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Abstract: This article describes the development of current sensors used in DCU-type high-speed
circuit breakers. DCU-type circuit breakers use the principle of turning off a constant short-circuit
current by means of countercurrent. The article presents a new current sensor design called PIKh,
which uses Hall sensors to measure current and determine its direction. PIKh sensors allow parallel
operation of high-speed circuit breakers during the “parking” operation. The article includes the
algorithm and principle of operation of the PIKh sensor. The proposed solution was verified on an
electric traction vehicle.
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1. Introduction

The parallel operation of commonly used electrical apparatuses is now a standard
for increasing the reliability of in-service urban traction vehicles, railroads, subways, as
well as vehicles used in the global open-pit mining industry where operational reliability
is a priority not only in economic terms, but also for the safety of users. The standard
of redundant operation was applied and has been widely used for more than 25 years at
CERN (the European Organization for Nuclear Research) for the safety of the Large Hadron
Collider (LHC—Large Hadron Collider) and is still being developed [1]. Redundant work
is permeating various industries, especially rail transport, and is positively influencing
the elimination of transport exclusion and the sustainable development of all European
regions within the Trans-European Transport Network (TEN-T). Also, in Poland, there is a
dynamic implementation of redundant work standards. A pioneer in the implementation
of this technology using vacuum chambers is the Department of Electrical Apparatuses
of Lodz University of Technology. An outline of parallel operation has already been
presented by the authors in the 2018 publication titled “The new design of the vacuum
circuit breaker mounted on the roof of Electric Traction Units” [2], which describes a new
family of DCU-type circuit breakers with variants DCU-800MNL and DCU-800MNLD.
The research carried out at the Short-Circuit Laboratory of the Department of Electrical
Apparatuses of Lodz University of Technology focused on the technical verification of
the new circuit breaker design and its location on the traction vehicle without taking into
account the possibility of recuperation and the introduction of the “parking” mode to the
standard of use of the traction vehicle. In the indicated article, the possibility of parallel
operation is provided only in the case when parallel operation is realizable, for example,
during the process of testing and certification of a new traction vehicle ETU (ETU—electric
traction unit). Proper parallel operation is possible only when the process of switching off
one of the closed switches is preceded first by lowering the pantograph and then a signal is
given to switch off the switch.
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Since not all ETU manufacturers accepted the above limitation, it was necessary to
carefully examine the traction vehicle’s operating algorithm and guarantee the unrestricted
use of vacuum circuit breakers.

The standard of operation of traction vehicles has become a mode of operation “park-
ing” occurring only at a standstill. This mode is characterized by the following:

- In the case of a change of direction of the ETU, the driver additionally raises the
second pantograph and closes the second breaker. Then, he turns off the first switch
and lowers the first pantograph. After moving to the end of the train, he starts the
driving process. In such a situation, self-exclusion of the circuit breaker is not allowed.
This results in the need to reset the entire traction vehicle and prolong the shutdown
of the vehicle.

- Inthe case of leaving the ETU overnight with pantographs raised and circuit breakers
closed, which is intended to ensure that the batteries are adequately charged and that
the vehicle remains in service, the vehicle’s automation can autonomously close the
switched-off circuit breaker only if the cause of the shutdown is not a short circuit. In
the case of parallel operation of vacuum circuit breakers, the disengagement of one
circuit breaker makes the other one shut down and issue a signal to the vehicle’s main
control unit signalling a short-circuit disengagement.

In addition, the widespread introduction of recuperation in Poland has forced the need
to expand the measurement capabilities of vacuum circuit breakers and introduce the ability
to detect and recognize different types of currents flowing through the circuit breaker.

In this article, parallel operation will be presented as a backdrop to demonstrate the
development and application of PIKh current sensors to prevent abnormal opening of
parallelly connected ultra-fast DC vacuum circuit breakers of the DCU type powered by
3 kV DC. The process of the tests and technical considerations will be presented for the
ultra-fast DC vacuum circuit breaker type DCU-800MNL. The family of ultra-fast DC-
type DC vacuum circuit breakers has been widely applied in protecting ETUs from the
dangerous effects of surges and short circuits. Ultra-fast circuit breakers of DCU type
are manufactured under the license of the Department of Electrical Apparatus of Lodz
University of Technology by the Electrical Apparatus Plant “Woltan” Ltd. (Poland, Lodz).
DCU-type circuit breakers use the principle of countercurrent, the source of which is high-
energy capacitors, to switch off a constant short-circuit current [3-6]. The beginning of
ultra-fast vacuum circuit breakers in Poland is dated for 1996 and the serial production of
the first DCV-type circuit breaker for 3 kV DC voltage and 250 A rated current started at
the same time. The last two decades of dynamic development of technology have allowed
for the designing, manufacturing, and implementing DC circuit breakers of the DCU-630],
DCH, DCN-L, DCN-T, DCN, and DCU-800M types as well as the SVB AC circuit breaker
and the DWT dual-system circuit breaker.

