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ABSTRACT: 

Uncontrolled shunt reactor and transformer de-energization typically causes re-ignitions that can lead to 

equipment failure of the associated circuit switcher, circuit breaker, reactor or transformer.  Many 

utilities strive to apply reliable methods for reducing re-ignition such as circuit breaker point-on-wave 

control, surge arresters or a combination of the these methods.  Detection of these events is 

problematic as the frequency of re-ignition events can often exceed the 10kHz sampling frequency of 

commonly available substation hardened event recorders and protective relay event recorders. 

 

This paper presents a method of automatically detecting, logging and alarming for re-ignitions on HVAC 

circuit breakers during shunt reactor open operations.  The system also provides remote monitoring 

capability of each re-ignition or restrike event and the last breaker opening event.  Field data from the 

initial installation is then reviewed for effectiveness. 

 

This system is made possible by the use of high resolution data acquisition of a transmission line 

protective relay.  This allows evaluation of the high resolution COMTRADE event file for transient 

abnormalities such as HVAC circuit breaker re-ignition and restrikes.  On HVAC shunt reactor breakers, 

this system allows for a practical response to several scenarios, such as inaccurate point on wave control 

timing, defective surge or grading capacitors, or defective surge suppression across the terminals of the 

breaker. 

 

I. INTRODUCTION 

When a breaker’s main contacts open, an arc will develop until a current zero occurs.  At current zero 

the arc will normally clear.  Breaker re-ignition or restrike is defined as when the voltage across the 

breaker’s main contacts exceeds the dielectric strength between the contacts, the arc re-establishes 

itself.  A re-ignition occurs if the arc re-establishes itself within 90 electrical degrees of extinguishing.  

This sometimes occurs during shunt reactor de-energization, shunt capacitor de-energization or 

transmission line fault clearing.  A restrike occurs if the arc re-establishes itself after 90 electrical 

degrees of extinguishing [1]. 

 

Figure 1a shows re-ignition on each phase ½ cycle before clearing during a shunt reactor field test 

performed in 2004 at BPA Dworshak substation in Idaho.  The reactor side voltages and reactor currents 

are displayed.  The switched shunt reactor is rated 180 MVar at 550kV and is made up of three 60 MVar 

single phase units.  The sample rate of the laboratory event recorder used to generate the COMTRADE 

file was 1 MHz, although the displayed COMTRADE event is a result of a 100 kHz smoothing filter.  Figure 

1b illustrates the apparent 110 µsecond rise time of the reactor side measured C- phase voltage.  This 

shows the voltage ringdown characteristic as the contacts begin to separate but is then brought back to 

bus voltage at the time of re-ignition [1].  

 



 

            

 
Figure 1a.  Re-ignition on each phase ½ cycle before clearing.  

 

 



 
Figure 1b.  Reactor Potential Ringdown Characteristic 

 

Figure 2 shows a Digital Fault Recorder capture of a breaker re-ignition on A phase 1 cycle before 

clearing, during transmission line fault clearing.  This type of improper breaker operation warrants 

removal from service for maintenance or repair [2].  The sample rate of the DFR is 10 kHz.  B-G & C-G CT 

flashover occurred at the remote end’s free standing CTs initiated by Motor Operated Disconnect 

switching.  The upper current trace first shows the breaker’s A-phase re-ignition following load current 

interruption.  The induced line transients from the re-ignition caused the remote end’s A-phase CT to 

flashover which induced an A-phase fault that carried through the second re-ignition.  The middle 

current trace shows the other line breaker properly interrupting fault current.  The lower A phase line 

potential trace captured a glimpse of the Transient Recovery Voltage during the second re-ignition but 

missed it during the first re-ignition.  This transmission line breaker is not Point On Wave Controlled.   

 



 
Figure 2.  Re-ignition on A phase 1 cycle before clearing 

 

II. RE-IGNITION DURING SHUNT REACTOR DE-ENERGIZATION 

Reactor de-energization is more problematic for BPA than energization.  The capacitance of the bus 

between the breaker and the reactor causes a high frequency ring down of the trapped charge on that 

capacitance.  At the ring frequency there is a steep rise in the recovery voltage across the breaker, often 

reaching 2 p.u. in about 0.3 msecs.  The result is often re-ignitions of one or more phases during each 

de-energization [1].   

