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ABSTRACT In recent years, the interest in DC systems has increased dramatically because of some key
advantages, in terms of efficiency and reliability, that this technology can offer compared to AC systems in
applications such as shipboard distribution, more electric aircrafts, DC microgrids, battery protection, and
photovoltaics. In this context, DC circuit breakers based on power semiconductors, the so-called solid-state
circuit breakers, are becoming a popular choice because of their fast intervention speed, which is typically
on the order of microseconds. Unfortunately, power electronics are vulnerable to “breakdown”, which is a
dangerous operating condition triggered by overvoltages. During current interruption, the energy stored in
the inductive elements of the system must be dissipated, and this typically creates a very high voltage spike
on the interrupting component, which is the breaker pole. This phenomenon, if not controlled, could lead
to the premature failure of the semiconductor inside the solid-state circuit breaker. For this reason, suitable
techniques aimed to control the voltage gradient and overshoot during interruption have been presented in the
literature. This paper analyzes and compares the performances of the voltage-clamping solutions presented
in the technical literature, which range from simple passive devices to more advanced solutions.

INDEX TERMS DC power systems, snubbers, DC circuit breakers, SSCBs.

I. INTRODUCTION
DC systems have attracted much interest in recent years be-
cause they offer an intrinsic advantage in terms of efficiency
and reliability compared to AC systems [1], [2]. The appli-
cations where these aspects have become relevant include
shipboard distribution systems [3], [4], [5], [6], datacenters
[7], [8], and more electric aircraft (MEA) [9], [10]. However,
because of increased environmental concerns, more and more
DC systems are starting to appear as a result of the diffusion
of photovoltaic (PV) panels, battery energy storage systems
(BESSs), and charging stations for electric vehicles. These
elements typically form a DC microgrid [11].

DC distribution grids are commonly realized using either
a voltage source converter (VSC) connected to an AC grid
or DC sources such as batteries and PV panels, typically
coupled with DC–DC converters used for voltage and power
regulation. In both cases, a large capacitor is installed on
the DC microgrid side of these conversion stages to smooth
the voltage oscillations. Moreover, all the loads connected
to the DC grid, such as variable frequency drives, are typically

interfaced with the same kind of converter. The high number
of distributed capacitances in the network is the reason why,
in the case of a short circuit on the DC line, the current
can reach very high values in a short period of time [12].
In addition to the electrothermal and electrodynamic prob-
lems that a high current poses for the conductors, if the fault
is not interrupted fast enough, the voltage on the bus will
decrease dramatically as a result of the discharge of the capac-
itors. This condition would put the DC system out of service
because the connected converters are no longer capable of
regulation [13].

DC circuit breakers (DCCBs) are critical components [14].
Traditional mechanical circuit breakers (CBs) in AC systems
exploit the natural zero crossing of the current to break the
circuit without (or with minimal) arc formation. In DC, there
is no natural zero crossing of the current and the CB must
break the arc. This causes a long interruption time and high
dissipated energy. In the case of a fault, to protect the DC
system, it would be beneficial to interrupt the current and
isolate the fault as fast as possible. Traditional DCCBs are
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not fast enough for this operation. Moreover, the hybrid DC-
CBs proposed in the literature are too slow in many cases.
Therefore, solid-state circuit breakers (SSCBs) are the most
commonly proposed solution for very fast protection of DC
microgrids.

However, the fast current cutoff of a SSCB creates a huge
overvoltage on the semiconductor component because of the
inductance present in the system. Semiconductor devices are
generally susceptible to breakdown events triggered by over-
voltages. Therefore, an unclamped current interruption would
produce high stresses on the breaker components, which
would eventually lead to the early failure of the device. Part 6
of “Power Electronics: Converters, Applications and Design”
[15] presents more details about the breakdown phenomenon
in power semiconductor devices.

Electromechanical circuit breakers dissipate the inductive
energy in the air using an arc chamber. However, this is
not present in SSCBs because the current is interrupted by
a semiconductor device with no moving parts. Thus, several
voltage clamping techniques have been presented in the liter-
ature for controlling the voltage overshoot and time derivative
of the voltage (dv/dt) across the semiconductor component.
These range from the classic resistor-capacitor-diode (RCD)
snubber and metal oxide varistors (MOVs) to more elaborated
structures.

This paper analyzes the methods available in the literature
for controlling the overvoltage across an SSCB, as well as
dissipating the inductive energy in the line.

Other papers have analyzed the snubber circuits used for
SSCBs. In particular, Rodrigues et al. presented in [12] a
general overview of clamping techniques from the literature
up to 2020, while the authors of [16] experimentally tested
the behaviors of some of those solutions. In [17] Giannakis
et al. compared the performances of just three configurations,
namely the MOV, the RCD, and the two together. In [18] Zhao
et al. investigated the limitations of MOVs and MOV+RCD
snubbers in terms of the intervention speed and impact of the
snubber on the gate voltage, while the authors of paper [19]
focused on a comparison of MOV and MOV+RC snubbers
applied to integrated gate-commutated thyristor (IGCT)-based
SSCBs.

Here, a direct comparison of several snubbers is presented,
as well as analyses of the most novel solutions proposed in
the literature after 2020. Considering the standard proposal
for DC grids [13], some requirements for designing snubbers
for SSCBs are also introduced and some relevant challenges
are presented.

The analysis starts with the well-known passive snubbers
such as an RCD snubber or MOV and continues with more
advanced topologies and devices using controlled switches.
Finally, the novel clamping solutions proposed in recent years,
such as the “electronic MOV”, are introduced and discussed.

In the conclusion, all the solutions presented are compared
and some guidelines to choose the best clamping circuit for
different applications are given.

FIGURE 1. SSCB equipped with MOV: Typical waveforms during fault
current interruption.

II. COMPARISON CRITERIA AND CHALLENGES
In order to classify and compare the different snubbers pre-
sented, the following comparison criteria will be adopted:
� minimum number of components used for a bidirectional

snubber;
� energy handling capability;
� current handling capability;
� switch voltage utilization ratio;
� turn-off oscillation damping.
These criteria, apart from the first one for obvious rea-

sons, will be classified on a scale from 1 to 5 (also color
coded from red to dark green) to qualitatively address the
relative performance of each snubber, where 1 (red) indicates
the worst performance and 5 (dark green) indicates the best
performance.

Choosing the proper snubber circuit for a given application
is crucial for the correct operation of a breaker. The network
of an onboard marine DC system is quite different from an in-
dustrial one. In particular, marine plants are typically custom
made. Thus, the SSCBs and their snubbers can be fine-tuned
to the specific operating conditions, while the devices used
in industrial applications are typically bought off the shelf.
Therefore, the SSCBs have to adapt to a broad range of work-
ing conditions.

