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Letters

Optimal Design of Diode-Bridge Bidirectional Solid-State Switch Using
Standard Recovery Diodes for 500-kV High-Voltage DC Breaker

Xiangyu Zhang , Zhanqing Yu , Zhengyu Chen , Biao Zhao , Member, IEEE,
and Rong Zeng , Senior Member, IEEE

Abstract—At present, it is usually necessary to use fast recovery
type diodes to cooperate with the fast switching actions of fully
controlled devices such as insulated-gate bipolar transistors (IG-
BTs). However, the specific nature of the working conditions of the
diode-bridge bidirectional solid-state switch (DBSS) provides an
opportunity to apply standard recovery diodes for this purpose,
which helps to reduce the cost of the bidirectional switch. This
letter presents the self-oscillation phenomenon that is caused by
the recovery processes of the diodes in a DBSS. Then, the recovery
effects of these diodes in different topologies are analyzed from the
perspective of the DBSS and optimized designs for both the snubber
circuit and the energy-absorbing circuit are proposed. A 500-kV dc
breaker is realized based on the proposed DBBS using the standard
recovery diodes, which can work reliably with IGBTs, and the cost
of the resulting dc circuit breakers is greatly reduced.

Index Terms—DC circuit breaker, diode bridge, solid-state
switch, standard recovery diode.

I. INTRODUCTION

SOLID-STATE switches (SSs) based on power electronics
technology are frequently applied in dc circuit breakers.

The SS can be used directly as a solid-state circuit breaker or
can be combined with mechanical switches to form a hybrid
circuit breaker (HCB) [1]–[3]. Unlike the mechanical switches,
which are inherently bidirectional, SSs require considerable
costs to achieve bidirectional functionality because all conven-
tional high-voltage power devices, such as insulated-gate bipolar
transistors (IGBTs) or integrated gate-commutated thyristors
(IGCTs) [4], [5], are asymmetrical. The main solution used at
present for a bidirectional SS is antiseries connection of reverse
conducting devices [6]. The full-H-bridge structure described
in [7] is also a variant of the antiseries-type structure. Another
solution is to use antiparallel connection of reverse blocking
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TABLE I
PERFORMANCE COMPARISON

devices [8]. Both these solutions double the number of fully con-
trolled devices, greatly increasing the cost of the bidirectional
SS. The diode-bridge bidirectional solid-state switch (DBSS)
thus represents a more cost-effective choice. The bidirectional
functionality can be realized by simply adding four diodes to a
unidirectional SS.

The commonly used power diodes can be divided into two
categories: standard recovery diodes (or rectifier diodes) and
fast recovery diodes. Standard recovery diodes are mainly used
in low-frequency applications, such as utility frequency power
rectifiers. Fast recovery diodes can attain the reverse blocking
state much more quickly so they can work reliably in fast switch-
ing applications, as complementary diodes for the high-speed
devices (IGBTs or IGCTs) used in converters [9], [10].

From engineering experience, the diodes that are used in
DBSSs are preferably the fast recovery type because the rapid
switch actions (>2000 A/μs) of IGBTs can cause quite severe
transient stresses on the diodes. However, in DBSS applications,
the cost of four added fast recovery diodes is close to that of one
IGBT. Therefore, the total cost is not significantly reduced when
compared with that of the original antiseries-type SS.

In contrast, as shown in Table I, the cost of standard recovery
diodes is much lower, which can effectively reduce the total
cost of the DBSS. In addition, the conduction losses of standard
recovery diodes are also lower, making them more suitable for
high-current switch applications. With regard to the recovery
problem, it should be noted that the diodes in a DBSS do not need
to undergo long-term repeated commutations with the IGBTs
like those in the converter because the breakers in power system
are inactive for most of the time. And there is no research or
evidence to date to indicate that the DBSS working condition
requires diodes to have fast recovery characteristics.
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Fig. 1. Self-oscillation phenomenon in DBSS. (a) Working process of the SS. (b) Experimental result of the unidirectional SS. (c) Experimental result of the
DBSS using standard recovery diodes.