The topic of an ultra-fast vacuum circuit breaker has been discussed many times at
international conferences and in the world literature [7-29].

The article also presents the problems arising from the parallel operation of DCU circuit
breakers and ways to solve them. The new PIKh current sensor has been designed with
the functionality of detecting the direction of current flowing through the circuit breaker
and the ability to distinguish the types of current, i.e., rated current, short-circuit current,
overcurrent, and countercurrent, of the other breaker in the case of parallel operation.

2. Materials and Methods
2.1. Identification of the Problem

The process of measuring short-circuit current in DCU-type circuit breakers will be
discussed first. The current sensor, named PIK, Figure 1, uses reed switches for detecting
short-circuit current, constructed from a hermetic glass bulb in which ferromagnetic metal
contacts are embedded in a vacuum environment. The ferromagnetic contacts attract and
close each other under the influence of an appropriately directed external magnetic field. In
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the case of DCU circuit breakers, the PIK current sensor is mounted on a copper rail which
is the main current path of the circuit breaker.

outer disc layer
| 1 |

‘2\ COPPER BUS

inner disc layer

SWITCH m“

@ >

Figure 1. Sensor PIK.

The sensor is adjusted by rotating a disc on which contacts placed in a field created by
a conductor with a current are mounted. A constant current flowing through the copper
rail produces a magnetic field. The dependence of the current on the angle between the
current and the field lines is shown in Equation (1):

_ F
T 1xBxsina

)

where [—current, B—magnetic induction, F—magnetic force, and a—angle between the
current direction and the direction of the magnetic field lines.

The above solution does not provide the possibility to measure the current in real
time, but it only allows us to determine whether the current flowing through the circuit
breaker is lower or higher than the set threshold value of the PIK sensor trip. The process
of setting the sensor tripping threshold value is complicated and needs to be carried out
in the laboratory. The presented solution worked well only for DCU-type circuit breakers
operating as a single protection for a traction vehicle.

The widely promoted and disseminated standard of parallel operation, which aims to
increase the reliability of the traction vehicle, has also been introduced in Poland. Manufac-
turers of new traction vehicles placed two circuit breakers on the roof of the traction vehicle.
Figure 2 shows the two most popular ways of powering traction motors and transferring
the drive from one train car to another.

Method 1 shows the power transmission between car A and car B at the level of
traction motors. In this case, despite the parallel operation of circuit breakers relative to rail
electric traction and running rails, the problem of interaction of vacuum breakers with each
other does not occur. The countercurrent circuit of one circuit breaker is isolated from the
other via traction inverters.
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Figure 2. Simplified main circuit of a traction vehicle.

Method 2 shows the transmission between car A and B at the level of the outputs of the
circuit breakers. If two pantographs are raised, the circuit breakers are connected parallelly
to the electric traction line. Two pantographs can be raised and two circuit breakers can
be closed only when the traction vehicle is at a standstill during the “parking” mode of
operation. This mode is used in order to:

- reduce the time required to change the direction of the traction vehicle; one needs to
take into account the driver’s change of cab,

- maintain charged batteries also during disconnection of the circuit breaker for reasons
of voltage failure of the 3 kV overhead line (switching on the circuit breaker again is
carried out automatically by the main controller of the traction vehicle).

The operation of vacuum circuit breakers in the “parking” mode results, when one
circuit breaker is switched off, in switching off the other circuit breaker as well.

In order to introduce the problem of the parallel operation of vacuum circuit breakers,
the principle of operation of an ultra-high-speed vacuum circuit breaker of the DCU type
will be discussed, which will make it easier to understand the phenomena occurring in DC
electrical circuits rated at 3 kV during the parallel operation of circuit breakers. Figure 3
shows a circuit consisting of a 3 kVDC power supply, resistance and inductance of the
power supply, and a closed circuit breaker (KG—closed). When a short circuit occurs in the
circuit shown in Figure 3, the short-circuit current increases with an initial steepness that
depends on the supply voltage and inductance of the circuit:

_dIs U

T @

where s—initial rate of short-circuit current rise, Is—circuit current, U—power supply, and
Ls—suppressor of countercurrent.
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Figure 3. Schematic diagram of a DC circuit turned off by circuit breaker type DCU. KG—main vac-
uum chamber, KP—auxiliary vacuum chamber, CK—commutation capacitor, LK—a suppressor defin-
ing the parameters of the countercurrent pulse Iy,, OPZ—high-voltage varistor, PIK—overcurrent
sensor, Is—circuit current, Ixg—main chamber current, Ixp—auxiliary chamber and capacitor current,
RS—Iine resistance, LS—line inductance, U—power supply, GP—countercurrent generator.

