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Abstract—The failure of several transmission capacitor banks 

prompted The United Illuminating Company to perform an engineering 
study to evaluate the transient recovery voltage capabilities of existing 
123-kV, oil-filled capacitor bank circuit breakers at the East Shore 115-
kV substation.  The study determined if the transient recovery voltage 
capability of existing bus and capacitor bank circuit breakers is sufficient 
for the present system configuration.  Furthermore, the study determined 
the required design and application changes related to the circuit 
breakers and capacitor bank component equipment, required to ensure 
that the bus and capacitor bank circuit breaker transient recovery 
voltage capabilities are not exceeded.  The study recommended a future 
capacitor bank configuration to mitigate transient recovery voltage 
issues.  The results of the study also lead to an expansion of the study area 
to include an adjacent substation, Grand Avenue Substation, due to 
concerns about the required transient recovery voltage capabilities of new 
gas-insulated switchgear to be installed. 
 

Index Terms—Transient Recovery Voltage (TRV), pre-insertion 
(closing) resistors, three phase grounded fault, three phase ungrounded 
fault, re-strike, inrush current, outrush current, reactor, circuit breaker, 
circuit switcher, rate of rise of recovery voltage (RRRV). 

. 

I.  INTRODUCTION 
Recent failures of transmission capacitor banks 

documented in [1-3] prompted The United Illuminating 
Company (UI) to evaluate the transient recovery capabilities 
of existing bus and capacitor breakers.  The UI transmission 
network consists of 115-kV overhead lines and underground 
cables.  The network employs switched capacitor banks for 
voltage and reactive power support.  These capacitor banks 
are equipped with current limiting reactors installed on the 
source side of the capacitor terminals.   

The objective of this paper is to present key approaches 
and findings of our on-going studies to evaluate the transient 
recovery voltage (TRV) capabilities of existing capacitor and 
bus breakers.  In this paper, we focus on capacitor breakers at 
the East Shore 115-kV substation.  The study determined the 
required design and application changes related to the circuit 
breakers and capacitor bank component equipment required to 
ensure that the capacitor bank breaker TRV capabilities are 
not exceeded.   
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Based on the study, it was determined that existing 245 kV, 
50 kA capacitor breakers do not possess sufficient TRV 
capabilities for clearing a three-phase ungrounded fault at the 
source-side terminals of the energized capacitor bank.  There 
exists a step jump in the TRV profile immediately following 
the breaker opening.  This phenomenon is contributed by the 
presence of the inrush current limiting reactors between the 
breaker terminals and the fault location.  As a practical 
permanent solution to this problem, current limiting reactors 
are relocated to the neutral side of capacitor terminals.  
Additional capacitances of 95 nF/phase/bus or larger, in the 
form of two 47.5-nF three-phase sets of CVTs, at the bus side 
of the capacitor bank circuit breakers are also recommended to 
further reduced the rate of rise of the recovery voltage.   

II.  ARRANGEMENT OF TRANSMISSION CAPACITOR BANKS 
The East Shore 115-kV substation is a breaker-and-a-half 

switching station with two main buses identified as Generator 
and Line Buses.  The New Haven Harbor Generating Station 
is connected to the Generator Bus through a 475 MVA, 
22/115 kV delta wye-grounded transformer.  Under a normal 
operation condition, all breakers in the substation are closed 
and both buses are energized.  The substation has a total of 
two 42 Mvar three-phase capacitor banks, one connected to 
each bus.  SF6 circuit breakers are used to energize and de-
energize the capacitor banks.  Each 42 Mvar capacitor bank is 
equipped with 0.4 ohm/phase reactors to limit the inrush 
current during a back-to-back energizing and the outrush 
current during a close-in fault.  In addition, the capacitor 
configuration is also equipped with MOV arresters to reduce 
transient overvoltages.  The inrush current limiting reactors 
are installed at the source side of the capacitor bank.  Each 
capacitor bank is connected in an ungrounded-wye 
configuration.  Figure 1 illustrates a capacitor bank 
arrangement in the East Shore 115-kV substation. 

