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This paper investigates the performance of a medium-voltage hybrid
circuit breaker designed for the protection of electrical power supply
networks in railway transportation systems. Two primary topologies,
namely LCS (Load Commutation Switch) and CCDC (Current
Commutation Drive Circuit), are analyzed for AC and DC networks,
respectively. Leveraging recent advancements in semiconductor
technology and power electronics, novel approaches are introduced to
enhance efficiency and reduce fault-clearing times. The performance of
hybrid circuit breakers in medium-voltage AC and DC networks is
evaluated using LTspice and PSpice simulation environments. The results
demonstrate that the proposed hybrid circuit breaker achieves efficient
fault protection with fault-clearing times of less than 10 milliseconds,
outperforming conventional systems. Given the critical importance of
protection in railway electrical power supply networks, this study proposes
enhancements in protective characteristics, particularly in fault-clearing
speed, through the application of hybrid circuit breakers.

1. Introduction

Hybrid circuit breakers (HCBSs), combining

Electrical networks in railway
transportation systems, particularly in
metro and electrified railway lines, require
advanced protection mechanisms to ensure
safety and reliability. The growing demand
for sustainable transportation and the
development of electrified infrastructure
have introduced challenges such as fault
management and reduced protection
response times.

Traditional  electromechanical  circuit
breakers, while effective in the past, exhibit
limitations in modern medium-voltage (5-
33 kV) AC and DC power supply networks,
including slow switching times (25-75 ms).
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mechanical switches and solid-state
switches, offer an innovative solution with
high speed, low losses, and extended
operational life.

Electrical protection has been a critical
concern since the development of electrical
grids in the 19th century. Early mechanical
circuit breakers were suitable for AC
networks but exhibited limited performance
in DC networks, where the current does not
naturally cross zero [1]. With the advent of
DC microgrids and high-voltage DC
(HVDC) systems, the need for faster circuit
breakers became evident. Solid-state circuit
breakers (SSCBs), utilizing
semiconductors such as SiC MOSFETs and
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Insulated Gate Bipolar  Transistors
(IGBTSs), reduced fault-clearing times to
microseconds but introduced challenges
such as high conduction losses and elevated
costs [2]. Hybrid circuit breakers (HCBS),
combining mechanical and solid-state
switches, mitigate these issues. Studies
indicate that HCBs perform effectively in
medium- and high-voltage applications (up
to 500 kV) [3]. In the context of railway
transportation, research has primarily
focused on power supply systems, with
limited exploration of HCB applications
[20]. In this study addresses this gap by
leveraging CCDC topology for DC
networks and LCS topology for AC
networks, incorporating advanced
semiconductor  technologies.  Recent
advancements in wide-bandgap (WBG)
materials, such as SiC, have improved
system efficiency and reduced losses [4].
Building on this foundation, this research
proposes a novel HCB design for railway
power supply networks.

The current study examines the design of a
hybrid circuit breaker tailored for railway
power supply network protection, aiming to
minimize fault-clearing time and enhance
fault-handling efficiency. Software
simulations were employed to evaluate the
proposed design’s performance and
demonstrates its superiority over traditional
circuit breakers. This research focuses on
the practical application of hybrid circuit
breakers in railway transportation and
proposes solutions to improve protection in
medium-voltage networks.

2. Approach
2.1 Structure of Hybrid Circuit Breakers

Figure 1 illustrates the general structure of
a hybrid circuit breaker, comprising four
main components: a mechanical switch,
solid-state  switches, an  auxiliary
commutation circuit (ACC), and energy
absorption devices [6]. In this circuit
diagram, metal oxide varistors (MOVSs) are
considered as the primary energy

absorption devices due to their widespread
use. Mechanical switches are essential in
HCBs, conducting nominal current with
very low resistance (often less than 1 mQ),
resulting in negligible power losses in the
ON state [7]. However, the slow movement
of mechanical contacts can significantly
delay fault interruption, necessitating ultra-
fast actuation mechanisms. Two types of
HCBs are identified: arc-capable circuit
breakers and non-arc-capable isolators [8].
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Figure 1. Analytical structure of a hybrid circuit
breaker [6].

Arc-capable mechanical breakers, while
eliminating the need for an ACC, have
limitations, such as arcing durations
exceeding several milliseconds, making
them more suitable for low-voltage DC
(LVDC)  applications  where  arc
management is feasible [9]. However, in
LVDC systems, HCBs typically lag behind
SSCBs in terms of operational speed and
economic durability [2].