 

Multiple re-ignitions on phases during de-energization have led to a number of breaker failures on the 

BPA system.  One solution to these failures has been to apply external arresters across the breaker 

contacts, supplied by the breaker manufacturer.  Another manufacturer’s solution was to apply 

controlled opening for all reactor switching breakers.  Presently at BPA all new reactor-switching 

breakers are required to have controlled opening to keep the breaker warranty valid.  The objective of 

controlled opening with reactors is to time the open coil energization so that the main contacts are as 

far apart as practical so that they can withstand the high-frequency recovery voltage from reactor de-

energization.  Figures 3 and 4 show the field test measurements of uncontrolled and controlled reactor 

de-energization for a 500kV shunt reactor.  The two figures appear the same except for the re-ignition 

on the reactor current waveform one half cycle before the final current zero in Figure 3.  In the event 

shown in Figure 4, the breaker contact timing is controlled to avoid these re-ignitions that can lead to 

breaker failures [1].   

 



 
Figure 3.  Uncontrolled shunt reactor de-energization 

 



 
Figure 4. Controlled shunt reactor de-energization 

 

III. RE-IGNITION DETECTOR OPERATION 

The re-ignition detection system was developed to detect, log, record and alarm for re-ignitions and 

restrikes on HVAC circuit breakers during shunt reactor de-energization operations.  BPA Custer 

substation’s Reactor #1’s circuit breaker was selected as a good candidate for this pilot project since this 

breaker location has a history of somewhat frequent breaker failure operations.   

 

The re-ignition detection system block diagram is shown in Figure 5.  The existing conventional IEEE 

C57.13 rated metering current transformers and capacitive voltage transformers were used to input the 

reactor breaker currents and bus potentials to the system. 

 

 

 

 

 

 

 

 

 



 

 

 
Figure 5.  Custer substation re-ignition detection system 

 

A. PROGRAMMABLE AUTOMATION CONTROLLER  

The Programmable Automation Controller is used to act as the alarm interface between the system’s 

computer and the substation’s SCADA RTU.  BPA has several generations of SCADA RTUs that require 

different protocol interfaces including serial and Ethernet MODBUS, serial and Ethernet DNP3 and 

contact logic.  The Controller accommodates these interfaces through the manufacturer’s provided 

protocol programming modules and the user’s custom interface programming.  The Controller also 

serves to trigger the system’s computer when a circuit breaker de-energization event occurs.  One serial 

communication channel is used for both the open pole event trigger and for passing re-ignition/restrike 

alarm information. 

 

Reactor #1 instrumentation current is routed through the CT/PT card of the controller.  A breaker de-

energization operation is identified upon the presence of reactor load current followed by the loss of 

reactor load current.  This opened breaker status is then sent as an RS232 message to the system’s 

computer. 

 



When the system’s computer sends a re-ignition alarm to the controller, the respective phase 

identification, date and time are sent via RS232 serial parsed messages.  The controller will convert the 

alarm information to the appropriate protocol interface of the connected SCADA RTU. 

 

B. TRANSMISSION LINE RELAY’S HIGH RESOLUTION EVENT RECORDER 

The line relay uses 18 bit A/D converters sampled at 1 MHz to acquire the voltage and current samples 

for the high resolution COMTRADE records that contain only analog samples. 

 

The line relay’s event recorder was tested for frequency response in the BPA lab.  We found its effective 

measurement bandwidth to be between 200kHz and 400kHz.  Figure 6a shows the high resolution event 

recorder’s response to a 400kHz sine wave.  Figure 6b shows the response to a 200kHz sine wave.  

Figure 6c shows the response to a 100kHz sine wave. 

 

 

 
Figure 6a. Line relay’s event recorder response to a 400kHz applied sine wave 

 

 



 
Figure 6b. Line relay’s event recorder response to a 200kHz applied sine wave 

 

 

 
Figure 6c. Line relay’s event recorder response to a 100kHz applied sine wave 

 

The line relay produces Binary 32 COMTRADE events as defined in IEEE C37.111 – 2013.  The system 

computer’s application uses the *.cfg file information to process the COMTRADE *.dat file’s contents.  



