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Abstract— This paper describes a medium voltage solid-state
circuit breaker (SSCB) based on SCR technology, featuring short
fault-interruption time and a minimal turn-off auxiliary circuit.
The SSCB design incorporates a specialized SCR and a
commutation circuit designed with an objective to reduce the
required SCR hold-off/turn-off time, t, , which primarily
determines the fault interruption duration. To validate the design,
simulation analysis is presented, and a 1.5 kV 300 A SSCB
prototype has been built and tested. The results confirm the
effectiveness of the proposed design philosophy demonstrating the
SSCB's ability to interrupt a 200 A load current in less than 50 ps.
The proposed SCR-based SSCB has been developed for DC
applications but is equally applicable to AC applications.

Keywords—Medium voltage, DC circuit breaker, SCR, Design,
Turn-off time ().

I INTRODUCTION

As DC distribution and transmission power systems
becomes more popular due to their superior flexibility and
efficiency over AC systems, DC circuit breakers (CBs) to
protect such systems have received considerable interest.
Nevertheless, characteristics such as faster rise rates of fault
current and the absence of zero-crossing pose extra challenges
for circuit breakers in isolating faults in DC systems.

Fast fault interruption and low conduction loss are the main
desirable features of DC circuit breakers. Although mechanical
circuit breakers are reliable and well-stablished, their response
times are notably slower compared to alternative technologies,
such as solid-state (SSCB) or hybrid solutions [1], [2]. Hybrid
CBs are typically slower than power semiconductor-based
devices and are used in high voltage (> 10 kV) applications
where SSCBs are not feasible. Among the SSCBs category the
interruption time is primarily defined by the turn-off speed of
the power semiconductor devices, typically ranging from tens of
nanoseconds to hundreds of microseconds, depending on the
chosen semiconductor technology. SSCBs based on transistor
family devices, such as IGBT/MOSFET, have very short turn-
off times. However, IGBT/MOSFETSs are limited in reverse
voltage blocking capability and are connected in anti-series to
achieve bi-directionality, resulting in higher conduction loss [3].
Thyristor family devices such as IGCTs are capable of reverse
blocking and are connected in anti-parallel resulting in lower
conduction loss [4]. A 1 kV RB-IGCT SSCB is presented in [5]
for shipboard applications, however, IGCTs are costly and not
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readily available. Silicon-controlled rectifier devices (SCRs) are
technically matured and present advantages over other
semiconductors, such as reverse blocking capability, superior
pulse current capabilities, lower cost, lower on-state losses [6],
and are available up to 10 kV [3]. On the other hand, the
technical challenge with SCRs is the need for a forced
commutation method to turn them off, resulting in relatively
longer turn-off times. Multiple SCR-based SSCBs have been
proposed in the literature, and they have demonstrated fault
interruption times of 200-300 us [3], [7].

If the turn-off time of SCRs can be further reduced, they
would be ideal for MVDC (1-20 kV) applications. Additionally,
it is desirable to have a minimal commutation circuit so that it
does not add to the cost and size of the circuit breaker. The main
parameter determining the fault interruption time of SCR based
SSCBs is the hold-off/turn-off time of the device, defined as the
time from the instant the anode current falls below the holding
current until the instant when the forward voltage can be
reapplied [8]. The parameter t, of conventional SCRs are
typically in the range of 100-200 ps. Nevertheless, the hold-off
time is a function of several parameters [8], which can be
explored through the design of the external circuit imposing the
physical quantities during the commutation process.

In this paper, a 1.5 kV 300 A SSCB using SCR technology
was designed, built, and tested. The main contribution of the
paper is to address different aspects of designing the
commutation circuit for DC applications of an SCR-based CB
to achieve a fault interruption time of less than 50 ps, while
maintaining a compact commutation circuit with an auxiliary
capacitor in the tens of uF. The proposed SSCB achieves these
objectives by incorporating a specialized SCR and a
commutation circuit designed to reduce the required SCR hold-
off/fturn-off time, which primarily determines the fault
interruption duration. Simulation and experimental results are
presented to validate the design.

