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Abstract

This paper presents novel solutions for protection of capacitor banks based on Rogowski coil current
sensors. To prove the technology, the first system was installed on a 60-kV, 30-Mvar capacitor bank
that is ungrounded wye-wye split design, assembled in racks. Previously adopted solutions for
capacitor bank protection were based on monitoring unbalanced currents between two wye neutrals.
Problems encountered with this design were related to the conventional iron-core current transformers
(CTs) that were measuring unbalanced currents. These CTs could catastrophically disintegrate during
high-current faults that occur inside the capacitor bank and damage capacitor units. Another problem
was locating the faulty capacitor units when the protection system operated. The CT-based protection
system had no phase segregation to help limit the search for the defective capacitor units.

The newly implemented protection system provides an advanced solution since Rogowski coils can
withstand high short-circuit currents, perform accurate measurement in a wide current range, and the
same coil can be used for both protection and metering. They have linear volt-current characteristics
because they are designed using non-magnetic cores. Unlike CTs that produce secondary current
proportional to the primary current, Rogowski coils produce small output voltages that are scaled time
derivative di(t)/dt of the primary current. The Rogowski coil output voltages do not increase if the
secondary wire is disconnected from the relay, resulting in open secondary. This is quite different than
a conventional CT, which may generate hazardous voltages when the secondary circuit opens. Other
advantages of Rogowski coils are compact size and light weight that is multiple times less than
conventional CTs.

The protection solution presented here includes six Rogowski coils (one installed in each branch) of
the wye-wye split design capacitor bank. The coils measure line currents and the relay derives phase
differential current for each branch. When a fault occurs in a capacitor unit the system indicates the
branch with the faulty capacitor unit. Rogowski coils are installed at the neutral of the capacitor bank.
The BIL requirements of the neutral are the same as that of the other components in the 60 kV
capacitor bank. Communication to ground level is achieved by a fiber-optic system that consists of
Remote Units and a Ground Unit. The Remote Units convert analog data from the Rogowski coils to
digital data that is transferred to the Ground Unit over fiber-optic cables. The Remote Units are
powered by light through a dedicated fiber-optic cable. The Ground Unit converts digital data to a data
set acceptable by the multifunction relay that runs the protection scheme. The communication system
uses multimode fiber-optic cables.

Extensive tests were performed to verify the overall system performance. Test sets were performed to
confirm the scheme dependability and security. Tests included: (1)-Measurement of the Rogowski coil
output signals (scale factor); (2)-High-Power Tests: Energizing capacitor bank (to verify the scheme
security and stability), Alarm tests, Trip tests at different capacitor unit failure levels; (3)-Impulse-
current tests; and (4)-Acceptance and commissioning tests.

This paper includes four major sections. PCB Rogowski coil designs are presented in Section 1.
Project design and implementation are described in Section 2. High-power tests are summarized in
Section 3. Field experiences are presented in Section 4.

Installation commissioning was performed on May 29 and 30, 2012, and confirmed that the capacitor
bank protection system, based on Rogowski coil current sensors, operates reliably — providing both
high dependability and security.



1 Capacitor Bank Design

1.1. Existing Design

The capacitor bank is a wye-wye-split design as shown in Figure 1. A photograph of the capacitor
bank is shown in Figure 2. The capacitor bank size is 30 Mvar and the voltage level 60 kV. It is
installed in a 220 kV/ 60 kV substation. Maximum short-circuit current at the capacitor bank location is
26.7 kA with an X/R ratio 20. The capacitor bank units are shown in Figure 3. The capacitor bank
units have the following ratings: Rated voltage 12120 V; Rated size 250 kvar; seven capacitor units in
parallel; and three capacitor groups in series.
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Figure 1 Capacitor Bank Circuit Connection

Figure 3 Capacitor Bank Units

The existing capacitor bank protection is based on overcurrent and overvoltage functions. There are
three CTs installed in each phase at the 60 kV side, providing conventional overcurrent protection.
Protection of the capacitor bank units is based on overcurrent protection, sensitive to the current
measured by the unbalance CT installed in the neutral between the two capacitor bank branches. The
CT ratio is 10/1.



