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Letters

Fault Current Bypass-Based LVDC Solid-State Circuit Breakers

Reza Kheirollahi

Abstract—This letter presents a new low-voltage direct-current
fault current bypass-based solid-state circuit breaker (SSCB) us-
ing silicon-carbide MOSFETs. The proposed SSCB provides the
possibility to select the clamping voltage of metal-oxide varistors
(MOVs5s) close to the nominal voltage of the dc system. This reduces
voltage overshoots across the main switch and snubber components
and extends the maximum allowable dc bus voltage on the SSCB.
The MOVs are removed from the power line, and their leakage
currents are completely eliminated. The clamping voltage of the
MOV and its surge energy rating is considered to optimize the
MOV. The dv/dt across the main switch is controlled by an auxiliary
capacitor, where a design procedure is presented to optimize its
value. Also, the stored inductive energy of the line inductor in dc
systems is bypassed using an auxiliary branch and prevented from
flowing through the faulty section to enhance the safety. LTspice
simulations are presented to show the significance of the proposed
SSCB. The experiments of 375 V/170 A/2.4 ps and 600 V/163 A/2.4
ps verify the effectiveness of the proposed design in practice.

Index Terms—DC circuit breaker, fault current bypass, low-
voltage direct-current (LVDC), solid-state circuit breaker (SSCB).

1. INTRODUCTION

OLID-STATE circuit breakers (SSCBs) have been witness-
S ing impressive progress with the aid of wide bandgap de-
vices, such as silicon-carbide (SiC) MOSFETs [1], [2]. Along with
obtaining high efficiency as the result of low ON-state resistance,
the response time has been gaining remarkable achievements in
the microseconds range [3], [4]. Not only that, but the reported
successes in control and gate drivers design [5] and incorpo-
rating fault detection/location techniques in SSCBs are highly
promising as well [6], [7]. SSCBs have been reviewed in depth
during recent years [8].

Energy absorbing elements, such as metal-oxide varistors
(MOVs), are mostly used in combination with the solid-state
switches in dc SSCBs [9], [10]. First, the lack of a zero-crossing
point in dc systems leads to high-voltage oscillations and over-
shoot during the dc current interruption [8]. Second, the capacity
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Fig. 1. SSCBs with MOV, and voltage and current waveforms in the top and

operating modes in the bottom. SSCB, including RCD, is shown in gray color.

of the semiconductor devices in dissipating the inductive energy
of the line inductance is limited [11]. Therefore, MOVs are used
to absorb the energy and clamp the voltage across the SSCBs
during the dc current breaking.

Fig. 1 indicates the conventional SSCB with MOV [2]. Four
modes of operation during turn-OFF are represented along with
the current and voltage waveforms. Cqs+Cyioy stands for the
drain—source and MOV parasitic capacitances, and S,, shows
the main switch. As illustrated, the current quickly commutates
to the parasitic capacitances at the end of mode /, and the
voltage across the SSCB rises to V), in T}, interval depending on
Cys+Cwnmov and the dc current values. The V), is limited to the
maximum clamping voltage of the MOV (Vciamp)- High V,/T),
induces voltage oscillations on the gate of the switch and leads
to a spurious turn-ON. During mode III, the current commutates
to the MOV, and the interruption completes at the end of this
mode.

Capacitor-diode [12], resistor-capacitor (RC) [13],
resistor-capacitor-diode (RCD) [14] snubbers are also used in
combination with MOVs to reduce V,,/T,, in SSCBs. RCD snub-
bers benefit from low oscillations, low clamping voltages, and
small V,,/T), [8], and their capabilities in interrupting kiloampere
dc currents have been proved [15]. The circuit diagram and the
resulted voltage waveforms for different capacitance values are
indicated in gray color in Fig. 1. Although the RCD network
includes more components, it helps to increase the turn-OFF
capability of voltage and current for SSCBs.
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Fig. 2.

Proposed LVdc fault current bypass-based SSCB. (a) Proposed SSCB in a typical dc system, including the line inductor Ly,ine and load-side components

(L1oad and Ry,6a4d). (b) Proposed SSCB operating modes during the dc current interruption.

