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Abstract

High voltage direct current (HVDC) circuit breakers are a key
technology to enable fault management for multi terminal DC
(MTDC) networks. DC  circuit  breakers  using
superconductors for current limiting have been proposed
previously and experimentally tested at low voltage levels.
Superconductor materials are ideal for DC networks: they do
not incur losses operating with pure DC current. This paper
will focus on the interface between the superconductor
element and the other elements of the breaker, i.e., the
mechanical switch and semiconductor elements. A 10 kv DC
circuit breaker will be developed based on the optimized
interface and control strategy.

1 Introduction

The development of renewable energy generation is vital to
providing energy security and reducing the environmental
impact of fossil fuels. Offshore wind energy plays an
important role in enabling the UK to meet its 2020 renewable
energy targets [1]. It is therefore essential to accommodate
and integrate offshore renewable energy by using a cost-
effective transmission network. High voltage direct current
(HVDC) transmission systems using voltage source converter
(VSC) offer great potential for long distance bulk power
delivery. Multi terminal DC (MTDC) networks and meshed
DC grids further improve system stability, reliability and
security [2, 3]. HVDC circuit breakers are a critical
technology for managing faults in MTDC networks. DC
current breaking however is much more challenging than AC
systems because there is no natural current zero-crossing to
isolate the fault [4]. The rise rate of short circuit currents in
DC networks is also much higher due to the lower system
impedances. Hybrid HVDC circuit breakers comprised of
mechanical switches, semiconductors and varistors have been
investigated by several manufactures [5, 6]. The conduction
losses of the solid-state semiconductors however still
dominate the DC circuit breaker losses. A faster and cost-
effective DC circuit breaker which enables direct fault
isolation for MTDC networks is urgently required.

Recently DC circuit breakers using superconductors for
current limiting have been proposed and tested at 400 Vdc
[7]. Superconductor materials are ideal for DC networks: they

do not incur losses operating with pure DC current, and they
naturally transition to a high resistance once the fault current
exceeds the critical current of the superconductor. This
process is also called superconductor gquench. The critical
current of the superconductor depends on the type of
superconductor and the operating temperature.

This paper will focus on the interface between the
superconductor element and the other elements of the breaker,
i.e., the mechanical switch and the semiconductors. Fault
protection devices such as superconducting circuit breakers
and superconductor fault current limiters (SFCLs) for both
AC and DC system are reviewed. These systems are divided
into two categories depending on the control of the
mechanical switch. The mechanical switch driven by an
electromagnetic repulsion mechanism does not require an
external power supply and trigger signal; however, it might be
affected by the magnitude of the fault current and also
difficult to coordinate with an auto-reclosing function. The
mechanical switch controlled by an independent actuator
provides greater flexibility. An AC SFCL integrated with a
vacuum interrupter was investigated experimentally at the
University of Manchester. The magnitude of the
superconductor coil voltage was compared with a pre-set
threshold voltage and used to automatically trigger the
mechanical breaker actuator. Separating the actuator supply
from the fault current provides the greatest system operational
flexibility. External triggering signals can also be brought in
if necessary to provide full control of the operation of the
SFCL/actuator unit.

This paper will cover a detailed comparison of the above
prototypes and select which is more suitable for a DC circuit
breaker. This paper will also look at the system requirements
(eg external trigger signal, semiconductor) and examine the
circuit breaker trigger signal specification and the impact on
the electrical and mechanical element design. A 10 kv DC
circuit breaker will be developed based on the optimized
interface option and control strategy. This would represent a
competitive candidate DC circuit breaker for MTDC
networks.

2 SFCL to DC circuit breaker interface

For medium and high voltage applications, vacuum and
sulphur hexafluoride (SFg) have already replaced the previous
air and oil solutions and have become the most widely used
types of circuit breaker. In this paper, the mechanical
switches refer to either vacuum interrupters or SFg circuit



breakers. The control is similar for both vacuum interrupter
and SFs circuit breaker apart from the actuator/operating
system.