Protection settings for the unbalance overcurrent includes:

— Alarm: 3.5 A, 2 sec
— Trip: 8 A, 200 ms

There are two main disadvantages of the existing capacitor bank protection solutions. First, for a
phase-to-phase fault within the capacitor bank high current can flow through the unbalanced CT,
causing it to explode. When this happens, significant damage may result in the capacitor bank.
Second, when a fault occurs inside a capacitor unit there is no phase fault segregation and it may
take time to locate the faulted capacitor unit. This is a significant issue since, in the worst scenario,
the six capacitor branches have to be checked before discovering the faulted unit. The time
consumed during repair has a tremendous impact on the availability of the capacitor bank. Being able
to segregate the faulty phase, the failed capacitor unit can be located 3 or even 6 times faster than
without phase segregation.

1.2. Capacitor Bank Protection Based on Rogowski Coil Current Sensors

Figure 4 shows a new solution for capacitor bank protection, based on Rogowski coil current sensors.
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Figure 4 Capacitor Bank Protection based on Rogowski Coils

Rogowski coils are installed in each leg of the three phases of the capacitor bank. This requires six
coils. Two coils of the same phase measure currents in two capacitor branches and the relay derives
the differential current. When current exceeds the preset values, the relay sends an alarm/trip signal.

2 Rogowski Coils

2.1 Rogowski Coils Design

Rogowski Coils are designed using two PCBs sandwiched together as a multi-layer PCB design (see
Figure 5). This design provides high accuracy of the coils. The coils are encapsulated and protected
by aluminum shrouds as shown in Figure 6. Diameter of the coil from Figure 6 is 165 mm to achieve
light weight and compact size for easy installation on the capacitor bank structure. The coils are
designed for a low-voltage insulation level.
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2.2.Rogowski Coil Installation

To satisfy 350 kV BIL, the coils are interfaced to the relay (located in the control room 300 m from the
capacitor bank) using fiber-optic cables and the Interoptix system. The Remote Unit is installed at 60
kV voltage level and performs analog-to-digital conversion of Rogowski coil output signals. The
Ground Unit, which is installed in the control room, reconstructs the analog signals for use by the
relay. Figure 7 illustrates the installation of Rogowski coils at the capacitor bank structure close to the
Remote Unit. The Rogowski coils are connected to the Remote Unit by twisted-pair shielded signal
cables.
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Figure 7 Installation of Rogowski Coils

The new protection system provides the equivalent level of protection as the existing system. The
main advantage of the new protection systems is improved safety since the Rogowski coils cannot
catastrophically fail as conventional iron-core CTs can. The coils will provide accurate current
measurement, protection, and faulty capacitor phase segregation. During the trial period, the new
protection system will be overlaid with the existing system.



3 High-Power and Impulse-Current Tests

High-power and impulse-current tests were performed to confirm the scheme dependability and
security. Tests included:

— Energizing capacitor bank (to verify the scheme security and stability)

— Alarm test (by opening one capacitor)

— Trip test (by opening two capacitors)

— Trip test (by shortening one half capacitor leg)

— Trip test (by shortening one capacitor leg)

— Energizing capacitor bank (to verify the scheme preserved full performance characteristic)
— Impulse-current tests by 5/13 us, 10 kA test current wave shape

— Final verification of the scheme performance characteristics

The high-power test setup is shown in Figure 8. The test generator has a capacity of 500 MVA. The
test transformers are single-phase 16.67 MVA, max output voltage 69 kV. Ground Unit, Remote Unit,
and relay during the test are shown in Figure 9.

Because of the limited laboratory capacitor bank size, single-phase tests were performed at 6 kV
voltages. Test current was 200 A. Prior to high-power testing, all six Rogowski coils were installed in
the same capacitor bank leg to measure the same current to verify the scheme balance. The next
step was installing two Rogowski coils to perform protection of the tested capacitor bank and installing
the remaining four Rogowski coils next to the test circuit to measure the noise pickup as shown in
Figure 10. The scheme was energized and automatic scheme balance was performed. This
procedure corrects any unbalance between the capacitor bank legs, resulting from causes such as
difference in capacitor unit sizes due to the manufacturing process.
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Figure 9 High-Power Tests (Remote Unit, Ground Unit, and Relay)

An energizing capacitor bank test was performed to verify the scheme transient security. Three
energizations were performed. Test currents recorded by the laboratory current transformers during
energizing are shown in Figure 11. In all tests the scheme preserved transient security.