A further increase in the short-circuit current triggers the PIK sensor, which trig-
gers the procedure for switching off the short-circuit current by the DCU-type vacuum
circuit breaker.

First, the contacts of the KG vacuum chamber are opened and the arc voltage appears
on its contacts. Then, after a fixed time (1.2-1.6 ms), the KP chamber is closed and the Ixp
current begins to flow. In this case, the equation is correct:

Is = Ixg + Ixp = const 3)
and I dI
kG _ dlkp
dt  dt @

The equation shows that the absolute value of the decreasing steepness of the Ixg
current will be equal to the absolute value of the increasing steepness of the Ixp current in
the GP countercurrent generator branch. Switching off the current in the circuit will occur
when the currents equalize

Is = Ixp 5)

because the Ixg current will reach a value equal to zero. It shows that the maximum value
of short-circuit current possible to be switched off by vacuum circuit breakers is limited to
the maximum value of the current Ixp generated by the GP generator.

We can describe the current Ixp with the following equation:

Uk ot
— woik e~ *'sin(wot) (6)

Ixp =

where Uy—voltage on capacitor CK, w,—pulsation of natural oscillation of the circuit,
a—damping constant, and Lx—inductance of GP generator.

In the case when the resistance of Rcx seen from the terminals of capacitor CK
(Ric—the intrinsic resistance of the series connection of elements KG, KP, LK) is much
smaller than the wave impedance Z;, then we can assume that the maximum current
IkPmax 18

U
IKPmax = 71; (7)
where
LK
Zi =\ = 8)
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For vacuum circuit breakers, the maximum value of Ixpmax current is approximately
15 kA (we will return to the maximum value of Ixpmax current when analyzing the parallel
connection of circuit breakers).

The correctness of operation of the switch, with a simplified diagram presented in
Figure 3, is ensured by the properly synchronized operation of the vacuum chambers
KG and KP. The process of closing and opening the vacuum chambers is performed by
means of a thyristor-triggered induction-dynamic drive [30] (not shown in Figure 3). In the
described circuit breaker, the parallel operation of the vacuum chambers is used, which
determines the DC shutdown by means of forced commutation. The countercurrent impulse
is generated by means of a series connection of the commutation capacitor CK and the
commutation choke LK. Vacuum chamber KP is responsible for closing the countercurrent
circuit whereas chamber KG opens and closes the main circuit of the circuit breaker. The
breaker’s readiness for the next switch on is achieved after a few seconds, after charging
the commutation capacitor CK. Achievable times for switching off permanent short-circuit
currents by vacuum circuit breakers are approximately 2 ms. Protection for the railway
traction and the receiver is provided by a high-energy surge arrester OPZ. The arrester
used ensures protection-free operation not only for vehicles, but also for other equipment
operating on the same railway traction.

The modular subdivision of the components that make up a DCU-type vacuum circuit
breaker makes it easy to adopt the configuration of the components and their arrangement
to the customer’s limited working space. An example of a DCU-type vacuum circuit breaker
is the DCU-800MNL breaker (Electrical Apparatus Plant “Woltan”, Poland, Lodz) (Figure 4).
Two circuit breakers of the DCU-800MNL type can operate in parallel, in series, or each
separately as independent protection for the vehicle or selected circuits of the vehicle.

Figure 4. View of circuit breaker DCU-800MNL after removing the top cover [2].

Before discussing the parallel operation of DCU-800MNL-type vacuum circuit break-
ers, it is first necessary to discuss the voltage and current oscillograms (Figure 5) during
the short-circuit current shutdown procedure by the DCU-800MNL circuit breaker. All
vacuum circuit breakers of the DCU family turn off the current in the same way without
distinguishing its nature (rated current, overload current, short-circuit current). However,
the value of the limited current and the rate of the current rise depend on the parameters of
the circuit.
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Voltage (U)

k=2 ms
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Figure 5. Oscillogram of the process of switching off the short-circuit current for the vacuum circuit
breaker DCU-800MNL (I—short-circuit current, U—traction voltage). ki—current signal amplification
factor, kt—time base, ku—voltage signal amplification factor.

The oscillogram of Figure 5 shows an example of the power supply voltage and current
waveforms during the short-circuit switch-off process. At the onset of the short circuit, the
current begins to increase with a rate of current of 1.25 A /us, reaching a maximum value
of 4 kA. The response of the system is a generated overvoltage of up to 8 kV and a duration
of up to 1 ms.

Because the circuit breaker measures the “current” and voltage of the power supply,
spontaneous shutdown is possible in two cases:

- exceeding the threshold value of the current set on the PIK current discriminator,
- exceeding the permissible value of the circuit breaker supply voltage.

