IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received 13 February 2023, accepted 20 March 2023, date of publication 3 April 2023, date of current version 6 April 2023.

Digital Object Identifier 10.1109/ACCESS.2023.3264161

==l APPLIED RESEARCH

Resonant Network-Based MVDC Circuit Breaker
Topologies With Fast Current Breaking Capability

HUSSAIN SAYED “, (Graduate Student Member, 1EEE),
AND HARISH S. KRISHNAMOORTHY ", (Senior Member, IEEE)

Department of Electrical and Computer Engineering, University of Houston, Houston, TX 77204, USA
Corresponding author: Hussain Sayed (hsubhi @uh.edu)

ABSTRACT This paper presents two improved circuit breaker (CB) topologies based on resonant networks
for medium voltage DC (MVDC) applications, such as shipboard power distribution and subsea oil and gas
production. The topologies feature simple LC resonant networks that efficiently suppress fault current in
just a few tens of microseconds, making them suitable for integration with existing solid-state or hybrid
DC CB. Moreover, they also help to minimize the CB energy and reduce (if not eliminate) the requirement
for protection devices like surge arresters during fault events. The proposed topologies are first tested using
Typhoon Hardware-in-the-Loop (HiL) simulations at 1.2 MW (6 kV, 200 A) power levels and thyristor-based
solid-state circuit breakers (SSCB). Then, scaled-down laboratory prototypes, also based on thyristor-based
SSCB, are experimentally validated. The results show that both topologies quickly bring the current of the
CB’s main switch to 0 A. The main circuit pathway requires only a small inductor and switch, resulting in
a steady-state efficiency of >99.9%. The resonant network-based design allows for a fast response time of
less than 50 s using a simple and low-cost auxiliary circuit, eliminating the need for complex charging

circuitry and protection devices typically used to suppress voltage surges during faults.

INDEX TERMS DC circuit breaker, fault isolation, MVDC, system protection, LC resonant network.

I. INTRODUCTION

MVDC power systems are becoming increasingly popular
due to their advantages in various applications, including sub-
sea oil and gas production, shipboard power distribution, data
centers, hydrogen electrolyzers, and electric aircraft [1], [2],
[3]. Some of the DC systems are in the range of 1.5 kV, 3 kV,
etc. (passenger rails) to 1 kV, 6 kV, etc. (electric ships), to
6 kV and above (subsea fossil energy production), with power
scales ranging from a few megawatts to tens of megawatts [4],
[5]. However, fault handling is a major challenge in these
systems [6]. The absence of a natural zero-crossing point in
DC systems makes fault current interruption mechanisms a
critical concern. DC circuit breakers play a crucial role in
protecting and operating these distribution power systems [7].
Additionally, the low impedance of DC power systems leads
to a high rate of rising fault currents, which is more severe
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in medium and high-voltage applications [8]. To effectively
handle these fault events, Circuit Breakers (CBs) require a
fast-breaking response and the capability to handle overloads.

Traditional mechanical circuit breakers separate the con-
tacts during the turn-off process, causing an arc between the
contacts that must be quickly extinguished to break the cur-
rent efficiently. However, these mechanical CBs are unsuit-
able for reliable DC power systems due to the absence of
zero crossing points and the fast-rising time for fault currents.
With the advancement of power semiconductor devices, Solid
State Circuit Breakers (SSCBs) are considered as an effec-
tive alternative to mechanical CBs in DC power systems.
In contrast, SSCBs are prone to significant conduction losses,
limited voltage and current ratings, and limited surge current
handling capability [9], [10], [11]. At the same time, several
solutions have been proposed in the past decade to address
these limitations through the use of series/parallel connected
devices. However, many challenges remain regarding semi-
conductor device protection, characteristics, and technology
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limitations [12]. Hybrid Circuit Breaker (HCB) concept,
which combines a high-speed mechanical switch or ultra-fast
disconnect with semiconductor devices [13], was introduced
to overcome some of these obstacles.