2.1 Mechanical switch driven by an electromagnetic
repulsion mechanism

In this section, the SFCL system with a mechanical switch
powered by an electromagnetic repulsion mechanism is
discussed. A hybrid AC SFCL has been developed in [8, 9].
The experimental diagram is shown in Figure 1. The
superconductor and the vacuum interrupter are connected in
series and then in parallel with a coil. If a fault occurs, the
superconductor element transitions into a high resistance. The
current is transferred to the parallel coil. The current in the
parallel coil drives the electromagnetic repulsion mechanism
to open the wvacuum interrupter. This type of SFCL
demonstrated successful operation and fast recovery of the
superconductor.

(1): Electromagnetic Repulsion Plate
(Aluminum)

(2); Parallel Coil (0.15mH)

3): Vacuum Circuit Breaker
(6.6kV, 6.3kA)

Figure 1: Hybrid AC SFCL with vacuum interrupter driven
by electromagnetic repulsion mechanism [8]

Another hybrid AC SFCL has been designed (Figure 2) and
developed for the Korea Electric Power Corporation
(KEPCO) [10, 11]. The superconductor coil is connected in
series with a vacuum interrupter and in parallel with a driving
coil. As the superconductor coil becomes resistive during a
fault, current flows through the driving coil, and the field
produced by the coil current activates the fast switch that
causes the current to be diverted into a reactor. The reactor
provides the limitation action throughout the remainder of the
fault event. In operation, the fast switch is basically a plunger
with a switch on either end that commutates the line current.
The driving coil exerts force on the repulsion plate that
engages the plunger to activate the limiting reactor [11].
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Figure 2: Hybrid AC SFCL [10]

Advantages and disadvantages of the AC SFCL system with a
vacuum interrupter powered by an electromagnetic repulsion
mechanism are summarised as follows.

Advantages:

e Compact structure with reduced superconductor
material and cryogenic volume compared with a
resistive SFCL.

e Automatic operation once fault occurs and neither
external power supply nor external trigger signal
required. This greatly simplified the system interface
requirement.

Disadvantages:

e The operation of the vacuum interrupter might be
affected by the fault current level because the
electromagnetic repulsion mechanism is powered by
the fault current.

e  The vacuum interrupter might close again before the
fault is cleared. When the fault current level is
reduced, the electromagnetic repulsion mechanism
might not provide enough force and the vacuum
interrupter might close again before the fault is
cleared.

e It might also be difficult to coordinate this with an
auto-reclosing function. No external control can be
introduced, which significantly reduces the system
controllability.

2.2 Mechanical switch driven by independent actuator

A mechanical switch driven by electromagnetic repulsive
force derived from the fault current has been discussed for
controlling the mechanical switch under different fault
conditions and auto-closing coordination. This section
discusses the system with a mechanical switch operated by an
independent actuator / operating mechanism.

A high-speed interrupter with a solenoidal coil was used in a
three-phase AC SFCL. Figure 3 presents the experiment
circuit diagram of the SFCL operating system with the
solenoid driving coil. The circuit is similar to the first hybrid
AC SFCL except that the vacuum interrupter is operated by a
solenoidal coil. A current transformer is used to monitor the



current level in the AC network and the overcurrent signal is
send to the thyristor control system. The solenoidal coil
actuator is supplied by a separate AC source. The operating
efficiency of the solenoidal coil is low however because there
is no latching function.

n I 4‘ n

[ = 1
Solenoid coil M Igz

Ouitput_fault ee—

QOutput_normal == == e=

Limiter

Qutput_fault

a-switch|

-switch
Input

Qutput_normal

Figure 3: SFCL system with solenoid driving coil [12]

