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Capacitor bank unbalance protection for large high voltage capacitor banks has traditionally relied
upon either three phase or differential unbalance methods. Both of these methods and their
limitations are described. Improvements to voltage differential techniques allowing them to be
applied to ungrounded wye and capacitively grounded banks are described. A novel impedance
based unbalance methodology is detailed which addresses some of the concems of the traditional
unbalance methods. A method for addressing the impedance variation of capacitor banks with

temperature as part of the impedance unbalance method is also discussed. A brief summary of
the most common forms of capacitor bank control is given.

Traditional Capacitor Bank Protection Methods

Unbalance protection of shunt capacitor banks has been implemented using a wide variety of
methods over the years [1]. However, for the protection of high voltage banks, the most widely
applied methods may be grouped in to two broad categories; three phase unbalance methods
and differential methods.

Three-phase Unbalance Methods

In three phase unbalance methods, a single signal is measured or derived which determines the
overall unbalance in the capacitor bank. Figure 1 shows a grounded wye capacitor bank where
the unbalance signal is the current which flows from neutral to ground. In Figure 1a it is clear that
if an unbalance exists within the capacitor bank (in this case due to a fuse operation) then the
neutral current In is directly proportional to the unbalance in the bank. This situation gets a bit
more complicated when the system bus voltages are unbalanced, but the capacitor bank itself is
intact. This is shown in Figure 1b. Here, the neutral current flow is due solely due to system
unbalance. In addition, any manufacturing tolerance variations of the capacitor bank itself may
result in an inherent unbalance signal which may further confuse the situation. Monitoring the
neutral to ground voltage of ungrounded wye banks offers similar properties.
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Figure 1: Difficulties with Three-phase Unbalance Methods in Single Wye Banks
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This inability of such simple schemes to differentiate between the sources of unbalance signals is
a concem as banks increase in voltage rating. Most capacitor relays are set to trip the bank off-
line if the steady state voltage across the capacitor units due to bank unbalance exceeds 110% of
the units’ rated voltage. This is per IEEE Standard 18-1992. Table 1 indicates what level of system
unbalance is necessary to simulate a 110% unbalance signal in fused banks. It is interesting to
note that for fused banks, this system unbalance is simply a function of the bank grounding and
the number of series connected capacitor units in the bank. Note that the higher the voltage rating
of the bank, the more sensitive it is to unbalanced system voltages.

Table 1: Phase-to-Phase Unbalance Required to Simulate a 110% Unbalance in Externally

Fused Capacitor Banks
Number of
Series Groups In Grounded in Ungrounded

in the Bank Typical System Voltage Classes Wye Banks Wye Banks
1 4-34KkV N/A 10%
2 44 — 69 kV 10% 2.50%
3 66 — 115 kV 5% 1.43%
4 120 — 138kV 3.33% 1.00%
5 145-161kV 2.50% 0.77%
6 220 - 230 kV 2.00% 0.62%

To solve this problem it is mandatory for a three phase unbalance method to monitor the system
bus voltages. In addition the relay must also compensate for any unbalance inherent to the
capacitor bank as a result of manufacturing tolerances which can also affect the signal.
Subtracting these “noise” unbalance signals from the total capacitor bank unbalance signal, the
relay is able to look at only the capacitor bank unbalance signal. See Figure 2.

Figure 2: Method to Separate Capacitor Bank Unbalance from Total Unbalance Signal in
Three Phase Unbalance Systems
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Differential Unbalance Methods

In voltage differential methods, the capacitor bank is divided into an even number of sections
where currents through, or voltages across, these sections may be compared. The oldest of
these methods is the split wye arrangement, where the capacitor bank is electrically, and many
times physically, configured as two separate banks where the neutrals are connected together
through a CT. See Figure 3. Because any system unbalances are seen equally by both halves of
the bank, it is inherently immune to system unbalances. Similar arrangements can be constructed
for grounded wye banks. ‘

