oscillating frequencies of the line-side voltage are then 

determined by (1) and (2) 

 

C. Phase-to-Phase and Three-Phase Faults  

In the case of phase-to-phase faults, it can be shown that there 

are two oscillat ing frequencies in the line-side voltage, which 

are given by (1) and (2). These frequencies are also observed 

after fault ext inction, as discussed in the previous sections. For 

three-phase faults, there may be trapped charges in the line. 

However, these charges are quickly damped out and after the 

dead time, the line-side voltage can be neglected. 

  

III. BASICS ON CONTROLLED SWITCHING 

The closing command for the CB is normally issued randomly  

at some instant command with respect to the phase angle of the 

voltage across the CB (To operating)contacts, which is the 

reference signal for the controlled closing. Furthermore, the 

contacts making instant occurs after a period of time commonly  

called the operating time of the CB . The timing sequence for 

controlled closing is shown in Fig. 2, where the optimal making 

instant is the zero crossing of the reference signal. The method 

consists of controlling the instant tcommand, delaying it for a 

time interval Tdelay in order that toptimal, previously 

predicted, occurs at the instant Tdelay + Tdelay after 

tcommand.  

 

A. Trans mission-Line Closing  

Line closing, or energ izat ion, is a typical switching operation 

on power systems. During this operation, there is no trapped 

charge on the line and the optimal making instant for each line 

phase is the zero crossing of the source-side voltage, which is 

the reference signal for the controlled closing 

 

Fig. 2. Schematic-controlled closing sequence 

B. Shunt-Compensated Transmission-Line Reclosing  

For shunt-compensated lines, after the line opening, the lineside 

voltage presents an oscillating characteristic, and the reference 

signal is the voltage across the CB contacts. The optimal- 

making instants for a 80% shunt-compensated line, which occur 

at the zero crossing and at the minimum beat of the reference 

signal, are indicated in Fig. 3(a). The reference signal for a 

sound phase of this line under a single-phase-to-ground fault is 

shown in Fig. 3(b). The influence of the frequency component 

regarding mode 0, which significantly affects the reference  

signal waveform, can be observed. 

 

Fig. 3. Voltage across the CB contacts for 80% shunt 

compensated lines. (a) No-fau lt condition. (b) Under single-

phase-to-ground fault. 

IV. PROPOS ED APPROACH 

A new procedure for controlled reclosing of shunt-compensated 

lines is proposed here. It is based on a simple zero-crossing 

algorithm and modal transformations to analyze the frequency 

content of the line-side voltage after the line opening. Th is is an 

improvement of the approach proposed. Here, the ext inction 

time of the single- and double-phase-to-ground faults is 

determined, preventing reclosing onto fault. The flowchart that 

summarizes this approach is shown in Fig. 4 and is discussed. 
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Fig. 4. Reduced power system used in real-time simulat ions. 

TABLE I 

LINE S EQUENCE PARAMET ERS  

 

A. Filtering and Sampling  

The controlled switching system (CSS) receives voltage signals 

(source side and line side) that are provided by potential 

transformers (PTs). In order to minimize the aliasing effect as 

well as to attenuate high-frequency components, a third-order 

Butterworth low-pass filter was used. After filtering, the signals 

are sampled by 960 samples/s. This rate is enough to reproduce 

the signal without the aliasing effect and it is commonly used 

on digital power system protection.  

 

B. Cause of Line Opening and Line-Side Voltage Analysis  

Reliab le fault identificat ion and classification methods have 

been proposed in the literature. Once the fault is identified and 

classified, the protection system acts to clear the fault and to 

open the line, that is when the proposed approach begins to 

work. For the line-side voltage analysis, it is assumed that the 

cause of the line opening is previously known.  

 

1)Line Opening Due to an External Fault : In this case, the 

line-side voltage has two frequency components, related to 

modes 1 and 0. Its analysis  starts at the time the line is opened 

by means of modal transformations using (3). Since each of 

these components assumes a sinusoidal wave shape, it is 

possible to estimate their amplitude and frequency based on 

zero crossings. A zero crossing is detected whenever a 

sinusoidal signal changes its polarity between two consecutive 

samples. The periods of the signals are determined by means of 

two consecutive zeroes, and their amplitudes are determined by 

finding the highest absolute value between these zeroes. This 

procedure is also performed for the following cases. 

