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A Thyristor-Based Reliable Bidirectional SSCB
With Fast-Reclosing Protection Function
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Absiraci—Due to numerous advantages of thyristors,
such as low conduction loss and low cost, using thyris-
tors to design solid-state circuit breakers (SSCBs) to pro-
tect dc microgrids has become increasingly popular. How-
ever, the majority of existing bidirectional thyristor-based
SSCBs (TCBs) have one or more following drawbacks:
high conduction loss, lack of operating current interrupt-
ing ability, low current breaking reliability, unsuitable for
fast-reclosing protection, and the need to use ample thyris-
tors. To address these problems, a new bidirectional TCB is
proposed in this article. First, the proposed method could
break both bidirectional operating and fault currents reli-
ably by actively turning oN its auxiliary thyristors. Second,
the conduction loss of the proposed TCB is extremely low.
Third, the proposed TCB can realize fast-reclosing protec-
tion function by masterly using an LC resonant circuit,
which would ensure a safe restart of dc microgrids after a
fault. Finally, the proposed TCB is very economical since
only one additional set of auxiliary parallel thyristors is
needed. Thus, all the above merits are making the proposed
TCB a promising candidate for protecting dc microgrids.
The parameter design guidelines, scaled-down experimen-
tal results, and comparative studies of the proposed TCB
are also presented.

Index Terms—DC microgrid, dc system, short-circuit pro-
tection, solid-state dc circuit breaker (SSSCB), thyristor.

[. INTRODUCTION

T HAS been increasingly demonstrated that dc microgrids
I are superior to ac systems in a lot of aspects, such as having
a higher efficiency, simpler control, lower cost, and higher
reliability [1]. Besides, with the development of many modern
applications (e.g., solar photovoltaic, wind power generation
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technology, and electric vehicle charge stations), the dc mi-
crogrids are further promoted and reinforced [2], [3], [4], [5].
However, unlike the fault current in ac systems after a fault, the
dc fault current in dc microgrids rises rapidly, and there is no
natural current zero-crossing point [6].

Because of fast reaction speed, easy intelligent control, and
arc-free operation process, adopting solid-state circuit breakers
(SSCBs) has been widely recognized as one suitable method
to protect dc microgrids by quickly and selectively isolating a
faulty part from healthy areas [7], [8]. From the point of view
of practicality, there are three basic functions that SSCB should
possess [2], [3] are as follows:

1) itcouldinterrupt the operating current in normal condition
during microgrid maintenance;

2) it should reliably interrupt the bidirectional fault current
due to the diversity of power flow;

3) fast-reclosing operations are often adopted to reduce the
damage caused by a temporary fault. Thus, SSCBs should
break the fault current reliably again after reclosing,
which could provide a safe restart for dc microgrids.

SSCBs based on full-controllable devices, such as Si IGBTs
and SiC MOSFETs, have been widely researched for their
simple structures and high current breaking reliability [9], [10].
Although SSCBs based on full-controllable devices can easily
satisfy the three basic functions, they sacrifice conduction loss
and construction cost. The semicontrollable device thyristor and
thyristor-derived devices are also suitable devices for designing
SSCBs due to their advantages, such as high surge current
carrying capacity and low ON-state resistance [11]. Yet the
cost of thyristor-derived devices is generally higher than that
of thyristors due to additional special circuit designs. Finally,
thyristors are more suitable for designing SSCBs in the aspects
of cost and loss. Since thyristor is semicontrollable, the key issue
that thyristor-based SSCBs (TCBs) need to solve is the turning
OFF of the thyristors. Based on whether TCBs can actively send
current breaking signals, existing TCBs could be broadly divided
into two types: passive TCBs and active ones.

So far, numerous passive TCBs, represented by Z source
circuit breakers, have been widely researched [12], [13], [14].
These passive TCBs without current sensing procedures are
all triggered after fault. By arranging the Z-source structure or
coupled inductors reasonably, a reverse voltage or current could
be automatically generated across the thyristor after a fault, and
then, the thyristor will be turned OFF automatically. The topolo-
gies in [12], [13], and [14] are all unidirectional, which limits
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their application in dc microgrids, where bidirectional power
flow is often required. As aresult, these topologies do not achieve
the second function, i.e., they could not break the bidirectional
fault current. To solve this problem, some improved bidirectional
passive TCBs are proposed by rational configuration [15], [16],
[17], [18]. Yet these bidirectional passive TCBs generally have
following four common issues.

1) High Conduction Loss: Since TCB is a kind of long-
term conducting equipment, conduction loss is one key
property. As illustrated in [11], from the perspective
of reducing conduction loss, the most ideal connection
method is to place only one set of parallel thyristors in
the conducting branch. Thus, these bidirectional passive
TCBs, except the one in [18], all sacrifice conduction loss
for bidirectional breaking ability.

2) Low Controllability (corresponding to the first function
of SSCB): The low controllability, here, means that these
passive TCBs could not actively send signals that break
the current since they only work after a fault occurs. Thus,
they cannot interrupt the normal operating current. One
simple and direct solution is adding active severe artificial
faults to simulate natural faults to trigger these TCBs. Yet
the negative damage caused by manual faults to the grids
can also occur as natural one does. In addition, if manual
faults triggering method is used, the operation procedures
in normal and fault current breaking processes are plainly
different, which will make the whole control system more
complex.

