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Abstract—DC Solid-State Circuit Breakers (SSCB) play an
important role in the protection of DC and hybrid AC/DC
systems. As they operate mostly in on-state, the use of wide-
bandgap devices, with low conduction losses, is an attractive
solution. These devices need to be selected based on the rare
occasion of fault breaking, with associated overcurrent and
overvoltage intervals. In this work a novel clamping circuit,
consisting in its simplified form of Metal-Oxide Varistors and
capacitors, is proposed to be used in a DC SSCB. This circuit has
the objective to reduce the breaker overvoltage during protection,
enabling a lower number of required semiconductors in series
and consequent overall reduced losses. An analysis of the idea and
operation principle of the system is presented, alongside its stages
of operation and defining equations. To evaluate its benefits, the
system is compared with one typical passive solution. At the end
a scaled prototype is tested, validating the benefits and theoretical
analysis of the proposed approach.

Index Terms—Solid-State Circuit Breaker, SSCB, Advanced
Clamping Circuit

I. INTRODUCTION

The penetration growth of DC grids due to its advantages
relative to its AC counterpart, given by lower losses and
costs, reduction of conversion stages and easier integration
to renewables, has increased in applications that vary from
very high power high voltage systems [1], medium voltage
submarine and vessels [2], down to low voltage microgrids [3].
This type of technology demands more stringent control and
faster protection solutions, since fault currents usually have
faster rise time and can be more damaging, due to the lack of
zero crossing and capacitive input and output connection of
power electronic converters.

In traction and in the naval industry, for example, DC
transmission and distribution is already a common and stan-
dardized topic [4], however as the distribution grid perceives
an increasing penetration of power electronics, with support
provided, for instance, to Battery Energy Storage Systems
(BESS) [5], electric vehicles [6] and renewables in DC, the
important figures of merit, such as protection response time
and efficiency, are requiring improved and faster approaches
to be utilized in the DC circuit breakers.

DC circuit breakers are mainly divided into three categories:
Mechanical DC Circuit Breakers (MCB), Hybrid DC Circuit
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Fig. 1: General fault current clearing scheme of circuit breakers.

Breakers (HCB) and Solid-State DC Breakers (SSCB). An
MCB consists basically of a common switch or a relay,
where an electric arc between the contacts might occur while
interrupting the current. Although common in low voltage ap-
plications, these breakers are unfeasible after a certain voltage
level, as the energy absorbed by the arc would be too high.
In an HCB a semiconductor switch parallels the mechanical
switch/relay, providing either an auxiliary path for the current
to break or a circuit that generates a resonance forcing the
system to cross zero so that the mechanical part can be safely
open. Both these solutions require a mechanical circuit to
eliminate the fault. The SSCB utilizes semiconductors in the
main path to break the current and can also be associated
with a mechanical switch to ensure galvanic isolation between
the parts. As is consists of a fully semiconductor based
protection approach, it is orders of magnitude faster then its
electromechanical counterparts [7].

A generic Solid-State Circuit Breaker (SSCB) is presented
in Fig. 1. On it, four main components are observed: sense and
tripping circuit, gate driver, main current path and clamping
circuit. The sense and tripping circuit is responsible for the
detection and signaling of the fault. The driver circuit’s main
function is to control the states of the power semiconductor,
but can also have additional features, such as fault sensing
[8], current and voltage rise time control [9] and multiple
device voltage blocking sharing capability [10]. The voltage
clamping circuit, object of focus on this work, serves as both
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an energy absorption and overvoltage protection mechanism.
For this, the most basic approach is the use of a Metal-Oxide
Varistor (MOV) to limit the overvoltage of the main path. The
fundamental principle is based on the change of the resistance
as a function of the applied voltage, as depicted in Fig. 2.
When exposed to high voltage transient the varistor impedance
changes from a near open circuit to a very low resistive path.
The curve can be divided into three main sections, namely:

« Leakage current region: where the MOV acts as a large
resistor and has a high resistance, appearing as an open
circuit;

« Normal varistor operation region: acts as a conductor,
conducting large amount of current for a small increase
in voltage, approaching a short circuit;

« Upturn region: where the surge clamping function oc-
curs, where the device operates similar to a short circuit.