Useful parameters in the *.cfg file include the number of analog channels recorded; each recorded 

channel’s labeling; channel scaling; CTR/PTR; system frequency; sampling rate and number of recorded 

samples.  To limit the size of the relay’s record length, the programmed record length is set to 0.4 

seconds.  Figure 7 shows the text content of a typical Binary 32 COMTRADE *.cfg file. 

 

 
Figure 7. Text content of *.cfg file 

 

The relay is programmed to automatically generate these COMTRADE records after each detected single 

or multi phase open pole operation. 

 

The COMTRADE record naming convention of the relay’s recorder conforms to IEEE C37.232-2011.  The 

format of the record name includes the trigger date and time along with other information.  The Re-

ignition Detection System computer application uses the COMTRADE filename’s trigger date and time 

information to identify the event records for the latest breaker de-energization operation. 

 

C. SYSTEM COMPUTER  

The system computer runs the proprietary circuit breaker re-ignition detector application.  The 

application constantly checks for a circuit breaker de-energization operation from the automation 

controller.  Once detected the application uploads the last de-energization record from the high 

resolution event recorder via the FTP connection with the transmission line relay.  After the file upload, 

the application opens the last record and evaluates it for a re-ignition or restrike.   

 

The shunt reactor breaker’s current waveform and respective bus voltage waveform are referenced to 

detect a re-ignition or restrike.  A re-ignition or restrike is declared when there’s a significant current 



transition from the nominal load current.  The voltage peak envelope and current transition magnitude 

are programmable via the HMI.   

 

IV.  RE-IGNITION DETECTOR DEVELOPMENT 

A. Line Relay Event Recorder Settings 

The line relay’s event recorder is programmed to include 0.1 seconds of pre-trigger data and to have a 

record length of 0.4 seconds.  The event recorder’s programmed triggers are single phase and three 

phase open pole detection elements – namely TR = OPA + OPB + OPC + 3PO.  Figure 8 shows the relay’s 

open pole detection logic.  Figure 9 illustrates a breaker opening event with an open pole event trigger 

at approximately 37 milliseconds after pole A is cleared.  0.1 seconds of pre-trigger duration allows for 

several cycles of pre-clearing data to be recorded for a reactor or bus fault.  

 

 
Figure 8.  Open Pole Detection Logic of line relay used for high resolution event recording 

  

 

 
Figure 9.  Breaker Open event – with no re-ignition.  

 

B. Re-ignition Detector Application 

i. Background 

For a high voltage breaker, a re-ignition or restrike is characterized by a high frequency and high 

magnitude excursion beyond the normal load current waveform during and after the breaker’s main 

contacts interrupt current.  Figure 10 shows a C-phase re-ignition occuring ½ cycle before C-phase 

current clears.  This reactor switching breaker is Point On Wave controlled and the phase sequence of 



opening is A-B-C.  The high resolution event was captured with the Re-ignition Detector system’s line 

relay shortly after the system was placed in service.  Figure 11 shows the event recorder’s 1µs sampling 

rate and worst case current excursion during initial contact separation. 

 

 
Figure 10.  Reactor Breaker C-phase Re-ignition 

 

 



 
Figure 11.  C-phase Re-ignition Current Amplitude and Frequency 

 

Line, bus and other transmission equipment fault current also is frequently characterized by a high 

frequency and high magnitude excursion beyond the normal load current waveform during and just 

after the fault initiation.  This typically occurs cycles before the breaker’s main contacts begin to 

separate.  Figure 12 shows a 161kV transmission line B-phase to ground fault as captured with the high 

resolution event recorder of the same model line relay used in the re-ignition detector system.  Here a 

B-phase re-ignition occurred.  Figure 13 shows the corresponding B-phase current excursion during fault 

initiation. 

 

 



Figure 12. 161kV Goshen – Drummond B-phase to Ground Fault 

 

 

 
Figure 13.  B-phase Fault Current Amplitude and Frequency during fault initiation 



 

To help discriminate for breaker re-ignition during a reactor or bus fault, the re-ignition detector 

application’s evaluation start time is programmed to be 0.055 seconds.  This places the evaluation start 

time at more than 1 cycle beyond the fault initiation.  Figure 14 shows the re-ignition detector 

application’s start time of 0.055 seconds as applied to the 161kV Goshen-Drummond line fault event. 