In SSCBs, several switching power devices are used based
on the application requirements and the availability of the
devices’ technology. The main metrics to compare among
the devices are off-state blocking voltage capability, on-state
power losses, and material/device cost. Devices, including
thyristors, IGBTs, IGCTs, GTOs, and SiC MOSFETs, were
evaluated based on their voltage and current ratings and on-
state voltage drop over a range of operating temperatures [ 14].
The Si thyristor exhibited the highest voltage and current
ratings (up to 12 kV, 1.5 kA) among all devices, with a
superior surge current handling capability and the lowest
on-state voltage drop at temperatures above 50 °C. However,
the lack of turn-off current capability resulted in the need
for extra auxiliary circuits, leading to increased cost, com-
plexity, and reliability issues in the system. Passive auxiliary
circuits to address this requirement were presented in [15],
[16], [17], and [18]. On the other hand, modified thyristor
structures (GTO/GCT, IGCT, and ETO) integrated with an
active turn-off feature have been developed and thoroughly
investigated [19], [20], [21], [22], [23], [24], [25]. These
active-turn-off thyristors have been extensively studied [10],
[26], [27], [28], [29], [30], [31]. The regenerative braking
capability of SSCBs was presented in [32]; however, the
system complexity and cost can be higher, and the current
breaking time is approximately 40 ms.

HCBs consist of power semiconductor switching devices
and a fast mechanical switch in the main circuit current
path. A protective arrester bank with a higher voltage than
the DC system was placed in parallel with the CB to pro-
tect the devices during the fault events [13], and voltage
balancing circuitry, passive or active, was used across the
power semiconductor devices [7], [33], [34]. The interrup-
tion speed of the mechanical switch, which can take several
milliseconds to break the current, is a concern in HCB design.
A 2 MW medium voltage HCB was designed using Silicon
Carbide (SiC) emitter turn-off thyristors [35], [36]. The HCB
employed two power switching devices connected in series
with a mechanical switch that had a current interruption time
of 2 ms. Another technology proposed an active fault current-
sharing technique to improve medium voltage DC (MVDC)
CB performance in shipboard applications [6]. This approach
decreased the peak interrupting current of the circuit breaker
by controlling power converters connected in parallel with the
CB, allowing them to share the fault current.

As a popular solution for high voltage DC (HVDC) system
protection, HCB technology was introduced in [13]. It uti-
lized auxiliary power electronic switches, such as IGBTs,
connected in series with a mechanical switch to achieve a
fast response time. This design had a steady-state loss of
nearly 0.01% of the HVDC circuit breaker’s rated capac-
ity. However, this design required a considerable sizing of
surge absorbers. LC resonant network-based HCBs are being
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explored further for medium voltage DC (MVDC) applica-
tions [37]. This method can also reduce the number of power
electronics switches required in the circuit and the need for
surge arresters or varistors.

Using an LC network-based auxiliary resonant circuitry in
CBs, it will be possible to create a current zero-crossing in
the main CB path and also control the response speed based
on the application. In SSCBs, especially which use thyristors
as the main switch (MS), the devices will be turned off during
the current zero crossing with minimal to no surge voltages.
In HCBs and SSCBs that use controllable devices like IGBTs,
FETs, etc., the current zero-crossing can be timed to dissipate
the surge energy and reduce the requirements of the pro-
tection devices. In some applications involving mechanical
disconnect, it may also lead to a decrease in the amount of
chemicals such as sulfur hexafluoride (SFg), a compound
over 20,000 times more potent than carbon dioxide (CO»)
in impacting global warming, used for quenching the surge
energy [38].

This paper introduces two resonant network-based CB
topologies (topology-I and topology-II) designed to feature
fast response time, high efficiency, and ease of implementa-
tion. Topology-I uses a single thyristor and a coupled inductor
connected in line with the main switch (MS) along with a
capacitor for the LC resonance, while Topology-II employs
two thyristors, a small diode, and a single inductor along
with a capacitor to enable the current zero-crossing. These
topologies were evaluated using hardware-in-the-loop (HiL)
tests and laboratory experiments on a scaled-down prototype.