This paper uses the characteristics of the MOV selection to
propose a clamping circuit that allows for a lower overvoltage
in the semiconductors of the main path, therefore the required
number of devices in series, reducing system’s losses and cost.
In Section II the operating principle of the circuit is described,
along with its main stages of operation and equations. Section
IIT deals with the design intrinsic characteristics and trade-
offs, providing a comparison between theoretically obtained
and simulation results and Section IV shows the experimental
validation in a reduced scale prototype.

II. ADVANCED CLAMPING CIRCUIT - ACCT

One major factor affecting the cost, efficiency and sizing
of the SSCB is the required number of semiconductors in
the main path, which has to be clearly selected based on
the transient characteristics of the breaking curve. The total
number of semiconductors in series in a SSCB is given by

Uovervoltage —‘ ( 1 )

Ng — [
S Ubs/CE,max * ksoa

where [z| stands for the highest integer near z, Uoyervoltage
the surge voltage, Upg,/cE,max the rated peak allowable volt-
age in the device and ksoa a safety switching margin.
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Fig. 3: Clamping methods using MOV: (a) Simple approach with MOV in
parallel to main path, (b) AACC with the IGBT blocking partially the MOV
DC voltage and (c) APCC with capacitor blocking partially the MOV DC
voltage.

The most common MOV-based clamping approach relies
on utilizing it directly in parallel with the main path (c.f.
Fig. 3(a)). Once the semiconductors are opened the current
follows a curve similar to one of the presented in Fig. 2, where
the highest voltage that appears across the semiconductors
Uclamp relates to the peak fault current I taurt When the MOV is
in the upturn region. Here the selection of the varistor is a bit
intricate, as it is important to choose one that will result in the
lowest Ucjamp, While still with a high DC blocking voltage, so
that the fault is completely settled, i.e. the MOV DC voltage
needs to be higher than the applied DC voltage of the system

Upc,mov > Upc.

A. Advanced Active Clamping Circuit - AACC

With the objective to use a lower DC rated MOV for higher
voltage, with consequent lower overshoot, an auxiliary path
circuit using the combination of the varistor and an active
semiconductor was proposed in [13], here designated as Active
Advanced Clamping Circuit (AACC). This is depicted in
Fig. 3(b). In this case, the IGBT in the auxiliary path supports
the voltage along with the MOV and as it only participates of
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Fig. 4: General fault current clearing scheme of circuit breakers.

the conduction during the fault interruption, it does not affect
the system efficiency.

B. Advanced Passive Clamping Circuit - APCC

To overcome some disadvantages observed in the AACC,
the Advanced Passive Clamping Circuit (APCC) is proposed
in this work (c.f. Fig. 3(c)). A capacitor bank is responsible for
sharing the voltage with the MOV after the fault, replacing the
role assumed by the IGBT in the case of Fig. 3(b). With this
replacement, the auxiliary circuit becomes completely passive,
reducing concerns related to driver circuits, fault detection for
the auxiliary circuit and isolation requirements. On the other
hand, this case demands a more thorough knowledge of the
grid and fault worst case scenario, as there is no active stage.

C. APCC Principle of Operation

The stages of operation of the APCC can be divided in four,
shown in Fig. 4 along with the expected voltage and current
wave forms.

1) STAGE (I): : In the normal mode of operation the main
path, represented by the combination of MOSFETs, is turned
on and conducting the load current (c.f. Fig. 4(a)). Here
the system obeys the equation for the voltage drop in the
semiconductors combination

2

with Rpson,eq 1 the equivalent on-state resistance of the
semiconductors assembly.

2) STAGE (II): : The main path conducts until a short
circuit occurs. When the limit current is reached and the
circuit is triggered the MOSFETs start to turn off and the load
interchanges from the semiconductor to the path containing the
MOV, as it is shown in Fig. 4(b).

UsscB = RbSs,on,eq * iLoad

3) STAGE (1I1): : When the main path is completely turned
off the fault equation will obey the dynamics of the differential
equation given by the system inductance, the MOV resistance,
which is non-linear, and the capacitor. Once the fault clearing
process starts:

3)

with Rgc and Lgc representing the short circuit resistance and
inductance. Considering that during this interval the current
is flowing through the clamping capacitor, then its voltage is
calculated through:

Upc = umov + uc + URse + ULsc,

d2uc
de?

where K and ( are parameters that depend on the MOV
selection [14]. The SSCB voltage during this interval is

duc\” d
Upc =K (C ;jf) +uc+RscC %—FLscC 4)

®)

Here it is important to mention one specific characteristic
of the APCC: as the circuit obey (4), the peak current will
no longer be given by the triggered opened current Itauts, but
later, as depicted in Fig. 4(e).