Non-arc mechanical breakers excel in rapid
contact  separation  (often  within
milliseconds) compared to arc-capable
breakers [10]. This advantage, however,
requires an ACC to manage fault currents
[11]. Such configurations are prevalent in
medium-voltage DC (MVDC) and HVDC
systems, where arcing poses significant
challenges. The ACC is a unique
component in HCBs, absent in mechanical
or solid-state switches alone. While not
essential for topologies with natural arc
commutation or arc-capable mechanical
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breakers, an ACC is critical for ultra-fast
breakers aiming to reduce interruption
times below milliseconds. The ACC
facilitates current transfer from the
mechanical switch branch to the solid-state
switch branch during fault development [6].
Once a fault is detected, the ACC is
activated to mitigate fault current
escalation. Solid-state switches in HCBs
manage the transferred fault current and
initiate interruption by diverting it to
MOVs. These switches transition from
conducting to non-conducting states in
microseconds, replacing the traditional
arcing mechanism of  conventional
breakers. Finally, MOVs act as voltage-

+ V.

clamping and energy-dissipation devices
[11, 12], effectively reducing fault currents
to zero, analogous to the arc interruption in
traditional breakers.

2.1.1. Operating Mechanism of Hybrid
Circuit Breakers

The operation of an HCB can be described
in a five-stage process: (1) normal
operation, (2) fault detection, (3) current
commutation, (4) current holding, and (5)
energy absorption. The circuit
configuration for each stage is depicted in
Figure 2, with corresponding current and
voltage waveforms shown in Figure 3 [13].
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Figure 2. Circuit configurations during HCB operation: (1) normal state, (2) fault detection, (3) current
commutation, (4) current holding, (5) energy absorption [6].
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Normal Operation: Figure 2(1) illustrates
the circuit’s current path during normal
operation, with corresponding current and
voltage waveforms in Figure 3 (Region 1).
The main current flows through the primary
path with a nominal current 10, and the
mechanical switch current (shown as a red
dashed line) equals the main current.

Fault Detection (to—t:): Figure 2(2) shows
the main current path during fault detection,
with waveforms in Figure 3 (Region 2). A
fault occurs at t0, causing the main current
to increase at a specific rate until it reaches
the threshold value. This current rate is
influenced by factors such as the source and
line inductance [14, 15].

Commutation Process (ti—tz2): Figure 2(3)
depicts the main current  during
commutation, with current and voltage
waveforms in Figure 3 (Region 3). Upon
reaching tl1, the commutation process
commences, redirecting the nominal
current (i.e., fault current) to the
commutation path via the ACC.
Consequently, the nominal current im
decreases, while the commutation path
current ic increases. The process concludes
at t2, at which point the fault current is fully
diverted to the commutation path, resulting
in im reaching zero. As a result, ic equals the
fault current, indicating the completion of
the current commutation process.

Current Holding (t—t4): Figure 2(4) shows
the main current during the holding phase,
with current and voltage waveforms in
Figure 3 (Region 4). The fault current ip
increases until ts3, then transfers to the
energy absorption path, with the MOV
voltage rising. The mechanical switch
opens during this period, and by ts4, the fault
current flows solely through the MOVs.

Energy Absorption (t«—ts): Figure 2(5)
illustrates the main current during energy
absorption, with current and voltage
waveforms in Figure 3 (Region 5). By ts, the
fault current is fully extinguished by the
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MOVs, and the voltage across the MOVs
equals the source voltage. If an isolating
switch is used in series with the HCB, it
opens after fault clearance, resulting in zero
voltage across the MOVs.

{0 Iy I I I; 14 15

Figure 3. Current and voltage characteristics of an
HCB during fault operation [6].

Figure 3 provides a fundamental
representation of the operational sequence
of HCBs with sequential timing. However,
it is noteworthy that the actual waveform
may exhibit slight variations depending on
the specific topology employed. For
instance, in topologies utilizing an LC
circuit as the ACC, the fault current during
t1 and t2 may display an exponential decay
as part of the resonant waveform. Due to the
necessity for rapid commutation, the
commutation time can be significantly
shorter than the resonant cycle, allowing
the current decay to be approximated as a
linear function rather than an exponential
one [16].

2.1.2. Commutation Methods in HCBs

As shown in Figure 4, three primary
commutation mechanisms are summarized
for various HCB topologies: arc-based
commutation, zero-voltage commutation,
and zero-current commutation [6]. The
latter two are classified as controlled
commutation with minimal or no arcing.
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Figure 4. Main commutation methods in HCBs

Arc-Based Commutation: This method
uses a simple structure with a mechanical
switch in the main path and parallel solid-
state switches without an ACC. Upon fault
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detection, the mechanical switch opens
under fault conditions, forming an arc.