The main advantages of the proposed topologies are:

(1) Simple design and implementation - use reliable thyris-
tor switches and don’t need complex capacitor charging
circuits.

(ii) High steady-state efficiency —achieve over 99.9% based
on experimental tests of thyristor-based SSCB.

(iii) Fast response - takes less than 50 us to reach near-zero
fault current levels; it can be further improved by using
IGBTs or FETs (SiC, GaN, etc.).

(iv) High reliability - significantly reduces surge voltage
across the MS during faults.

(v) Flexibility - can be applied to most existing SSCB and
HCB configurations for medium-voltage DC systems.

Il. PROPOSED DC CIRCUIT BREAKER TOPOLOGIES AND
OPERATING PRINCIPLES

A. PROPOSED TOPOLOGY-I: USING COUPLED INDUCTOR
The proposed CB topology-1, depicted in Figure 1, employs
a coupled inductor (with unequal turns ratio) and a charging
resistor to regulate the capacitor voltage to the input DC
bus voltage (V,) during steady-state operation. The essential
advantage of this design is that by using a 2:1 turns ratio in the
coupled inductor instead of 1:1, the auxiliary circuit capacitor
can be charged to the same voltage as the MVDC input via
a simple LC network arrangement instead of needing to be
charged to twice the input voltage for achieving the current
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FIGURE 1. Proposed CB topology-1 with a coupled inductor having an
unequal turns ratio.

zero-crossing. The topology features a single thyristor in the
auxiliary circuit, and the MS is connected in series with the
primary winding (L;) of the coupled inductor in the main
current path. The secondary winding (Ly) and capacitor (C)
are connected in series to facilitate capacitor charging and
discharging. A thyristor is used as the main switch (MS) in
this study, with the proposed LC topology interrupting fault
current to almost zero level within a few tens of microseconds
without an additional turn-off commutation circuit. However,
other solid state devices (like IGBTs, FETs, etc.) or a hybrid
combination of electro-mechanical switches may also be used
as the MS. Figure 2 illustrates the operating principle of
the circuit, showing its four modes and the corresponding
waveforms are displayed in Figure 3.

1) Mode I (t9 < t < t1): This period is primarily
designated for charging the capacitor (C). During this time,
the MS is off, and the DC input provides adequate energy for
charging the capacitor through resistor R.. The inductor L has
a minimal impact on this subinterval due to the high value of
R.. The voltage and current of the capacitor during this period
(as depicted in Figure 3) can be estimated using equations (1)
and (2).

Ve (1) = Vo(1 — eTFe) (1)
i (1) = Yo ok 2)
¢ Rc

where V; is the input DC voltage. Once the capacitor is
charged, the current flowing through resistor Rc is negligibly
small. The ideal value for R. can be determined based on the
thyristor turn-off state, i.e., when T is turned off after the
fault has been isolated by the MS. R, should be large enough
to limit the peak charging current to below the holding current
of T but small enough to charge the capacitor reasonably fast
(in a few seconds). In other words, R should be greater than
Vg/ln, where I is the minimum holding current for T;. For
example, if Vg is 6 kV and I is 0.18 A, R. should be more
than 33.33 k2

2) Mode II (7 < t < t2): The MS is closed at t =
1 to allow the flow of power from the DC source to the
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FIGURE 2. Operating modes of topology-1 with a coupled inductor.

load, thereby entering the normal operation. In this state,
the transmission line is energized, and the auxiliary circuit
remains idle.

33717



IEEE Access

H. Sayed, H. S. Krishnamoorthy: Resonant Network-Based MVDC Circuit Breaker Topologies

Ve
\ >
i ‘
CRe Pl
iMms /1
>
i 4
>
igate-M$
>t
Igate-T1
>
147 5]

t2/ty 15 1]
3
FIGURE 3. Operating waveforms of topology-I1.