Figure 3: Ungrounded Split Wye Bank Configuration
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Because of physical limitations, bank arrangements such as that shown in Figure 3 are not
typically cost effective for voltages much above the 33 — 35kV level. For higher voltage banks the
voltage differential scheme has become popular where each phase of the capacitor bank is
protected by separate voltage differential elements. A typical connection for grounded wye banks
is shown in Figure 4. '

Figure 4: Typical Connection of One Phase of a Voltage Differential Scheme
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Because the protection is repeated for each phase, system voltage unbalance concerns are
eliminated. This type of connection has two additional advantages from a protection standpoint.
Because the scheme is looking at only one third of the capacitor bank, the sensitivity of such a
scheme is increased over the three-phase methods. Secondly, because each phase will target
independently from each other, it is possible to determine which phase of the capacitor caused the
trip. This can be a considerable time saver for fuseless or intemnally fused capacitors where there
is no external indication of which capacitor unit or units in the bank may have failed.
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Using currents instead of voltages, an H connection in each phase may be used. See Figure 5.
Though highly effective, because of the need for expensive two bushing CTs, this connection is
usually restricted to very large filter capacitor banks up to 69 kV and in some series capacitor bank
applications.

Figure 5: H-Connection
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Shortcomings of Traditional Methods

For all of the commonly used unbalance methods described a number of shortcomings still exist.

"Balanced” Unbalances

All of the described methods assume that capacitor unit failures will also occur in an unbalanced
fashion. That is, for three-phase unbalance methods, that the capacitors will always fail in the
same phase. For differential schemes, that they will always fail in the same differential branch.
Any failures occurring in the other branches will reduce the measured unbalance effect, effectively
masking it However, the steady state overvoltages that exist on the remaining in-service capacitor
units will not diminish. Instead the overvoltages will now be present in more than one phase or
branch and be undectable.

Loss of Potential on High Voltage PTs

Voltage differential schemes depend upon the presence of voltage signals from high voltage bus
PTs. Should a loss of potential occur in one of these PTs then the unbalance scheme will cease
to operate properly for the affected phase. Relays using this method will typically block operation
of the relay under this condition. Typically it is not practical to operate a large capacitor bank
without any unbalance protection, hence the need to trip the bank for loss of potential conditions
remain.

Voltage Differential on Ungrounded Wye Banks

All existing voltage differential relays are designed to operate only for grounded wye capacitor
banks.
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Impedance Based Unbalance Detection

Description

An impedance based unbalance method was developed in which the bus voltage and capacitor
bank phase currents are used to determine the actual impedance of each phase of the capacitor
bank. In the case of an ungrounded wye bank, a fourth voltage, that of the capacitor bank neutral
to ground, is also required to properly determine the impendances[3].

Modern capacitor units are close to ideal devices, generating only 0.07 to 0.12 watts/kvar of
losses. Bus and fuse losses will also contribute to the impedance, but they too may be neglected
without undue effect. Therefore it may be assumed that the impedance of the capacitor bank is
purely negative reactive (-jXc).

Figure 6: Impedance based Capacitor bank Unbalance Method Impedance Based Unbalance
Protection

The capacitor bank's nominal impedance is calculated from its nameplate ratings. This
establishes a normal operating point on the —Xc axis, given by 21x:center. See Figure 6. This
calculation is accomplished using the following formula:

kv, _CIR

= X ohms,secondary
MVAR,, PIR

Note that Xc is the calculated value based on the CT and PT ratios. In a similar fashion the
impedance of the capacitor bank at the desired alarm and trip levels is determined. These
impedances will always be higher than the nominal impedance. The actual calculations will vary
depending upon bank configuration. Typically, an alarm level is computed whereby the relay
indicates that some initial capacitor failure has occurred within the bank. The steady state
overvoltages that exist within the capacitor bank at this time are well within the capabilities of the
capacitor units to withstand them on a continuous basis. Similarly a trip level is computed that
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corresponds to the number of capacitor failures that result in a steady state overvoltage in excess
of the continuous rating of the capacitors, typically 110% of rated.