Zero-Voltage Commutation: This
approach aims to limit the voltage across
the mechanical switch during opening. A
snubber  circuit, often an RCD
configuration, is used to manage energy
stored in capacitors during re-closing [17].

Zero-Current Commutation: As shown
in Figure 5, this method creates a zero-
current condition, enabling the mechanical
switch to open with minimal or no arcing.
It is divided into three strategies: current
injection, voltage injection, and load-
switching commutation.
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Figure 5. Classification of HCB topologies based on ACC placement [6].
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The injection of current from the auxiliary
commutation circuit is utilized to introduce
a counteracting current opposite to the fault
current, resulting in the neutralization of the
fault current toward zero. Upon achieving
this state, the mechanical switch can be
disengaged under zero-current conditions.
Based on the relative position of the
auxiliary commutation circuit, HCBs can
be further classified into three subgroups,
as illustrated in Figure 5. In Figure 5(1), the
ACC is positioned within the commutation
path; in Figure 5(2), the ACC is aligned
along the nominal current path; and in
Figure 5(3), configurations are depicted
with the ACC present in both the
commutation and nominal current paths.
The load commutation switch or
commutation circuit consists of one or a set
of solid-state semiconductors, with various
proposed  structures. These include
configurations such as a low-voltage, high-
current switch, as shown in Figure 6,
structure d, or designs incorporating a full-
bridge arrangement, as observed in
structures e and f.
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Figure 6. Configuration of Commutation Circuit
Switches or ACC in Hybrid Circuit Breakers [6].
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Solid-state switches can also adopt diverse
configurations, ranging from series or
parallel arrangements in structure 1, to Gate
Turn-Off (GTO) thyristor-based designs in
structure 2, or full-bridge configurations
integrating fully controllable 1GBTs and
diodes in structures 3 and 4, respectively.
These configurations are particularly
applicable in operational HVDC projects
[18],[19].

A comparison of commutation strategies is
provided in Table 1.

Table 1. Comparison of Commutation Mechanisms

Arc-Based Commutation

Advantages Disadvantages

Arc issues, reduced
mechanical switch
reliability

Simple topology, easy
implementation

Arc-less Commutation

Topology Advantages Disadvantages

Zero-Voltage Minimal Requires snubber
Commutation arcing, no pre- design, fully
charged circuit controllable devices

Zero-Current Fast Additional control

Commutation commutation, for zero-current,
(Current minimal arcing  often requires pre-
Injection) charged circuit

Zero-Current Similar to Requires full DC

Commutation current voltage
(Voltage injection
Injection)
Zero-Current Fast Power losses
Commutation commutation,
(Load maintains zero
Switching) current

3. Methodology

In this study, a hybrid circuit breaker is
proposed, specifically designed to align
with the operational requirements of the
target electrical network, which includes
power supply systems for electric vehicles
such as trains, trams, or electric buses. The
breaker incorporates a CCDC topology for
DC applications and a LCS topology for
AC protection. The methodology does not
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prioritize the control of the breaker under
fault conditions; rather, it considers a
scenario where a train is operating at
maximum current consumption midway
along its route. As illustrated in Figure 7,
the strategic placement of the hybrid circuit
breaker is defined. However, the fault
location, influenced by varying short-
circuit  impedances, may  impact
performance. The primary focus remains on
the breaker’s interruption capability and
operational efficiency, as rapid fault current
interruption is deemed critical under any
fault scenario, irrespective of the train or
bus’s position. Control commands are
executed within a software environment
and transmitted to the associated switch and
power semiconductors. Due to the distinct
topologies employed by the proposed
breaker, two separate simulation groups are
established. In the initial phase, the breaker
is designed and simulated for a DC network
based on the proposed model, while for an
AC network, the model is developed and
simulated in accordance with the specific
network parameters. The rationale for
adopting these topologies in the respective
simulations is twofold. For the DC hybrid
breaker, the CCDC topology, which
facilitates current injection into the
mechanical switch branch, is selected due
to its relatively low control and circuit
complexity.  This  characteristic s
advantageous for protective switches
deployed in operational railway power
supply networks, as it substantially reduces
maintenance and operational  costs.
Additionally, the mechanical switch in the
hybrid  breaker can utilize either
conventional mechanisms or fast-acting
actuators, such as Thomson or piezoelectric
types. The proposed system incorporates a
fast-acting Thomson actuator, which
enables the shared use of battery resources
within the charged capacitor circuit. For the
AC network’s hybrid breaker, this
configuration significantly reduces
interruption time and simplifies the series
commutation circuit within the mechanical
switch branch.