3) Mode III (tf2 < t < t4): In the event of a fault,
the current in the MS increases rapidly, limited only by the
primary winding and the inductance of the transmission line.
At 13, when the current reaches the specified fault current
limit value (or detection level defined in the controller), a trig-
ger pulse is sent to thyristor T;. The capacitor then discharges
through the secondary winding with opposite polarity, with its
current opposing the current of the MS, then quickly reducing
it to zero. The resistor Rg, with a small value of a few hundred
milliohms, limits the peak current in the auxiliary circuit and
adjusts the circuit’s quality factor. Once the main switch’s
current reaches zero, the MS turns off at 74 to isolate the fault
from the power supply.

4) Mode IV (¢4 <t < tg): Once the MS is turned off with
zero DC current, the capacitor continues to discharge for a
short time through RB and T as shown in Figure 3. When the
thyristor current drops below its holding current, the thyristor
automatically turns off, and the circuit breaker returns to its
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FIGURE 4. Proposed CB topology-1l with a single in-line inductor.

state in Mode I. This occurs at #5 during the quasi-resonant
half-cycle period. During this time, the voltage and current
of the capacitor can be estimated using equations (3) and (4).

Ve (1) = Vg cos wot 3)

. Ve .
i (1) = == sin w,t 4)
Z,

[Ley . C
where Z, = /=& is the characteristic impedance, w, =
1
LegC
fault event is isolated, and Leq is the equivalent inductance
of the LC network. After the time fe, the system returns to
Mode L.

is the resonant frequency of the LC network after a

B. PROPOSED TOPOLOGY-II: USING SIMPLE INDUCTOR
The second proposed topology, referred to as topology-II,
uses a simple inductor instead of a coupled inductor and is
depicted in Figure 4. This configuration has the potential to
reduce the size of the magnetics but requires an additional
thyristor compared to topology-1. The components include an
inductor L, the main switch MS, and the auxiliary circuit’s
capacitor C. The inductor, diode D, and resistors R;; and R
(both equal to R.) provide the path for charging the capacitor.
The fault-handling circuit, consisting of thyristors T; and T»
and the resistor Rp, creates a resonant connection between the
capacitor C and the inductor L in case of a fault. The resistor
Rp, of a small value, is used to adjust the quality factor
of the LC network and fine-tune the current discharge rate.
During regular operation, the resistors in the auxiliary circuit
are inactive, resulting in minimal power loss and low power
rating requirements. The modes of operation for topology-II
are shown in Figure 5, with corresponding waveforms in
Figure 6.

1) Mode I (t9 < t < t1): During the capacitor charging
period, Mode 1 is in effect, as illustrated in Figure 5. In this
mode, the main switch (MS) remains open, and the capacitor
charges continuously through the diode and the resistors R
and R.>. The high values of R.; and R, result in the minimal
effect of the inductor L during this subinterval. The capacitor
voltage and current can be estimated using the equations in

VOLUME 11, 2023



H. Sayed, H. S. Krishnamoorthy: Resonant Network-Based MVDC Circuit Breaker Topologies

IEEE Access

Vg

L
*YYY
- Ms
D
T2
T Recq
1 c
I ||
1
Rp

Rc2

Mode I: Capacitor charging.

RL

Zw

Vg

"M ~
D Mms
D
T2 b
T c Rec1
Rp
Rec2
Mode II: Normal operation.
L
YN ~3_
- MS
D
T2 =
T c Rc1
|| A
I+
Re
]

Zw

Vg

Mode llI: Fault occurred and detected.

L
Ms
D
T2
T Rci
1 c
[
I+
R

FIGURE 5. Operating modes of topology-I1 using a simple in-line inductor.

(5) and (6).
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FIGURE 6. Operating waveforms of topology-II.

where Vj, is the input DC voltage. When the capacitor reaches
full charge, only a small current flows through R.; and R to
sustain the charge.