Once the impedances for alarm and trip have been set, the radius of the inward looking
impedance element is set to be equal to half the impedance difference between the nominal and
alarm impedances, and half way between the alarm and trip impedance levels. The settings are
21x:radius1 and 21x:radius2.

A third inward looking mho element is added to enhance the relay’s breaker failure function. For
many externally fused capacitor bank configurations, an unbalance trip based on 110%
overvoltage is not particularly time critical in that capacitors do have considerable overvoltage
capability for shorter periods of time.  Additionally, breaker fail logic is also tied in to control
circuits, where capacitor banks are switched on and off line for voltage and or VAR control
reasons. For most substations, a breaker fail does require the tripping of many other breakers in
the station. For non-time-critical protective trips, or in the case of a control trip failure in particular,
a breaker fail indication may not warrant the tripping of an entire bus. In this case a “Critical
Breaker Failure” is defined as the condition when breaker failure has occurred and capacitance is
outside of breaker failure impedance or when breaker failure has occurred and large currents are
flowing in the capacitor bank.

The term “Critical Breaker Failure” is used because all the backup breakers will now be operated
and now the substation will be de-energized. The setting necessary to complete the specified
function: c:21:radiusBF. The measured impedance must be beyond this extreme value in order
to enable the Critical Breaker Fail logic.

Advantages

The advantages of the impedance method for unbalance detection over the three-phase or
differential methods are:

1. Immunity to the masking caused by “balanced” unbalances. In addition to being inherently
immune to system unbalances, the location or distribution of failed capacitors throughout the
bank is unimportant. Theoretically, all three phases could be perfectly balanced with each
other, yet steady state trip conditions could exist in all phases and the relay would properly
pickup and trip on all three phases.

2. Ability to accurately discem partially failed capacitors. When maintaining a capacitor bank

protected by other schemes, the unbalance signal obtained from the other schemes is limited
to varying degrees in its usefulness in determining whether partially failed capacitors exist
within the bank. Most of this limitation of other schemes is based on the “balanced’ unbalance
masking that can occur. Without this ability, maintenance crews may have to perform
additional measurements on the bank to determine if such masking is occurring.

3. Faulted phase discrimination is inherent to the scheme, which is an advantage over three
phase methods.

4. For grounded banks where phase CTs will be applied for overcurrent protection, the use of
impedance methods ensures that no other sensing devices are required, reducing the cost of
the capacitor bank.

PAGE 6

NEW TECHNIQUES FOR CAPACITOR BANK PROTECTION AND CONTROL OCTOBER 1999



Limitations
There are a few limitations to the impedance method.

1. Since impedance is a calculation, the error is based upon both the error in measured voltage
and in the measured current. In the implemented system, the measurement accuracy of
0.25% for each input quantity results in a 0.5% impedance measurement accuracy.
However, this is sufficient to protect 1 part of 200 per phase, which addresses a very large
population of banks. Note that for grounded wye banks, the CTs may be located in the neutral
end of the bank. This permits much less expensive CTs to be utilized, or permits the use of
higher accuracy CTs that may not otherwise be possible to afford at line voltage levels.

2. Phase CTs are required if not being used for phase overcurrent protection.

3. This method is subject to blocking in case of loss of potential from the bus PTs.
Advantage with Fuseless Capacitor Banks

The impedance method is very appealing for fuseless capacitor bank applications. In the event of
a protective relay alarm or trip in a fuseless bank it is difficult to determine which capacitor unit or
units contain failed elements as there is no external indication of failure. Also, because of the
nature of fuseless banks, the likelihood of distributed failures is more likely to occur than in
externally fused banks.[4]

One other aspect of fuseless banks makes the application of impedance unbalance methods
attractive. Because each phase of a fuseless bank is divided into parallel strings of capacitors, it is
possible to place a CT in each string of each phase. This provides the ability to discriminate not
only which phase is faulted, but which string or strings contain faulted units. See Figure 7.