 

 
Figure 14.  Evaluation Start Time Of 0.055 seconds 

 

The 0.055 second evaluation start time also provides sufficient margin for the current waveforms to be 

evaluated for restrike or re-ignition prior to current interruption of the first detected open pole.  Figure 

15 shows the application’s start time of 0.055 seconds during a normal reactor point on wave controlled 

open event.   

 



 
Figure 15.  180 MVar Reactor Point On Wave controlled opening with no re-ignition.  

 

ii. Application Logic 

The re-ignition detector application’s detection logic is shown in Figure 16a.  When the measured 

current sample is above the re-ignition current step setpoint a restrike/re-ignition is declared for the 

corresponding measured phase.  The logic will be true for either a restrike or re-ignition event.  The logic 

in Figure 16b distinguishes a re-ignition event just after the reactor breaker’s initial current interruption.  

For the in-service detection system, the Restrike/Re-ignition detection logic was enabled since we 

wanted to alarm, log and observe all re-ignition and restrike events for the reactor breaker.  Figure 16c 

shows the application’s help menu screen for the programmable Voltage Peak Band and Re-ignition 

Current Step parameters available in the application’s home screen, shown in Figure 16d. 

 

 
Figure 16a.  Restrike/Re-ignition Detection logic 

 

 

 



 
Figure 16b.  Re-ignition detection logic 

 

 
Figure 16c.  Re-ignition Detector app Help screen 

 



 
Figure 16d.  Re-ignition Detector app Home screen 

 

iii. Re-ignition Logging 

When an open pole is detected the application first uploads the high resolution event record from the 

line relay.  The application then renames the COMTRADE event as “EVE1.xxx” and stores/overwrites this 

latest event in the restrike data folder on the hard drive.  Next this COMTRADE file is opened and 

evaluated for re-ignition.  If a re-ignition is found, the COMTRADE file is renamed as “T400LEVE_x.yyy” 

and stored on the common restrike data folder.  “x” is the next re-ignition event index number and “y” is 

the COMTRADE file type suffix.  Up to 20 re-ignition COMTRADE events can be stored on the hard drive.  

At the 21st re-ignition event, the application will overwrite the first stored COMTRADE event and 

correspondingly revise the RestrikeLog.txt file.   

 

When a re-ignition is identified the application creates or appends the file “RestrikeLog.txt”.  Figure 17 

shows the content of a RestrikeLog.txt file.  The re-ignition event’s index number, phase identification 

and event time stamp are included. 

  

 
Figure 17.  RestrikeLog.txt file 



 

iv. Utilities 

The application uses a text file named “RemoteCtl.txt” to allow remote HMI parameter programming 

and remote enabling of re-ignition alarms to the SCADA RTU.  The RemoteCtl.txt file is read by the 

application prior to uploading the high resolution event record.  The HMI’s Voltage Peak Band, Re-

ignition Current Step and Start Time Past Fault parameters are specified as string elements.  One other 

parameter is the “ALM” string used to enable the re-ignition alarms to pass to the SCADA RTU.  The 

“RemoteCtl.txt” file is accessed and can be remotely modified via the system’s Remote Data Access 

connection. 

 

C. System Lab Testing 

i. Relay Test Simulator - Transient Playback Simulation 

Figure 18 illustrates the line relay’s high resolution event record for a B-phase to ground fault with B-

phase re-ignition ½ cycle before clearing.  This event occurred on the BPA 161kV Goshen – Drummond 

line on September 14, 2017.  The COMTRADE event record was furnished by the relay manufacturer to 

use for transient playback testing for the re-ignition detector development.  The asymmetric B-phase to 

ground fault shows fault transients at its onset.   

 

 
Figure 18.  161kV Goshen-Drummond B – phase fault with re-ignition ½ cycle before clearing.  

 

One issue with using conventional relay test sets for high frequency transient playback is that the 

voltage and current amplifiers have a maximum frequency response of approximately 10 kHz.  To 

compensate our testing for this, the current magnitude pickup of the re-ignition detector’s HMI was 

reduced from 50 Amps to 5 Amps for the Goshen-Drummond B-phase re-ignition event.  Figures 19a and 



19b compare the time aligned current transitions of the provided COMTRADE high resolution captured 

record versus the record of the 10 kHz transient played back event.  Figure 19c shows the restrike 

detector application’s evaluation results display after playing back the 10 kHz B – phase re-ignition 

event. 