We will analyze the parallel operation of circuit breakers for the redundant combina-
tion of circuit breakers shown in Figure 6. The redundant use of protection on the ETU
allowed the introduction of the “parking” mode of operation when the traction vehicle
is stationary.

The operation mode “parking” during parallel operation of the circuit breakers shown
in Figure 6 is effective when one circuit breaker is switched off, the other circuit breaker
is also switched off. Such action of DCU-type vacuum circuit breakers is unacceptable to
manufacturers and users of electric traction vehicles.

Figure 7 shows the parallel connection of circuit breakers of the DCU-800MNL type.
For such a case, let us analyze the process of the forced shutdown of one of the circuit breakers
in the situation when the supply voltage U = 0 V and there is no sub-connected consumer.

The process of preparing circuit breakers of the DCU-800MNL type for switching
on requires:

- charging the internal CN drive capacitors (not shown in Figure 6),

- charging the commutation capacitor CK and CK2 (through the internal transformer,
not shown in Figure 7),

- issuance of the SGot signal (information that the switch is ready to be switched on).
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Figure 6. Simplified main circuit of a traction vehicle—operating mode “parking”.

FIRST CIRCUIT BREAKER SECOND CIRCUIT BREAKER

OoPz

Figure 7. View of the parallel work of two circuit breakers type DCU-800MNL. KG, KG2—main
vacuum chamber, KP, KP2—auxiliary vacuum chamber, CK, CK2—commutation capacitor, LK,
LK2—a suppressor defining the parameters of the countercurrent pulse Ikp, OPZ, OPZ2—high-voltage
varistor, PIK, PIK2—overcurrent sensor, Ixg, Ixgo—main chamber current, Ixp, Ixpp—auxiliary chamber
and capacitor current, U—power supply, GP, GP2—countercurrent generator.

Then, both circuit breakers are switched on, which is equivalent to closing the main
contacts of vacuum chambers KG and KG2. The counterflow chambers KP and KP2 remain
open. At the moment when the traction vehicle controller issues a signal to switch off
circuit breaker one:

- the main chamber KG opens (since the supply voltage is 0 volts no arcing occurs),

- after a time of 1.4 ms (the time specified by the manufacturer of the switches), the
auxiliary chamber KP is closed.
In this situation, capacitor CK is discharged, which is equivalent to the flow of current

Ixp through the closed chamber KG2. The flowing current through the KG2 chamber causes
the tripping of the current sensor PIK2 and the initiation of the procedure of automatic
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shutdown of the second circuit breaker. An electric arc ignites on the open contacts of
chamber KG2. Then, the chamber KP2 is closed. In this situation, the Ixg, current is

Ikc2 = Ikp + Ikp2

The process of turning off the current and extinguishing the arc in the Ixgy chamber
will occur at the second half-wave of the countercurrent Ixpy. As a result, capacitors CK
and CK2 are discharged to a value close to zero.

Problem found—Forced shutdown of one circuit breaker will cause self-acting shut-
down of the other circuit breaker [31].

To confirm the above statement, according to the layout shown in Figure §, a test of
parallel operation of two DCU-800MNL circuit breakers was performed in the Laboratory
of the Department of Electrical Apparatus. As in the analytical assumptions described
above, the supply voltage U = 0 V and there is no consumer connected. An LEM current
transducer was used to independently measure the current flowing in the circuit of the
connected circuit breakers. The LEM transducer was previously calibrated with a DC
generator in such a way that it was possible to accurately measure fast variable currents of
ms duration. The scaled transducer was then connected to an oscilloscope using the circuit
shown in Figure 9.

+3 kV

ETU - Electrical Traction Unit

Figure 8. Parallel work of vacuum circuit breakers type DCU-800MNL.

An attempt to close both circuit breakers (Figure 8) and the forced opening of one of
them caused the flow of current to the other circuit breaker and its automatic shutdown.
The recorded current is shown in Figure 10.

The analysis and measurements carried out confirmed the fact that the cause of
triggering the circuit breaker’s automatic shutdown procedure during equilateral operation
is the detected countercurrent of the circuit breaker we switched off. The source of this
countercurrent is the high-energy CK capacitor, while the LK choke and the voltage value
to which the CK capacitor was charged are responsible for the shape and amplitude of
the countercurrent.
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Figure 9. Current measurement using LEM converter.
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Figure 10. Current oscillogram. Based on the above oscillogram, a current oscillation time of 1.2 ms,
maximum amplitude of the recorded current 5 kA (1 V-2 kA), and a countercurrent generated by the
circuit breaker, switched off by us, was measured.

The above-described situation occurring during the parallel operation of all DCU-type
circuit breakers is unacceptable during the operation of traction vehicles. This type of
switch-off circuit breakers prolong the time of scheduled trips of the ETU and generate
excessive overvoltages, which overload the KP chambers and high-energy OPZ varistors.