4) STAGE (1IV): : This interval begins once the fault current
reaches zero. By then, the capacitor is charged to its final value
and the MOV will have a DC voltage that is the difference of
the supply and the capacitor, i.e.,

UssCB = UMOV + UC

Upc,mov = Upc — Uc (6)
III. DESIGN CHARACTERISTICS
A. Overvoltage x fault extinguishing trade-off

To validate the idea a SSCB was simulated with the param-
eters as shown in TABLE I. The main decision factor for the
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Fig. 5: Clamping methods using MOV: (a) Simple approach with MOV in
parallel to main path, (b) AACC with the IGBT blocking partially the MOV
DC voltage and (c) APCC with capacitor blocking partially the MOV DC
voltage.

design is the selection of the clamping capacitance, as it finally
defines both the overvoltage and extinguishing time. Based on
(3), (4) and (5) the relation can be numerically derived and the
results are shown in Fig. 5. The fault extinguishing time is also
compared with the simplified approximation as considered in
[12] that disregards the non-linear behavior of the MOV and
assumes the current falling to be linear, as in

L

_ o Lsc
text,approx - * Lfault —
UL

Uclamp - UDC

that, as can be seen, will underestimate the value. In order
to validate the numerical derivations, three simulations were
realized containing both the common approach, with the MOV
in parallel, and with the APCC. This second case was tested
for lower and higher values of capacitance. These results are
summarized in TABLE I. There, the numerically predicted ex-
tinguishing time fcy¢ pred. and overvoltage Upreq are compared
with the ones obtained via simulation.

As Fig. 5 shows, there is a trade-off between fault extin-
guishing time and overvoltage seen in the semiconductors,
therefore two different design approaches for the APCC were
considered. In the first, the capacitance is selected in order
to obtain approximately the same extinguishing time as in

)

. Ifault

TABLE I: Simulation parameters

Parameter Symbol Value
Applied DC Voltage Upc,test 1kV

Nominal current Thom 200 A
Short circuit inductance Rsc 10 m§2
Short circuit inductance Lsc 15mH

Varsi V480D100
Littelfuse TMOV34S141MP

Regular MOV
Reduced voltage MOV
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Fig. 6: Experimental characterization and data sheet curves of of the SiC
power module DP200B1200N 100749 in the tested setup.

the typical case, to observe the increase in overvoltage. With
C = 60nF, with . increases 20 ns over the typical solution.
The overvoltage rises from 2.1kV up to 29kV, a 38%
increase.

In the second case, the capacitance is optimized to reduce
the overvoltage in the semiconductors. For the study case,
the SiC device DP200B1200N100749 from Danfoss Silicon
Power is selected, with Upg max = 1.3kV and an on-state
resistance of 5m(2. In this case the overvoltage is reduced
down to 1.6 kV with a consequent increase in tey; to 694 ns.

B. Loss reduction

The designed reduction in the overvoltage across the main
semiconductor path causes a reduction in the required number
of switches and consequent efficiency improvement in the
system. For the considered case study, allowing for a safety

operating margin of 70% (ksoa = 0.7) the number of
semiconductor devices before the APCC was
2.1kV
Ns = | oo | = 8
ST 13kv-0.7 ®
and in the case where the APCC is being applied
1.6kV
N, = [7] —2
ST 11.3kv-0.7 ©)

To assess the percentage losses improvement the device
DP200B1200N100749 was characterized experimentally, in

TABLE II: Simulation comparison for the cases of the MOV
in parallel to the semiconductor path, using the APCC with
60nF and with 840 nF.

Clamplng type text,pred text,sim4 Upred. Usim.
MOV in parallel 140.8 ns 140.0ns 2.1kV 2.1kV
APCC, C = 60nF 1439 ns 157.1ns 2.9kV 3.0kV
APCC, C' = 840nF 694.5 ns 695.0ns 1.6kV 1.6kV
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the utilized prototype. As switching losses are negligible only
the conduction was mapped, as depicted in Fig. 6. The generic
loss equation for Ng series and Np parallel connected SiC
MOSFET devices under a constant load is
-Ploss = Nip : RDS,on . iioad (10)
where Rpg o i obtained from Fig. 6. In the analyzed case
the overall losses are reduced from 600 W to 400 W, a 33%
reduction. It is important to mention at this point that a scalable
relation is not directly found, as the overvoltage reduction
depends heavily on the non-linear behavior of the MOV and its
selection. In case of higher voltage systems, however, it is not
uncommon to see modular solutions where several identical
modules are connected to meet the requirements in voltage and
current [15]. The loss reduction has two direct consequences
on the physical size of the system: the first is in respect of
the semiconductor devices themselves and the second is of the
reduction of the thermal system.