2) Single-Phase-to-Ground Faults: 

Here, the frequency component related to mode 1 can be 

evaluated for the sound phases based on (3), (5), and (6), as 

soon as the line is opened. On the other hand, the frequency 

component related to mode 0 must be evaluated only after fault 

extinction, due to the change in its value.  

 

3) Double-Phase-to-Ground Faults:While the fault remains 

on the line, the oscillat ing frequency of the line-side voltage is 

determined by (7). After the fault ext inction, new frequency 

content is observed. Aiming to provide the suitable making 

instants for line reclosing, the line-side voltage analysis must be 

initiated after fau lt ext inction.  

 

4) Phase-to-Phase and Three-Phase Faults: Since the 

oscillating frequencies of the line-side voltage for phase-to-

phase faults are the same during and after the fault, its analysis 

can be started at the time the line is opened. Regarding three-

phase faults, no analysis is necessary since no line-side voltage 

is expected. In this case, the controlled line reclosing becomes 

similar to a line closing. 

C. Fault Extinction  

It is necessary to check whether the fault is ext inguished during 

the line dead time in order to prevent reclosing onto fault. The 

changes in the oscillating behavior of the line-side voltage upon 

fault ext inction (discussed in Section II) are the basis for the 

proposed approach. Hence, CSS is able to identify the 

extinction of single- and double-phase-to-ground faults, which 

account for more than 80% of fau lts in 500-kV and 750-kV 

transmission lines at the Brazilian Power System Grid. When 

other fault types occur, CSS waits until the predefined dead 

time is reached in order to reclose the line.  

 

1) Extinction of Single-Phase-to-Ground Faults (SPGs):  

While the fault remains in the line v1+ v2=- v0 ,that is, the 

signals - v0 and v1+ v2 are equal and have a sinusoidal 

waveshape whose frequency is determined by the argument of 

the cosine function in (4). After the fault, oscillates at a 

frequency determined by (2) while v1+ v2 oscillates at a 

frequency determined by (1). Consequently, it is possible to 

determine the extinction of SPGs based on the following 

statement: while with v1+ v2=- v0, the fault remains. The 

statement above is valid only for the ideal situation where the 

fault impedance and the line series reactance are neglected, 

which makes the equality v1+ v2=- v0 valid  for any point in the 

line. In practice, the sum of the modal voltages (v0+ v1+v2) has 

a value directly proportional to the fault impedance. Then, 

instead of checking the equality v1+ v2=- v0 po int to point, it is 

checked whether the signals are close to each other over a given 

interval, and techniques employed in evaluating the quality of 

curve fitting are used. A statistical parameter suitable for this 

purpose is the coefficient of determination R2. Th is a 

dimensional coefficient quantifies the quality of the fit between 

zero and one, where values closer to one indicate a better fit. 

The definit ion for R2 is given as follows: 

 

Where SSE is the sum of the squared differences between v1+ 

v2 and -v0 , in a range with N samples of each signal 

 

and SST is the sum of the squared differences between the 

samples of -v0 and its mean value ṽ in a range with N samples 
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If SST is s maller than SSE , a  negative value for R2 can be 

obtained. This indicates a complete mis match between v1+ v2 

and -v0. Here, in order to better visualize the results, if R2 < 0, 

R2 is set to zero. Considering a range of 16.67 ms 

(corresponding to one cycle of the fundamental frequency) and 

a sampling rate of 16 samples/cycle, the value of is R2 

calculated for 16 samples. With each new sample, a new value 

for is calculated based on the latest 16 samples. After the line 

opening, the value of must be close to one, since the signals 

v1+ v2 and -v0 must be close to each other. When the fault is 

extinguished, these signals become distinct from each other and 

a zero value for R2 is expected. Thus, based on the value of R2, 

it is possible to identify the extinction of SPG. 

