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Abstract:

The trend towards large fuseless shunt capacitor banks being employed in power systems
is due to the lower cost, compact design, higher reliability with less exposed live parts, and
lower losses.

This paper describes a novel application of the impedance method to provide complete
bank protection by measuring the impedance of each series string of the capacitor bank.

The scheme can identify the string(s) with an alarm or trip condition, keep the bank in ser-
vice with pack failures in multiple strings, and only trip when the bank is actually in an
unacceptable operating condition.

Traditional Protection of Large Shunt Capacitor Banks

Traditionally, large shunt transmission capacitor banks were made up of parallel groups of
capacitors. Then these parallel groups were connected in series to provide the required line-
to-ground voltage rating.

For example: Each phase of a traditional 69 kV wye/119.5 kV bank could be made up of five
series groups of paralleled 13.8 kV capacitors. Each individual capacitor unit is protected
with its own fuse.

Bank protection typically was provided by a voltage unbalance scheme. For our example
above, a VT on each phase would be connected from ground to the connection point
between the 2nd and 3rd parallel group. The normal voltage output would be 2/5 of the
phase-to-ground voltage. This voltage output would then be monitored to verify that it was
in the acceptable bandwidth.

Fuseless Large Shunt Capacitor Bank

In contrast, a fuseless bank is made up of multiple series strings in parallel to get the desired
bank size. There are no interconnections between the series strings.

For example: Each phase of a fuseless 69 kV wye/119.5 kV bank could be made up of four
17.25 kV capacitors connected in series to get the line-to-ground voltage rating. Series
strings are then added in parallel to get the desired Mvar size.

Lincoln Electric System (LES) selected a fuseless bank for the lower exposure of the bank
due to the fact that there are no fuse rails, no individual fuses, and live parts are insulated.
The bank is also more compact, lending itself to the possibility of expanding it to 75 Mvar.
The safe failure mode of the all-film capacitor was another factor. It was also desired that the
protection be expandable to provide protection for the future strings that could be added.
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LES chose the 33rd & Superior Substation location for the capacitor bank location. The single
line of the 33rd & Superior Substation is shown in Figure 1. A photo of CB 3391 and the bank
is shown is Figure 2, and a close-up of Phase A is shown in Figure 3. The connection of each
string of the bank terminates in a medium voltage current transformer at the neutral bus
end of the bank. There is a provision for future strings to be added to the same structure.
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Figure 1.
Circuit breaker 3391 (center) and capacitor bank (right).

The reactor located at the top of the bank reduces the outrush current magnitude and fre-
quency for close in external faults to within the (Ipeak x frequency) product of the synchro-
nous closing circuit breaker.

The initial configuration of the bank was chosen to be eight strings per phase (expandable
to 12 strings per phase) with four capacitor units per string, with each can rated 17.25 kV,
550 kvar. The initial bank is rated 69 kV wye/119.5 kV, 52.8 Mvar, and it is expandable to
79.2 Mvar. Each capacitor unit is constructed internally of nine series sections of two parallel-
connected elements. The total number of series sections in one phase is 288 (9 x 4 x 8).

Figure 2. Figure 3.
Circuit breaker 3391(center) and capacitor Phase A.
bank (right).

2



Complete Relay Protection of Multi-String Fuseless Capacitor Banks

Protection Concerns of the Initial Scheme

Investigation of the actual unbalance signal levels started the process of selecting the imped-
ance method. Initially, the bank was proposed as a single grounded-wye bank with protec-
tion provided by a voltage differential scheme. The voltage differential scheme compares
bus voltage to the voltage across low voltage capacitor(s) placed at the neutral end of each
capacitor bank phase. This typical protection is illustrated in Figure 4. The voltage differen-
tial relaying is able to identify the faulted phase and is not affected by system unbalance.
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Figure 4.

Typical protection scheme for a fuseless grounded wye capacitor bank.

The normal phase current for the bank is approximately 251 A, and each string current is
one-eighth of that: 31.4 A. Each string contains four capacitor units, and each unit has nine
internal series connected packs. Thus, the effect of one shorted series section will lead to an
increase of the string current to 32.3 A (36/35x31.4 A).