An example of the interruption waveform for a SSCB is
shown in Fig. 1. In this example, an MOV is used as the
snubber circuit. The typical SSCB current interruption process
occurs in the following way: the breaker is carrying load
current Iload before a fault occurs at time tfault. The current
then starts rising with a slope that depends on the system
inductance. Once the tripping threshold is reached at tdetect,
the SSCB commands an opening and after intrinsic delay td,
the current reaches Ipeak and stops increasing. At that point,
the SSCB has effectively opened and current commutates
to the snubber circuit. At the same time, the voltage across
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the SSCB increases to Vclamp. The overvoltage above Vdc

allows the current to decrease, and finally the fault is cleared
at time tclear. It should be noted that this time depends on the
system inductance, as well as the peak current interrupted and
overvoltage magnitude.

From this discussion, it is clear that the choice of snubber
circuit and its design parameters, such as the clamping voltage
and maximum absorbable energy, severely impact the current
interruption capability of the breaker, as highlighted by Ravi
et al. in [20].

The main requirements when designing a snubber circuit
applied to an SSCB are summarized in the following points:
� clamping voltage should stay constant at the desired

value;
� dv/dt should be controlled during turn off to avoid ex-

cessive losses in semiconductor switches and current
flowing inside parasitic capacitances;

� leakage current should be very low;
� it should work with bidirectional current flow;
� it should not be affected by a change in the polarity of

the DC bus.
While the last two points are not strictly required for func-

tionality, they bring value to the solution, allowing it to be
used in a larger number of applications.

Moreover, to correctly address the snubber design process,
the variables that define the boundaries of the operating condi-
tions should be identified beforehand. These are nominal bus
voltage Vdc, prospective peak turn-off current Ipeak, the break-
down voltage of the semiconductor used, and an estimation of
the system and fault inductance.

It is now worth highlighting some critical aspects and chal-
lenges that must be considered during the design process of a
snubber for an SSCB.

First, time delay td, together with the fault inductance and
bus voltage, will determine the actual peak turn-off current.
This time is influenced by many factors such as the gate
driving resistors, protection algorithm, and current sensor
bandwidth. This becomes particularly important when the net-
work has been designed with a very low inductance.

Another challenge encountered during voltage clamping
design is finding a component capable of transitioning from
the leakage mode to fully clamping mode in a narrow volt-
age band. Indeed, building a device that blocks Vdc with a
reasonable leakage current and clamps the voltage below the
breakdown voltage of semiconductor devices at the peak fault
current is not trivial, especially with the goal of reducing
semiconductor oversizing as much as possible.

Additionally, overcurrent faults may belong to completely
different categories: slow and high energy faults, or fast and
low energy faults. Handling both of these with the same
snubber circuit may be cumbersome, especially when all the
previous points are taken into account.

Finally, in a case where several circuits are connected to
the same point, the source-side inductance may induce a dan-
gerous overvoltage on neighboring devices once one circuit is
tripped. Thus, this aspect should be addressed during design.

In case any problem arises, additional components to man-
age the source inductance should be included in the snubber
circuit.

III. BASIC CONCEPTS FOR VOLTAGE CLAMPING
Snubber circuits, by definition, are designed and employed
to control the rate of change of the current/voltage or to
suppress current/voltage overshoots across critical elements
of the circuit. Typically, the field of application has been in-
side power converters to protect semiconductor switches from
inductance-induced overvoltages during commutation; some
examples of the applications and design guidelines can be
found in [21].

In power converters, the main goal during the design phase
of a snubber is to minimize power losses because switching
events are frequent. For this reason, the design guidelines
presented in the literature aim to minimize the presence of dis-
sipative components. As a further evolution, this idea leads to
the so-called non-dissipative or regenerative snubbers, which
store and release energy from/to the load between switching
events.

In an SSCB application, snubbers, which are also called
voltage clamps, are required to suppress the overvoltages that
appear across the semiconductor switches during turn off
due to the inductance present in the commutation path. The
consecutive turn-on and turn-off events are far less frequent
with respect to a power converter. Therefore, the efficiency
of the snubber is not the main concern. In fact, for SSCBs,
the snubbers are typically required to absorb much more en-
ergy to keep the overvoltage under control. For this reason,
the approach to design a snubber for an SSCB is fundamen-
tally different from the approach adopted to design a power
converter snubber. It should also be noted that there is a fun-
damental relationship between the clamping voltage values,
energy dissipated inside the snubber elements, and fault iso-
lation speed. As shown in [22], higher clamping voltages lead
to lower values for the current interruption time and energy
dissipated, as shown in (1).

Wclamp =
(

1 + Vdc

Vclamp − Vdc

)
1

2
LI2

peak (1)

It is clear that regarding the fault isolation speed and energy
handling capability of a snubber, the design should target a
voltage clamp value that is as high as possible, i.e., close to the
breakdown limit of the semiconductor components, Vdss. In
contrast, considering safety, the design should target a lower
clamping voltage.

The simplest types of voltage clamping devices presented
in the literature are those that use passive components;
these devices are directly derived from the well-known snub-
ber topologies typically employed inside power converters.
Therefore, early studies on the voltage snubbers applied to SS-
CBs have already extensively analyzed their properties. These
structures are briefly recalled here for completeness. In the
literature, there are several papers discussing basic snubbers.
Among these, two are of particular interest. In [12], Rodrigues
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et al. presented an overall summary of various voltage clamp-
ing techniques, commenting on the pros and cons of different
choices. Similar results were obtained in [16], where Song et
al. tested several types of snubbers in order to experimentally
observe the behaviors of different solutions.

Voltage clamps using only linear components are the sim-
plest available; however, they are less effective at suppressing
overvoltages and controlling dv/dt.

The possible topologies are as follows:
� capacitor (C);
� resistor + capacitor (RC).
While these clamps are simple in terms of the number of

components used, they suffer some drawbacks. In particu-
lar C snubbers may require an impractically high value of
capacitance to absorb the line inductance energy. Moreover,
the capacitance discharge current at SSCB turn on may be
too high and cause unwanted trips of the breaker. A solution
for the latter point is the RC snubber. However, this topol-
ogy requires a high-power resistor and increases the voltage
clamping level as a result of the resistive voltage drop.

In addition, snubbers that employ nonlinear components
such as semiconductor devices and/or varistors are capable of
achieving a more favorable behavior in terms of the clamping
voltage and dv/dt control.

In this case, the following topologies are possible:
� resistor + capacitor + diode (RCD);
� metal oxide varistor (MOV);
� transient voltage suppression diode (TVS);
� gas discharge tube (GDT)+dissipation device;
� active clamp;
� any combination of the structures above, e.g.,

MOV+RC.
A few practical designs considerations can be derived from

the analyses of [12] and [16]. The first is general and relates
to the range in which the clamping voltage of a real snubber
can vary:

1.5Vdc < Vclamp < 2.5Vdc < Vdss (2)

where Vclamp is the clamping voltage (typically lower than the
semiconductor breakdown voltage if the snubber is across the
SSCB), and Vdc is the nominal SSCB voltage, i.e., the DC
bus voltage. This constraint has been derived experimentally
and represents a tradeoff between the fault isolation speed and
voltage exploitation of the semiconductor component, favored
by high Vclamp, and safe clamp voltage level, favored by low
Vclamp.