3.1. DC Power Supply Network

Depending on the research objectives,
voltage levels ranging from 7.5 to 24 kV are
investigated for application in MVDC
power supply networks. As depicted in
Figure 7, the MVVDC power supply network
combines the advantages of both LVDC
and MVAC networks [20]. The
performance of the HCB when utilized for
protecting DC feeders in railway
substations has been simulated using
PSpice software. To further elucidate the
model concept and circuit parameters, a
schematic based on a single-line power
supply network structure is presented in
Figure 7.

04 agky

%% |
|
TT siv E !

Figure 7. Multi-terminal VSC network with a 24 kV
DC voltage level [29].

The detailed parameters of the power
supply circuit are provided in Table 2.

Table 2. DC Network Parameters
Parameter Symbol  Value Unit

Source Parameters

Source Voltage Vs 24 E\é
FEzngJ;Svtzlne:; Rs 0.6 Q
Inotance L 12 M
Line Parameters

et w s«
Inuctnce L 218 M
Load Parameters

Eglsj:sthLeg Ro 135 Q
E%UL:Zgﬁgé Lo 0.6 H
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Note that parameter values may vary
slightly, with efforts made to align them
with realistic conditions for VSC sources,
distribution lines, and loads.

3.2. Electrical Model of the Mechanical
Switch in PSpice

The realistic model of the DC mechanical
switch is shown in Figure 8. It integrates a
Thomson actuator model and a switch
performance model, designed in LTspice
and incorporated into PSpice.

leb
ch+ + 1
Vsense

Figure 8. Detailed model of the mechanical switch
in PSpice [30].

The magnetic characteristics of the switch
are defined in the E(i) block, incorporating
Thomson actuator parameters such as
speed, force, contact distance, and coil
properties  (Figure 9). The switch
performance  model, including arc
parameters, voltage drop, ON/OFF
resistance, hysteresis, and transition time, is
added to the E(arc) block.

dran 0.3

VDistance (_) 02
R2

1 Bl
Qﬁ kB*I{LY)

V=idt{1(L2))

bermy

VERPILY S0 100 1n 1n 500m 1)

Figure 9. Proposed Thomson actuator model in
LTspice.

Due to the complexity of Thomson actuator
models, they are not readily available in

standard PSpice or LTspice libraries and
are integrated as a switch component in
PSpice.

.tran 0.5m
PULSE(0 10 0 1n 1n 1m 2m)
.Model SW_1 SW(Ron=1m Roff=100Meg Vt=5)

Figure 10. Mechanical switch performance model in
LTspice.

3.3. Electrical Model of MOV

As shown in Figure 11, all semiconductors
in the MCB branch turn off simultaneously,
subjecting all MOVs to the same post-fault
transient. Thus, MOVs and MCB devices
can have equal blocking voltages. In
progressive switching, MOVs across early-
opening solid-state switches carry current
longer, leading to uneven thermal stress and
potential MOV failure, reducing breaker
reliability.  As depicted in Figure 11,
MOV1 carries significantly higher current
compared to the other MOVs.

MOV, &
Fast mechanical switch - > Aapaliary
cirenit breaker
FMS
2] QVL{%
S e oo ) SR S S
| 7L dvive cvewit |- pgain
: £~ breaker
Ly vt vy v
|  Out
MOV1 MOV2 MOV3 MOV4

Figure 11. Schematic of the Hybrid Circuit Breaker
[31].

The fault current for a DC hybrid breaker is
estimated using Equations 1 and 2:

l(t) =< I/S _i)e Leq(t tfault)_l_i (1)

Reql Reqz Reqz

imov (£) = (l(t i) — ﬁ—) e Leq(t t]) (2)

eq eq
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The energy dissipated in MOVs is
approximated by Equation 3:

telear

Emov(j) = f inov (®)Vmov () dt (3)

0

From Equation (1-3) and with reference to
Figure 11, it is evident that if the MOVs in
each stage have the same voltage clamping
rating, they will absorb different amounts
of energy across various stages. This results
in uneven thermal stress on the MOVs,
which can lead to performance failure of the
MOVs, thereby reducing the lifespan and
reliability of the circuit breaker.

Given that the maximum voltage across the
MOV s significantly determined by the
duration of the current surge it must absorb,
a transient model for the MOV is proposed.
This effect is not incorporated in the
Simulink MOV model or the PSpice library
and is illustrated in Figure 12. The varistors
Ao and A1 can be modeled using the
configuration shown in the Figure 12.
Subsequently, the values of Ao and A1 are
adjusted to achieve discharge voltages
corresponding to the oscillatory switching
discharge currents [24]. Additionally, L1
can be tuned to align with the datasheet
discharge voltage for discharge currents
ranging from 8 to 20 seconds, ensuring a
high degree of conformity [25].