The Rogowski Coil 60-Hz component current of the integrated signal during energization is shown in
Figure 12. Maximum value of differential current derived by the relay was 0.4 A which verified the
scheme security and demonstrated very good balance between the two capacitor bank branches.

Rogowski Coils
(installed to perform the
capacitor bank protection)

Rogowski Coils
(installed to measure the
noise pickup)

Figure 10 High-Power Tests (Rogowski Cails)
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Figure 12 Rogowski Coil 60-Hz Component of the Integrated Signal

An Alarm test was performed by opening one capacitor unit that created unbalance of 4.5 A. Test
results are shown in Figure 13. Relay properly asserted alarm. Note that the differential current before
opening one capacitor was minimal, confirming a very good balance.

Trip tests were performed by executing three levels of fault conditions:

— Opening two capacitor units,

— Shortening one half of the capacitor leg, and

— Shortening one entire capacitor leg.

The first test included opening two capacitor units. This created unbalance current of 9.2 A. The relay
issued a trip signal after 200 ms (as it was set). This verified dependability of the scheme.

The next level of fault was tested by shortening one half of the capacitor leg. This created unbalance
current of 80 A. The relay issued a trip signal after 200 ms (as it was set). This again verified
dependability of the scheme. Note: In actual application the relay will be set to respond instantly
(without time delay) for this type of fault or for higher unbalanced currents.
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Figure 13 High-Power Alarm Test Results

Catastrophic failure was tested by shortening the entire capacitor bank leg. The fault current was 10
kA. Figure 14 shows test currents recorded by the laboratory CTs. The shorted capacitor bank leg
was exposed to 10 kA fault current, while the second capacitor bank leg discharged through to the
shorted capacitor bank leg. High-frequency currents were significant during a brief period of time. The
relay derived differential current and issued the trip signal in a sub-cycle period of time as shown in

Figure 15. This verified scheme dependability under heavy fault conditions.

Note: In all tests the noise pickup was significantly smaller than the actual signal and did not have any

impact on the ability to detect the faulty phase.

As a final test, capacitor bank energization was performed to verify the scheme preserved full
performance characteristics after the high-fault current tests. The maximum value of differential
current was 0.4 A for a brief period of time, which verified that the scheme preserved security and full

performance characteristics.
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Figure 14 Catastrophic Failure Test
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Figure 15 Catastrophic Failure Test

Impulse-current tests by 5/13 ps, 10 kA test current wave shape were performed to verify that the
scheme will preserve full performance characteristics in case of lightning strike currents. The system
successfully withstood the impulse current tests.

Verification of the scheme performance characteristics was performed as final verification that the
system preserved its full performance characteristics after completing high-power and impulse-current
tests. The system was energized to perform the long-term operation simulating normal conditions.
One phase of the three-phase test system was split into two branches (legs) to simulate a split-wye
capacitor bank. Three Rogowski coils are installed in one leg and the other three coils in the second
leg. The test current was 200 A, which resulted in 100 A in each leg. Figure 16 shows a manually
triggered event record from the relay, and test currents and differential currents derived by the relay.
Differential currents are about 0.2 A which verifies that the system is well balanced and performs as
designed.
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Figure 16 Capacitor Bank Protection System Operation Simulating Normal Conditions

4 Installation and Commissioning Tests

Commissioning tests were performed on May 29-30, 2012, in the 220 kV/60 kV Pereiros substation of
the City Coimbra, Portugal. A single-line diagram of the substation is shown in Figure 17. Dotted lines
indicate the 30 Mvar capacitor bank where the Rogowski coil-based protection system was applied.