Nonetheless, in [16], it was suggested that ratio Vclamp/Vdc,
which is sometimes called the switch voltage utilization,
should be considered as a metric to evaluate and compare the
performances of different snubber solutions. When choosing
a clamping solution, a value close to one should be targeted
to achieve a higher voltage exploitation of the semiconductor
components, which is the capability to use a higher DC bus
voltage for a given semiconductor voltage class. In any case,
a negative voltage, either generated through an overvoltage
on the commutating SSCB or by other means, is required

on the fault/line inductance in order to drive its current to
zero.

Fig. 2 shows some examples of how the previously men-
tioned snubbers are applied to a bidirectional SSCB pole
based on metal-oxide-semiconductor field effect transistors
(MOSFETs). In addition to these snubbers, which are the most
common, Song et al. tested another passive voltage clamp
composed of two varistors and an appropriately connected
capacitor. This was initially presented in [23] and was later
adapted in a MOV+MOV+RC snubber by Zhao et al. in
[24]. Fig. 3 shows how these two snubbers are applied to a
bidirectional SSCB pole based on MOSFETs.

It should be noted that the behavior of the snubber shown
in Fig. 3(a) is similar to that of Fig. 2(e). However, replacing
the resistor with a MOV increases the damping of the LC
oscillations at the end of turn off (the behavior represented
as an example in Fig. 1 around tclear).

In the following paragraphs, the most common topologies,
as well as novel ones, will be shown and compared in detail.

A. RCD SNUBBER AND ITS VARIATIONS
RCD snubbers are commonly used for SSCBs because they
have been thoroughly analyzed for power converter applica-
tions. Papers [25] and [26] studied the application of RCD
snubbers to SSCBs, considering two different topologies. The
first was the well-known RCD snubber already presented in
Fig. 2(c) and shown again in Fig. 4 for convenience. This
topology is also called the “charge-discharge type” because
of the dynamic of the capacitor during operation.

When the SSCB is open, the capacitors charge to a cer-
tain voltage (Vdc at the steady state); then when the SSCB
closes, the capacitors discharge through it, with the discharge
current limited by the resistors. When the SSCB needs to
be tripped, the current commutates through the capacitor and
diode path, and the inductive energy is absorbed inside the
capacitor, which limits the voltage overshoot. This charging
and discharging behavior, which is also present in RC snub-
bers, reduces the fault isolation speed because when the SSCB
turns off, the current commutates to the snubber and keeps
increasing until the capacitor voltage has at least reached the
DC bus voltage. The excessive energy is then dissipated inside
the resistor with oscillations until the voltage returns to the DC
bus level.

The second type of RCD snubber analyzed in [25] and [26]
is called “discharge-suppressing type I” and is represented in
Fig. 5. In this case, the capacitor is charged at the DC bus
voltage and does not discharge when the switch closes. When
the SSCB opens as the result of a trip, the current stop increas-
ing immediately because the capacitor was already charged to
the DC bus voltage; this is a great advantage compared to the
charge-discharge type. In this case also, the excessive energy
is dissipated inside the resistor, although with less oscillations
because the diode is blocking the path to the fault inductance.

The structure shown in Fig. 5 is not bidirectional and
requires some adjustment. Therefore, the authors in [25] pro-
posed the solution reported in Fig. 6, along with some design
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FIGURE 2. Basic snubber topologies applied to the MOSFET bidirectional SSCB analyzed in [16]: (a) C, (b) RC, (c) RCD, (d) MOV, (e) MOV+RC, and (f) TVS.

FIGURE 3. Snubber topologies applied to a MOSFET bidirectional SSCB: (a)
MOV+MOV+C [23] and (b) MOV+MOV+RC [24].

FIGURE 4. Example of a bidirectional charge-discharge type RCD snubber
[25], [26].

FIGURE 5. Example of a discharge-suppressing type I RCD snubber [25],
[26].

FIGURE 6. Example of a bidirectional discharge-suppressing type I RCD
snubber [25].

FIGURE 7. Example of a discharge-suppressing type II RCD snubber [26].

criteria to choose the values of the capacitor and resistors
based on the maximum desired overvoltage and maximum
breakable current.

The fact that a resistor is required for power dissipation
creates some criticalities during design, which is why Wang
et al. in [27] proposed the same structure as that shown in
Fig. 5. However, they used an MOV instead of a resistor.
Although the working principle is the same, it eliminates the
need for a high-power-rated component.

The work presented in [26] introduced another topology,
called “discharge-suppressing type II” (Fig. 7), and compared
its performances to those of the RCD topologies already
analyzed. This topology is possible only when a bipolar
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FIGURE 8. Example of MOV characteristics (TDK B72240L0751K102) [28].

line is used and the working principle is the same as that
of discharge-suppressing type I. In a bipolar line, the sup-
ply midpoint is typically grounded, and a negative voltage
line is available. Therefore, the snubber resistor could be
connected to the ground, which would again form a discharge-
suppressing type I topology, where the snubber capacitors get
charged to ±Vdc/2, or to the opposite line, in which case the
capacitors are charged to ±Vdc. In both cases, a positive value
is obtained for the snubber capacitor related to the SSCB pole
connected in series with the positive line, while a negative
value is obtained for the snubber capacitor related to the SSCB
pole connected in series with the negative line.

It is important to notice that with the discharge-suppressing
type II RCD snubber there is a connection, through some
passive components, between the positive and negative poles
of the DC line. Thus, this architecture increases the leakage
current drawn from the supply. Moreover, some care must be
taken when designing the creepage and clearance distances
because this connection can create a critical discharge path.

B. METAL OXIDE VARISTORS
Metal oxide varistors are nonlinear resistors made of a semi-
conductor material such as zinc oxide and are typically used
to suppress overvoltages on power lines. Their I–V character-
istics can be divided in two parts. When the applied voltage
is below a given threshold, which is usually defined as the
voltage that forces 1 mA through the MOV, the device exhibits
a high impedance; above that value, the current flowing in-
creases rapidly, while the voltage stays relatively constant. An
example of MOV characteristics (TDK B72240L0751K102)
[28] is shown in Fig. 8, and its main parameters, taken from
[29], are reported in Table 1.

MOVs can be implemented in a standalone configuration
to suppress overvoltages across SSCBs, as seen in Fig. 2(d).
However, their performances may vary depending on the peak
current and di/dt being interrupted. In the presence of fast
current slopes, the peak clamping voltage may be much higher
than expected as a result of the parasitic inductance of the
device and some processes related to the varistor material.