 
Fig. 1 – A 42 Mvar three-phase capacitor bank at a 115-kV Bus 

 
The East Shore 115-kV capacitor configuration is similar 
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to the Hydro One Richview Transformer Station capacitor 
configuration [2-3].  They are both connected in a 
ungrounded-wye manner and inrush current limiting reactors 
are installed at the source side of the capacitor bank.  On 
January 30, 2007 an extreme event occurred at the Rich View 
TS.  A double phase-to-neutral fault occurred at the terminal 
of a 230 kV, 400 Mvar capacitor bank during an energizing 
operation.  The double phase-to-neutral fault then evolved into 
a three-phase to neutral fault.  The circuit breaker used to 
energize and de-energize the capacitor bank failed to clear the 
fault in time and the rate of rise of the recovery voltage was 
thought to have exceeded the breaker withstand transient 
recovery voltage capability.  Because of this incident and 
given the fact that the capacitor bank configuration at the East 
Shore 115-kV substation is similar, the United Illuminating 
Company called for a study to evaluate the TRV withstand 
capability of capacitor circuit breakers when a three-phase 
fault occurs at the capacitor terminals.   

III.  EVALUATION AND SOLUTION METHODS 
TRV withstand capabilities of a circuit breaker are 

evaluated using standard practices described in IEEE Std. 
C37.011-2005 [4-5].  The prospective system TRV profiles 
are estimated for the most unfavorable short-circuit condition 
through the use of the time-domain modeling and simulation 
approach.  The most severe system TRVs tend to occur across 
the first pole to open when the circuit breaker interrupts a 
symmetrical three-phase ungrounded fault at or near the 
breaker terminals during which the system voltage is at 
maximum.  Since the resulting prospective system TRV is 
greatly influenced by the design of the circuit breaker, an 
idealized circuit breaker is used.  Therefore, when the breaker 
conducts, it has zero impedance.  At current zero, the breaker 
impedance changes from zero to infinity.   

Since there are two three-phase capacitor banks in the same 
substation, energizing a capacitor bank with another bank 
already energized will cause significant inrush capacitive 
switching current to flow from the energized bank to the one 
being energized for a fraction of a cycle.  Similarly, when a 
close-in line or bus fault occurs near an energized capacitor 
bank, capacitive current will flow from the bank to the fault 
location.  Circuit breakers will fail to close or open when 
inrush or outrush currents exceed the capacitive current 
switching duties of the breakers.  Current limiting reactors are 
usually required to limit the magnitude and frequency of the 
capacitive switching current to an acceptable level.  Therefore, 
a good solution is one that addresses the capacitor breaker 
TRV concern while maintaining capacitive switching currents 
to rated switching and momentary current capabilities of both 
line and capacitor circuit breakers.  In other words, the 
following criteria must be satisfied.   
1. The capacitor bank circuit breakers must be able to 

withstand transient recovery voltage resulting from a 
three-phase ungrounded fault at the source-side of the 
capacitor terminals. 

2. The capacitor circuit switchers or breakers used to 

energize and de-energize capacitor banks must be able to 
withstand inrush capacitive switching and momentary 
currents during back-to-back capacitor switching. 

3. The line breakers must be able to withstand outrush 
capacitive switching and momentary currents during 
close-in faults. 