A 138 kV hybrid SFCL design concept has also been
proposed and shown in Figure 4. Initially the superconducting
coil provides a low impedance current path. Once a fault is
detected by the protection and DAQ system, the hybrid design
utilizes a fast operating switch to remove the superconductor
from the circuit during quench, leaving a reactor in line to
limit the fault current.
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Figure 4: 138 kV hybrid SFCL [10]
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Recently a DC circuit breaker using a superconductor for
current limiting has been proposed and tested at 400 Vdc.
Figure 5 shows the structure of the DC circuit breaker, which
comprises a current limiting part (superconductor in parallel
with a resistor) and an interrupting part (a conventional gas
circuit breaker). The gas circuit breaker and its actuator are
shown in Figure 6. During normal operation, the current
flows through the superconductor and the gas circuit breaker
with  negligible losses. Once a fault occurs, the

superconductor transitions into a high resistance when the
fault current exceeds the superconductor critical current and
limits the fault current as quickly as 1 millisecond. The gas
circuit breaker then opens at a low current level and directly
interrupts a small DC current (less than 200 A). A ZnO

arrester is used to absorb the residual energy after
interruption.
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Figure 6: DC circuit breaker mechanical component [7]

The advantages of a system using a mechanical switch driven
by an independent actuator are:

e Compact structure with reduced superconductor and
cryogenic volumes compared to a resistive SFCL.

e The operation of the actuator/ vacuum interrupter is
independent from the fault current level. This
ensures fast operation under any fault condition.

e The reclose process can be controlled independently,
which provides increased controllability and
flexibility.

e External fault detection can also be brought in if
necessary to provide full control of the operation.
The vacuum interrupter can be triggered by both
automatic superconductor quench or by external
fault detection.

The disadvantages are:



e An external power supply is needed for actuator
operation. Harvesting energy from the HVDC
network is a quite challenge.

e Fault detection, trigger signals and an interface
circuit are required to control the actuator.

2.3 AC SFCL integrated with vacuum interrupter system

Separating the actuator supply from the fault current provides
the greatest system operational flexibility. An AC SFCL
integrated with a vacuum interrupter was investigated
experimentally at the University of Manchester [13, 14]. The
potential of a fast-acting actuator whose operation is
independent from the fault current level and can also be
latched in the open/closed position was investigated. The
detailed system operation is presented in Figure 7. This
system includes a superconductor coil in series with a
mechanical switch, and then in parallel with an external
bypass resistor. During a fault, a voltage develops naturally
across the superconductor coil when it transitions to a normal
conductor. The magnitude of the coil voltage was compared
with a pre-set threshold voltage and used to automatically
trigger the vacuum interrupter actuator. It is important to
design and build a fast-acting actuator to operate the
commercial DVS10CB vacuum interrupter used here. A
moving coil actuator was selected and designed to provide
controllable and high speed operation. Permanent magnet
latches were used to hold the vacuum interrupter in the open
and closed positions. This fast-acting vacuum interrupter
actuator demonstrated successful operation opening the
vacuum interrupter within 3 milliseconds.

A full-bridge DC-DC converter was used to control the
moving coil actuator. The polarity of the output voltage and
current can be controlled to allow the opening and closing of
the actuator. The permanent magnet then latched the actuator
in the open or closed positions without consuming any
energy. The DC bus capacitor was pre-charged using a DC
power supply or rectified line voltage, to provide the energy
required to open and close the vacuum interrupter.

The method to determine whether the SFCL coil has
guenched or not, was to compare the coil voltage with the
pre-set threshold voltage level. When a fault occurred, the
coil started to quench and the amplitude of the voltage across
the coil increased quickly, exceeding the pre-set threshold
voltage level. This then generated a signal to open the
vacuum interrupter. The voltage across the coil however was
sinusoidal in an AC system and therefore an absolute value
circuit was needed to convert it into a positive output signal.
A precision full-wave rectifier circuit was used. The absolute
value of the coil voltage was compared with the pre-set
threshold voltage level using a single voltage comparator. The
pre-set threshold voltage level, which was connected to the
positive input of voltage comparator, could be adjusted by a
potentiometer. The trigger circuit, which was based on using
a threshold value for the coil voltage, enables automatic
operation without nuisance tripping or dependence on the
fault current level. The ability to modify the pre-set threshold

voltage also allows additional control functionality for the
unit.