TABLE 1. Main Parameters of MOV B72240L0751K102 [29]

This is the so-called “steep front effect” of an MOV and was
initially analyzed in [30], [31]. Moreover, the characteristics
of MOVs degrade with repetitive surge events. Therefore this
aging must be considered during their design. Indeed, sev-
eral studies have analyzed how an MOV degrade and how
to predict its lifetime [32], [33], [34], [35]. Nonetheless, to
achieve the required characteristics in terms of Vclamp and
peak-current interruption, more MOVs can be placed in series
and/or parallel. However, this may introduce the problem of
unbalanced voltage and/or current sharing among the MOVs
due to the tolerances and non-linearities of the device. Some
analyses on the serialization MOVs were carried out in [36].
The target was a hybrid SSCB rated for HVDC. There-
fore, many semiconductor switches for the SSCB, as well as
MOVs, were used in series to achieve the required voltage
level. The paper showed that a RC circuit in parallel with ev-
ery MOV could be used to achieve a dynamic voltage balance
and suppress the first voltage spike due to the steep front effect
of the MOV.

Papers [37], [38], [39] focused on the impact of the stray
inductance of an MOV on the peak Vclamp. The solution pro-
posed by the authors adopted an additional MOV rated for
lower energy but higher voltage in order to have a physically
smaller component that could be mounted closer to the SSCB.
In this way, the parasitic loop inductance was lower, and the
initial voltage spike was reduced; then, current was commu-
tated to the main MOV rated for a lower voltage but higher
energy, and the line energy was dissipated. In this way, the
clamping voltage control and energy absorption function were
separated into two different devices, which could be tuned
accordingly.

In paper [40], an MOV and a discharge-suppressing type
I RCD snubber were compared. The results showed that the
MOV clamping voltage was higher than that of the RCD
snubber for a given current, and thus the clearing times were
shorter. Moreover, the MOV exhibited some ringing during
clamping as a result of its parasitic capacitance oscillating
with the fault/line inductance. Nonetheless, the MOV solution
is cheaper than the RCD snubber because it uses fewer com-
ponents. Another use of an MOV is in combination with other
types of snubbers; paper [41] analyzed the design procedure
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FIGURE 9. Example of TVS V–I characteristics (rated for 430 V/6 kA) [42].

of an MOV+RCD snubber to achieve a fast, but smooth,
transient response.

C. TRANSIENT VOLTAGE SUPPRESSION DIODE
Transient voltage suppression diodes (TVSs) are a special
kind of diodes made of silicon that exploit the avalanche
effect to fix a voltage at its terminals once the breakdown
threshold is reached. When used as voltage clamping device,
they are connected as shown in Fig. 2(f), and their electrical
characteristics are very similar to those of an MOV. Fig. 9
presents the characteristics of a TVS extracted from datasheet
[42] as an example. It is possible to observe a high impedance
zone below standoff voltage VSTD,OFF and low impedance
zone above breakdown voltage VBR. Some examples of TVS
clamps applied to an SSCB are shown in papers [43], [44].

Compared to MOVs, TVSs do not degrade at each surge
event (if kept within the datasheet limits). Thus, their lifetime
is much longer. Moreover, the transition between the leakage
and conduction states of a TVS is much sharper than that of an
MOV. Therefore, Vclamp changes less with the current level.

One drawback of TVSs, however, is the so-called latch-
up effect observed experimentally in [16]. During clamping,
some high voltage TVSs exhibit a reduction in Vclamp from the
initial peak value. If the reduced clamping voltage happens
to fall below the DC bus voltage, Vdc, the device enters a
latch-up state and the current cannot be turned off, leading
to the thermal runaway of the components. Therefore, during
the selection of TVS snubbers, a sufficient margin from Vdc

should be accounted for to completely avoid the latch-up. This
in turns means that a TVS with a higher voltage rating than
strictly required has to be selected, and thus a higher clamp-
ing voltage should also be expected. Moreover, being based
purely on silicon and controlled doping processes, high power
TVSs are very expensive and therefore not as widespread as
MOVs.

D. ACTIVE CLAMP
An interesting clamping technique that is found in the liter-
ature is the so-called “active clamp” (Fig. 10). Papers [45],

FIGURE 10. Examples of active clamp implementation: (a) MOV active
clamp and (b) TVS active clamp [45], [46], [47].

[46], and [47] analyze this solution in detail. This kind of
clamp requires a “voltage sensing component” such as an
MOV or a TVS to be connected between the drain/collector
of the power electronic device and the gate.

This MOV or TVS provides feedback to the gate volt-
age, which prevents the SSCB MOSFETs or insulated-gate
bipolar transistors (IGBTs) from being turned off completely
and drives them into the active region for a given amount of
time. In this clamp, the voltage between the collector/drain
and emitter/source is fixed by the MOV or TVS clamping volt-
age plus the gate voltage. The line energy is then dissipated
through the heatsink of the power electronic devices. This
technique is sometimes also referred to as “snubberless” be-
cause no additional snubber circuit is used to absorb/dissipate
the inductive energy. It must be noted that this is the most
compact type of clamping technique and requires a smaller
number of components rated for low energy compared to other
passive snubbers. However, as proven in [47], the amount
of energy that can be dissipated inside the power electron-
ics during turn off is limited by the thermal impedance of
the semiconductor. Thus, the maximum amounts of load/line
inductance and resistance must be carefully considered to
avoid the thermal destruction of the SSCB. Nonetheless, this
solution could yield interesting results when combined with
any other snubber presented up to now. In particular, the fast
and direct action on the gates of the power electronic switches
makes it possible to mitigate the first voltage overshoot above
Vclamp, which always occurs as a result of the parasitic induc-
tance present in the commutation path between the snubber
and SSCB.

E. GAS DISCHARGE TUBE AND DISSIPATIVE ELEMENT
This section presents a solution that uses a gas discharge tube
(GDT) or spark gap, plus a dissipative element such as an
MOV, as reported in Fig. 11.

The idea behind this solution was inspired by the spark gap
plus varistor arrester used for lightning surge protection in
transmission lines. This solution tries to address the problem
of MOV leakage current at the DC bus voltage by connect-
ing a spark gap, which sustains most of the DC voltage, in
series with the MOV. The working principles of the GDT +
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FIGURE 11. Example of GDT+MOV snubber scheme.

MOV are as follows. When the SSCB needs to be opened, the
voltage across the spark gap increases as a result of the line
inductance until the striking voltage of the gap is reached. At
that point, the voltage on the gap drops significantly as a con-
ductive channel in an ionized gas is created. Thus, the MOV
is connected to the SSCB and starts conducting a current,
clamping the voltage to the desired level. When the current
is reduced to zero, the ionized gas recovers its dielectric
properties, and the spark gap starts blocking its share of the
DC bus voltage again. However, some drawbacks are the low
durability of the GDT after several turn-off events during its
lifetime, and the difficulty of accurately representing the com-
plex phenomena describing the GDT behavior during ignition.
On the latter matter, in [48], Zola proposed a simplified model
using SPICE electronic components.

It should be noted that the GDT cannot work alone as a
voltage snubber for an SSCB because after the arc strike,
the voltage drops to a low value. Thus, it cannot turn off the
current and isolate the fault in a reasonable amount of time.