Applying MOV-RCD snubbers to SSCBs is practical; how-
ever, there are two main issues. First, to minimize the MOVs
leakage current during the OFF-state, and the clamping voltage
of the MOV places between 1.5 and 2.5 times of the nominal
voltage [8]. This imposes higher operating voltage obligations
on the solid-state switch and the RCD capacitor. Using residual
current mechanical disconnectors [16] is useful to optimize the
MOV and avoid leakage currents; however, it affects the SSCB
operating speed during the reclosing process. Second, the stored
inductive energy of the line inductor in dc systems needs to flow
through the faulty section. That is, regarding Fig. 1, although the
switch is OFF in mode III, the MOV conducts the fault current
until it decays to zero.

Fig. 2(a) shows the proposed SSCB in a typical dc system
where connections to both lines are required [17], [18]. The
presented SSCB is supposed to be placed at the load side, where
current limiting line inductors are employed to reduce the rate
of rise of the fault current. In this letter, 63 pH line inductor is
used, which is enough to limit the rate of rise of fault current to
10 A/ps under the dc bus voltage up to 600 V.

II. PROPOSED LOW-VOLTAGE DIRECT-CURRENT (LVDC)
SSCB

Regarding Fig. 2(a), there are five contributions.

1) The MOV is removed from the power line and the main
switch; the MOV leakage current is eliminated.

Vp/T), is controlled by optimizing the value of C, (100 s
of nanofarad); there is no oscillation voltage across or on
the gate of the main switch S,,.

S turns OFF at almost zero current; no oscillations appear
on S during the current interruption.

During the current interruption, the stored inductive en-
ergy of the line inductor is bypassed using an auxiliary
branch, and it is not allowed to flow through the faulty
section that increases the safety.

The maximum allowable dc bus voltage on the SSCB is
extended.

Although the focus of this letter is proposing a new LVdc
topology, the fault detection mechanism is of great importance
in the breaker operation, and the fault current detection time
interval must be included in calculating the total response time
of interrupting the fault current.

2)
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Fig. 3. Proposed SSCBs electrical waveforms during dc current breaking.

A. Working Principle and Operating Modes

Figs. 2(b) and 3 represent the operating modes and the electri-
cal waveforms of the proposed SSCB in interrupting dc current,
respectively. Also, Fig. 4 shows the flowchart of the proposed
current interruption process.

Mode I (Before ty): SSCB operates at normal condition. The
main switch S,,, conducts the current, meaning irine = iLoad
= igc. S1 and Dy are OFF, so ig; = ip1 = 0and Vg1 = Vpy
= Vpc.

Mode II (ty<t<t,): Fault occurs in the system at t = ¢.

Mode 111 (t; <t<t5): The fault is detected at t = ¢;. S turns ON,
but the fault current cannot commutate to S;. That is, after
turning S; ON (while S,,, is still ON), the fault current (ifay1t)
does not reduce to zero in S,,, in this mode.

Mode 1V (t5<t<t3): S,, turns OFF (ig,, = 0) at t = f; the fault
current commutates to S7 (irine = is7), and Vs begins to



IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 1, JANUARY 2022

Measure DC current in a given sampling frequency

The proposed current

A 4
. . | S| is triggered to be turned on |
interruption process

v

| Wait until S} is on completely |

The reaction
time

| Turn off S,, |

v

Wait until MOV absorbs the stored inductive energy of the line
inductance

12

| Turn off S |

v

| Current interruption completes |

Fig. 4. Proposed current interruption process.

increase; Dy turns ON to conduct the load current (if,gaq =
ip1). In this case, Vg, = Vg till 1 is ON.

Mode V (t3<t<tg): Vs is clamped by the MOV att =t3 (Vs =
Vclamp), and the fault current commutates to the MOV (irine
=ig1 = imov); the load current decays to zero at t = t4 (ipy
= iLoad = 0); at t = 15, the line current reduces to the MOV
leakage current (igq = ifine = IMOV-Leakage)> and the voltage
across the MOV starts to return to the nominal voltage; finally,
Vos=Vem = Vpc att =1tg.

Mode VI (ts<t<t7): There is a leakage current in the system due
to the MOV operation (ig1 = iLine = IMOV-Leakage)-

Mode VII (t; <t<tg): 1 turns OFF to eliminate the MOV leakage
current (ig7 = ipine = 0) at t = t7. As the resistance value
across S; at the OFF-state (M(2 range) is much higher than
the resistance value of R (k{2 range), Vpc places across Sy
gradually. At t = t5, Vg1 = Vpc and Vg = 0; then, the
interruption completes.