Figure 7: Per String Impedance Unbalance Method for Fuseless Capacitor' Banks
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Temperature Tracking Impedance Method

General

One complication regarding impedance unbalance methods concems that of the variation of
impedance with temperature. High voltage capacitors are all made with aluminum foil and
polypropylene windings which are impregnated with a dielectric fluid. The space between the
plates of the capacitor is then occupied by the film and a fluid layer. As the ambient temperature
changes, the fluid layer expands and contracts, lowering and raising the capacitance respectively.

The change of capacitance with temperature is not great, typically in the range of 0.03 to 0.05%
per °C. For a user in an area where the ambient can vary from —40°C in the extremes of mid
winter to +35°C in the summer, this 75 degree swing can result in impedance changes from
roughly 2 to 4%. This can be a concem for users in such a climate if the impedance shift due to
unbalance is less than that caused by temperature excursions. Conversely however, a customer
in a milder climate, where the temperature swing is smaller, say 0°C to +40°C, the 1 to 1.5%
change that occurs may be significantly less of a concern.

To address this potential problem, an algorithm was developed (patent applied for) which tracks
the rate of change of impedance within the capacitor bank. This algorithm operates on two
assumptions.

First, the temperature in the field does not change in an abrupt fashion. Except in the most
extreme cases, temperature changes occur gradually. Note that the ambient would have to
change more than 30°C for the capacitance to change more than 1%. Being that a 30°C swing
in a single day is fairly extreme, it may be assumed that it is even more unlikely for the
temperature to swing 30°C in shorter time frames. This implies that in steady state conditions, if
two calculated capacitance samples are close in time, there should be minimal difference in their
capacitance. If there is any significant difference it must be caused by capacitor unit failures.

Second, the capacitor bank in each phase consists of a certain number of statistically identical
individual capacitor cans whose impedance varies with temperature in an identical fashion.
Therefore, the total percent capacitance variation in each phase should be equal to each other. In
other words, the rate of change in the capacitance of each phase is equal to each other,
regardless of what the temperature is.

The last remaining complication involves that fact that when the capacitor bank is de-energized
the ambient temperature will likely have changed during the “off” time. Therefore meaningful
comparison of impedance measurements before and after the de-energization period are not
possible. One possibility is to ignore the first few measurements to obtain a base line, but this
would then miss any failures that may have occurred during the last de-energization or re-
energization events.

To address this, a special start-up mode algorithm was developed which compares the ratio of the
impedances of the phases with each other. This can accurately detect failures during the start up
mode, the only limitation being that that failures cannot have occurred in all three phases.

Algorithm Implementation

The scheme is divided into two sub-blocks, Start Up and Steady State.. When the bank is
energized it triggers initiation of the Start Up block for a number of sampling periods. During this
time, the Start Up block calculates various ratios of the phase impedance and compare these
ratios to a threshold value. If any one of the ratios is greater than the threshold, the block tracks
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the ratio for another set of sampling periods. If the ratio is over the threshold for the next set of
sampling periods, the block issues an appropriate alarm or trip signal.

Figure 8:Control of Algorithm Execution for Start Up and Steady State Conditions
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At the end of the Start Up block execution cycle, the Start Up block is disabled and the Steady
State block is enabled to execute and continue on until the next time the cap bank is de-
energized. The Steady State block compares various ratios of the current sample and a recent
past sample for each phase. If any ratio is greater than a set level the block saves the recent past
sample, waits for a certain number of executions, then compare the ratio of the new current
sample and the saved past sample again. If the ratio still exceeds the level this is an indication the
problem persists, and an alarm or trip signal is issued.