In [49], Liu et al. proposed a “gapped MOV”. The pecu-
liarity of the gapped MOV is that it employs some spark gaps
carved directly into the MOV material. The results reported in
[49] showed an increase in the voltage utilization of the switch
from 44% with a simple MOV to 72% with a gapped MOV.
The paper also provides insight on the dynamic behavior of
the voltage clamp, as well as the modeling of the spark gap.
However, the lifetime problem still remains because of the
open-air nature of the device.

F. FREEWHEELING CLAMP
The last snubber analyzed in the basic snubber category is the
so-called freewheeling snubber. This kind of snubber uses a
shunt element across the line poles (or line to ground) to redi-
rect a fault current and help the SSCB switch off and isolate
the source from the fault. This clamping technique is simple to
implement, and the working principle is the same as that of the
freewheeling diode typically applied on inductive loads. One
drawback of this solution is that it requires more components
to be bidirectional (i.e., to be effective for both load side and
source side faults) and, depending on the components used, it
may not accept reverse voltage polarity.

Papers [50] and [51] proposed and analyzed different varia-
tions of this kind of voltage clamping method. In [50], several

TABLE 2. System Parameters Used for Simulations

examples of this kind of clamp were considered and compared
with the typical snubbers used for SSCBs such as MOVs and
RCD snubbers. The simplest form of freewheeling snubber
consists of a diode shunt connected to the line on the load
side with appropriate polarity. In this way the SSCB switch is
only subjected to the overvoltage caused by the source-side
inductance, which can be minimized by placing the SSCB
very close to the supply or adopting a source bypass capacitor
to divert the source inductance current away from the SSCB.
The diode can be replaced with a shunt MOV or a combi-
nation of both to reduce the fault current quicker. Indeed, a
simple freewheeling diode would not be suitable for an SSCB
snubber because the fault inductance energy is not efficiently
dissipated and too much time would be required to clear the
fault. In the latter cases, however, the SSCB is subjected to
a voltage equal to Vdc + Vclamp. Fig. 12 shows the mentioned
topologies.

In [52], the effect of a source-side inductance was analyzed,
and it was found that an RCD snubber was required to avoid
overvoltages in the case of a source-side fault. In this case,
a resistor was placed in series with the freewheeling diode,
instead of an MOV, to dissipate the inductive energy. Its value
had to be sized to limit the voltage drop at the maximum fault
current below the breakdown of the SSCB components. An-
other example of a freewheeling snubber used in combination
with an RC snubber is shown in Fig. 13 [53]. In this solution,
a diode with a resistor is connected between the poles of the
line and the ground after the SSCB. The fault current on the
line can recirculate in the diode path, and the inductive energy
is dissipated by the resistor. In this way, the current in the RC
snubber is lower, and thus its design is efficient.

IV. INTERRUPTION CHARACTERISTICS AND
COMPARISON OF BASIC SNUBBER CONCEPTS
We next discuss the interruption waveforms for the basic
snubber concepts. These graphs are qualitative and serve to
represent how the different snubbers behave relative to each
other for a given interruption condition.

Figs. 14 and 16 show the clamping voltage waveforms at
turn off, while Figs. 15 and 17 show the line current wave-
forms in the same time window.

The system parameters used for the simulations are re-
ported in Table 2, while the most relevant snubber parameters
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FIGURE 12. Example of freewheeling snubbers: (a) freewheeling diode, (b) freewheeling MOV, and (c) freewheeling MOV + diode. [50].

FIGURE 13. Example of freewheeling snubber + RC from [53].

FIGURE 14. Basic snubbers clamping voltage waveforms: MOV, TVS, RC, C,
GDT+MOV, and RCD charge-discharge type (RCD,cd).

for each presented architecture are reported in Table 3. Table 4
summarizes some remarks that can be drawn from the graph-
ical comparison presented in Figs. 14 to 17.

In general, as expected, a higher clamping voltage leads
to a shorter time required to clear the fault. Moreover, it is
possible to see that snubbers that make use of a capacitor
that charges during the turn-off process (C snubber and RCD
charge–discharge type) have a line current that keeps flowing
beyond the tripping threshold (purple dashed and light blue
dash-dotted lines in Figs. 14 and 15, respectively). This is
because the current cannot stop increasing until the voltage
across the SSCB has reached at least Vdc.

FIGURE 15. Basic snubber line current waveforms: MOV, TVS, RC, C,
GDT+MOV, and RCD charge discharge type (RCD, cd).

FIGURE 16. Basic snubber clamping voltage waveforms: RCD discharge
suppress type I (RCD,ds), MOV+RC, MOV+MOV+C, MOV+MOV+RC, and
active clamp (AC).

Indeed, the impact of this issue is clearly visible when con-
sidering the RCD discharge suppressing-type snubber (blue
solid line in Figs. 16 and 17), where the capacitor is kept
charged, and thus the current stops increasing as soon as the
SSCB is turned off. This issue, which is not present in the
other snubbers, means that at turn off, the C and RCD charge-
discharge type snubbers have to be designed to dissipate an
energy greater than the value strictly required at turn off. In
addition, the C snubbers present undamped oscillations after
the SSCB has turned off, which implies that quite some time
must pass before the fault current is effectively cleared. Thus,
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FIGURE 17. Basic snubbers line current waveforms: RCD discharge
suppress type I (RCD,ds), MOV+RC, MOV+MOV+C, MOV+MOV+RC, and
active clamp (AC).

TABLE 3. Snubber Parameters Used for Simulations

the performances of the whole system are negatively impacted
as the DC link capacitors keeps on discharging and the load
cannot be reconnected for a long time. This problem is re-
solved in the RCD snubber, both in the charge-discharge and
discharge-suppressing types, because the diode prevents the
current from oscillating back and forth. Nonetheless, the de-
sign of C and RCD snubbers is mainly driven by the capacitor

sizing. Capacitors are available with several current and volt-
age ratings. However, when considering the amount of energy
to be stored, the volume becomes impractical for many appli-
cations. In conclusion, the C snubber is never used because
its non-dissipative nature makes it unsuitable for SSCB appli-
cations. Even if the volume was acceptable and long-lasting
oscillations were not an issue, a C snubber causes a huge
current spike at SSCB turn on, which can cause false trips of
the breaker. Both of the RCD snubber types mitigate this issue
with the inclusion of a resistor in the capacitor path. Regarding
the clamping performances, the discharge-suppressing type is
preferred over the charge-discharge type because it is capable
of stopping the current increase as soon as possible. Thus,
less energy is stored in the system inductance, which in turn
helps with the capacitor design. The only drawback of the
discharge-suppressing RCD snubber, as already mentioned,
is the direct connection of the DC line poles through the snub-
ber components, which may increase the risks of discharge.
One further remark about RCD snubbers is that the resistor
plays a role in the resetting time required to restore the initial
conditions, i.e., charging the capacitor to Vdc in the RCD
charge-discharge type and discharging the capacitor to Vdc

in the RCD discharge-suppressing type. This also impacts the
time that must pass in order to be able to reconnect the systems
to the supply.