II.  SSCB TOPOLOGY AND ANALYSIS

A. Toplogy

Figure 1 shows the schematic diagram of the SCR-based DC
circuit breaker. The topology consists of a main SCR (S,,),
which conducts the current in normal operating mode, and an
auxiliary commutation circuit comprising an inductor, capacitor,
MOV, and an auxiliary SCR (S,). The main differentiation
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Fig. 1. SCR-based solid-state circuit breaker.

compared to traditional approaches is the design and selection
of the components for a medium voltage (MV) application with
the objective of limiting the fault interruption time to less than
50 ps. To interrupt the current in the occurrence of a fault, two
steps are involved. Firstly, the current through the main thyristor
is reduced to zero by transferring it to the commutation branch
when S, is turned on. Subsequently, S, is reverse biased for a
time duration long enough for it to regain forward voltage
blocking capability, i.e., for a duration greater than its turn-off
time (t,). A passive resistor-based pre-charge circuit is used to
charge the auxiliary capacitor (C.omm ) to an initial voltage
which is used to reverse bias the SCR. Snubber circuits, as
shown in Fig. 1, are used to prevent unwanted dv/dt triggering
the main and auxiliary SCRs.

For bidirectional operation, the circuit shown in Fig. 1 can
be used with another similar branch connected in anti-parallel,
as shown in Fig. 2.
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Fig. 2. Schematic of the bidirectional SSCB.

B. Operation

Figure 3 illustrates the conceptual waveform across the SCR
and the main components of the commutation circuit during a
breaking event. Assuming that a fault is identified at the instant
t = t,, the gate signal of the main SCR is removed, while the
gate signal to the auxiliary SCR is enabled. The fault current
then starts to flow through the auxiliary branch at a rate limited

by the inductor L,mm, reducing the current in the main SCR at
the same rate. After the current in the main SCR falls below the
holding current (instant t, ), the main SCR is reverse biased (V)
during the interval t; — t, . To guarantee a complete turn-off
process of the main SCR, the interval t; — t, should be greater
than the turn-off time of the device (t,), which is specified in the
datasheet.

The turn-off time provided in the datasheet is based on
specific operating conditions, as it depends on several
parameters. The main characteristics affecting t, include the
construction of the SCR device, the anode current, di/dt of the
anode current during turn-off, the negative voltage applied
immediately after turn-off (1}.), dv/dt of positive voltage, and the
temperature [8]. Based on this, the proposed design for the
commutation circuit in this paper considers each of these
parameters to reduce the required SCR hold-off time and,
consequently, the fault interruption time.

to t1 t2 t3

Fig. 3. SSCB conceptual waveforms during fault interruption.

II1. DESIGN AND SELECTION OF COMPONENTS

Starting with the SCR fabrication itself, the doping of the
SCR is modified to reduce ¢, however, as a trade-off the device
voltage drop will increase. In this application, a specialized SCR
(R1279NC22x) has been chosen with a ¢; of 50 ps and on-state
voltage drop of 1.5 V at 300 A. This will result in <0.1% losses
due to the SCR based SSCB. For the selected device, t; is
defined at a di/dt of 60 A/ ps, V,. equal to 50 V, and dv/dt of 20
V/ us [9]. To further reduce the turn-off time, the objectives of
designing the commutation circuit are:

e reduce the rate of decay of forward current (di/dt);
e increase the reverse voltage (1}.);

e decrease the rate of reapplication of forward
blocking voltage (dV /dt);

The design target parameters (di/dt, V,, and dV /dt) are
also shown in Fig. 3. For design purposes, one must consider
that the commutating capacitor is pre-charged so that it has
enough energy to drive the SCR current to zero. Additionally,
the voltage of the commutating capacitor (V comm) affects the
following: the peak bus voltage (V. comm adds to the bus voltage
during commutation), voltage rating of the auxiliary SCR, and
the negative voltage across the main SCR (1, ) during



commutation. While it is desirable to limit the peak bus voltage
and the voltage across the auxiliary SCR, a high V;. is desirable
to reduce t,. In this design the V, ¢, is chosen to be 1.25x of
bus voltage as a compromise. The pre-charge resistors can be
chosen accordingly.