2.2. Control Algorithm of New Current Detector PIKh

The main switch of a traction vehicle must be a reliable apparatus that is not sensitive
to interference generated by other apparatuses that make up the vehicle’s main circuit.
Depending on the needs of the designers of modern rolling stock, the circuit breakers must
be able to operate independently, in series and in parallel. In order to enable the parallel
operation of DCU-type vacuum circuit breakers, there is a suggestion to design a new
current sensor called PIKh, which will detect the direction of the flowing current and its type
(short-circuit, overload, countercurrent, rated current). The new current sensor will enable
the use of DCU-type vacuum circuit breakers on any ETU and in any configuration and
spatial arrangement. The element used to detect the current and its direction is a hallotron.
Figure 11 shows the algorithm of operation of the PIKh current sensor, in which three
hallotrons H1, H2, H3 are responsible for measuring the current and detecting its direction.
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Figure 11. Control algorithm of PIKh.

First, hallotron H2 checks whether the measured current has a value less than —200 A
(Figure 11):

(a) H2 > —200 A: The current flowing through the circuit breaker is the rated or short-
circuit current. Then, hallotron H1 checks if the value of the flowing current is greater
than 1500 A; if not, the measurement cycle ends, and the measurement procedure starts
again. If it is, the current flowing through the circuit breaker is a short-circuit current (the
value of 1500 A is the threshold value after exceeding, which the procedure of automatic
disengagement of the circuit breaker begins).

(b) H2 < —200 A: The countercurrent flows through the circuit breaker during the
parallel operation of the circuit breakers. After the time t = 4 ms, hallotron H3 checks
whether the value of this current is less than —1500 A; if so, the circuit breaker’s automatic
shutdown procedure is started (short-circuit current detected—recuperation). If not, the
measurement cycle starts again.

The value of the H2 current and the delay time were determined experimentally
during short-circuit tests of DCU-type circuit breakers carried out at the Short-Circuit
Laboratory of the Electrical Apparatus Department of Lodz University of Technology.
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Sample oscillograms for different circuit time constants are shown in Figures 12 and 13.
The measurements were carried out using two Tektronix P 6015A high-voltage courts and
a Yokogawa DL7480 oscilloscope.

;kt=1 msf

vmtafa_ge (U) N

Figure 12. Oscillogram of the process of switching off the short-circuit current for resistance 0.2 Ohm
and inductance 0.5 mH. ki—current signal amplification factor, kt—time base, ku—voltage signal
amplification factor.

gkt=1 msf—

Voltage (U) = AN L

Figure 13. Oscillogram of the process of switching off the short-circuit current for resistance 0.2 Ohm
and inductance 1 mH. ki—current signal amplification factor, kt—time base, ku—voltage signal
amplification factor.

Figure 14a shows a block diagram of a new DC current sensor named PIKh, while
Figure 14b shows a view of the circuit board on which hallotrons H1, H2, H3 are mounted.

H1, H2, H3—hallotrons responsible for detecting the direction and value of the steady
current flowing through the main circuit of the circuit breaker, where:

H2 is responsible for detecting reverse current in the circuit breaker, the cause of which
is the recuperation or countercurrent of the second circuit breaker in the case of the parallel
operation of two circuit breakers, H3 detects the short-circuit current of opposite polarity to
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one of the circuit breakers (Figure 8), and H1 detects the short-circuit current of agreement
with the switch polarity.

Optical
sensor

H1 ——»

optical fibre

H3 E 5V
5V | | 24V
Power supply

copper flat bar

Halotron
power supply

H3

(b)

Figure 14. (a) Block diagram of the new DC sensor named PIKh. (b) Printed circuit board view of the
PIKh sensor.

The set threshold values of hallotron tripping currents depend on the rated current
of the circuit breaker and the type of vehicle (EZT, locomotive, dual-system vehicle) on
which the circuit breaker is mounted. In the conducted tests, the rated current of the circuit
breaker was 1200 A, while the tripping threshold of the current sensor protection was
1500 A. The PIKh current sensor is built with a central unit that receives information from
hallotrons according to the block diagram shown in Figure 14. When the CPU detects a
short circuit, the information is sent to a signal amplifier. The amplified signal is converted
into a light signal that is not sensitive to electromagnetic fields and is sent to the main
switch controller via an optical fiber. Consequently, the process of ultra-fast shutdown of
the constant short-circuit current begins.

In order to standardize the assembly and eliminate additional costs of replacing the
PIK sensor with a PIKh sensor, the designed and manufactured printed circuit board can
be mounted in the previously used housing shown in Figure 1.