Lo L1
RO R1
CA=< A0 A1

Figure 12. Proposed MOV model

3.4. CCDC Topology

The CCDC topology, utilizing a coupled
inductor as an ACC, is simulated as shown
in Figure 13(1). The CCDC is a critical
component for ensuring  successful

commutation in a high- and medium-
voltage HCB [22], [23].

—_—
C1 !
LCepC
MCB :— I
- | e "
R ¥ | : S
| _IGCT 2 IGCT 4 !
| 1 T |
| Kl e
R C | Cn Rn |
I it WA
| o :
| MOV MOV

Uspces

— Uare

(2)

Figure 13. Structure of the CCDC Topology ina DC
Circuit Breaker: (1) Circuit Schematic, (2)
Equivalent Circuit of the CCDC Structure [22].

The equivalent circuit during fault
operation is depicted in Figure 13(2).

Upon fault detection, an OFF signal is sent
to the mechanical switch (MCB), and an
ON signal is sent to the thyristor T1. Circuit
parameters are calculated using Equations
(4) and (5):

Ly +1, M 0\ /4
0 0 1/ \ig
Uc—ipr
(icro"‘USDpCBl_uarc) (4)

—(Ly +1p)ig = icro + Uspcee — Uarc (5)

Here, r1 is the resistance of the primary coil,
l1 is the stray inductance of the circuit on
the primary side, ro is the resistance of the
coil, and lo is the stray inductance of the
circuit loop on the secondary side. Uarc is the
MVS arc voltage, and Usdceo is the SDCCB
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voltage drop. The state-space equations of
the equivalent circuit are formulated in two
phases as shown in Figure 13(2). After ip is
extinguished by Ti1 at the zero-crossing
point, the equations are represented as
Equation 5). Uarc and Usdcch, along with 11, L2,
M, ro, and ri, are determined by the
dimensions of the coupled two-coil
structure. The inductances are derived by
solving the static magnetic field based on
the finite element method, and the
resistances are obtained using Ohm's law.
Uarc IS Obtained through experiments and is
approximately 20 volts. The simulated
circuit is implemented in the software as
shown in Figure 14, with values
quantitatively specified.

Ki

K_Linzar
COUPLING=0.38

i Li=12
il =l
0.0004 R5
1
e L1 e \O L\
135 Lz ’ = 40
M c2 ¢ B.8LH vt
B = 25 4
L
. 20 =
) __
23 1] |
= b =

o

Figure 14. Equivalent CCDC circuit in PSpice

=

In the equivalent circuit Figure 14, for the
magnetic coupling between coil L1 and coil
L2, the K-Linear element with a maximum
coupling coefficient of 98% is used in the
PSpice software. Figure 15 shows the
complete simulated block in the PSpice
software environment.

[ 41-]

:k'u‘
Lo 8
[FUL]
w2 -
E i <> Gt
x;d

Figure 15. CCDC commutation circuit in PSpice

4.5. AC Power Supply Network

AC systems enable the application of
voltages higher than 15 kV up to 25 kV,
reducing line losses and increasing power at
each substation, as well as providing
isolation between them as a general rule.
One of the disadvantages of such systems is
the increased cost due to the need for
insulation [26]. In this section, a sample AC
network is shown in Figure 16. The
performance of the HCB, when used to
protect the AC feeders of railway
substations, has been simulated using the
PSpice software.

Substation Booster

o Transformer
— —
= = [
n2000, Rk 2000, 2000,
Comductor
Contact Line {m\
Hail Line

Substation

; wafarmer

@é

o1 Negative feeder @ @
“ontact Line

-
-

Y

Figure 16. 25 kV AC Autotransformer and Booster
Transformer Power Supply Network [26]

Table 3. AC Network Parameters

Parameter Symbol Value Unit

Source Parameters

Source Voltage VS 24 kv-DC
Equ_lvalent RS 06 0
Resistance

Equivalent LS 12 mH
Inductance

Line Parameters

Equivalent

Resistance RL 9 Q
Equivalent LL 218 mH
Inductance

Load Parameters

Equ_lvalent RO 135 0
Resistance

Equivalent LO 06 H
Inductance
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4.6. Mechanical Switch Model

In AC railway power networks, protective
switches are typically ACBs capable of
interrupting short-circuit currents. The
simulated AC HCB uses a mechanical
switch model without the speed or actuator
features of the DC counterpart. The model,
shown in Figure 17, employs a vacuum
chamber to manage arcing.