 

2) Extinction of Double -Phase-to-Ground Faults (DPG):  

Considering that the phases involved in the fault (e.g., phases A 

and B) have zero voltage values, it can be shown from (3) that 

the equality in (11) is valid. That is, the condition set to a DPG 

involving phases A and B (v1+ v2=- v0 ) is the same for an 

SPG involv ing phase A. Similar analysis can be performed for 

an SPG involving phase B. So the ext inction of a DPG can be 

determined similar to the case of SPG, though the two phases 

involved in the fault must be analyzed  

D. Signals Estimation and Making Instants Computation  

Once the fault ext inction is identified and after analyzing the 

line-side voltage, CSS predicts a list of possible optimal-

making instants for each phase, taking into account. An 

optimal- making instant is determined when the slope 

(derivative) of the line-side and source-side voltage has the 

same signal at the time they cross, which means a zero crossing 

of the reference signal at its min imum beat.  

 

E. Controller Logic  

The controller logic is responsible for the coordination of the 

switching command. It acts to control this command in order to 

accomplish the switching operation of each phase at the 

predicted optimal-making instants. With CSS, it is possible to 

reclose the line at the first optimal making instants following 

the fault ext inction and minimize the dead time in which the 

line is out of service. In the case of line opening due to external 

faults, the reduction of the dead time is possible since the 

analysis of the line-side voltage starts right after the line 

opening. This increases power system reliability and 

availability.  

 

V. IMPLEMENTATION AND EVALUATION IN REAL 

TIME 

Based on CSS, a device for controlled closing and reclosing of 

transmission lines is proposed here. This device is implemented 

for real-t ime evaluation using the Cbuildertool of the real-t ime 

digital simulator (RTDS) and receives the signals from the 

power system needed to provide the controlled switching via 

analog inputs. These signals are sampled by analog-to-digital 

converters and filtered. Then, based on the line-side voltage 

analysis, the suitable making instants are predicted. The status 

of the breaker (open or closed) is monitored and controlled via 

digital inputs and outputs. Also in real time, the ext inction of 

SPG and DPG is determined using the coefficient.  

 

A. Power System  

The reduced system shown in Fig. 5, which is based on data 

obtained from the 500-kV North-Northeast Brazilian Power 

System Grid, was used to evaluate the proposed device. It 

consists of a 400-km shunt-compensated line with 420-kV class 

metal–oxide arresters (MOA) connected at both ends of the 

line. The MOA has a protection level of 830 kV at 2 kA. The 

source voltage was adjusted to 550 kV, which is the maximum 

normal operating condition. The power system data are 

presented in Tables I and II.  

TABLE III 

MAXIMUM OVERVOLTAGE VALUES W ITH A 

PROBABILITY OF OCCURRENCE 

SMALLER THAN OR EQUAL TO 2% (Vbaase= 550 kV) 

 
 

MOA: metal–oxide arrester.  

PIR: preinsertion resistor and MOA.  

CSS: controlled switching and MOA.  

CSS-F: controlled switching and MOA under fault condition.  

 

 

B. Simulation Procedure  

In order to properly evaluate the method, the statistical scatter 

with respect to the CB operating time               must be 

considered. A description of typical values for this scatter can 

be found in [5].          is given as a function of the CB-rated 

operating time                   

 

                              

 

Variations in the operating conditions, such as contacts aging 

and wearing as well as stored energy of the drive and ambient 

temperature, can be compensated by sensors or adaptive control 

[6]. However, there is still inherent statistical scatter related to 

the operating time. These effects are taken into account using a 

Gaussian probability distribution and a scatter of 2 ms. 

Different line switching operating conditions were evaluated 

considering the sending end as the first to close:  

• Reactors at both ends (64% shunt compensation);  

• Reactors at the sending end (32% shunt compensation).  

The controlled switching performance is compared to the 

preinsertion resistors method (PIR), using a resistance of 400 

and an insertion time of 8 ms, which are typical values used at 
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the Brazilian Power System. For comparison purposes, 

situations with only MOA at line ends during switching 

operations are evaluated 

.  

TABLE IV 

MAXIMUM OVERVOLTAGE VALUES W ITH A 

PROBABILITY OF OCCURRENCE 

SMALLER THAN OR EQUAL TO 2% (Vbaase= 550 kV)  

 

 
 

 
Fig. 5.Single-line d iagram from part of the Brazilian Power 

System Grid. 