 

 
Figure 19a.  B-phase re-ignition frequency resolution comparison.  Bottom = 10kHz playback. 

 

 

 



 
Figure 19b.   Zoom in of high resolution vs 10kHz current sample measurements of B-phase re-ignition. 

 

 

 

 
Figure 19c.  Restrike Detector App – Evaluation Results display for B-ph restrike record (10kHz playback) 



 

ii. Sequence of System Operation 

After the Goshen-Drummond B-phase to ground fault is applied to the Re-ignition Detector system and 

an open pole is detected by the programmable automation controller, the controller sends the open 

pole message to the computer.  The computer first opens and reads the RemoteCtl.txt file and updates 

the Voltage Peak Band, Re-ignition Current Step, Start Time Past Fault and Enable SCADA Alarms 

parameters.  Concurrently the line relay stores the open pole event once its integral open pole detection 

logic becomes true.  The computer application identifies and uploads the latest open pole event from 

the line relay.  The computer’s application then saves the latest open pole event as a COMTRADE event.  

The former open pole COMTRADE event will be overwritten.  The application then opens the 

COMTRADE event and evaluates it sample by sample for current re-ignition or restrike.  Each sample is 1 

µs apart.  When the B-phase re-ignition is found, the respective event index number, phase 

identification and event time stamp are recorded in the “RestrikeLog.txt” file.  The application will also 

copy and rename the COMTRADE event as “T400LEVE_X.yyy” where X is the index number of this latest 

event.  The application then passes the “send alarm” message to the programmable automation 

controller.  The message contents include the B-phase identifier and time stamp of the event. 

 

The computer application and programmable automation controller are constantly sending/receiving 

either heartbeat messages or open pole or alarm messages.  If this serial communication link is lost, the 

programmable automation controller’s “lost link” timer will timeout which will then send a program 

restart message to the computer and also reset the programmable automation controller’s logic 

program.  This function was also tested. 

   

V. RE-IGNITION DETECTOR FIELD PERFORMANCE 

The re-ignition detection system was placed in service on February 5, 2019 on the 500kV 180 MVar 

Reactor #1 circuit breaker at BPA’s Custer substation.  Figure 20 shows the front view of the rack.   

 

 



   
Figure 20.  Re-ignition Detector rack – Custer substation 

 

On February 21 an A, B, C-phase re-ignition/restrike was detected and recorded.  Figure 21 shows the 

associated RestrikeLog.txt file contents. 

 

 
Figure 21.  RestrikeLog.txt file in Notepad 

 



The COMTRADE event is displayed in Figure 22.  Re-ignition occurred on C-phase ½ cycle prior to 

clearing.   

 

 
Figure 22.  Reactor Breaker Re-ignition on February 21, 2019 

 

Apparent restrikes on A-phase and B-phase current and voltage traces are shown but we believe these 
were noise transients induced only in the CT and CVT secondaries.  These are shown in Figure 23.  The 
figure also shows the apparent peak C-phase current of 775A and the apparent re-ignition frequency of 
250 kHz. 
 

  

 

 



 
Figure 23.  Reactor breaker apparent A-phase and B-phase restrikes on 2/21/2019 

   

Initially we believed the cause of the breaker’s re-ignition was due to the slower mechanism operating 

time caused by abnormally cold ambient temperatures while taking into consideration that the 

temperature compensation of the Point On Wave open logic may not be accurate.  The ambient 

temperature at the time of the breaker opening event was 22.2°F.  A slower mechanism could cause a 

smaller breaker contact separation at the voltage peak that would result in a lower dielectric strength 

which would not successfully withstand the recovery voltage following current interruption.  The 

COMTRADE event for a normal Point On Wave breaker open operation at an ambient temperature of 

28.5°F is shown in Figure 24.  For this event a re-ignition or restrike did not occur. 

 

 



 
Figure 24.  Reactor breaker open operation with no re-ignition on 2/27/2019.  