The reaction time interval of the SSCB is defined as t5-#;;
however, it also includes the transients of gate signals in practice.
It should be noted that the reaction time interval is calculated
from the detection of the fault (r = t1) to the instant the fault
current begins to reduce at the load side (f = #5). This definition
excludes the conduction time interval of the MOV that follows
the same definition in [19].

B. Cs Design Procedure

With respect to Fig. 1, Cs design objective is minimizing
VpI/T,. According to Section II-A, V), is determined based on
Vcilamp- S0, C, is selected optimally to optimize 7),. Based on
Fig. 3, T, = t3—t2. At t = to, the following equation can be
developed in the loop of Vpc-Liine-S1-Ves:
diCs (t)

7 (1
where R, is the parasitic resistance of the Vpc-Liine-S1-Vos
loop. Considering (1), V¢4(f) can be described by the following

RCiCS (t) + LLine

+ Ves(t) = Vbe

9
differential equation:
d*Ve(t R, dVes(t 1 Vi
o) ct) Veult) = —25
dt2 LLine dt LLineCs LLineCs
2
where the initial conditions for V,(f) are defined as follows:
. . dVCs (0+) idc max
V90+ =0 90+ = ldc,max = ’ .
C(( ) s ZC(( ) %dc,max —7 p C.
(3)

In (3), iqc,max 1s the maximum dc current value aimed to be
interrupted. Regarding (2) and (3)
sin(wqt)

_ Z.dc max
Ves(t) =W at((2omax 1%
cs(t) = Vbe + e (( C. +aVpe) o

“

— Vbe cos(wgt))

where w4 and « are defined as follows:

@ = Re/2LLine, wo = 1/v/LLineCs, wa=v/]|a? —wo?|.
(5)
For a given value of Cy, T, is the time instant in which V ¢4(T})
= Vclamp; that is

Z'dc,maux sin(wdTp)

Vetamp = Vb + e‘“TP((T +aVpe) Wy

— VDC COS (wdTp)). (6)

Solving (6) leads to a complex statement. To simply find
T, the following approximations can be made as T}, places in
microseconds range:

—aT,

e '~ 1, sin(wgTp) = waly,, cos(waTy) ~ 1,

ldc,max

Cs

> alVpc. (7N
In this case, (6) can be simplified and rewritten as the follow-
ing to find the optimized value of C, based on a desired T:

(®)

Cs ~ Tpidc,max/VCIamp~

C. MOV Design Procedure

There are four parameters that are of importance in selecting
the MOV. They are as follows:

1) VClamp;

2) the allowable continuous dc voltage on the MOV

(Vbe,mov);

3) the surge energy rating of the MOV (E,.);

4) the surge current capability (ipeak)-

Since reducing Vciamp helps to decrease the voltage over-
shoots across the SSCBs and enhance the compactness, mini-
mizing Vciamp 18 the design objective. However, according to
the working principle of the proposed SSCB, as explained in
Section II-A, two design criteria are considered in selecting the
optimal MOV.

1) According to Fig. 3, the time interval of t3<t<f5 is re-

garded as the fault current extinguishing time (Tgr =
t5—t3) in which the MOV conducts the current and clamps
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where Vov is the transient voltage across the MOV that limits
to Vcilamp. With respect to (9), Tgr depends on four factors, Fig.6. LTspice simulation results of the MOV-RCD-based SSCB.

including iqc, max> Liines VDC, and Vgjamp. The surge energy on
the MOV during T can be calculated as follows:

ts
Esurge = / VMOVidcdt- (10)

ts
This surge energy should not exceed the E, in the MOV;
therefore, the selected MOV needs to satisfy the following:

Esurge < Er- (11)

2) With respect to the working principle in Section II-A and
Fig. 3, at t = t7, the auxiliary switch S; turns OFF to
remove the MOV leakage current (iyjov) in the system.
Regarding the value of Ly, the di/dt voltage across S;
in interrupting iyov 1S

Vs1,4r = Liine(divov/dt). (12)

In (12), C, discharge current on the auxiliary resistor R has
been neglected. Regarding (12), Viamp should be selected in a
way that

Vsi,tr < Votamp — Vbe- (13)

Therefore, (11) and (13) are used to optimize the MOV in
the proposed SSCB. Fig. 5 summarizes the presented design
procedures of Cs and the MOV.