IV. EXPERIMENTAL RESULTS

In order to evaluate the breaker performance experimentally
and verify the design procedure, a scaled down setup was build
and tested, as shown in Fig 7. The main specifications are
shown in TABLE III.

TABLE III: Experimental parameters

Parameter Symbol Value
Applied DC Voltage Upc,test 32.5V
Nominal current Inom SA
Short circuit resistance Rsc 19.1mQ
Short circuit inductance Lgc 2.2mH
Clamping capacitance C 90 uF

Regular MOV
Reduced voltage MOV

Littelfuse V33ZA70P
Littelfuse V20E14P
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Fig. 8: Experimental test of the behavior of using a (a) lower DC rated
MOV (V20E14P) and a (b) higher DC rated MOV (V33ZA70P).

To exemplify the problem with utilizing a lower DC rated
MOV in parallel with the semiconductors, two tests were
realized considering a test voltage of Upc test = 32.5 V. The
results are illustrated in Fig. 8. In the first case, Fig. 8(a),
after the main path is opened the MOV remains conducting
a current of 2.5 A. In the second, with higher rated voltage,
the typical overvoltage curve generated by the MOV is visible
across the terminals of the semiconductor. There, the varistor
blocks the complete current after breaking the fault.

The active and passive clamping circuit operation are
demonstrated in Fig. 9. In the first case the auxiliary semicon-
ductor is opened 20 ms after the fault, as it can be seen with
the small overvoltage in usscp. For higher voltage cases, this
value might reach an overshoot higher than the one handled in
the fault breaking, damaging the system. In the passive case
this is not seen as there is no active current breaking device, the
current is extinguished naturally with the capacitor charging.

In the last case, due to the available devices, the focus
was on reducing teyy from around 1ms to approximately
500 s, hence increasing the overvoltage in the SSCB. Here,
it should be noted that even though the system presents a high
overvoltage the feasibility of using a lower rated MOV is still
seen, since the capacitor voltage is charged to its steady state



value. The blue dashed line shows the theoretically calculated
behavior, therefore showing a near perfect estimation and
design.
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Fig. 9: Experimental test of the behavior of the (a) AACC and the (b)
APCC. The dashed light blue line depicts the theoretical predicted
behavior.

V. CONCLUSION

In this paper a new clamping circuit, denominated Advanced
Passive Clamping Circuit (APCC) was proposed to reduce the
clamped overvoltage appearing in a DC solid state circuit
breaker during the fault handling process. The improved
clamping characteristic allows for a reduction of the number
of the series connected devices that are constantly on during
regular operation. This reduction positively affects the system
efficiency, size and thermal design.

In comparison to similar ideas the proposed solution is
composed of only passive components, not requiring any extra
driving circuit or additional concerns with isolation. In turn,
since the system has no active controllability, it requires a
deeper knowledge of the grid characteristics to which the
system is connected to, as the fault breaking behavior relies
solely on the design of the passive components involved.

Once the idea was presented and the important trade-offs
described, a case study for a 1kV/200 A system showed that

the APCC can reduce the losses by 33%, which would conse-
quently reduce overall costs with device and thermal circuitry.
Finally, the experimental results showed the feasibility and
validated the theoretical derivations of the proposed clamping
approach.

ACKNOWLEDGMENT

The authors would like to thank Danfoss Silicon Power for
providing the semiconductor devices utilized in the theoretical
analysis and experimental validation.

REFERENCES

[1] Z. Lin, J. Qin, H. Ma, J. Liu, B. Yang and Y. Wang, "Design of 500kV
Hybrid HVDC Circuit Breaker Control and Protection System,” 2020
4th International Conference on HVDC (HVDC), Xi’an, China, 2020,
pp. 134-139, doi: 10.1109/HVDC50696.2020.9292727.