The size of auxiliary capacitor is chosen to have enough
stored energy to drive SCR current to zero, apply negative
voltage during t, and control dv/dt of main SCR. The
commutating inductor Ly, is selected to limit the di/dt of the
main and auxiliary SCRs. Therefore, the required commutating
capacitor and inductor can be calculated as:

.C2 .72
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di/dtpe, = min {Emainsm T 'Emammm

where, I,,,,, stands for the maximum expected fault/load current
to be commutated, dV /dt,qin scr_tq and di/dtmain scrtq are
the dv/dt and di/dt of the main SCR at the specified ¢;. The
auxiliary thyristor can be chosen with a large t,, which reduces
cost and customization requirements, as it does not need to have
a fast turn-off capability. The peak fault current in the circuit
can be limited through the line inductor (L;;;,) shown in Fig. 1.
In this design, the peak was defined as 20% of the rated current
of the CB and the was inductor calculated as (3):

Ly = _Vitg (3)
I pk_I rated
Following the design criteria, the obtained parameters for the
auxiliary circuit are summarized in Table I. One remaining
parameter is the SCR operating temperature. In this paper, a 700
A device mounted on a heatsink has been selected, which allows
for natural convection cooling at the rated 300 A.

Figure 4 highlights the main parameters addressed in the
design to decrease t,. The selected parameters that effect t, are

R pre_charge3 MoV

TABLE L SSCB MAIN COMPONENTS

Parameter Value
Main SCR (S,,,) R1279NC22 /t, =50pus
Auxiliary SCR (S,) MCD94-22101B / t, = 185 us
Auxiliary Capacitor (Ceomm) 40 pF
Auxiliary inductor (Lomm) 10 uH
MOV V881BAG6O
Snubber (RCD) 10 Q, 0.22 pF, GP02-30

Line inductor (L;;,) 140 uH

compared with the parameters given in the datasheet for the
selected device. As can be seen, all the relevant quantities are
chosen to be within the boundaries defined by the datasheet
parameters (blue curve) so as to further reduce ¢, . It will be
shown in the experimental results, that such a design allows
operating with lower t, and achieve faster interruption time.
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Fig. 4. Comparison between the parameters achieved with the proposed
design and the parameters informed in the datasheet of the main SCR.

—/\ N+

5 Av)(\, N

=AW 71
)

J R pro_charge!

!
:

Fig. 5. Matlab/Simulink model of the proposed DC SSCB.



IV. SIMULATION RESULTS

To verify the effectiveness of the design, simulation analysis
were conducted using MATLAB/Simulink as shown in Fig. 5.
Figure 6 presents the simulation results obtained under rated
conditions, i.e., 1.5 kV and a load current of 300 A. A fault
occurs at 0.03 s and from Fig. 5(b), it can be observed that the
main SCR is reverse-biased for an interval of less than 50 ps,
which is sufficient to ensure its complete turn-off process. The
anode current of the main SCR is reduced to zero in
approximately 15 ps and after that, the applied reverse voltage
reaches 300 V, which is higher than the 50 V specified in the
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Fig. 6. Simulation results during a fault interruption. (a) Voltage and currents

on the main and auxiliar branch, along with SCRs control signals. (b)
Zoomed waveforms to highlighting the details.
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Fig. 7. Simulation results along with parameter calculations under a fault
interruption at 900 V and 200 A.

datasheet. The fault current continues to flow through the
auxiliary branch for approximately 400 us until the auxiliary
capacitor is fully charged. Figure 7 shows the results at 900 V,
200 A. This condition was simulated in order to later compare
with experimental results shown in the next section. Once
again, simulation has confirmed the SCR interruption time less
than 50 ps. Moreover, the parameters affecting the turn-off time
are calculated from the simulation results, as shown in Fig. 7,
and it can be observed that they meet the design objectives.

V. EXPERIMENTAL SETUP AND TEST RESULTS

A 1.5 kV, 300 A SCR-based SSCB prototype was built to
validate the design experimentally. Firstly, the gate drivers to
trigger the main and auxiliar SCRs were designed and
implemented. Afterwards, the designed commutation circuit

was implemented and the breaking operations were assessed up
to 200 A.

A. Gate driver

Figure 8 shows the schematic of the gate driver circuit which
has been designed to meet the trigger characteristics given in the
datasheet of each SCR. The main requirement for the trigger
circuit is to ensure proper current flow between the gate and
cathode terminals of the SCR. In addition to supplying the
triggering energy, the gate driver must also provide the
necessary insulation between the power line circuit and the
control circuit. Therefore, galvanic isolation has been chosen
and a pulse transformer was designed to provide a 10 kHz pulse
train. One important parameter on the pulse transformer is the
coupling capacitance. Thus, particular attention was given to
separating the primary and secondary windings to achieve low
coupling capacitance and avoid common noise issues. At the
same time, the leakage inductance was kept below a certain
value to prevent interference with the pulse current rise.
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Fig. 8. Gate driver schematic.