III. SIMULATION RESULTS

To show the significance of the MOV optimization, simula-
tions are conducted in LTspice. Table I includes the optimized

200
———————— ¥ 1600
150 T 595V
2 160A 1400 =
= L Drain-source %
§ 100 Line voltage on S, Eb
3 current (Vm) 200 S
50 .
(iLine)
0F i I 7 T T 0
0 50 100 150 200 250 300
Time (us)
Fig. 7. LTspice simulation results of the proposed SSCB design #1.

components of the MOV-RCD-based SSCB and the proposed
SSCB with two sets of different parameters.

Considering the simulation results, as shown in Figs. 6-8.

1) Regarding Figs. 6 and 7: For the same dc bus voltage of
375V, the voltage overshoot is 756 V for the MOV-RCD-
based SSCB, while this value is 595 V for the proposed
SSCB. The voltage peak reduction provides the possibility
to use SiC MOSFETs with lower voltage rating in the main
switch and reduce the design cost when SiC MOSFETS are
connected in parallel to achieve high efficiency.
Regarding Figs. 6 and 8: For the same 1.2kV SiC MOSFETs,
the proposed SSCB can operate well under the dc bus
voltage up to 800 V, which is attractive for industrial
applications.

2)
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Fig. 10. Proposed SSCB. (a) Implemented design. (b) Three-dimensional
design view.

IV. EXPERIMENTAL VALIDATION

In this section, the experimental results of 375 V/170 A/2.4
us and 600 V/163 A/2.4 us are presented to validate three
significant points.

1) The working principle and operating modes of Section II.

2) The proposed SSCB can work correctly in different volt-

age levels (below the clamping voltage of the MOV with
a safe margin) with the same components.
Selecting MOVs with the voltage ratings below the nom-
inal voltage of the dc system does not lead to leakage
currents while reducing the voltage overshoots during the
dc current interruption.

Fig. 9 indicates the dc test circuit. Switch Q; and resistor
Ry, are the charge circuits, and switch Q5 and resistor Rg;s are
the discharge circuits. SSCB turns ON for a given interval, and
when the dc current in the system reaches a test value, SSCB is
triggered to be turned OFF.

Fig. 10 displays the implemented SSCB and the three-
dimensional design view. Table I presents the selected semicon-
ductor devices and the components’ values. The MOV voltage

3)

TABLE II
DC SYSTEM AND SSCB PARAMETERS VALUES
Parameter Design Value | Parameter Design Value

Vbe 375V(600V) Liine 63uH

Lioad (Rroad) 14pH (1.5Q) S, and S C3M0016120D
Dy C4D20120D Cs 500nF
MOV V321DB40 R 6.8kQ
CosV on S, 10nF Cgson S, 15.3nF

Gate resistance 7.5Q Gate FB® 30Q

(1) Gate—source capacitor, (2) Gate ferrite bead (impedance in 100 MHz).

rating (Vpc,mov) is 420 V with the maximum clamping voltage
(Vciamp) of 830 V. The power density of the hardware setup is
70.6 kW/dm?> with the continuous load current of 30 A in S,,
under the dc bus voltage of 600 V.

In designing the gate driver circuits, external gate—source
capacitors, gate resistors, and ferrite beads have been included,
as their values are listed in Table II. Although the added gate
components slow down the falling and rising of the gate signals,
they are effective to eliminate the voltage oscillations on the gate
of the SiC MOSFETs and prevent the spurious turn-ON during the
dc current interruption.

A. Experiments of 375 V/170 A/2.4 us

Fig. 11 shows the experimental results of 375 V/170 A with
the S, drain—source voltage (Vs,,) and the line inductor Ly ;e
current (ir,in) Waveforms in the top and the gate—source voltages
and load current (i,0.q) waveforms in the bottom. To compen-
sate the leakage inductance in the main switch S,,,, an RC snubber
(R=1Qand C = 100nF) has been connected to the drain—source
terminals of S,,.

As illustrated in Fig. 11, the main switch S, turns ON for 65
us, and when the dc current reaches about 160 A, the current
interruption begins by turning §1 ON. After a safe delay (=2 us),
S 1s triggered to be turned OFF. S, turns OFF completely after
400 ns, and the dc current is interrupted in the main switch after
2.4 ps. Next, the current commutates to S; and charges C,. The
Veos (= V) rises to 799 V in 2.7 us, which is close to the
expected value of (8) (2.5 us considering Cy = 500 nF, Vjamyp
=799V, and iy max = 160 A). The peak of the current in the
S1 reaches 170 A, and it reduces to leakage values in 37 ps.