3. Results and Tests

The new PIKh current sensor was installed in a DCU-type circuit breaker after positive
testing at the Department of Electric Apparatus of the University of Technology in L.odz.
The circuit breaker was then delivered to a traction vehicle manufacturer for certification
of ETU. The process of solving the problem of parallel operation of DCU-type vacuum
circuit breakers, which switch off direct short-circuit current by means of countercurrent,
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was verified at the experimental track in Zmigréd at the Railway Institute during the tests
for releasing new vehicles (ETUs) for operation.

The tests performed consisted of repeatedly carrying out the process of switching off
the operating currents through one of the circuit breakers and observing whether there
would be an independent shutdown of the other circuit breaker.

Figure 15 shows the measurement system for the parallel operation of two circuit
breakers equipped with a PIKh current sensor. Both circuit breakers 1 and 1’ are energized
with 3 kV DC voltage by raising the traction pantographs. The outputs of circuit breakers 2
are connected. Voltmeters V1-V2 are used to measure the voltage of the circuit breakers,
while V3 and V4 are used to measure the voltage of the commutation capacitors (measure-
ments are made by the circuit breaker’s internal measurement system using measuring
dividers to measure voltage). A LEM sensor was used to measure current. It was connected
to an oscilloscope.

POWER SUPPLY

&1 (+ 3kV) »1’ (+ 3kV)

)

KX

(Vs

L

= LEM ~r
oscilloscope | ETU Electrical Traction Unit
KG main vacuum chamber
2% KP auxiliary vacuum chamber
’ ® CK commutation capacitor
] 1 input of first circuit brreaker
% b2 (ETU) 1" input of second circuit breaker
GND 2 output of circuit breakers

Figure 15. Measuring diagram.

The recorded, exemplary current waveforms are shown in Figure 16. The maximum
measured current amplitude was 12 kA, while the oscillation time was no more than
2 ms. The recorded waveforms have a distorted shape depending on the inductance of the
catenary. The current oscillations have a fading character. According to the PIKh current
sensor operation algorithm described in point 2.2, it was found that the vehicle is operating
in the “parking” mode and the installed switches are connected in parallel. This is due to
the measured oscillation time of 1.9 ms and 1.5 ms. The measured times are less than 4 ms
and the current value after this time is equal to 0 A. Tests carried out in real conditions of the
parallel operation of circuit breakers of the DCU-800MNL type confirmed the effectiveness
of the new PIKh current sensor and the elimination of the inappropriate phenomenon of
spontaneous activation of one circuit breaker during the de-activation of the other.
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Figure 16. Exemplary current waveforms.

The solutions described in the article were verified from 2020 to 2022. DCU-type
switches are operated on traction vehicles (ETU) in Poland. The three-year period of opera-
tion confirmed the effectiveness of the new PIKh current sensor in detecting different types
of currents and the possibility of parallel operation of DCU-type vacuum circuit breakers.

4. Summary

This article presents the development of current sensors used in DC high-speed
switches to detect short-circuit current. The result of the scientific analysis and the needs
and requirements of manufacturers and users of traction vehicles in Poland is a new PIKh
current sensor. The sensor enables the correct operation of ultra-fast DC circuit breakers of
the DCU type during the operation of a traction vehicle in the “parking” mode of operation.

The standard of parallel operation commonly used in railroad traction has necessitated
the need to adjust the parallel operation capabilities of the DC apparatuses used, especially
ultra-fast DC switches of the DCU type. The new PIKh current sensor is a response to the
need for the parallel operation of vacuum circuit breakers. The proposed solution makes
it possible to detect the direction of the flowing current and its nature. The information
sent from the sensor to the main controller of the circuit breaker via optical fibers is not
sensitive to electromagnetic fields, which is a guarantee of protection of the circuit breaker
from unwanted triggering of the shutdown procedure. PIKh current sensors are widely
used in all DCU circuit breakers, guaranteeing the reliability of the breaker’s operation
and the highest standard of protection of the traction vehicle from the dangerous effects of
overvoltage and short circuits.

The proposed solution meets all the requirements for the implementation of the new
PIKh current sensor for applications in the railway, tram, and open-pit mining industries.
The designed PIKh sensor is characterized by a simple structure, low price of production
and start-up of production, as well as the use of generally available components, insensitiv-
ity to external interference, as well as small external dimensions of 100 x 85 x 50 and the
possibility of programming the activation thresholds of the Hall effect sensors used.

An additional purpose of the article was to highlight the possibilities, but also the
problems, during the parallel operation of vacuum circuit breakers using the principle of
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switching off short-circuit currents by means of countercurrent. In future publications, the
authors will present parallel operation and the “parking” mode of operation for different
types of circuit breakers, in particular, for hybrid and magneto-blow circuit breakers.