In this letter, the recovery effect is analyzed from the per-
spective of the DBSS and some interesting phenomena are
discovered. In fact, the use of standard recovery diodes in the
DBSS will certainly cause device damage in some cases, but this
problem can be effectively solved using the measures proposed
in this letter. The results of this research can greatly reduce
the cost of a bidirectional SS while maintaining its reliability,
and the designed DBSS has been applied in a 500-kV dc HCB,
which comprises a mechanical switch branch, a SS branch, and a
current-commutation equipment. Application of standard recov-
ery diodes can save approximately 30% of the semiconductor
costs.

II. SELF-OSCILLATION PHENOMENON CAUSED BY RECOVERY

PROCESS OF DIODES IN DBSS

An SS generally contains three parts: the fully-controlled
power devices (usually IGBTs), the snubber circuits [resistor–
capacitor (RC) circuits] the energy-absorbing circuits [metal
oxide varistors (MOVs)]. As shown in Fig. 1(a), the voltage
source converter-based dc system can be equivalent to a large
capacitor (the converter) in series with an inductor (the flat
wave reactor and the transmission line). When the SS of the dc
circuit breaker needs to cut the current OFF, the IGBT first turns
OFF. The current then flows to the snubber circuit and charges
the snubber capacitor Cs (voltage build-up process). When the
voltage rises above the system voltage, the current begins to
drop (fault clearing process). The MOV eventually limits the
overvoltage and absorbs the energy. When the current drops to
zero, the Cs is still charged with the overvoltage. Therefore, the
Cs may undergo charging and discharging processes with the
system until the voltage is balanced (voltage recovery process).

Fig. 1(b) shows the turn-OFF waveform of a unidirectional
SS. The figure shows that the residual voltage of Cs generates a
significant resistor–inductor–capacitor (RLC) oscillation during
the voltage drop process. When four standard recovery diodes
are added to the original SS to form the DBSS, an interesting
phenomenon occurs. As shown in Fig. 1(c), the switch experi-
ences an unexpectedly violent oscillation process after the IGBT
is turned OFF. This mechanism differs from the previous RLC
oscillation. The recovery process of the diodes makes the voltage

Fig. 2. Transient analysis models of different DBSS topologies.

recovery process complex. In practice, this phenomenon will not
only cause the diodes to withstand excessive reverse currents, but
it will also generate electromagnetic interference in the control
units.

III. COMPREHENSIVE TRANSIENT ANALYSIS OF DIODE

RECOVERY EFFECTS IN DIFFERENT TOPOLOGIES

A. Different DBSS Topologies

The abnormal oscillation of the DBSS observed in the previ-
ous section occurs because the RC circuit, which should oscillate
directly with the system, is limited by the diode bridge. In fact, re-
gardless of whether the snubber circuit (or the energy-absorbing
circuit) is placed inside or outside the diode bridge, its effect on
the IGBT will not change. Therefore, depending on the location
of the RC circuit, the DBSS can have two types of topologies
(Type-I and Type-II), and each topology type can be further
divided into two subtypes depending on the location of the MOV.
As shown in Fig. 2, the transient processes of the different DBSS
topologies were simulated using Silvaco TCAD software with a
finite element model of the diodes. To make the recovery process
more obvious, the minority carrier lifetime of the diodes is set
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Fig. 3. Diodes recovery in different topologies. (a) Type-I. (b) Type-II.

at 400 μs. For the circuit part, the CDC is set as 400 μF and is
precharged of 1000 V. The L is 100 μF. And the RC snubber is
chosen as 0.5 Ω and 5 μF, respectively. The reference voltage
of MOV is 2.4 kV, and the residual voltage of MOV is 4 kV at
10 kA.

B. Diode Recovery Effect in Type-I DBSS

The transient recovery processes of the Type-I DBSS have
been illustrated in Fig. 3(a). Before the voltage recovery process,
the forward diodes (DF1 and DF2) are conducting the current
and accumulate large numbers of carriers, whereas the reverse
diodes (DR1 and DR2) only withstand the voltage. Therefore,
the forward diodes are in a recovery state and cannot establish a
reverse voltage. Then, as shown in Fig. 3(a), Cs can discharge to
the external system through the forward diodes. When the diodes
then complete the reverse recovery process and block the current,
the energy has already been stored on the external inductor; the
current thus begins to flow through the reverse diodes, which
causes Cs to be charged again. The module voltage thus flips
instantaneously. After that, as the reverse diodes have just passed
the current, a symmetrical process will occur again but at lower
energy. The two processes will continue to repeat until the
unbalanced voltage is blocked at some point.