But, the increase of 0.9 A in string current represents only a 0.36% increase of the phase current
and leads to an increase in the differential voltage of only 0.36%. This small change is in the
accuracy range of the instrument transformers and the relays and most likely will not pro-
vide satisfactory protection. For example, if there were changes in the applied burden to the
bus voltage transformers, that causes changes in accuracy developing a differential voltage
that may need to be nulled. This small change in phase current, as well in the differential
voltage, masks the real threat to the bank when capacitor sections or units fail: elevated volt-
age stress upon the remaining sections. In the LES bank, a short-circuit failure of a single
section increases the voltage across the remaining sections of that string by 36/35 - 1 = 2.9%.
(Other string voltages are not affected.) Typically, the bank is tripped if sufficient sections
tail to elevate the voltage of the remaining sections to 110% of nominal.
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Another cause for concern is the variation of the capacitor divider due to differential tem-
peratures (see Figure 5). The ambient temperature extremes for Nebraska (the location of the
capacitor bank) range from —44°C to +48°C, or a 92°C spread. Over a capacitor unit dielectric
temperature range of 92°C, capacitance will change approximately 3.5%. The low voltage
capacitors are typically mounted near the bottom of the capacitor bank with the main capac-
itors above and thus may be subject to different ambient heating and cooling and different
thermal time constants. If the dielectric temperatures of the low voltage capacitors and the
main capacitors do not track each other closely, a differential voltage will result which may
give the indication of a shorted series section. Essentially, the problem is detecting one shorted
series section among the 288 series sections in one phase.
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Figure 5.
Capacitance versus temperature.

Other Fuseless Capacitor Bank Protection Schemes Considered

One option considered was the double grounded-wye bank with protection provided by a
voltage differential scheme. The voltage differential scheme compares the voltage across
low voltage capacitor(s) in the neutral ends of each wye section of each capacitor bank
phase.

Another option considered was the double grounded-wye with current differential with
current transformers in the neutral end of each wye section of each capacitor bank phase.

Yet another option considered was to configure the bank as a grounded wye with a low volt-
age capacitor(s) placed at the neutral end of each capacitor bank phase to form an H-bridge.
Relaying with a current transformer measuring the bridge current in each phase can deter-
mine which phase contains the faulty capacitor unit.
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Concerns with Typical Fuseless Capacitor Bank Protection

Assuming that we could reliably alarm and trip from that small difference, our scheme
would still be very incomplete. For example, we could have pack failures in different strings
cause a trip condition, when this is an acceptable operating condition. Our scheme would
not indicate the string(s) with the problem(s). Or, we could even have distributed failures
that would have a canceling effect.

Impedance Method - Complete Protection

Given the limitations of conventional schemes, LES decided to use the impedance-based
method of capacitor bank protection, incorporating a temperature transducer input as the
best option for their needs. Impedance directly qualifies the value of interest for bank pro-
tection: the measure of capacitance, and its change in value, which may indicate failure of
capacitor sections. This impedance measurement is immune to system unbalance and the
self-canceling effects of distributed capacitor unit failures.

The impedance method utilized for fuseless capacitor banks measures the current in each
string resulting in a high sensitivity of protection. A single shorted series section causes
measured string impedance to decrease 36/35 - 1 (or 2.9%) from 2164 Q to 2104 Q. Now, the
problem is simplified to detecting a shorted series section among only the 36 series sections
in each string of each phase.

The impedance method provides:

1. The ability of the bank to remain in service with multiple shorted series sections in var-
ious strings.

2.Identification of the phase(s) and string(s) with shorted series sections causing an
alarm or trip condition.

3. Breaker failure protection.

4.Overvoltage, undervoltage, and overcurrent protection.