IV.  TIME-DOMAIN MODEL OF ELECTRICAL CIRCUIT 
A time-domain equivalent circuit covering the entire New 

Haven 115-kV system including its overhead lines and 
underground cables was developed.  The system wide model 
is preferred compared to a reduced network with a few buses 
away from the bus of interest.  This is so because it can be 
reused for evaluating TRV performance of breakers at other 
buses and provides a more realistic representation of the 
system underground cable capacitance.  The time-domain 
model was developed using the PSCAD/EMTDC platform.  
 The overhead lines are represented with a Bergeron line 
model based on a distributed LC parameter travelling-wave 
line model with a lumped resistance. The line model 
essentially represents the L and C elements of a PI section in a 
distributed manner along the line and emulates the effect of an 
infinite number of PI sections.  The underground cable model 
is developed based on the cable cross-section and laying-
formation data, as well as cable electrical properties of 
conductors and insulators (resistivity, permittivity, and 
permeability). The built-in cable models are solved using the 
frequency-dependent phase approach.   
 The internal apparatus capacitances on the source side of 
the circuit breaker must be taken into account because they 
influence the rate of rise of the transient recovery voltage.  
Because effective capacitance values of East Shore 115-kV 
apparatus are not readily available, they are approximated 
using data available from IEEE Std. C37.011-2005 Annex B. 
Capacitance values are specified for outdoor bushings, 
inductive instrument transformers, capacitive voltage 
transformers, bus work, circuit breakers, and transformers.  

V.  TRV ANALYSIS FOR THE EXISTING CONFIGURATION 
TRV capabilities of existing capacitor breakers were 

evaluated for the most conservative conditions:  A three-phase 
ungrounded fault was applied at the source side of the 
energized capacitor (see Fig. 1) and the other capacitor was 
offline.   

Fig. 2 shows phase currents and voltages during a three-
phase ungrounded fault.  When the fault is on the system but 
before it is cleared by the capacitor breaker (i.e. before 0.0173 
msec), the voltage at the neutral point of the energized 
capacitor bank (refer to Fig. 1 for this neutral point) is zero (or 
negligible) as shown in Fig. 2D.  This is so because the power 
system remains balanced as a three-phase ungrounded fault is 
a balanced fault.  During this period, the transient recovery 
voltage (Fig. 2B) is zero because none of the poles have 
opened.  Recall that the transient recovery voltage is the 
voltage across the contacts of the circuit breaker.  The 
capacitor bank voltage (Fig. 2E) is also zero as the three-phase 
fault is at the source side of the capacitor terminals.  The 
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voltage across the reactor is large (Fig. 2C) since the current 
flowing through it is a fault current (35 kArms).   

When the first pole of the breaker opens (at 0.0173 msec), 
the voltage appears across the pole contacts.  This is the 
system TRV voltage associated with the breaker opening (Fig. 
2B).  Note that the other two poles have not opened yet – thus 
they have no TRV.  The power system beyond 0.0173 msec is 
unbalanced.  The voltage at the neutral point of the capacitor 
bank (Fig. 2D) is no longer zero but it oscillates.  For the 
purpose of evaluating the performance of the breaker TRV 
withstand capability; the first few microseconds following the 
first pole opening are most critical.  The voltage across the 
reactor drops abruptly from about +20 kV to zero in 2 µS as 
the fault current has been interrupted.  This abrupt change 
causes a step voltage change (i.e. to –10 kV) at the neutral of 
the capacitor bank.  Even without the step voltage change, the 
neutral voltage is moving away significantly from zero, i.e. to 
–80 kV.  The shifting of the neutral voltage causes extremely 
high magnitudes in the system TRV.  This is why an 
ungrounded capacitor bank typically imposes severe TRV 
duties on a circuit breaker.    

The voltage step changes across the reactor and at the 
neutral point leads to a sudden step change in the TRV profile 
(i.e. 30 kV in 2 µS, or an initial step change of 15 kV/µS).  
The RRRV is obviously unacceptable.  Fig. 3 shows the first 
150 µS of the TRV profile.  The sudden step jump can be 
clearly seen near the point of origin of the plot.  

The system TRV profile is then compared with the existing 
breaker related TRV withstand capability at 71% of the rated 
interrupting current.  Fig. 4 clearly shows that the system TRV 
profile greatly exceeds the breaker related TRV withstand 
capability in terms of the initial step jump, rate of rise of the 
recovery voltage and the peak voltage.  Note that the step 
jump immediately following the breaker opening is clearly 
visible.  