 

TABLE V 

SEQUENCE PARAMETERS FOR THE LINE MILAGRES—

S. J. DO PIAUI 

 
 

VI. Results  

For each case, 400 statistical simulat ions were performed and 

the maximum over voltages values along the line, with a 

probability of occurrence smaller than or equal to 2%, are 

shown in Fig. 7. Line closing and reclosing with and without 

fault conditions were considered. The over voltages were 

evaluated at the line ends and at 25%, 50%, and 75% of their 

total length. It is observed that the use of PIR or CSS in  

conjunction with MOA limits the switching over voltages 

efficiently.  The better results obtained with CSS, which 

eliminate the need for PIR, were due to the good accuracy on 

estimating the reference signals ahead in time, which enables 

the determination of appropriate instants for the CB to close. 

Higher overvoltages are obtained when the line is reclosed due 

to a fault occurrence compared against line reclosing with no 

fault. However, it is noteworthy that these overvoltages reach 

values similar to those obtained with line closing using 

controlled switching. Using CSS, the line-side voltage for a line 

reclosing due to a fault occurrence is presented in Fig. 8. It is 

observed that overvoltages are low and that dead times required 

to reclose the line were far below the 500ms typically used, 

reducing the total time in which the line is out of s ervice. In 

Fig. 8(a) and (b), is used to identify the fault extinction. In all 

simulations, CSS was able to perform this identification 

successfully and to reduce the line dead time.  

 
 

Fig.6 Simulation model 

 
Fig 7 Line-side voltage: reclosing due to a s ingle-phase-to-

ground fault. (a) 64% shunt compensated line. (b) Fault  

extinction for item (a). 

 
Fig..8 Line-side voltage: (a) 29% compensation and SPG fault  

at Milagres, (b ) fau lt ext inction for item (a).  

 
Fig.9. Line-side voltage: (a) 58% compensation and SPG fault, 

(b) fau lt ext inction for item (a).  
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Fig. 10. Line-side voltage: (a) 80% compensation and DPG 

fault at Milagres, (b) fault  ext inction for item (a).  

 

D. Potential Transformers Influence  

CSS receives voltage signals provided by capacitive voltage 

transformers (CVTs). Its influence on the proposed approach 

performance is addressed here.  The focus is on the 

inaccuracies in its secondary terminal in relation to the primary. 

A 500-kV CVT model reported by was used for analysis. Its 

frequency response is presented in Fig. 5. Only at 60 Hz, does 

this CVT have a gain of 1.0 p.u. and no phase shift. For the 

analyzed cases (reclosing of 32% and 64% shunt compensated 

lines), the oscillating frequencies of the line-side voltage are 

33.9 and 48.0 Hz, respectively. Regarding the CVT response, a 

small inaccuracy is observed to 64% shunt compensation: gain 

of 1.003 p.u. and phase shift of 2.3. For 32% shunt 

compensation, the errors are more ev ident: gain of 1.155 p.u. 

and phase shift of 13.6. These inaccuracies are reflected in the 

reference signals used by CSS to predict optimal-making 

instants.  Following the simulation procedure discussed in 

Section V-B, the maximum overvoltage values with a 

probability of occurrence of smaller than or equal to 2% are 

presented in Table IV: CSS with an ideal CVT and with the 

CVT reported. The latter had almost no influence for 64% 

shunt-compensated line. For a 32% compensated line, that CVT 

leads to an increase of 0.06 p.u. in the maximum overvoltage’s , 

when compared with an ideal CVT. 

 

VII. CONCLUS ION 

A procedure for controlled switching of shunt-compensated 

transmission lines was proposed. By using simple techniques 

for signal analysis, it was possible to identify the ext inction 

time for single- and double-phase-to-ground faults, accurately 

predict the suitable making instants for line closing and 

reclosing, and to reduce the switching surges. When other fault 

types occur, the CSS waits until the predefined dead time is 

reached in order to reclose the line. The results proved the 

efficiency of the approach, and a device based on the proposed 

CSS was implemented for real-time simulations using the 

RTDS, confirming its feasibility for pract ical applications. The 

success of CSS depends on the correct identification of the 

reason for line opening. The use of reliable methods for this 

purpose plays an important role in the overall process. This 

paper is an important step to use a controlled switching device 

in connection with CBs with no PIRs. Further developments 

must be carried out in order to achieve a final product, such as 

the design of a prototype which fulfills the requirements 

concerning electromagnetic compatib ility and an adaptive 

control system to account for variations in the CB’s operating 

time.  
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