Fig. 4(a) shows the simulation results for the Type-I-a topol-
ogy. The total current (Iall) and total voltage are basically
consistent with the experimental waveform shown in Fig. 1(d).
Each recovery process is weaker than the last, and the oscillation
frequency becomes higher and higher. Besides, the current of
forward diodes (IFD), the current of reverse diodes (IRD), and
the current of RC snubber (IRC) are also given in the simulations.

In the Type-I-b topology [see Fig. 4(b)], the MOV is moved
from the inside to the outside of the diode bridge. The difference
here is that no current flows through the forward diodes during
the fault clearing process, resulting in longer recombination
times for the carriers in the forward diodes. The diodes’ reverse
current in Type-I-b is obviously less than that in Type-I-a. As a
result, the residual voltage on Cs is higher and the voltage flip
frequency also increases.

C. Diode Recovery Effect in Type-II DBSS

Unlike the Type-I case, the RC circuit is moved to the outside
of the diode bridge in the Type-II topology. Therefore, the

recovery process is completely different. As shown in Fig. 3(b),
at the beginning of the voltage drop process, the RC circuit
can discharge directly to the system, which represents an RLC
oscillation. When the voltage across the capacitor oscillates
in the reverse direction, because the forward diodes have just
carried the fault current in the previous process, DF1 and DF2

then form temporary paths withDR1 andDR2, respectively. The
current that flows through these two paths is not only the reverse
current of the forward diodes but is also the forward current of
the reverse diodes. Therefore, after half an oscillation period,
the same process occurs symmetrically.

The simulation results for the Type-II-a [see Fig. 5(a)] and
Type-II-a [see Fig. 5(b)] topologies both verify the above anal-
ysis. During the voltage drop process, the waveform is roughly
that of an RLC oscillation, except that the voltage waveform
is discontinuous every time it crosses zero. The currents also
appear simultaneously on the diodes. The recovery process of
Type-II-a is more obviously due to the inside placed MOV.

IV. OPTIMAL DBSS DESIGN

A. DBSS Topology Selection

The previous analysis showed that placing the MOV inside
the diode bridge not only causes the forward diodes to withstand
increased currents during the fault clearing process but also
exacerbates the subsequent reverse recovery process. Therefore,
Type-I-a and Type-II-a topologies are excluded first. In addi-
tion, because the internal RC circuit will cause high-frequency
self-oscillation, Type-I topologies are also not recommended.
Type-II-b is thus the best DBSS topology.

However, from a dc system perspective, Type-II is worse than
Type-I in terms of the time needed to clear the fault completely
(as shown by the current waveforms in Figs. 4 and 5) because
the external RC circuit will cause the current to continue to
oscillate. In particular, when the system inductance is high,
the damping coefficient of the oscillation will become very
small. The oscillation may last for hundreds of milliseconds,
thus affecting the system reclosing time.

B. Fast Decay Design Based on MOV-C Snubber

Increasing the resistance has an effect on the current decay
rate, but it will also cause higher voltage spikes and may thus
damage the device. To solve this problem, a novel fast decay
snubber is designed to cooperate with the SS. Rs in the RC
circuit is replaced with another varistor Rmov, and the Rmov’s
parameters are specifically designed to make the equivalent
resistance at the maximum current (i.e., the current that the
SS needs for cutoff) the same as the original Rs. Therefore,
the snubber circuit not only maintains its original performance
during the cutoff process but also shows a much higher damping
coefficient in subsequent oscillations because of the nonlinear
characteristics of the MOV. In addition, this fast decay design
also reduced the zero crossings in the oscillation and further
suppressed the recovery processes in Type-II-b. It should be
noted that after using MOV-C snubber, the transient turn-OFF

power of the IGBT will increase slightly, so the gate-driver’s
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Fig. 4. Simulation results of RC-inside Type-I topologies. (a) Type-I-a with internal MOV. (b) Type-I-b with external MOV.

Fig. 5. Simulation results of RC-outside Type-II topologies. (a) Type-II-a with internal MOV. (b) Type-II-b with external MOV.

Fig. 6. Fast decay design based on the MOV-C snubber.

resistance should be appropriately reduced as a compensation
measure.