5. Expandability for ten-string protection with existing relays.

6. Expandability for twelve-string protection with an additional relay.
7. Flexibility for changes.

The impedance-based capacitor bank relays monitor the bus voltage and capacitor bank
phase currents to determine the actual impedance of each string of each phase of the capac-
itor bank. Because the combined losses of buswork and modern all-film capacitor units are
extremely low, it may be assumed that the impedance of the capacitor bank is purely nega-
tive reactive (-jXc). This reactance may be determined from capacitor nameplate data and
suffices as the initial, or nominal, impedance set point for commissioning. Figure 6 shows
this nominal impedance in relation to the operating characteristic of the offset mho used by
the relay. Capacitor bank relays, regardless of protection technique, should employ some
ablity to null out inherent error signals to improve setting accuracy and overall sensitivity.
These inherent signals may arise due to manufacturers’ tolerances in the capacitor units or
slight phase or gain errors in the voltage or current transducers, as well as minor measure-
ment erors of the relay. The impedance-based capacitor bank relay facilitates this necessary
nulling by displaying the real-time measured string impedances. These values are used at
commissioning to fine-tune the set point values from the approximate ones calculated from
nameplate data.
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The offset mho elements are inward looking. That is, the elements only operate when the
capacitor impedance falls outside of a given mho circle. Temperature compensation of the
impedance settings was also desired to provide more robust adaptive protection. Without
temperature compensation to accommodate the wide variation in impedance that could
occur due to temperature, the alarm and trip thresholds must be set at greater radii on the
offset mho characteristic, essentially de-sensitizing protection. However, by being able to
monitor the ambient temperature and actively adapt, the radii of the trip and alarm threshold
remain at their sensitive values. The mho center and trip/alarm values now automatically
shift in the #Xc direction in accordance with the temperature changes. For example, by
examining Figure 5, cooler temperatures result in greater capacitance, i.e., less reactance. By
measuring the lower temperature via the 4-20 mA output of a transducer, the relay shifts the
critical setpoints toward the center of the impedance plane. The amount of shift is deter-
mined by the measured temperature and the coefficient entered by the user as a setting.
Should the transduced input to the relay fail, internal circuitry and logic detect the abnormal
condition, assert a Relay Alarm, and desensitize the trip and alarm radii by a factor of 2.
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Figure 6.
Impedance-based capacitor bank protection.

Essentially, the sensitivity of the protection is such that a single shorted series section can be
detected and an alarm issued. If the number of shorted series sections are large enough to
cause an impedance range shift to the trip region, then the string which has a failure is iden-
tified. During the subsequent outage, if there are alarms indicated on other strings, preven-
tive maintenance can be performed.

Figure 6 illustrates the concept of offset impedance circles of normal range, the alarm zone,
the trip zone, and the temperature compensation which shifts the center of the impedance
circle.
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Figure 7.
Diagram of LES capacitor bank controls.

Application Details

Figure 7 illustrates the bank configuration and the protection scheme functionality. In the
eight-string impedance scheme, 24 analog input channels are required to accommodate all
the required per string current inputs. In addition, the bus voltages provide three analog
voltage inputs and the backup phase and ground overcurrent elements require yet another
three analog current inputs. This brings the total number of required analog inputs to 30.
The large number of analog inputs require two relays running the same protection scheme.
Each relay is capable of protecting up to five strings per phase. At present, each relay pro-
vides impedance protection to four strings and the overcurrent, overvoltage, undervoltage,
and breaker failure protection functions. Note that separate breaker current transformers
provide current inputs to each relay, and thus the protection has a healthy measure of
redundancy. Future expansion to a ten-string bank can be accommodated within the two
relays and an expansion to a twelve-string bank would require another identical relay.

Complete protection of the bank also includes backup overcurrent protection, tripping the
bank on loss of voltage to avoid reclosing transients, block closing of the bank to allow for
capacitor discharge, and breaker failure protection of the switching breaker. In addition,
during large-scale system disturbances and islanding conditions, where islands of over and
under frequency can exist, the impedance elements are blocked and only overcurrent pro-
tection is enabled. Thus, reactive power support is provided during system disturbances,
when it is needed, which may help prevent cascading trips.
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Future Enhancements:

1. Overcurrent on each string. The overcurrent protection could even be compensated by
the bus voltage since it is already in the relay. This protection would be for catastrophic
or growing faults that involve a large portion of the bank, such as a growing fault involv-
ing one or more strings in the bank.

2.Inclusion of automatic voltage and var control algorithms. This allows insertion or
removal of the capacitor bank from the system.
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