Other Enhancements

Voltage Differential

One other limitation of existing voltage differential relays is in their ability to protect only grounded
wye capacitor banks[5]. This is a concem as many utilities apply ungrounded capacitor banks up
through 230kV. For ungrounded wye banks, it is possible to add a seventh voltage input to
monitor the bank’s neutral to ground voltage[6]. See Figure 9. It is then possible to calculate two
voltages, line-to-tap-point, and tap-point-to-neutral, and perform a voltage differential on these
quantities. A relay has been developed which implements this method.

The use of this seventh voltage opens up a realm of other protection opportunities. For example,
using the bus voltages and the neutral to ground voltage signal, it is possible to perform a three
phase unbalance method in addition to the voltage differential method. In addition it is possible to
perform a simple neutral to ground unbalance determination without phase voltage unbalance
determination. The advantage for having all three methods for ungrounded banks is:

1. The voltage differential is the primary unbalance method. If loss of potential occurs on any of
the tap point PTs, the differential elements would be blocked. However the three phase
unbalance method is still fully functional.

2. If loss of potential on any of the phase PTs occurs, both the voltage differential and the
compensated three phase unbalance schemes must be blocked. In this case the
uncompensated neutral unbalance is still operational.

3. If loss of the neutral PT fails, all three methods must be blocked. However, per standards[1]
the neutral PT must be rated at the system BIL. The actual voltage appearing across this
device except during initial capacitor bank energization is very low. When the bank is
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balanced, this voltage is close to zero, and even during severe unbalance is typically no more
than 10% of the PTs rated voltage. Given this, the likelihood of failure of this PT is much
lower than for the other PTs.

Note that for grounded wye banks, the neutral to ground PT input must simply be shorted out and
the relay is now suitable for this bank connection.

Figure 9: Enhanced Voltage Differential Scheme for Protection of Ungrounded Wye Capacitor Banks
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Capacitively Grounded Capacitor Banks

Switching of grounded wye banks exposes their circuit breakers to lower fransient recovery
voltages (TRV) than does the switching of ungrounded wye banks. For this reason it is difficult if
not impossible to find circuit breakers rated to switch capacitor banks at higher system voltage
levels. One three phase unbalance method commonly applied to grounded wye capacitor banks
uses three mid-point VTs fed in to the relay. The relay then generates a phasor sum of the
intermediate tap point voltages[6]. Conversely the VT outputs may be combined in an open delta
external to the relay. Either way, this signal is proportional to the total unbalance within the
capacitor bank. See Figure 10. Compensation for system voltage unbalance and inherent bank
unbalance is accomplished as previously described. One problem with this method is the cost of
three mid point VTs. These must be one-half the system voltage rating. For EHV banks this can
be very expensive.

One technique to get around this problem has been to capacitively ground the bank. Such an
arrangement exploits the advantage of the lower TRV of a grounded bank. Compared to the
nominal phase reactance value, the grounding capacitor's reactance is several orders of
magnitude smaller. Numerically speaking, the bank is “almost” grounded, and any neutral-ground
voltages will be small compared to line-ground voltage. This permits the use of economical, low
voltage (< 1000 volts) capacitors. A low voltage potential transformer may also be connected
neutral-ground (across the grounding capacitor) to develop a useful indicator of unbalance and
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thereby eliminating the need for the expensive mid-point VTs. In order to be properly applied to
protect the capacitively-grounded bank, a three phase protection algorithm was modified to
include proper scaling to account for the voltage divider consisting of the phase and neutral
capacitances.