 
As of May 27, 2019, three more similar C-phase re-ignition events occurred on the reactor breaker.  The 
ambient temperatures ranged from 22°F to 68.6°F.  The re-ignition detector’s information from these 
events helped our Substation Maintenance and High Voltage Engineering group move forward with our 
reactor breaker upgrade program that includes installing Metal Oxide Varistors across the poles of one 
type of EHV SF6 breaker. 
 
The May 27, 2019 C-phase re-ignition event is shown in Figure 25.  Figure 26 shows the zoomed in C-
phase apparent peak current at 927A and the apparent re-ignition frequency of approximately 250 kHz. 
 
 
 



 
Figure 25.  Reactor Breaker Re-ignition on May 27, 2019.  

 
 
 

 
Figure 26.  Reactor Breaker Re-ignition Peak Current and Re-ignition frequency on May 27, 2019.  



On July 2, 2019 another C-phase re-ignition event occurred on the reactor breaker but this time C-phase 
current cleared on a high frequency current zero, just after the 60Hz C-phase current zero.  This re-
ignition event would have likely been missed when evaluating the COMTRADE record from a lower 
resolution event recorder.  Figure 27 shows the C-phase re-ignition.   
 
Apparent restrikes on A-phase and B-phase current and voltage traces are shown but again we believe 
these noise transients were induced only in the CT and CVT secondaries.  Part of our rationale includes 
that the A and B phase restrike currents and voltages are coincident with the C phase re-ignition current 
and voltage waveforms and not associated with their respective voltage waveforms.  And also the 
probability of high overvoltages occurring due to superposition of transients from adjacent phases, (for 
single phase reactor configurations), is considered remote, per Annex D of IEEE C37.015-2009 [5]. 
 

 
Figure 27.  Reactor Breaker Re-ignition on July 2, 2019. 

 
Figure 28 shows the zoomed in C-phase apparent peak current at 178A and the apparent re-ignition 
frequency of approximately 250 kHz. 



 
Figure 28.  Reactor Breaker Re-ignition Peak Current and Re-ignition frequency on July 2, 2019. 

 
VI. CONCLUSIONS 
Prior to the availability of a commercially available substation hardened high resolution event recorder, 
circuit breaker re-ignition and restrike events could not be practically evaluated and processed 
immediately following each circuit breaker open or trip operation.  
 
The Re-ignition Detector system leveraged the frequency response of the high resolution event recorder 
integral to the recently available travelling wave line relay to reliably detect, log and alarm for circuit 
breaker re-ignitions and restrikes just after each circuit breaker current clearing event.   
 
This functionality allowed us to identify and adjust for incorrect timing on Point On Wave controlled 
circuit breakers or to identify and remove from service circuit breakers that are on the onset of failure.  
Another benefit is the ability to log monitored circuit breakers that are overstressed from high 
magnitude, high frequency transient voltage and current, taking into consideration that the actual level 
of overstress may be more severe due to the possibly higher actual transient voltage and current 
magnitudes and frequencies; which cannot be recorded properly because of the effective transient 
response of the applied CVTs and CTs and effective measurement bandwidth of the subject event 
recorder. 
 
The subject restrike detection system is applied on a point on wave controlled high voltage circuit 
breaker that switches a reactive load.  However we think it is conceivable to apply the system to circuit 
breakers that switch other types of loads such as shunt capacitors, transformers and 
distribution/transmission lines.   
 
For a future revision to this restrike detector rack, we hope to have the system act as the centralized 
substation circuit breaker monitor.  Instead of using the wired analog current of the programmable 
automation controller to detect one open breaker, each monitored line relay’s logic, (from multiple line 



relays), can be programmed to energize an output contact which would each be wired to one input of 
the automation controller’s 24 input logic card.  The message from the controller to the system 
computer would be encoded to evaluate the appropriate line relay’s event data.  The COMTRADE data is 
transported from line relay(s) to computer using file transport protocol so the respective line relay 
communication port can connect to a multiport unmanaged Ethernet switch added to the restrike 
detector rack.  The DNP3 mapping of the programmable automation controller would also be modified 
to accommodate the added line relays’ – circuit breaker re-ignition or restrike alarms. 
 
Ideally circuit breaker re-ignition and restrike detection and alarming logic could be available someday in 
a line protection relay and in a circuit breaker control relay.   
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