The behavior of an RC snubber (yellow solid line in
Figs. 14 and 15) is different from that of C and RCD clamps.
The current cuts off immediately after turn off, and the voltage
has lower oscillations. However, the resistor is connected in
series to the commutation path. Thus, an ohmic voltage drop
is added to the clamping voltage. This aspect significantly
limits the turn-off capability of the SSCB. Indeed, depend-
ing on the desired tripping threshold, there is a maximum
allowed resistance value that can be used. Moreover, this can
be especially problematic when considering a high slope fault
current, where the actual peak turn-off current may exceed
the tripping threshold by several factors because of the de-
lay between detection and tripping. This requirement also
conflicts with the necessity of decreasing the turn-on current
spike from the capacitor. Therefore, the RC snubber is rarely
used.

Regarding the other snubber types that use an MOV as a
dissipating element, their behaviors are similar in relation to
the clamping voltage, with the differences basically related to
the amount of ringing at turn off and the peak clamping volt-
age value. Snubbers of types MOV + RC (orange solid line
in Figs. 16 and 17), MOV + MOV + C (yellow dash-dotted
line in Figs. 16 and 17), and MOV + MOV + RC (purple
dotted line in Figs. 16 and 17) all exhibit more damping in the
oscillations than a simple MOV (blue dotted line in Figs. 14
and 15). However, the actual impact depends on the values
chosen for the different elements. The GDT + MOV type
(green dash-dotted line in Figs. 14 and 15) can use a lower
rated MOV, but the spark trigger dynamic introduces a very
high initial voltage spike above Vdss, even if just for a few tens
of nanoseconds. This spike, depending on the semiconductor
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technology used, can be detrimental to the overall reliability
as the dies termination region gets stressed beyond the design
specifications. To mitigate this, either another snubber is used
in parallel, such as an RC cell or active clamp, or the SSCB
has to be slowed down during turn off. The inclusion of a GDT
improves the switch voltage utilization ratio with respect to
the simple MOV snubber. However, the degradation of the
spark gap, which is typically rated for 10 operations at full
current, is the limiting factor.

Finally, we analyze the TVS (orange solid line in Figs. 14
and 15) and active clamp (green dotted line in Figs. 16
and 17), which showed similar behaviors in relation to the
clamping voltage and managed to reach a lower switch volt-
age utilization ratio in this simulation. However, the active
clamp has the big drawback of dissipating all the inductive
energy inside the semiconductor. Depending on the line/fault
inductance, this may not be viable at all and would require
another dissipation device with a higher rating in parallel,
which would defeat its purpose as a single compact solution.
Therefore, the active clamp is recommended for use in co-
ordination with another snubber to avoid excessive thermal
stress on the power electronics. The behavior of the TVS
clamp is similar to that of an MOV, with a flatter clamp-
ing voltage; the only issue with this technology is the lower
energy rating of the component compared to an MOV. More-
over, the foldback effect is not modeled in practice. Thus, the
switch voltage utilization ratio may end up being higher than
expected. Nonetheless TVSs are good alternatives when the
clamping voltage of an MOV cannot be less than Vdss while
keeping its nominal voltage above the system voltage, Vdc.

V. ADVANCED CONCEPTS FOR VOLTAGE CLAMPING
This section outlines some solutions that require a modifica-
tion of the typical SSCB topology. In addition, some advanced

FIGURE 18. Snubber topologies applied to a MOSFET bidirectional SSCB:
(a) MOV+Switch, and (b) MOVs+Switch alternative [54].

architectures that use controlled components are presented.
These snubbers have particularly been studied for SSCBs in
order to address some of the criticalities of previous solutions.

A. ACTIVELY CONTROLLED SNUBBERS
The category of actively controlled snubbers includes devices
that use some controlled switches to connect or disconnect the
energy dissipation element at will.

Patent [54] shows some examples of actively controlled
snubbers (Fig. 18(a) and (b)). The idea is to make use of a
controlled switch (typically another power electronic device)
to reduce the leakage of the MOV during the OFF state of
the SSCB. The working principle of both is to turn on the
controlled switch together with the SSCB and turn it off with
a controlled delay with respect to the main SSCB turn off
after the fault energy has been dissipated. In this way, the
MOV can be properly connected in parallel to the SSCB to
control the voltage across it and dissipate the fault energy.
Moreover, it is also possible to lower the MOV voltage rating
because the DC bus voltage is shared with the switch. It is
clear that having a controlled switch inside the voltage clamp
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FIGURE 19. Actively controlled snubbers presented in [55]: AMOV-RCD.

FIGURE 20. Actively controlled snubbers presented in [55]: RCS-MOV.

and the need to synchronize the commutation with the SSCB
greatly increases the complexity of the solution and adds a
safety hazard should the snubber switch fail for some reason.
In that case, the inductive energy would not find the intended
dissipation path and some damage could occur. For this rea-
son, a suitable fail-safe mechanism should be used so that
without any control action, the snubber is in a condition that
does not present any risk of damaging the SSCB and nearby
equipment.

Two novel actively controlled snubbers were proposed in
[55] by Kheirollahi et al. as follows:
� RCD + Active MOV (AMOV-RCD),
� RC + switch +MOV (RCS-MOV).
These topologies, which are represented in Figs. 19 and 20,

respectively, combine a passive snubber (i.e., MOV+RC) and
controlled switch. The switch is used, again, to disconnect the
clamping circuit from the DC bus in order to preserve the
energy dissipating element, which in both cases is an MOV.
Auxiliary switch Sa can be either a fully controlled (i.e., a
MOSFET) or half-controlled switch (i.e., a thyristor). With a
fully controlled switch, Sa is turned on together with the SSCB
and turned off after the inductive energy has been dissipated.
In contrast, with a half-controlled switch, the turn on has to
be triggered at the SSCB turn off, and the turn off will occur
naturally after the line current is driven to zero.

In addition, in these two cases, the need for additional gate
driving components and the need to synchronize the commu-
tation of the Sa increase the complexity of the solutions.

FIGURE 21. Example of surgeless clamp proposed in [56].

FIGURE 22. Example of bidirectional surgeless snubber proposed in [56].

B. SURGELESS VOLTAGE CLAMPS
We next present a particular type of voltage clamping that
is very similar to the freewheeling snubber. It is called a
“Surgeless voltage clamp” which is a term that was initially
introduced in [22] by Sano et al. to define any topology that
allows the main SSCB switches to commutate without an
overvoltage or with a voltage fixed to a level that is prede-
termined by the designer.