For the main SCR (R1279NC22), the gate trigger voltage V;;
is 3V and the gate trigger current I;; is 0.3 A, however, a
practical recommendation is to apply a peak current of five to
ten times I for a certain time (approximately 20 ps) to supply
the necessary charge to trigger. Then, the so-called back-porch
current is typically in the order of 1.5 times I; [10]. To meet
these requirements, the pulse current with an initial peak of 1.5
A was obtained by selecting C1 and R1 in Fig. 8. The time
constant of these two elements also determines the peak
duration. The steady-state current value for the remaining
portion of the current pulse (back-porch) was set to 0.6 A and
adjusted by selecting R2. To avoid the thyristors to turn on
unintentionally due to EMI, the gate circuit incorporated R3 and
C2 for protection. A low shunt capacitor (C2) can reduce the
sensitivity of the SCR to dv/dt while the external gate-cathode
resistor R3 prevents false triggering due to leakage current. R3
also contributes to lower the ¢, time by assisting in recovering
the storage charge [10]. The gate drivers are supplied through a
medium voltage power supply, which can generate isolated low
voltage directly from the DC link [11].

B. Commutation circuit and test setup

Figure 9 shows the implemented commutation circuit in a
compact form factor, based on the designed components given
in Table I. This circuit is connected in parallel with the main
thyristor as shown in Fig. 10. The experimental tests were
conducted with a resistive load. Due to limitations in the setup,
the performance of the developed SSCB was evaluated based on
load current interruption rather than an actual short circuit
interruption.
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Fig. 9. Designed auxiliary circuit for SCR turn-off, with overall dimensions of
130x170x100mm, referenced to a pen.
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The test setup was designed based on a DC capacitor bank
as presented in Fig. 10. The capacitor bank is pre-charged using
a high voltage, low current power supply. Subsequently, a
contactor is closed, and the energy stored is applied to a
resistive load through the SSCB. The capacitor bank is sized to
provide a sufficiently high current to test the CB. After
approximately 30 ms, a fault is emulated, and the breaking
process is initiated, as shown in the flowchart in Fig. 11.
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Fig. 11. Flowchart of the test sequence.
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Fig. 13. Zoomed waveforms during commutation at 1.2 kV and 100 A.

C. Verification under load current interruption

Figure 12 shows the experimental results at 1.2 kV. The
main SCR is turned on and the load current started to flow
reaching approximately 100 A. The capacitor was pre-charged
with 300 V through the resistors. When a fault is identified, the
load current is transferred to the commutation branch by turning
on the auxiliary SCR. Figure 13 shows the zoomed waveforms

during the forced commutation. The inductor current I; rises at
a di/dt determined by V4, and inductance Lcomm . When I
reaches the load current (100 A), the S, turns off, which is
indicated by the appearance of negative voltage across the SCR.
This time takes approximately 10 ps. The main SCR voltage
follows the commutating capacitor voltage V4, which reverse
biases S,,, for approximately 36 ps. After this time the current
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decreases for approximately 0.4 ms until the capacitor is charged
with the bus voltage. The total fault interruption time is 46 ps,
including 10 ps for the SCR current to reduce to zero and 36 ps
hold-off/turn-off time for the SCR. The fault interruption time is
defined here as the time after which the fault current does not
increase measured from the point of fault inception.

Figures 14 and 15 shows the breaking operation under 200
A load current. As one can notice, the same behavior is observed
as the previous test. The proposed commutation circuit

successfully assist the main SCR to turn-off in less than 50 ps.
Furthermore, the parameters di/dt, V., and dV /dt observed
experimentally are in good agreement to what has been designed
and verified through the simulations in section I'V.

VI. CONCLUSION

In this paper, a SCR based SSCB with fast (< 50 ps) fault
interruption time is presented for medium voltage (1.5 kV)
applications. SCR is chosen as this technology is matured, is



available up to 10 kV and significantly capable of reverse
voltage blocking, resulting in lower conduction loss (single
device forward voltage drop) even in bi-directional applications.
The major challenge with SCR is the hold-off time t,, which
drives the fault interruption time to be in the range of 200-300
us range. Parameter t, depends on device construction and other
parameters such as dV /dt, di/dt, V,, among others. In this
paper, it is proposed that by carefully selecting each of those
parameters, t, can be further reduced. Starting with selection of
SCR construction (doping levels), relevant parameters are
selected to achieve a t, of less than 40 us. The design has been
validated through experimental results at 1.2 kV, 100 A and 900
V, 200 A. In both the cases it was shown that the fault
interruption time is < 50 ps. The SCR based SSCB is equally
applicable for both AC and emerging MVDC applications.