Figure 10: Three Phase Unbalance Method for Grounded Wye Banks Using Mid-Point :I'ap Voltages
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Field Experience Indicated An Enhancement was Required

Field trials of the relay on a capacitively-grounded bank displayed the tendency to false trip on
unbalance. The relay mis-operation coincided with the energization of a large, nearby power
transformer. Captured waveforms and replayed relay events indicated the presence of excessive
fundamental frequency voltage appearing at the neutral of the capacitor bank whenever the
transformer was energized. System analysis revealed that transformer inrush currents were being
injected into the capacitor bank and manifested as harmonic rich voltages across the bank’s
grounding capacitor. See Figure 11. ‘

Figure 11: System Diagram Showing Harmonic-rich Neutral Voltage.
T

_|_ { i \/\6\) Energized Power

I harmonic-rich Y Y\  Transformer

inrush current

] I
£ L

elevated neutral voltag
__mth.haummgs_w RELAY l

{e]

Initial considerations to prevent the mis-operation included programming one of the relay’s contact
inputs to receive a signal coincident with transformer energization to be used to temporarily block
the operation of the relay’s neutral voltage unbalance elements. This was deemed unfeasible
since the proximity and viability of such a control signal was not sufficient.
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Instead, the relay was modified to include a harmonic voltage restraint element. Waveform
analysis indicates that the neutral voltage during the transformer energizing is predominant in the
2™ harmonic. A Discrete Fourier Transform was added to measure the 2™ harmonic content of
the neutral voltage. This value was combined with suitable threshold detectors, timers and user
settings to facilitate a reliable and secure restraint signal.

Control Methods

Capacitor bank control may be accomplished by either central dispatch or by local control. The
two most common forms of local control are based on voltage and/or Vars.

Bus Voltage

Controlling on bus voltage is accomplished by monitoring either the capacitor bank bus voltage
and issuing trip and close commands to the bank's circuit breaker. In implementing this control, at
least two voltage thresholds are used:

® A tum on threshold, where if the voltage goes below this level for a pre-determined period of
time the bank is energized.

B A turn off threshold, where if the voltage goes above this level for a pre-determined period of
time the bank is de-energized.

The voltage range between these two voltages is referred to as the dead band and is necessary
as the bus voltage will increase when the bank is energized.

VAR Control

Controling on VARs is accomplished by monitoring the VARs entering the bus or on some
outgoing line and issuing trip and close commands to the bank’s circuit breaker. In implementing
this control, similar settings to the voltage control thresholds are used. One concem is to address
where the CT used for calculating the VARs is are located.

In Figure 12A the feeder CT is located downstream of the capacitor bank, so the measured
current is exactly what is desired to be monitored by the control algorithm. In Figure 12B, the
feeder CT is located upstream of the capacitor bank, and therefore sees not only the feeder
VARSs, but the capacitor bank VARs as well. To correctly control the bank, the capacitor reactive
current must be subtracted from the feeder CT current. This must be addressed by either settings
or the control algorithm.

Figure 12: Significance of CT Placement in VAR Measurement

—_—
—_— |
> LY LY

Pr—

Fig 122 Fig 12b

PAGE 12

NEW TECHNIQUES FOR CAPACITOR BANK PROTECTION AND CONTROL OCTOBER 1999



Altemate Bus Voltage and VAR Control

One variation to this theme is for the capacitor bank to use voltage and/or VAR signals from a
remote bus or feeder, not necessarily the one the capacitor bank is connected to. For example,
the capacitor bank may be on the high side of a transformer, yet the voltage control signal is
desired to be derived from the secondary of the transformer to which a load tap changer is
attached. Similarly, the capacitor bank may be desired to be switched on VARs from a particular
feeder, which may again be downstream of a load tap changer.

Conclusions

1.

Impedance based capacitor bank unbalance methods provide immunity to unbalance
masking that occurs when capacitor unit failures occur in a distributed fashion throughout a
capacitor bank.

Impedance based unbalance is very economical for grounded wye capacitor banks.

An algorithm has been developed which de-sensitizes capacitive impedance unbalance
methods to the effect of temperature on the capacitor bank’s impedance.

An enhanced voltage differential scheme has been developed and implemented which
enables voltage differential techniques to be applied to ungrounded wye capacitor banks as
well as grounded banks.

For banks with capacitive grounding, a 2™ harmonic restraint algorithm has been developed
which prevents neutral to ground voltage elements from picking up when a power transformer
is energized on the same bus as the capacitor bank.
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