In [56], Pang et al. proposed the surgeless snubber reported
in Fig. 21. The resemblance to the freewheeling snubber is
clear, and the working principle is the same: divert the current
away from the commutating branch. This time, however, the
diode has a slightly different placement with respect to the
freewheeling cases. Moreover, the whole SSCB undergoes
substantial changes with respect to the typical topology. Thus,
this snubber architecture is worth further discussion. In par-
ticular, in this solution, the SSCB switch is split into two,
with the diode placed between them. In this way, the source
is bypassed by the diode, and S1 can turn off without any
overvoltage, while the varistor in parallel to S2 absorbs all
the inductance energy when it is turned off. It must be noted
that to avoid overvoltages on S1 at turn off, a shunt capaci-
tor connected before the switch is required to recirculate the
source inductance current. A bidirectional solution was also
presented with the same concept and is shown in Fig. 22. This
technique makes it possible to choose a voltage class for the
main SSCB components that is as close as possible to the
DC bus voltage because the fault inductor voltage will not
be added to the supply voltage to create a high overshoot on
power electronic switches. In contrast, the size of S2 is only
based on the selected clamping voltage value. The topology
presented by Pang et al. has only been tested in a lab and
should be investigated further in field applications where sys-
tem parameters may be not fully known in order to determine
the real performances. The main critical point involves the
source resonant capacitor, which, as with the C and RCD
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FIGURE 23. Example of modified surgeless clamp proposed in [57].

FIGURE 24. Actively controlled surgeless snubber + freewheeling snubber
presented in [58].

charge-discharge-type snubbers, has to be designed to contain
the voltage increase according to the energy stored in the
source inductance. Unless the source inductance value can be
controlled, the value of this capacitor would be impractically
large in many applications.

In [57], a similar concept was presented that made use
of a current limiting circuit and an additional semiconductor
switch (called a "Ground clamping switch”) that was triggered
after the fault detection to isolate the SSCB from the supply.
The schematic is shown in Fig. 23. This solution allows the
SSCB to see an overvoltage only as a result of the line induc-
tance, which can be fixed at any desired level by the designer
with an MOV or a similar component. It must be noted that to
limit the source current flowing into the ground bypass switch,
an additional inductor with a freewheeling diode must be used.
This solution is not bidirectional. Another similar design was
also proposed in [58] to address the source inductance energy.
This solution includes a source bypass circuit consisting of
an RC cell, a varistor, and an active switch, as represented
in Fig. 24. The idea here is to close switch Sa and open
the main SSCB pole in order to divert the source inductance
current into the RC+MOV cell. In addition, the solution has a
freewheeling diode to cope with the line fault current.

As a further evolution of the concept presented in [56],
Pang et al. proposed a new topology for a surgeless SSCB in
[59]. This time, the study focused on a medium-voltage SSCB
where, typically, several switches in series are needed to block

FIGURE 25. General structure of multilevel surgeless clamp proposed in
[59].

FIGURE 26. Surgeless clamp proposed in [59] with n = 3.

the DC bus voltage, and the problem of dynamic voltage shar-
ing among components during turn off is quite critical. In this
solution, the surgeless effect was achieved thanks to a network
of capacitors and diodes. The general topology composed of
n cells is reported in Fig. 25. The structure is composed of
n-1 auxiliary switches in series (S1 … Sn-1), plus one main
switch, Sa, that has an MOV in parallel. Then, n capacitors are
connected in parallel with the DC supply, which will charge
up to Vdc/(n-1). The nth-1 capacitor is then connected across
the nth-1 switch through n-1 diodes. The last diode chain
will connect the positive pole to the negative pole, creating
a freewheeling path right before switch Sa.

The working principle can be understood more easily with
reference to Fig. 26, where n = 3. When the SSCB needs
to be tripped, the switches are turned off sequentially, with
S1 opened first. In that case, the fault current commutates
through capacitor C1 and, thanks to diode D1_1, keeps flowing
through S2. Because C1 is charged at Vdc/2, no overvoltage is
seen by S1. The same occurs when opening S2. At this point,
a freewheeling action occurs thanks to D2_1 and D2_2, and
lastly the fault current can be dissipated inside the MOV after
opening Sa. This solution has been proven to be scalable to
a very high value of n and to have a faster isolation speed
compared to the more basic series connection of switches,
with each one clamped with a varistor. A bidirectional solution
was also presented in the same paper, mirroring the structure
with respect to the capacitors.

C. “ELECTRONIC” MOV
The solution presented in [60] by Lakshmi et al. tries to
address several problems that arise when using an MOV
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FIGURE 27. Example of electronic MOV proposed in [60].

for clamping an SSCB. It is well known that MOVs are
exceptional at absorbing high amounts of energy. However,
their continuous rated power is very low (on the order of
a few watts). Therefore, care must be taken when selecting
the component so that DC bus voltage Vdc falls far below
MOV nominal voltage Vv (i.e., MOV voltage at 1 mA) to limit
the leakage current and thus the continuous dissipated power.
At the same time, as previously said, maximum clamping
voltage Vclamp must not exceed the breakdown voltage of the
power semiconductor used. Typical values from manufacturer
datasheets show that the maximum Vclamp value is approxi-
mately 2–3 times the maximum rated DC voltage of the MOV.
However, this value depends strongly on the current that is
expected to flow. Often, it is not possible to find a component
that satisfies both constraints; therefore, the only solution is to
reduce the DC bus voltage and/or increase the voltage class of
the components. Putting more MOVs in series/parallel could
be a solution to shape the V–I curve as desired, even though
it has been shown to yield unsatisfactory results. Indeed, as
the number of MOVs in series/parallel increases, there is a
higher risk of unbalanced voltage/current sharing, leading to
the early failure of the whole snubber.

Lakshmi et al. proposed a solution that continues to use an
MOV as the main absorbing element to dissipate the inductive
energy. However, it is now combined with a “triggering” cell
in series. This cell consists of a thyristor and an avalanche
breakover diode (BOD), plus some passive components to
protect the thyristor gate. Moreover, some resistors are used
to address the steady state voltage sharing. The scheme of this
device is represented in Fig. 27.

The architecture is an evolution of the active MOV concept
presented in [55]. Here, the main novelty is the self-triggering
mechanism of the series switch, which removes the need for a
separate gate driver and reduces the overall complexity of the
solution, while increasing the reliability.

The working principle of this electronic MOV (eMOV) can
be expressed as follows:

� at a steady state with the SSCB open, the voltage is
shared by the MOV and BOD, thus reducing the leakage
current of the MOV;

� when the SSCB is conducting and receives a trip
command, part of the current commutates through the
BOD and the auxiliary thyristor gate components (re-
sistor, capacitor, and Zener diode), while part of the
current keeps flowing through the IGBT/MOSFET para-
sitic capacitance; when a sufficient thyristor gate voltage
is reached, the component is fired and directly connects
the MOV in parallel to the SSCB;

� at this moment, the current starts decreasing and induc-
tive energy is dissipated inside the MOV;

� when the current decreases to less than the holding cur-
rent of the thyristor, the snubber switches off and static
voltage sharing is established thanks to some balancing
resistors.