S; turns OFF after 250 us. This interval is determined con-
sidering the fault current extinguishing time interval (TgT) that
depends on igc max> Liines VDC, and Vojamp factors. As Sp turns
OFF, it holds the Vp( in the auxiliary branch. Also, the current
in the load side begins to decrease after S, turns OFF, reducing
to zero in 55 us.

According to the gate—source voltage waveforms in Fig. 11, it
is concluded that no voltage oscillations appear on the gate ter-
minals during the dc current breaking, which facilitates the full
utilization of the electrical ratings of SiC MOSFETs in practice.
The dv/dt across Sy, is controlled using the correct selection of
C,. Also, the stored inductive energy of Ly is prevented to
flow through the faulty section after S,,, turns OFF.
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and line inductor Ly ine current (ir,ine). The bottom figure involves the gate—source voltage on Sy, and S7 and also the load current (if,oad)-

B. Experiments of 600 V/163 A/2.4 us

The designed SSCB of Fig. 10 is tested in a 600 V dc
system with the same components. The resulted waveforms are
represented in Fig. 12. §,,, turns ON for 25 s, and when the value
of the dc current reaches around 141.5 A, S; turns ON. With the
time sequence, as presented in Section II-A and the flowchart of
Fig. 4, §,,, turns OFF completely after 2.4 us, showing the same
reaction time.

The currentin S; gets the peak value of 163.3 A, and it reduces
t02.3 A (=ig1)in 177 us where the current share of resistor R
(=6.8k)is 88 mA, and the remaining 2.212 A flows through
the MOV as the leakage current. Also, the current at the load
side decays to zero in 55 us after S,, turns OFF. The maximum
voltage across C, (Vs = V) reaches 799 V (Vijamp) in 3 s
(Tp). As indicated in Fig. 12, Sy turns OFF after 250 ps, and the
leakage current in the auxiliary branch ( = ig;) reduces to zero.

In addition to the advantages of the proposed SSCB, as
explained in Section III-A, the experimental results in the 600
V dc system show that MOVs with the dc ratings below the
nominal voltage of the dc system can be used to achieve lower
clamping voltage. In this case, the voltage overshoot across the
main switch is decreased, and the V,/T}, is reduced. Besides,
the designed SSCB has the capability to be adjusted for dif-
ferent voltage and current ratings, which is highly beneficial in
industrial applications.

C. Significance of the Proposed SSCB

The proposed topology can bypass the stored inductive energy
of the line inductor during the dc current interruption, and it will
not flow through the main switch and the faulty sections. This
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TABLE III
COMPARATIVE STUDY
MOV-RCD MOV-RCD [14] with Proposed
SSCBs [14] the residual current SSCB
disconnector [16]

# Solid-state switch 1 1 2

# Mechanical switch 0 1 0

# Diode 1 1 1

# Resistor 1 1 1

# Capacitor 1 1 1

# MOV 1 1 1
MOV leakage issue Yes No No
Reclosing speed Fast Slow Fast
Fault current bypass No No Yes

achievement enhances the safety in the dc system. Also, MOV
optimization brings three important advantages:

1) reducing the voltage overshoots;

2) extending the allowable dc bus voltage on the MOV;

3) addressing the MOV failure during the degradation stage.

The practicality of the proposed SSCB has been verified by
experiments in two different dc bus voltages.

Table III presents a comparative study. Compared with the
MOV-RCD-based SSCBs [14], the proposed SSCB includes one
more solid-state switch; however, it offers the following:

1) addressing the MOV leakage current;

2) obtaining the chance to extend the maximum allowable dc

bus voltage on the breaker;

3) bypassing the fault current.

Compared with the MOV-RCD-based SSCB [14] with the
residual current disconnector [16], the number of the switches
is the same; on the other hand, the proposed SSCB presents the
fast reclosing process and bypassing the fault current.

V. CONCLUSION

A new SSCB was developed in this letter for LVdc applica-
tions. The advantages of the presented SSCB are as follows

1) The oscillation voltages on the solid-state switches are
removed.
The MOVs leakage currents are eliminated.
The voltage overshoot across the SSCB is reduced.
The auxiliary switch turns OFF at currents close to zero.
The tail of the fault current is bypassed and prevented to
flow through faulty sections to enhance the safety.
The SSCB can operate correctly in dc systems with dif-
ferent voltage levels.

The correctness of the proposed SSCB has been verified
with the experiments of 375 V/170 A/2.4 pus and 600 V/163
Al2.4 us.
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