2) ModeIl (1 < t < t2): In this operating mode, the main
switch (MS) is closed, allowing power to be delivered from
the DC source to the load side. The primary path becomes
energized while the auxiliary circuit remains inactive.
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3) Mode III (t2 < t < t4): At the occurrence of a
fault event, the current flowing through the MS suddenly
spikes, and is only restricted by the primary and power line
inductances. When this current reaches the set fault current
limit value at time f3, thyristors T; and T, are triggered
simultaneously. This results in the discharge of the capacitor
through L; and RB, with a current discharge rate that is
faster than the rising rate of the fault current. The capacitor
discharge continues until the entire fault current is supplied
through it, causing the current through MS and L to drop to
zero. Finally, MS is opened at time #4, ending this subinterval.

4) Mode IV (¢4 < t < tg): During this subinterval, the
fault current persists in both the load and the auxiliary circuit
capacitor. This results in the reverse charging of the capacitor
to Vg, causing the current in the auxiliary network to drop
to zero. This allows for the natural turn-off of thyristors T
and T, without needing external circuits. For faster response
time, T can be substituted with SiC FETs, IGBTSs, or IGCTs,
an external control circuit will then be necessary to detect the
current and switch the devices off.

Ill. RESULTS AND DISCUSSIONS

The proposed circuit breaker topologies are designed and
tested using a real-time Typhoon HiL unit with a capacity
of 1.2 MW (6 kV, 200 A) and a laboratory prototype with
a capacity of 500 W (100 V, 5 A), as outlined in this section.
The HiL verification is done mainly to test the controllers of
the proposed concepts in a simulated practical application,
whereas the lab scale protype is able to validate the combined
power hardware and control mechanisms. In both the HiL. and
experimental evaluations, a thyristor is considered as the main
switch (MS), assuming a SSCB.

A. HARDWARE IN-THE-LOOP RESULTS: MEGAWATT
SYSTEM LEVEL

The datasheet of the thyristor can be found in [39]. The
thyristor has a voltage rating of 2.6 kV and an average on-state
current rating of 517 A, a maximum on-state voltage of 3.2V,
a holding current of 250 mA, and a turn-off time of 25 us.
For the HiL circuit, four thyristors were connected in series
to achieve an off-state blocking capability of approximately
10kV required for a6 kV, 1.2 MW application, such as subsea
motor drives or shipboard DC distribution.

1) TOPOLOGY-I: BASED ON COUPLED INDUCTOR

The voltage and current waveforms for the CB topology-I
(with a coupled inductor) are presented in Figure 7 and
Figure 8, tested using a Typhoon real-time HiL system. The
testing was conducted using the system parameters listed in
Table 1.

The resonant network (L and C) design results in a fast
response time of several tens of microseconds, as demon-
strated in Figure 7. In normal operation mode (prior to a
fault event), the thyristor T is OFF, and no current flows
through it, as previously discussed. Upon the MS current
exceeding the set fault detection level, T is triggered ON
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FIGURE 7. Current waveforms for the CB topology-1 -based on HilL result,
with a fast response time. Ch1 (blue) is the MS current. Ch2 (green) load
current. Ch3 (purple) is thyristor T; current waveform.
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FIGURE 8. Voltage waveforms for the CB topology-I — based on HiL
results. Ch1 (blue) is load voltage. Ch2 (green) is capacitor voltage. Ch3
(purple) is coupled primary inductor voltage. Ch4 (green) is coupled
inductor secondary voltage.

TABLE 1. HilL system parameters for topology-I.

Parameter Value Parameter Value
. Fault detection
DC input voltage 6kV 220 A
current
Rated load current 200 A Capacitance 4.7 uF
Resistance Rc 100 kQ Resistance Ry 1Q
Coil inductance 100 uH

(entering Operation Mode III), causing the capacitor to dis-
charge through Rp and T; rapidly. Well within 20 us, the
rapid discharge of the capacitor reduces the main switch
current to zero, causing the main switch to turn OFF without
the need for surge arresters or other protection devices. The
capacitor continues to discharge until its current falls below
the thyristor T holding threshold, leading to T; turning
OFF without any auxiliary circuits. Compared to the CB
in [40], the proposed approach has a higher peak secondary

VOLUME 11, 2023



H. Sayed, H. S. Krishnamoorthy: Resonant Network-Based MVDC Circuit Breaker Topologies

IEEE Access

TABLE 2. HilL system parameters for topology-II.