This solution can effectively help relieve some of the con-
straints when designing a snubber for an SSCB, allowing
a great degree of flexibility when decoupling the off (leak-
age) performances from the on (clamping) performances.
Moreover, the added components do not require controlled
triggering circuitry because the firing of the thyristor is man-
aged by the BOD itself, which greatly simplifies the design.
One disadvantage of this contraption is the relatively long time
typically required for the thyristor to turn completely on. This
delay in the insertion of the MOV may lead to a higher peak
current at turn off when a short circuit is detected. The solution
proposed in [60] is also bidirectional thanks to the antiparallel
thyristor and triggering cell.

VI. FINAL COMPARISON AND GUIDELINES
After presenting the advanced concepts for SSCB voltage
clamping architectures, it is now possible to proceed with an
overall comparison.

As already mentioned, all of the advanced concepts aim to
improve on the shortcoming of the basic snubber concepts. In
particular, the target is to achieve the lowest switch voltage
utilization ratio possible in order to reduce SSCB overdesign
in term of the breakdown voltage. In Table 5, a final summary
is provided. This table collects and compares briefly all the
snubber concepts that have been discussed in this paper.

All the solutions belonging to the “advanced concepts”
category presented in this article use an MOV as the main dis-
sipation element and work around that to achieve an improved
behavior in terms of the voltage switch utilization ratio and
ringing at turn off. It is therefore natural to compare the novel
architectures against the MOV snubber, which is taken as the
benchmark device.

There are two main lines of thought among the different
approaches presented for the “advanced concepts” both of
which try to extend the operating region of the MOV:
� using an element in series with the MOV to share the

DC blocking voltage and reduce the leakage current and
power dissipated at idle in the MOV (Figs. 18–20 and
27);
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� creating a secondary path to divert the fault current and
enable the downsizing of the MOV (Figs. 23–26).

The first group of architectures has the advantage of being
a natural evolution of an MOV snubber, but the implementa-
tions are not trivial. Moreover, in the case of a malfunction,
the clamping action is not guaranteed unless a topology such
as that in Figs. 18(b) or 19 is used, where a “conventional”
snubber is still present. Still, the desired clamping perfor-
mances may not be achieved and some damage could occur
to the SSCB. Nonetheless, these solutions allow a low switch
voltage utilization ratio of 1.4–1.6.

The second group of architectures is closer to the free-
wheeling snubber. Indeed, there is still a path to recirculate
the fault/line current, either through a diode or controlled
switch. Again in this case, the need for additional gate driving
increases the complexity and reduces the reliability of the
SSCB. However, one advantage that is gained by isolating
the DC supply from the load through the controlled switch
or diode is that the energy requirement for the dissipation
devices decreases from (1) to just the energy stored inside
the fault/line inductance. This can be clearly seen if Vdc is
replaced by zero in the equation.

Regarding the oscillation at turn off, the behavior is iden-
tical to the MOV or MOV + RC. Therefore, no further
comments will be made.

Based on the previous discussion, it is now possible to
define some guidelines for selecting voltage clamping devices.

The design should start by determining the following val-
ues:
� trip current;
� expected maximum and minimum di/dt;
� maximum expected time delay td between sensing and

tripping;
� SSCB breakdown voltage;
� DC line voltage.
Knowing the expected maximum and minimum di/dt val-

ues, together with the DC line voltage, make it possible to
define the maximum and minimum expected fault and line
inductance values as follows:

Lmin / max = Vdc

di/
dt

∣∣∣
max / min

. (3)

Then, the peak trip current can be computed as with the
time delay and maximum current slope:

Ipeak = td
di

dt

∣∣∣∣
max

. (4)

It is now possible to obtain a rough estimation of the re-
quired energy to be dissipated inside the clamping system

VOLUME 5, 2024 887



GREGIS ET AL.: REVIEW OF VOLTAGE-CLAMPING METHODS FOR SOLID-STATE CIRCUIT BREAKERS

using (1), considering the semiconductor breakdown voltage
as the clamping voltage.

Generally speaking, if the resulting energy is on the order
of kilojoules and the peak current is on the order of a few
kiloamps, the snubber will definitely need an MOV as a dissi-
pating element. Whether a simple MOV or a more advanced
concept is necessary will depend on the voltage switch uti-
lization ratio available (Vclamp over Vdc). For values above 2,
a simple MOV solution is enough, while for values below 2
but above 1.4, a more advanced architecture must be used.
For example, for a GDT + MOV (with means to control the
initial spark triggering overvoltage), an eMOV or an actively
controlled snubber may suit the application. Moreover, it is
possible to reduce the energy requirements for the dissipating
element by using a topology that separates the supply from the
fault/load, i.e., a surgeless topology or an actively controlled
snubber with a ground clamping switch.

Then, in a case where the energy requirement is on the
order of hundreds of joules and the peak current is on the
order of a few kiloamps, the best choice could be the TVS
or RCD discharge-suppressing type, with the TVS being the
best in a case where the lowest voltage switch utilization ratio
is needed.

Finally, for systems where the energy to be dissipated is less
than a few hundred joules and the peak current is on the order
of hundreds of amps, the optimal choice would be a simple RC
snubber or an active clamp, where the active clamp achieves
the lowest voltage switch utilization ratio between the two
solutions.

It must be noted that being largely diffused, available in
several ratings and cheap, the MOV can be adopted for almost
any application provided that the voltage switch utilization
ratio is high enough.

VII. CONCLUSION
In this paper, several voltage clamping techniques have been
analyzed and their advantages and disadvantages have been
summarized and compared. We started with the most classic
solutions such as C, MOV, TVS, and RCD snubbers and then
discussed more advanced concepts such as actively controlled
snubbers and the eMOV concept. The work presented in this
paper highlighted that an effort is being made by the scientific
community to achieve a small voltage utilization ratio in order
to reduce the overdesign of the semiconductor switches inside
SSCBs. MOVs are still a very popular solution thanks to their
availability, design simplicity, and energy absorption capabil-
ity. However, most of the time, a simple MOV is not able
to limit the overvoltages below the breakdown of the SSCB
and still have a low leakage current when the full DC bus
voltage is applied. In this regard, some solutions presented
in the literature try to disconnect the MOV from the line to
reduce the leakage current and then connect it to the SCCB
only when needed, such as when using the GDT + MOV com-
bination. This concept is also the focus of solutions such as
the “eMOV” [60] and “gapped MOV” [49], where the authors
used this idea in an innovative way. The use of auxiliary power

electronic components or spark gaps to disconnect the MOV
from the SSCB is a promising solution to achieve the overall
desired performances. Nonetheless, improvements in passive
solutions such as the RCD discharge-suppressing type, and all
the architectures that include a main MOV for dissipating the
energy and auxiliary components to control the oscillations at
turn off, may still be good candidates for applications where
the requirements are not too stringent. Finally, transient volt-
age suppression diode-based snubbers provide good electrical
performances in terms of the clamping voltage but sacrifice
the energy dissipation capability. TVSs shine in applications
where the lowest switch voltage utilization ratio has to be
achieved and the fault/line inductance is not very high.
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