[2] P. Cairoli, L. Qi, C. Tschida, V. R. R. Ramanan, L. Raciti and
A. Antoniazzi, "High Current Solid State Circuit Breaker for DC
Shipboard Power Systems,” 2019 IEEE Electric Ship Technologies
Symposium (ESTS), Washington, DC, USA, 2019, pp. 468-476, doi:
10.1109/ESTS.2019.8847815.

[31 Y. Zhou, R. Na, Y. Feng and Z. J. Shen, “GaN-Based Tri-Mode
Intelligent Solid-State Circuit Breakers for Low-Voltage DC Power
Networks,” in IEEE Transactions on Power Electronics, vol. 36, no.
6, pp. 6596-6607, June 2021, doi: 10.1109/TPEL.2020.3037541.

[4] IEEE Std 1709 Recommended Practice for 1 kV to 35 kV Medium-
Voltage DC Power Systems on Ship, IEEE Std. 1709-2010, Nov. 2010.

[5] R. Wang, B. Zhang, S. Zhao, L. Liang and Y. Chen, “Design of
an IGBT-series-based Solid-State Circuit Breaker for Battery Energy
Storage System Terminal in Solid-State Transformer,” IECON 2019 -
45th Annual Conference of the IEEE Industrial Electronics Society,
2019, pp. 6677-6682, doi: 10.1109/IECON.2019.8926684.

[6] M. M. Mahfouz and M. R. Iravani, ”Grid-Integration of Battery-Enabled
DC Fast Charging Station for Electric Vehicles,” in IEEE Transactions
on Energy Conversion, vol. 35, no. 1, pp. 375-385, March 2020, doi:
10.1109/TEC.2019.2945293.

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

[8] Z. Miao, G. Sabui, A. Moradkhani Roshandeh and Z. J.Shen, “Design
and Analysis of DC Solid-State Circuit Breakers Using SiC JFETSs,” in
IEEE Journal of Emerging and Selected Topics in Power Electronics, vol.
4, no. 3, pp. 863-873, Sept.2016, doi: 10.1109/JESTPE.2016.2558448.

[91 Y. Kinoshita, T. Ichiryu, A. Suzuki and H. Ishida, 100 A Solid State

Circuit Breaker Using Monolithic GaN Bidirectional Switch with Two-

Step Gate-Discharging Technique,” 2020 IEEE Applied Power Electron-

ics Conference and Exposition (APEC), New Orleans, LA, USA, 2020,

pp. 652-657, doi: 10.1109/APEC39645.2020.9124391.

L. Zhang, R. Woodley, X. Song, S. Sen, X. Zhao and A. Q. Huang,

”High current medium voltage solid state circuit breaker using paralleled

15kV SiC ETO,” 2018 IEEE Applied Power Electronics Conference and

Exposition (APEC), San Antonio, TX, USA, 2018, pp. 1706-1709, doi:

10.1109/APEC.2018.8341247.

G. Feix, S. Dieckerhoff, J. Allmeling and J. Schonberger, ”Simple

methods to calculate IGBT and diode conduction and switching losses,”

2009 13th European Conference on Power Electronics and Applications,

Barcelona, Spain, 2009, pp. 1-8.

Tapia, L.; Baraia-Etxaburu, 1.; Valera, J.J.; Sanchez-Ruiz, A.; Abad, G.

Design of a Solid-State Circuit Breaker for a DC Grid-Based Vessel

Power System. Electronics 2019, 8, 953

L. Qiao, T. Liu, J. Ying and D. Zhang, "Research and Application of

Solid State DC Circuit Breaker Based on SiC Series and Parallel,” PCIM

Asia 2020; International Exhibition and Conference for Power Electron-

ics, Intelligent Motion, Renewable Energy and Energy Management,

Shanghai, China, 2020, pp. 1-8.

Varistors Intro. Technical Note 29079. Vishay BCcomponents. Sept 2013

S. Wang, Z. Zheng, Y. Li and L. Peng, ”’A modular DC solid state trans-

former for future onboard DC grid,” 2016 International Conference on

Electrical Systems for Aircraft, Railway, Ship Propulsion and Road Vehi-

cles & International Transportation Electrification Conference (ESARS-

ITEC), 2016, pp. 1-6, doi: 10.1109/ESARS-ITEC.2016.7841351.

[10]

[11]

[12]

[13]

[14]
[15]