Parameter Value Parameter Value
DC input voltage 6kV Fault detection 220 A
current
Rated load current 200 A Capacitance 4.7 uF
Resistance Rc| 100 kQ Resistance Rcz 100 kQ
Coil inductance 1 mH Resistance Rg 4Q
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FIGURE 9. Current waveforms for the CB topology-Il -based on Hil results
with a fast response time. Ch1 (blue) is the MS current. Ch2 (green) load
current. Ch3 (purple) is thyristors (T;, T,) current waveform.

current in the coupled inductor, but the mmf requirement
(nIy (secondary)) remains unchanged. It is fairly straightfor-
ward to select thyristors capable of handling this transient
current requirement. The thyristor current reaches zero within
a few hundred microseconds after the MS OPEN command
is given. However, it may take a few milliseconds for the MS
to completely turn off in case of HCB.

From Figure 8, it can be observed that the capacitor is
charged only to Vg, instead of 2V, as the coupled inductor
turn ratio has been designed to be 2:1. Upon the occurrence of
a fault event, the voltage across the primary winding increases
to about double the input DC voltage, owing to resonant
operation. However, this condition is temporary and lasts only
for a brief period. Choosing the coupled inductor carefully is
essential to ensure that its core does not saturate under these
conditions.

2) TOPOLOGY-II: BASED ON SIMPLE INDUCTOR

The parameters for the second proposed topology (topology-
II) are detailed in Table 2. This topology utilizes a small in-
line inductance. The voltage and current waveforms using the
Typhoon HiL system are presented in Figure 9 and Figure 10,
respectively. As seen in the waveforms, upon the occurrence
of a fault, the capacitor begins discharging at a much faster
rate compared to the increase in fault current. This causes
the current carried by the main switch to drop to zero in just
a few microseconds. Subsequently, the main switch (MS) is
opened by a trigger signal. Afterward, the fault current passes
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through the capacitor and rapidly decreases to a low value
within 400 ps. The thyristor and load currents reduce to zero
within 600 ws once the fault is handled.

The voltage waveforms of the second proposed topology-1I
are displayed in Figure 10. One advantage of this topology
is that the maximum voltage across the capacitor is limited
to the input DC voltage (V) in all the operating modes.
Additionally, the resonance period is very short, and ends
as soon as the inductor current reaches zero and the MS is
opened. After the resonance period, the capacitor starts to
discharge through the resistance Rg. When the load current
becomes zero, the capacitor voltage starts to charge back
to the input DC voltage level, but in the opposite direction
compared to the initial state (Mode I). The Typhoon HiL test
bench is shown in Figure 11.

B. EXPERIMENTAL RESULTS FROM LABORATORY SCALE
PROTOTYPE

Experimental prototypes of the two proposed resonant circuit
breaker concepts are built and tested on a laboratory scale.
The component values of the resistors and resonant L-C net-
work are consistent with those used in the larger HiL design.
The prototypes operate with a DC bus voltage of 100 V and
a load current of 5 A. The inductors in the experimental
setups used powdered iron as the core material. The results
of the laboratory tests are in reasonable agreement with the
performance of the megawatt-scale system discussed earlier
via the Typhoon HiL unit.

1) TOPOLOGY-I WITH COUPLED INDUCTOR

In Figure 12, the experimental current waveforms for the CB
topology-I utilizing a coupled inductor are presented. Upon
detection of a fault event, the thyristor T is triggered ON,
causing the capacitor to rapidly discharge and quench the MS
current in under 20 pus. The MS is then opened with minimal
to no voltage surge, as its current drops to zero. Over the
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FIGURE 12. Current waveforms for the CB topology-1 - based on

experimental results with a response time of less than 20 us. Ch1 (blue)

is the MS current. Ch2 (green) is thyristor T, current.

following 500 us, the capacitor continues to discharge until

the thyristor’s (T7) holding current is reached. Finally,

Ty
turns off naturally once the capacitor current falls below its l

holding threshold.