Current-limiting reactors have been used successfully over 
the years to reduce the peak magnitude and frequency of 
outrush currents experienced by a line breaker during close-in 
faults.  Unfortunately, the presence of a current-limiting 
reactor places tremendous transient recovery voltage stress on 
a capacitor breaker when clearing a three-phase ungrounded 
fault at the source side terminals of the capacitor bank [6-7].  
Depending on the size of the reactor, the transient recovery 
voltage across the contacts during the first pole opening may 
greatly exceed the TRV withstand capability of the capacitor 
breaker. When this condition occurs, the capacitor breaker is 
unlikely to open successfully 

VI.  SOLUTION TO ELIMINATE THE INITIAL STEP CHANGE  
The above analysis indicates that 0.4 ohm/phase reactors 
cause an abrupt initial step voltage change immediately after 
the first pole of the breaker opens.  This step change then 
causes a step voltage change in the neutral of the capacitor 
bank.   
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Fig. 2.  Short circuit current and voltages at the phase with the first open pole 
during the three-phase ungrounded fault at the source side of the capacitor 
terminals. 
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Fig. 3. Comparison between the prospective system TRV associated with the 
capacitor breaker and the related TRV capability of a general purpose breaker 
at 71% of interrupting rating.   
 
The initial step jump in the system TRV can be eliminated by 
completely removing these reactors from the capacitor 
configuration.  Alternatively, the reactors can be bypassed 
once a back-to-back energizing operation is completed.  
Unfortunately, these mitigation measures are not desirable as a 
three-phase ungrounded fault may occur before reactors are 
bypassed.  Furthermore, these reactors must be present in the 
circuit for the outrush current limiting purpose. 
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Fig. 4. Comparison between the prospective system TRV associated with the 
capacitor breaker and the related TRV capability of a general purpose breaker 
at 71% of interrupting rating.   

 
A sound engineering solution to this problem is to relocate 

these reactors to the neutral side of the capacitor bank as 
shown in Fig. 5.  With this solution, an appropriately sized 
reactor for each phase can be used for current limiting 
purposes without causing an initial step change in the system 
TRV.  Note that this solution alone will not reduce the peak of 
the TRV profile.  
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Fig. 5. Proposed Solution to Eliminate Step Jump in the System Transient 
Recovery Voltage. 
  

The proposed solution is evaluated through simulations 
with conditions described earlier.  Fig. 6 shows the resulting 
short-circuit current, the neutral voltage, and voltages across 
the reactor, breaker, and capacitor at the phase in which the 
first pole opens.  While the fault is on the system but before 
the first pole opens (i.e., before t = 0.0173 msec), the voltage 
across it is zero because the pole has not yet opened.  Voltages 
across the capacitor and reactor are zero because the fault is 
exactly at the source side of the capacitor terminals.  The 
neutral voltage is zero because the power system is still 
balanced as this is a balanced fault.     

Immediately after the first pole of the breaker opens (t > 
0.0173 msec), the power system becomes unbalanced.  As 
expected, the neutral voltage (Fig. 6D) shifts significantly 
away from zero.  In addition, its magnitude is larger than that 
shown in Fig. 2D.  This is attributed to the presence of the 
reactor at the neutral side of the capacitor.  Note that the 
capacitor configuration is ungrounded.   

It is interesting to note that the voltage across the reactor 
(Fig. 6C) is insignificant compared to the neutral voltage.  

Therefore, the voltage step change between before and after 
the first pole opening is negligible.  For this reason, the 
system TRV does not experience an initial step jump 
immediately after the first pole opening.  If the size of the 
reactor is sufficiently large, the voltage across it would be 
larger.  An initial step change immediately after the first pole 
opening would be observed.  The larger the size of the 
reactors and the larger the magnitude of the fault current, the 
higher the initial step jump will be.  The size of the capacitor 
bank has an insignificant effect on the magnitude of the initial 
step jump since the voltage across (Fig. 6E) is even smaller as 
compared to that of the reactor. 
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Fig. 6. Short circuit current and voltages at the phase in which the first pole 
open during the three-phase ungrounded fault at the source side of the 
capacitor terminals.   
 