This system demonstrated successful operation during fault
operation demonstrating repeatable behaviour at different
potential peak currents. This confirmed that the fault current
level did not affect the operation of the vacuum interrupter
[14]. These practical experimental experiences are useful in
developing the DC circuit breaker.
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4 High voltage connection

The experimental tests were carried out at low voltage. To
design the interface for a high voltage DC circuit breaker for
HVDC transmission systems, the voltage across the
superconductor could be similar in magnitude to the HVDC

transmission voltage rating after the superconductor
quenches. Practical solutions will be discussed in this section
including the high voltage connection between the

superconductor voltage and the control system. A control
strategy will also be discussed for the superconducting DC
circuit breaker.

A compensated resistive voltage divider (RC-divider) can be
used to transform the high voltage to an intermediate/low
voltage level for measurement purpose. Figure 9 shows a
typical RC-divider and options for processing the output
voltage signal. The primary side of the RC-divider is
connected to the superconductor terminals. The output
voltage signal can be processed and then used for the DC
circuit breaker control.

1 DCB-BOX

Divider Connection Box

Figure 9: HVDC voltage divider [15]

There are three options for voltage signal processing
depending on the application and transmission distance. The
first option: the primary voltage is divided to an intermediate
voltage. A double shielded cable is used to transmit the signal
to the divider connection box (DCB-Box). The DCB-Box
then divides the intermediate voltage to the secondary
voltage. This voltage signal can then be transmitted over long
distances and can also be protected against electromagnetic
interference.

The second option: again the primary voltage is divided to an
intermediate voltage. Several DCB-Boxes divide the
intermediate voltage to different secondary voltage outputs
for independent data processing or redundant paths. This
method has the same advantages as the first option but also

provides multiple independent measurement of the input
voltage. The capital cost however is the highest among all the
three options.

The third option: the primary voltage is directly divided to a
secondary voltage. This secondary voltage can then be
converted to a digital or optical signal. This is suitable for
short distances with individual transforming, transmitting and
analysing of the secondary signal. The third option is chosen
here because the DC circuit breaker is a single unit and the
superconductor coil is designed to be placed close to the other
elements in the unit and the control system.

Galvanic isolation is desirable and often essential in
measurement systems. Operator safety and signal quality are
ensured with isolated interconnections. The ground for the
superconductor may not be the same as the control system; it
is necessary therefore to isolate the voltage signal. Isolation
amplifiers, linear optocouplers or optical fibres can be sued
for isolated connections.

A proposed control strategy for the superconducting DC
circuit breaker is shown in Figure 10. A microcontroller is
used to monitor the current, voltage and fault signals and also
send control signals to the mechanical switch and
semiconductor. The current signals fedback to the
microcontroller include the total current through the circuit
breaker, the current through the mechanical switch and the
semiconductor. The voltage of the superconductor is
connected to the primary side of the voltage divider. The
output of the voltage divider is then connected to the control
circuit and microcontroller through an isolation integrated
circuit chip. An actuator control circuit monitors the
superconductor coil voltage and the external fault detection
signal, and then controls the mechanical switch. This DC
circuit breaker and control system ensures great
controllability and flexibility. A 10 kV DC prototype circuit
breaker will be built and tested based on this control strategy.

Control block

System current——m
External fault
detection

Superconductor current— Microcontroller [

__Mechanical switch current-|
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Y

- Actuator control
Isolation - -t
circuit
11 11
I I
1 k.

Voltage
divider

Gate
drive

Mechanical
switch

L— Superconductor — Semicondutor

Figure 10: DC circuit breaker control diagram



5 Conclusions

A superconducting DC circuit breaker is a potential solution
for fault current management in MTDC networks. A
mechanical switch controlled by a separate actuator is
preferred due to its controllability and flexibility.

Practical problems such as high voltage connections are also
considered. A suitable control strategy is also suggested for
the superconducting DC circuit breaker. External fault
detection can also be brought in if necessary to provide full
control of the operation of the DC circuit breaker. The
vacuum interrupter trigger signals include measurements of
the overvoltage on the superconductor coil and detected fault
signals in the power network. A prototype 10 kV DC circuit
breaker is to be developed based on the proposed control
strategy.
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