The Idea relay and Fiber-Optic Ground Unit are installed in a protection cabinet as shown in Figure
18. Two fiber-optic cables interface the Remote Unit with the Ground Unit. One fiber-optic cable
provides power for the Remote Unit. The second fiber-optic cable transfers measured data from
Rogowski coils through the Remote Unit back to the Ground Unit in a digital form. The Ground Unit
converts digital data to analog signals for use by the relay.

ProView software with the capacitor bank scheme is installed in the substation computer. The utility
protection engineers can access the substation computer from their office and then through the
computer the engineers can access the relay and perform different actions such as uploading event
records, changing the relay settings, and updating the scheme.

The capacitor bank layout is shown in Figure 19. Figure 20 shows installed Rogowski coils with the
secondary twisted-pair shielded cables and Remote Unit. REN changed the configuration of neutral
conductors to allow installation of Rogowski coils in a compact arrangement. The Remote Unit was
installed below the Rogowski coils. Figure 21 shows inside the box of the Remote Unit. Both power
and data fiber-optic cables are visible.

All settings were implemented according to REN’s specifications.

After visual inspection of the entire protection system, primary current injection tests were performed
to verify the coil polarity and scaling factors. All coils were properly oriented and the scaling factors
were correct.



The next tests were capacitor bank energizing to verify the scheme balance and stability. Figure 22
shows unfiltered and filtered capacitor bank currents during the capacitor bank operation. Differential
currents between two capacitor bank branches are shown in Figure 23. Differential current in phase A
(0-phase as per Portuguese standard) was 4 A, while differential currents in phases B and C (4-phase
and 8-phase as per Portuguese standard) were 1 A. The asymmetry was an interesting finding since
the current measured by the unbalance CT would not indicate such phase unbalance. This
demonstrates the potential of the scheme and suggests further studies.

The next test was verification of the scheme security during energizing a nearby capacitor bank (back-
to-back energizing). First, a nearby capacitor bank of the same size was de-energized and then the
test subject capacitor bank was energized. This operation verified that the scheme sustained its
security during the energizing. After verifying that the new capacitor bank protection system was
stable and that the relay accurately measured primary currents and derived small differential currents,
a nearby capacitor bank was energized. The protection system preserved its security. This verified
that the nearby capacitor bank switching will not impact the relay protection security.

The final test was verification of the scheme performance during the capacitor bank unbalanced
conditions. For this test the capacitor bank was energized with the one capacitor unit disconnected.
Figure 24 shows unfiltered and filtered capacitor bank phase currents. Differential currents are shown
in Figure 25. The current in B-phase (phase in which the capacitor unit was disconnected) started to
increase approaching the 8 A threshold. However, the existing capacitor bank protection operated and
the circuit breaker interrupted the current. This occurred because the existing protection was set to
operate at 1.5 A differential current. After reviewing the event records it was concluded that the
system performed properly and no other tests were required.

5 Conclusions

The Portuguese Transmission System Operator, REN, identified the need to look for an alternative to
the neutral current transformer (CT) protection system on the split-wye capacitor banks after several
catastrophic failures of the CTs. REN'’s engineers had already established very good experience with
Rogowski coil-based protection systems on previous projects and determined that Rogowski coils
possess performance characteristics that can solve the problem. Working in conjunction with Cooper
Power Systems, the solutions to the technological hurdles were developed. The new system was
extensively tested in the high-power and impulse-current laboratories and confirmed successful
performance. The installation and commissioning tests were also successful, which gave the REN
operating personnel the confidence that the new Rogowski coil capacitor protection system will
provide an advanced level of protection compared to the traditional neutral CT-based protection. An
important safety aspect of Rogowski coils is that they cannot catastrophically fail under any operating
conditions including heavy-current faults that would cause conventional CTs to catastrophically fail.
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Figure 18 Idea Relay and Ground Unit Installed in the Protection Cabinet
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Figure 19 Capacitor Bank Protected by the Cooper Power Systems Protection System
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Figure 20 Rogowski Coils and Remote Unit Installed at the Capacitor Bank Location



Figure 21 Remote Unit
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Figure 24 Capacitor bank Energizing with One Fuse Removed (filtered and unfiltered currents)
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Figure 25 Capacitor Bank Energizing with One Capacitor Unit Removed (differential currents)
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