ACKNOWLEDGMENT

This project was supported by the Department of Energy
(DOE) - Office of Electricity’s (OE), Transformer Resilience
and Advanced Components (TRAC) program led by the
program manager Andre Pereira.

REFERENCES

[11 Z.J. Shen, Z. Miao, and A. M. Roshandeh, “Solid state circuit breakers
for DC microgrids: Current status and future trends,” IEEE First
International Conference on DC Microgrids (ICDCM), Atlanta, GA,
USA, 2015, pp. 228-233, doi: 10.1109/ICDCM.2015.7152044.

[2] R.Rodrigues, Y. Du, A. Antoniazzi and P. Cairoli, "A Review of Solid-
State Circuit Breakers," IEEE Trans. on Power Electronics, vol. 36, no.
1, pp. 364-377, Jan. 2021, doi: 10.1109/TPEL.2020.3003358.

[3] X. Song, P. Cairoli, Y. Du and A. Antoniazzi, "A Review of Thyristor
Based DC Solid-State Circuit Breakers," IEEE Open Journal of Power

(4]

(3]

(6]

(7]

(8]

9]

[10]

(11]

Electronics, vol. 2, pp- 659-672, 2021, doi:

10.1109/0JPEL.2021.3134640.

F. Agostini et al., "IMW bi-directional DC solid state circuit breaker
based on air cooled reverse blocking-IGCT," IEEE Electric Ship
Technologies Symposium (ESTS), Old Town Alexandria, VA, USA, 2015,
pp. 287-292, doi: 10.1109/ESTS.2015.7157906.

L. Qi et al., "Solid-State Circuit Breaker Protection for DC Shipboard
Power Systems: Breaker Design, Protection Scheme, Validation Testing,"
IEEE Trans. on Industry Applications, vol. 56,n0. 2, pp. 952-960, March-
April 2020, doi: 10.1109/TTA.2019.2962762.

M. Marwaha et al., “SCR-based bidirectional circuit breaker for DC
system protection with soft reclosing capability,” IEEE Trans. Ind.
Electronics, Vol. 70, no. 5, pp. 4739-4750, May 2023, doi:
10.1109/TIE.2022.3187585.

J.-Y. Yu,J. -T. Kim, S. -M. Song, J. -Y. Kim, and L. -D. Kim, “Design of
thyristor DC solid-state circuit breaker with operating duty capability,”
Proc. 23rd Int. Conf. Elect. Machines Syst., 2020, pp. 1553-1558, doi:
10.23919/ICEMS50442.2020.9291084.

H. Garrab, A. Jedidi, H. Morel and K. Besbes, "A Novel Approach to
Accurately Determine the tq Parameter of Thyristors," /EEE Trans. on
Industrial Electronics, vol. 64, no. 1, pp. 206-216, Jan. 2017, doi:
10.1109/TIE.2016.2609381.

Datasheet. [Online]. Available: https://www.littelfuse.com/media?resour
cetype=datasheets&itemid=46e001c2-69a7-47¢9-84fc-6d3c427189f8&
filename=littelfuse-discrete-thyristors-fast-thyristors-r1279nc2.

Teccor Electronics, Inc — Application Note. Thyristor Design Guide:
Triggering and Gate Characteristics of Thyristors. [Online]. Avalilable:
https://m.littelfuse.com/~/media/electronics_technical/application_notes/
switching_thyristor/littelfuse_triggering and_gate characteristics_of th
yristors_application_note.pdf .

M. L. Magri Kimpara, R. Prasad Kandula, J. Harter and C. Boone, "Wide-
Input Voltage Range Two-Stages Auxiliary Power Supply for Medium
Voltage Applications," IEEE Applied Power Electronics Conference and
Exposition (APEC), Long Beach, CA, USA, 2024, pp. 2202-2207, doi:
10.1109/APEC48139.2024.10509122.