Figure 13 displays the results of the voltages. The load
voltage becomes zero after the fault is isolated (after the »

| .

MS is open), and this occurs within several microseconds of / %

the fault detection. The voltage across the coupled inductor’s Vina (50V/div) . ¢ (Time base: 100us/div)

primary Wlndlng go€es up to twice the input DC VOltage due (@ s0.0v_~ @) T T @ s00v & : Y(Z Toous 2.50G5/5 @ x 100V
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to the resonance operation, but it lasts only for a brief period.

2) TOPOLOGY-II WITH SIMPLE INDUCTOR
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FIGURE 15. Voltage waveforms for the CB topology-II - based on
experimental results. Ch1 (blue) is the inductor voltage. Ch2 (green) is
capacitor voltage. Ch3 (purple) is load voltage.

The experimental results for topology-II of the CB are pre-

sented in Figure 14 and Figure 15, which depict the cur-
rent and voltage waveforms, respectively. As seen in the
zoomed-in waveforms in Figure 13, the response time is
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roughly 20 us while the total fault detection, isolation, and
auxiliary circuit capacitor discharge time are around 500 us.
Figure 14 demonstrates that, upon the occurrence of a fault,
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the capacitor C instantly begins discharging through Rg, T,
and T, to counteract the entire fault current, as the inductor
L prevents an immediate change in the current. The current
flowing through T; and T, decreases until it reaches the
holding current of the thyristors, at which point both thyris-
tors turn off naturally. These experimental results affirm the
efficient operation of topology-II in terms of the commuta-
tion process, response time, and ease of implementation for
MVDC systems, with a response time requirement ranging
from tens of microseconds to less than 1 ms considering the
time for fault detection, isolation, and post-isolation.

The experimental results obtained from the laboratory
prototypes of both the proposed CB topologies with in-line
inductors validate their smooth commutation process, high
response speed, and simple implementation in a practical sys-
tem. Both experimental and real-time HiL results affirm that
the proposed topologies are suitable for MVDC systems with
response time requirements ranging from a few microseconds
to 1 ms, taking into account the time needed for fault event
detection, isolation, and post-isolation.

IV. TOPOLOGY SELECTION

In this section, the proposed resonant network-based topolo-
gies are briefly discussed with a view of their potential adop-
tion in SSCB and HCB applications in MVDC distribution (1
kV to 100 kV). Based on the technology development survey
of DC circuit breakers presented in [1] and the literature
reviewed, the resonant topologies proposed in this paper can
be modified by replacing the main switch (MS) with other
power switches, such as IGBTs, SiC FETs, GTOs, IGCTs,
or a combination of solid-state devices along with a fast
disconnect (HCB), to meet the system requirements. The fault
current can be interrupted within tens of microseconds, thus
reducing the challenges related to semiconductor devices’
protection capabilities, voltage surge arrester requirements,
etc. This approach results in a significant reduction in instan-
taneous fault energy in the different CB elements.

V. CONCLUSION

This paper presented two resonant hybrid circuit breaker
topologies for medium voltage DC applications such as sub-
sea drives for oil and gas production, shipboard or aircraft
power distribution, etc. The proposed concepts with fast
response speeds provide a simple way to efficiently handle
faults in MVDC systems. The performance of the topologies
was verified through Typhoon Hardware-in-the-Loop tests
and laboratory experiments. Results showed that both topolo-
gies offer low response times (in us) and high efficiencies
(>99.9%) for MVDC systems. Additionally, the design size,
cost, and complexity are reduced by eliminating the need for
multiple power electronics switches connected to the main
switch. The second proposed topology-II has a slightly higher
peak fault current, but a smaller inductor size and lower
voltage rating requirement for the main components.
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