.tran 0.5m
‘§|7 PULSE(0 10 0 in 1n im 2m)
.Model SW_1 SW(Ron=1m Roff=100Meg Vt=5)

Figure 17. Proposed mechanical switch performance
model in LTspice.

The zero-crossing nature of AC currents
mitigates short-circuit interruption
challenges, allowing MCBs to operate
independently or as HCB components.
These MCBs, equipped with robust arc
chambers (e.g., vacuum breakers), handle
arcing during commutation, falling under
arc-based commutation in HCBs. In an AC
power supply network with a hybrid circuit
breaker, the switch model used is
practically a hybrid switch model without a
Thomson actuator. Thus, the switch
actuator will be a vacuum chamber, as
depicted in Figure 17.

4.7. Electrical Model of MOV

In the LCS topology, the MOV is omitted
from the commutation branch, with a
snubber circuit and MOV used together to
suppress voltage transients. The MOV
provides effective protection against
voltage surges during faults or switching
transients in an AC HCB. The MOV
operating voltage is calculated based on the
circuit conditions using Equation 6:

VMov = Viomial X \/2(1 + margin) (6)

In this relation, Vnominai iS the effective
voltage, and the value in parentheses
represents a margin of approximately 10%
to 20%, which is typically added to account
for transients. In a case where each switch
IS subjected to a nominal voltage of 25 kV,
which is practically impossible, it can be
expressed as Equation 7:

Vmov = 25KV x v2(1.2)=42.4kV (7)

Under normal operating conditions and
during fault conditions, a voltage of 750 V
is considered for each switch. In this case,
the MOV voltage will be approximately
1300 V, which ensures that the MOV
clamps the voltage before it exceeds safe
levels for the circuit breaker. The absorbed
energy is calculated using Equation 8 where
L is the circuit inductance and ltaurt is the
fault current in the solid-state switch
branch.

1 2
Evov = ELIfault (8)
4.8. LCS Topology

The LCS topology, previously applied to
DC networks, is proposed for AC railway
power networks (Figure 18).

UFD I I
oo LA

Cahble

Branch 1
Lm

Branch 2

E Absorption

Figure 18. LCS topology structure and single-line
schematic of the topology circuit [22]
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For low-voltage breakers (<10 kV), the arc
voltage (20 V) exceeds the solid-state
switch voltage drop, enabling easy current
commutation without LCS [27]. At higher
voltages, the LCS ensures current
commutation. An inductor in series with the
hybrid circuit breaker is required to limit
the rate of current rise and the maximum
fault current affecting the semiconductors,
thereby reducing power losses in the
semiconductor branch. The inductor size is
calculated using Equation 9.

krw. Vac. At
= TW+ YAC Total (9)
IMax

Imax 1S the maximum breaking capacity of
the main circuit breaker, Attota IS the
maximum time the current is sustained in
the secondary branch, and Krw is a
constant. Krw compensates for excessive
voltages across the AC-side inductance
during transient faults and can typically be
assumed as 1. If the circuit breaker’s speed
increases, it can be raised to 2, which is
considered as 2 here [28]. The number of
series switches required can be calculated
using Equations 10 - 11.

_ VAC . Rvar
(1 —S¢)Viger

_ (1 = S#)Viger
(1 —S¢)Viggr — AV

n

(10)

Rvar

(11)

The maximum voltage of each individual
switch in the secondary branch is denoted,
St is the safety margin used in the design,
AV represents the voltage change during a
transient fault in a device, and Rvar is the
ratio of the peak transient overvoltage to the
AC link voltage. The equivalent circuit
used at the moment of LCS turn-off is
shown in Figure 19.

—
Lm L
Vac

Wi
P
L < |
12 |
Veca

L3 -

Von

Figure 19. Equivalent LCS circuit

Cz is the parallel capacitance around the
LCS, L2 is the inductance of the primary
path, Ls is the inductance of the secondary
path, Von is the on-state voltage of the
secondary path, and Vac is the cable
voltage. In Equation 12, by formulating the
state-space representation of the equivalent
circuit, we obtain:

Iy Iy

ly

I Vac
X = I3sX0: O‘U: VCAI

V3 VO VO N

_ 1
B = "/ (LnLy + LgLg + LyLy)’

L2 + L3 _(LZ + L3) _L2
L3 _L3 L
L, —L; (Ln + L) |
0 0 0

(s1— A)!