Fig. 7 shows the first 200 µS of the system TRV is plotted 
and compared with the breaker TRV withstand capability 
curve.  Of course, the peak TRV exceeds the breaker 
withstand capability; however, the initial step jump in the 
system TRV is clearly eliminated.  Based on this analysis, the 
conclusion is that reactors must be relocated to the neutral of 
the capacitor banks to get rid of the initial step jump in the 
system TRV. 
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Fig. 7. System transient voltage recovery profile after the reactors are 
relocated to the neutral of the capacitor bank.  The initial step jump in the 
system TRV is eliminated 

VII.  METHODS TO REDUCE THE RATE OF RISE AND PEAK TRV 
There are three basic approaches to reduce the rate of rise 

and the peak value of the transient recovery voltage:  
• Approach 1.  Provide additional capacitances to the source 

side of the capacitor circuit breakers without modifying the 
configuration of existing capacitor banks.  Additional 
capacitances can be in the form of bushing capacitances, 
capacitive voltage transformers, and capacitance banks. 

• Approach 2:  Modify the existing capacitor configuration 
in such a way to reduce the rate of rise and peak value of 
the system TRV.  This approach includes replacing 
existing capacitor breakers with those having higher TRV 
duties and providing an intentional ground to the neutral of 
the capacitor bank configuration.  

• Approach 3: Combine the above two approaches. 
These three approaches were analyzed for three-phase 
grounded and ungrounded faults, neutral reactors grounded 
and ungrounded, different values of bushing capacitances, and 
different circuit breaker ratings.   

The prospective system TRV profiles for an ungrounded 
neutral reactor configuration were evaluated for three-phase 
ungrounded and grounded faults.  On the basis of clearing 
three-phase grounded faults at the capacitor terminals, a 
capacitor breaker must be rated 123 kV/63 kA general-
purpose or higher. However, it cannot be expected to 
successfully clear a three-phase ungrounded fault at the same 
location.  Fig. 8 shows system TRV profiles for three-phase 
grounded and ungrounded faults relative to breaker TRV 
capabilities. System TRV peaks for three-phase ungrounded 
and grounded faults are 274.5 kV and 157.1 kV, respectively. 
In other words, a three-phase ungrounded fault yields 118 kV 
higher than a three-phase grounded fault. To successfully 
clear a three-phase ungrounded fault, the capacitor breaker 
must be rated 170 kV/63 kA definite-purpose or higher.  It is 
important to note that two 47.5-nF three-phase sets of CVTs 
are added to both main buses.    

VIII.  RECOMMENDED CAPACITOR CONFIGURATION  
In addition to the TRV evaluation which resulted in the 

application of 123kV, 63kA circuit breakers for capacitor 
bank protection (based on a three phase grounded fault), the 
size of current-limiting reactors were evaluated to ensure that 
they have adequate inrush and outrush capabilities without 
adversely affecting the breaker TRV performance.   

The effectiveness of circuit switchers with pre-insertion 
resistors was also evaluated.  Therefore, instead of using a 
circuit breaker to energize and de-energize a capacitor, an 
appropriate circuit switcher designed for switching and 
protection of shunt capacitor banks should be used.  Such a 
circuit switcher is equipped with standard pre-insertion 
closing resistors and has a much higher number of operations 
between maintenance intervals (i.e. 10,000 operations for the 
circuit switcher before required major maintenance, versus 
2,000 operations for the circuit breaker before required major 
maintenance).  The recommended capacitor configuration for 
each 42 Mvar capacitor bank is summarized in Fig. 9.  The 
capacitor breakers shown are on the basis of three-phase 
grounded faults.  
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Fig. 8. Comparison between the prospective system TRV associated with 
grounded and ungrounded faults in an ungrounded capacitor configuration. 
 

 
Fig. 9.  Future capacitor configuration with the neutral point of the reactors 
being ungrounded. Capacitor breaker ratings on the basis of three-phase 
grounded faults are 123 kV/63 kA general-purpose or higher.   
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