C. Parameters Design of MOV-C Snubber

For the RC snubber and MOV based SS, a detailed parameters
design method has been proposed in [11]. The parameters of Fig. 7. Experimental results for DBSS using Type-II-b topology.
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Fig. 8. Reverse process of Type-II-b topology for different current levels. (a) 2.5 kA. (b) 5 kA. (c) 10 kA.

snubber are related to the specifications of IGBT and its pro-
tection MOV. Based on the derivation in [11], Rs and Cs were
deliberately decoupled. Thus, in MOV-C snubber, Cs does not
need to be changed

Cs ≥ Ic · tres · αmax (K)

Ures(Ic,tres)
(1)

where Ic denotes the rated maximum turn-OFF current, tres
denotes the nominal front wave time of the MOV, and the Ures

denotes the residual voltage of the MOV under a current of Ic
with a front time of tres. αmax is a correction factor related to
the nonlinearity of the MOV, and K is the residual voltage ratio

αmax (k) =
0.24

k − 1.3
+ 0.83 (k ≥ 1.4) . (2)

For the resistance of the snubber, Rs needs to be large enough
to limit the surge current in the turn-ON process. And it also can-
not be too large, otherwise it would affect the snubber function
of the Cs when IGBT is switching OFF. The upper and lower
boundaries of Rs are given as

Uref

Isurge
≤ Rs ≤ Uref

Ic
(3)

where Isurge denotes the maximum surge current of the IGBT
and Ures denotes the reference voltage of the MOV, which is
also the SS module’s dc rated voltage of Vdc.

Therefore, in MOV-C snubber, we can make the equivalent
resistance of Rmov under the voltage of Vdc equal to the Rs, thus
achieving the same effect as before

Rmov (@Vdc) = Rs.a. (4)

V. EXPERIMENTAL

The cutoff experiment performed in Section II [see Fig. 1(c)]
is performed again using the recommended Type-II-b topology.
As shown in Fig. 7, the results are basically the same as those
of the simulation. There are no high-frequency oscillations any
more. Note that the voltage waveform is discontinuous when
it crosses zero; this is caused by the standard recovery diodes.
Because the reverse recovery process is not very intense and
does not occur repeatedly, the diodes remain safe. Fig. 8 shows
the recovery process of Type-II-b for different current levels. If
the system parameters are the same, the larger the current, the

Fig. 9. Experiment of fast decay design. (a) RC snubber. (b) MOV-C snubber.

longer the energy consumption of the arrester, resulting in longer
recombination times for the carriers in the diodes. Therefore, the
diode recovery process (the area of the reverse part of IFD) will
slightly weaken as the current increases.

The fast decay design is then also verified experimentally.
When using the RC snubber [see Fig. 9(a)], the system will
still have an oscillating current after the MOV has absorbed
the energy. In addition, after using the MOV-C snubber [see
Fig. 9(b)], the IGBT is still able to turn OFF the current re-
liably, and the previous current oscillations are significantly
suppressed.

Based on the bidirectional design principles presented in this
letter, the SS part of a 500 kV/25 kA hybrid dc breaker has been
developed [11]. As shown in Fig. 10, this breaker consists of
320 DBSS modules and 1280 diodes. The circuit breaker has
just completed type tests, and the experimental waveform of the
solid-state part is shown in Fig. 11.
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Fig. 10. Application of DBSS using standard recovery diodes in 500-kV
hybrid dc circuit breaker.

Fig. 11. Experimental waveforms of 500-kV bidirectional SS.

VI. CONCLUSION

This letter studies the application of a diode-bridge bidi-
rectional structure in SSs and the structure’s diode recovery
characteristics. In summary, the location of the RC circuit affects

the diode recovery mechanism, and the MOV location affects
the severity of the diode recovery. The diode recovery process
is greatly suppressed if the RC circuit and the MOV are both
placed outside the bridge. Therefore, standard recovery diodes
with low costs and higher currents can be used instead of fast
recovery diodes in SSs. In addition, a new MOV-C snubber
is also proposed to solve the current decay issue. A 500-kV
dc breaker is realized based on the DBBS using the standard
recovery diodes, which can work reliably with IGBTs, and the
cost of the dc circuit breaker is greatly reduced.
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