= /[< Ly + Ls )+ 2]
C,(LyyL, + LyL; + L,L3)) © 3

(12)

The state transition matrix is provided in
Equation 13.

" -1, —Ls
/s ( ) ( )
sC;(LpLy + LyLs + LyL3) (L Ly + LyLs + LyL3)
—(L, + L
0 s 0 (L + L3) )
(LmLz + LyLs + LyL3)
L, L,
( = N s « . )
sC;(LpLy + LyLs + LyL3) (LuL, + LyLs + L,L3)
1
| 0 /C1 0 s
(13)

It is worth mentioning that the equivalent
circuit is only valid from the moment the
devices are turned off until the maximum
voltage appears across the LCS. The
maximum voltage across the LCS can also
be estimated using Equation 14.

Knowing the maximum voltage is
important for estimating losses during
normal operation. The maximum voltage
across the across the LCS depends on the
interrupted current and the system voltage
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level degree, which are represented by two
separate terms components in Equation 14.

[Ly + Ls]
Cq

_ L3(Vac — Vea) + LinVon 4

Vi
L + L3

0

(14)

Since the LCS can operate within a few
hundred microseconds after the moment of
fault detection, the cable voltage may have
a negative potential due to wave
propagation effects [5]. As the cable
voltage can become negative, the voltage
across the LCS increases, resulting in the
maximum operating voltage across the LCS
occurring during a transient fault. Through
analysis, the time to switch from the
primary branch to the secondary branch is
obtained, which is defined as the "switching
time" of the circuit breaker in Equation 15.

1 _1,wIlg(LimLy+LpLz+LoL
tmmz—[n—tan 1 o(LmLa+LyLs+LoL3)
w L3(Vact+Vca)+LmVon
Lpm+L
w= oL (15)
C1(LmLy+LpmL3+LyL3)

4. Results and Discussions

4.1. Performance of DC Hybrid Circuit
Breaker

The structure of the HCB components was
analyzed, and a realistic model was
simulated in PSpice and LTspice. The ideal
breaker characteristic, based on [21],
assumes a 12 kV breaker with a 125 A
nominal current and a 0.9 ms pre-arc time,
achieving a 0.5 ms interruption time in fast
operation mode.

A pre-charged capacitor (950 V, 3.2 mF) is
used to generate a negative voltage.
Simulation results (Figure 20) show a 5 kA
current in the upper branch (containing the
thyristor and capacitor), with an induced
voltage in L2 (Figure 21).

=28
—
—
—g
=
ﬁ:’
P
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$

W
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Figure 20. Current in the CCDC internal circuit

After the circuit is closed by the thyristor,
the inrush current initially surges sharply to
ensure the induced voltage in the secondary
circuit, which is the path for the total fault
current of the circuit. According to Figure
21, the voltage across Li is 800 V,
corresponding to the changes in the passing
current (phase and frequency). The
coupling between the two coils is also
considered to be 98%.
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Figure 21. Induced voltage in coil L1

In the process of interrupting the fault
current in the studied hybrid circuit breaker,
after fault detection and the opening of the
mechanical switch in the main path, as
shown in Figure 22, the current at t = 10.5
ms, when the thyristor gate (a switch with
synchronized closing time) is triggered,
causes the CCDC circuit to induce a voltage
in the main fault current path in the first
branch (commutation branch). Meanwhile,
after 1.5 ms, the main circuit current,
following the establishment of an
appropriate gap between the two contacts in
the mechanical switch of the second
branch, enters the solid-state switch branch
at t = 10.2 ms. After an additional 0.54 ms,
i.e., at t = 10.54 ms, the current becomes
zero.
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time

Figure 22. Current commutation in the solid-state
switch branch

In the third branch, considering that the
voltage across the second branch in the
hybrid circuit breaker reaches
approximately 7 kV from the moment of
turn-on at t=12.8 ms, and briefly reaches a
final value of approximately 33 kV at
t=16.6 ms, with the turning off of the IGBT
switches in the second branch, the short-
circuit current flow in the hybrid circuit
breaker causes the voltage in the third
branch (MOV) to increase rapidly. This
voltage rise continues up to 37 kV, or
approximately 1.5 times the nominal
voltage of the circuit breaker, as shown in
Figure 23.