Author Contributions: Conceptualization, L.N. and P.B.; methodology, L.N.; software, L.N.; vali-
dation, L.N. and P.B.; formal analysis, P.B.; investigation, L.N.; resources, L.N.; data curation, £L.N;
writing—original draft preparation, L.N.; writing—review and editing, P.B.; visualization, L.N.;
supervision, L.N.; project administration, £.N.; funding acquisition, P.B. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

0

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Borkowski, P.; Rodak, M.; Sienicki, A.; Panev, B.; Mateos, F.; Siemko, A. Ultrafast, Redundant, and Unpolarized DC Energy
Extraction Systems for the Protection of Superconducting Magnet Circuits. IEEE Trans. Ind. Electron. 2022, 69, 9895-9904.
[CrossRef]

Nowak, L.; Borkowski, P.; Szymaniski, S. The new design of the vacuum circuit breaker mounted on the roof of Electric Traction
Units. Przeglad Elektrotechniczny 2018, 1, 136-139.

Bartosik, M.; Lasota, R.; Wojcik, F. Nowa generacja ultraszybkich wylacznikéw ograniczajacych do pojazdéw trakgji elektrycznej
pradu statego. Tech. Transp. Szyn. 2000, 7, 80-88.

Bartosik, M.; Borkowski, P.; Wéjcik, F. Ultra-fast hybrid systems for protecting direct current circuits with high magnetic energy.
Bull. Pol. Acad. Sci. Tech. Sci. 2021, 69, e136743. [CrossRef]

Nowak, L. Modutowa budowa wytacznikéw prézniowych typu DCU. In Proceedings of the XVIII Ogoélnopolska Konferencja
Naukowa z zakresu Trakcji Elektrycznej SEMTRAK 2018, Zakopane, Poland, 18-20 October 2018.

Zaktad Aparatury Elektrycznej "Woltan” Sp. z, 0.0. DTR, Wylqcznik Prézniowy Pradu Statego DCU-800M, DCU-800MNL, DCU-
800MNLD.; Zaklad Aparatury Elektrycznej “Woltan” Sp. z o0.0.: £L6dz, Poland, 2017.

Voshall, R.E. Current Interruption Ability of Vacuum Switches. IEEE Trans. Power Appar. Syst. 1972, 3, 1219-1224. [CrossRef]
Greenwood, A.N.; Barkan, P; Kracht, W.C. HVDC circuit breakers. IEEE Trans. Power App. Syst. 1972, 4, 1575-1588. [CrossRef]
Anderson, ].H.; Carrol, ].J. Applicability of a vacuum interrupter as the basic switch element in HVDC breakers. IEEE Trans.
Power Appar. Syst. 1978, 5, 1893-1900. [CrossRef]

Kimblin, C.W,; Slade, P.; Gorman, J.; Holms, F; Emtage, P.; Voshall, R.; Heberlein, J. Development of a Current Limiter Using Vacuum
Arc Commutation; EPRI EL-393 Research Project 564-1; Electric Power Research Institute: Palo Alto, CA, USA, 1979.

Courts, A.L.; Vithayathil, ].J.; Hingorani, N.G.; Porter, ] W.; Gorman, J.G.; Kimblin, C.W. A new DC breaker used as metallic
return transfer breaker. IEEE Trans. Power Appar. Syst. 1982, 10, 4112—4121. [CrossRef]

Senda, T.; Tamagawa, T.; Higuchi, K.; Horiuchi, T.; Yanabu, S. Development of HVDC circuit breaker based on hybrid interruption
schemet. IEEE Trans. Power Appar. Syst. 1984, 3, 545-552. [CrossRef]

Collard, P; Pellichero, S. A New High Speed D.C. Circuit Breaker: The D.H.R. IEEE Colloquium organized by Professional Group
P6 (Power Electronics Equipment) and P2 (Railway and Signalling), Digest No 1989/137, London, UK, November 1989 /137.
Sinha, ].N.; Chan, S. Statistical aspects of HVDC circuit breakers with passive commutation. In Proceedings of the 3rd International
Conference on Electrical Contacts, Arcs, Apparatus and their Applications IC-ECAAA, Xi’an, China, 18-21 May 1997.

Bartosik, M.; Lasota, R.; Wéjcik, F. New generation of D.C. circuit breakers. In Proceedings of the 3rd International Conference on
Electrical Contacts, Arcs, Apparatus and their Applications IC-ECAAA, Xi’an, China, 18-21 May 1997.

Bartosik, M.; Lasota, R.; Wojcik, F.; Arcless, D.C. hybrid circuit breaker. In Proceedings of the 8rd International Conferenceon
Switching Arc Phenomena SAP-97, Lodz, Poland, 3-6 September 1997.

Bartosik, M. Progress in DC breaking. In Proceedings of the 8th Int. Conf Switching Arc Phenomena (SAP), Lodz, Poland,
3-6 September 1997.

Alferov, D.; Budkovsky, A.; Evsin, D.; Ivanom, V.; Sidorom, V.; Yagnov, V. DC vacuum circuit-breaker. In Proceedings of the
XXIII-rd Int. Symp. on Discharges and Electrical Insulation in Vacuum, Bucharest, Romania, 15-19 September 2008.

Niwa, Y.; Matsuzaki, J.; Yokokura, K. The basic Investigation of the High-speed VCB and Its application for the DC Power System.
In Proceedings of the 2008 23rd International Symposium on Discharges and Electrical Insulation in Vacuum, Bucharest, Romania,
15-19 September 2008.

Rojek, A. Analiza Zdolnosci Laczeniowej Pradow Zwarciowych Wylacznikéw Pradu Statego Serii DCU; Instytut Kolejnictwa: Warszawa,
Poland, 2009.

Bartosik, M.; Lasota, R.; Wojcik, F. Wyalcznie Pradéw Wstecznych Przez Ultraszybkie Wyalczniki Prézniowe, Pojazdy Szynowe
No 4 2009 Poland.


https://doi.org/10.1109/TIE.2021.3126982
https://doi.org/10.24425/bpasts.2021.136743
https://doi.org/10.1109/TPAS.1972.293480
https://doi.org/10.1109/TPAS.1972.293311
https://doi.org/10.1109/TPAS.1978.354685
https://doi.org/10.1109/TPAS.1982.317089
https://doi.org/10.1109/TPAS.1984.318743

Energies 2024, 17, 2339 17 of 17

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Corzine, K.A.; Ashton, R.W. Structure and analysis of the Z-source MVDC breaker. In Proceedings of the 2011 IEEE Electric Ship
Technologies Symposium, Alexandria, VA, USA, 10-13 April 2011.

Sawiti, R.; Devenkumar, K.; Chiragkumar, D.; Subrata, P. Development of a prototype hybrid DC circuit breaker for siperconduct-
ing magnets quench protection. IEEE Trans. Appl. Supercond. 2014, 24, 4702006.

Maistrello, A.; Gaio, A.; Ferro, A.; Perna, M.; Panizza, C.C.; Soso, F.; Novello, L.; Matsukawa, M.; Yamauchi, K. Experimental
qualification of the Hybrid Circuit Breaker Developed for JT-60SA Quench Protection Cuircuit. IEEE Trans. Appl. Supercond. 2014,
24,3801505. [CrossRef]

Chang, P.; Husain, I.; Huang, A.Q. Evaluation of Design in Thompson Coil based Opereting Mechanisms for Ultra-Fast Opening
in Hybrid AC and DC Circuit Breakers. In Proceedings of the 2015 IEEE Applied Power Electronics Conference and Exposition
(APEC), Charlotte, NC, USA, 15-19 March 2015.

Bingjian, Y.; Yang, G.; Xiaoguang, W.; Zhiyuan, H.; Longlong, C.; Yunhai, S. A hybrid circuit breaker for Dc-application. In
Proceedings of the 2015 IEEE First International Conference on DC Microgrids (ICDCM), Atlanta, GA, USA, 7-10 June 2015.
Smeets, R.P.P.; Yanushkevich, A.; Belda, N.A.; Scharrenberg, R. Design of test-circuits for HVDC circuit breakers. In Proceedings
of the 2015 3rd International Conference on Electric Power Equipment—Switching Technology (ICEPE-ST), Busan, Republic of
Korea, 25-28 October 2015.

Xia, N.; Zou, J.; Liang, D.; Gao, Y.; Huang, Z.; Wang, Y. Investigation on the safe stroke of mechanical HVDC vacuum circuit
breaker. . Eng. 2019, 16, 3022-3025. [CrossRef]

Rodriques, R;; Du, Y.; Antoniazzi, A.; Cairoli, P. A review of Solid-State Circuit Breakers. IEEE Trans. Power Electron. 2020, 36,
364-377. [CrossRef]

Rodaka, M. The Inductive-Dynamic Drivers of the DC Switches Cooperating with the AC Vacuum Interrupters; Monograph nr 2394;
Lodz University of Technology: Lodz, Poland, 2021; ISBN 978-83-66741-36-2. [CrossRef]

Nowak, £. PHD Work “New Design of the Vacuum Circuit Breaker for Electric Multiple Units and Trainsets in DC1 and DC2
Systems of Railway Traction”, 06.2022.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1109/TASC.2013.2292358
https://doi.org/10.1049/joe.2018.8570
https://doi.org/10.1109/TPEL.2020.3003358
https://doi.org/10.34658/9788366741362

	Introduction 
	Materials and Methods 
	Identification of the Problem 
	Control Algorithm of New Current Detector PIKh 

	Results and Tests 
	Summary 
	References