After approximately 2.8 ms, the short-
circuit current is discharged, and with the
current in the third branch becoming zero,
the voltage across the MOV branch equals
the network voltage. The entire fault
current interruption process takes about 3
ms.
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20, 504ms 21,000m= 11, 200m= 12.000mn 127,500ma 12,803
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Figure 23. VVoltage changes in the MOV branch

4.2. Performance of AC Hybrid Circuit
Breaker

Initially, before the occurrence of a fault in
the power supply system, the mentioned
switch carries a current of approximately
112 A. After the onset of a short circuit at
t=5 ms, the main line current and the
current passing through the switch sharply
increase to approximately 1080 A. In
Figure 24, the voltage characteristic of the
switch during interruption, which uses a
vacuum as an insulator in its structure, is
presented. In this figure, it is clearly visible
that the voltage across the switch after the
short circuit at t=5.5 ms, given that the
circuit includes an LCS in its path, reaches
approximately 430 kV in 0.4 ms and, after
0.17 ms, returns to the network voltage
level.
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Figure 24. Mechanical switch voltage characteristics
in the AC HCB

To improve the clarity of the simulation
results in the AC circuit breaker section, it
is advisable to present the current values on
both sides of the protective breaker and the
train, before and after the short-circuit
event.

As shown in Figure 25, the current prior to
the short circuit—under normal operating
conditions in  the  simulation—is
approximately 112 A. Considering that the
short circuit occurs at t =5 ms, the current
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at the moment of fault is about 100 A,
which subsequently drops to zero 15 ms
later, at t = 25 ms, due to the interruption in
the power supply network.

time

Figure 25. Current changes on the train side

Regarding the topology’s operation,
various scenarios can be implemented.
However, to achieve the optimal
interruption time and minimize stress on the
switches in the AC section simulation,
efforts have been made to synchronize the
switching commands of the IGBTs and the
topology circuit with the timing of the
sensor and control signals. This approach
ensures that one branch is activated (turned
on) slightly before the other is deactivated
(turned off). Figure 26 illustrates the
current in the first branch of the hybrid AC
circuit breaker, indicating that the normal
supply current at the time of fault initiation
t = 5 ms is about 112 A. Following the
short-circuit event, the current rises sharply
and reaches 840 A within 0.45 ms.
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Figure 26. Short-circuit current interruption in the
first branch

During the current transfer process to the
second branch, according to the defined
scenario, the solid-state switches in the
second branch are engaged at t = 5.43 ms,
receiving the turn-on signal from the
control unit. As the short-circuit current
enters the solid-state switch branch and

begins to rise, this behavior is depicted in
Figure 27. According to the Figure 27, the
initiation of current flow into the second
branch of the hybrid AC circuit breaker
clearly illustrates the reduction in current
magnitude in the solid-state switch branch.
At t = 5.43 ms, the short-circuit current
reaches its peak value of approximately 800
A, while at that same instant, the current in
the second branch is around 27 A.
Subsequently, at t = 5.6 ms, the current in
the first branch (LCS circuit) drops to zero,
whereas the current in the second branch
(solid-state switch) continues to rise,
reaching approximately 375 A. By t =7 ms,
the current in the second branch increases
further to approximately 580 A.

T4y
P
N

Figure 27. Short-circuit current commutation in the
first and second branches

Issuing the turn-off command to the IGBT
gate terminals causes the current to be
interrupted within a cycle of 2ms, resulting
in the main circuit current reaching zero at
t = 15.5 ms. At this stage, the nominal
current in the second branch falls below
150 A, and following the control signal
issued by the control circuit, the current is
brought to zero.
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Figure 28. Short-circuit current changes on the train
feeder side
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As shown in Figure 28, during the
interruption process in the hybrid AC
circuit breaker, the short-circuit current
after its initiation and rise in the power
supply circuit passes through zero in both
the LCS branch and the solid-state switch
branch at t = 5.7 ms, over several distinct
time intervals defined by the control circuit.
The current then continues to decrease and
reaches zero completely at t = 15.4 ms,
taking approximately 10 ms. In fact, the
entire interruption process spans from t =
5.5 ms tot=15.4 ms. As evident, the fault
current is brought to zero in less than 10 ms.

4. Conclusions

The results demonstrate that the hybrid DC
circuit breaker offers a significantly
improved interruption time approximately
2.8 ms which is nearly four times faster than
that of conventional mechanical switches,
indicating a clear performance advantage.
In the AC section, by analyzing the LCS
topology and the performance of the
electromechanical switch, a substantial
reduction in interruption time and up to a
tenfold improvement in system response
speed during short-circuit events was
observed.  Furthermore, the current
commutation between the two branches of
the breaker, along with a detailed analysis
of current and voltage behavior in each
section, validates the effectiveness of the
proposed design. The findings of this
chapter highlight the advantages of hybrid
breakers over traditional systems and
underscore the high potential of this
technology in enhancing protection
performance and safety in specialized
networks such as railway power supply
systems.
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