3) Low Reliability (corresponding to the second function
of SSCB): Since all these passive TCBs are generally
designed under ideal situations, i.e., without considering
the changeable and inaccessible parasitic parameters of an
outer circuit, the reliability of their fault current breaking
processes could not be ensured when used in real condi-
tions. Furthermore, the current breaking reliability is one
important feature that SSCBs should possess because if
breakers are unreliable, breakers could not accomplish its
role (i.e., interrupting the fault) competently. In addition,
since the operating current may change significantly when
the power flow of a grid fluctuates, passive TCBs may
be triggered by mistakes, which is also a type of low
reliability.

Unsuitable for Fast Reclosing (corresponding to the third
function of SSCB): Capacitors are often needed in TCBs
to help turning OFF thyristors. For turning OFF thyristors
successfully after reclosing, the states of capacitors in
a reclosing protection process should be the same as
those in the initial one. Unfortunately, the capacitors in
[15], [16], and [18] could only be charged after reclos-
ing process starts. Thus, these passive TCBs are unable
to guarantee fast-reclosing protection function. For the
topology in [17], the capacitor energy will decrease after
the first current breaking process, which may weaken the
reclosing protection reliability.

In addition to these passive TCBs, some active TCBs are
also proposed. Since they could actively send triggering signals
to auxiliary switches, the low controllability problem can be
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solved. Two active TCBs are proposed in [19] and [20], which
do not have the ideal lowest conduction loss. In addition, their
current breaking reliability could not be ensured because the
loops for turning OFF their thyristors include the outer line
circuit. Based on the operational principles illustrated in [21],
one capacitor in the TCB in [21] should be zero voltage and
the other fully charged. However, such an asymmetrical cir-
cuit arrangement may threaten bidirectional current breaking
reliability since capacitors need time to charge or discharge.
In addition, since capacitors need to discharge energy through
their paralleled huge resistors after the first current breaking
process, the time requirement for fast reclosing may not be
satisfied due to the large RC time constant. To solve the current
breaking reliability issue, five active and bidirectional TCBs are
proposed in [22], [23], [24], [25], and [26]. Two smart TCBs
for decreasing the surge current to both the source and load
sides are proposed in [22] and [23]. Yet they still carry high
conduction loss as does the topology in [24]. In addition, the
turn-OFF process of the auxiliary thyristors in the TCB in [22] and
[23] are not considered in detail, and failure of turning OFF the
auxiliary thyristor will lead to a failure of reclosing protection.
Two reliable TCBs with the ideal lowest conduction loss are
proposed in [25] and [26]. The TCB in [25] only considers the
first current breaking process. Moreover, the capacitors of the
TCB in [25] will be charged slowly after reclosing because of its
enormous charging resistor, which makes this TCB not suitable
for a fast-reclosing protection. The auxiliary thyristors in the
TCB in [26] have the possibility to be turned OFF unsuccessfully
if the charging resistors in [26] are small. If so, a fast-reclosing
protection will not be guaranteed. In addition, ample thyristors
are needed in the topologies in [24] and [26], which makes the
TCBs expensive.

For solving the issues appeared in the above TCBs, a new
bidirectional TCB used for dc microgrids is introduced in this
article, which can simultaneously satisfy the three basic func-
tions that a SSCB should possess. Full controllability and high
current breaking reliability are ensured through intelligent con-
trol, which indicates that it can break both bidirectional operating
and fault current actively and reliably. The proposed TCB could
also realize fast-reclosing protection function by masterly using
an LC resonant circuit. In addition, there are only two sets of
parallel thyristors in the breaker. One is placed in the main branch
and the other auxiliary branch. As a result, both conduction loss
and construction cost are remarkably low. Ultimately, the key
contribution of this topology is showing the novel aspect of how
to use an LC resonant circuit to realize a reliable fast-reclosing
protection, which has not been considered in former works about
TCBs.

[l. PROPOSED TOPOLOGY
A. Topology Introduction

The proposed topology is presented in Fig. |. RCBy, is a
residual current breaker (RCB), which could isolate the fault
physically after the current breaking process. Moreover, limiting
reactor Ly, could limit the current rising rate after fault according
to the system protection requirements.
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Fig. 1. Proposed TCB.

There are two branches in the proposed TCB, which are the
main branch and the parallel branch, respectively. There is only
one set of parallel thyristors, including T,,; and Ty,,2, in the main
branch. Thus, the bidirectional conducting capability is ensured,
and the conduction loss is low. As a result, system efficiency is
high. The parallel branch consists of inductor L;,, capacitor C,
and two parallel thyristors including T},; and T},5. The capacitor
C could be fully charged through the big grounded resistor R
from the dc source. Furthermore, RCB; keeps on in normal
condition to provide the charging path for capacitor C. It should
be noted that the RCB, has the same specifications as RCB
and keeps low costs. Finally, the metal oxide varistor (MOV)
could dissipate the system energy and protect thyristors in the
proposed TCB.

Since the proposed TCB is an asymmetrical structure, the
forward and backward current breaking principles are different.
The two principles are elaborated in parts B and C of Section II.

B. Forward Current Breaking Principles

The detailed forward current breaking principles of the pro-
posed TCB are shown in Fig. 2, where R, is the dc load.

1) Mode I;—Normal Operating Condition: The thyristor
Ty is in a conduction state and conducts operating
current I, ;. Meanwhile, the capacitor C is charged to
dc source voltage V.

2) Mode Hy—Fault Occurs: After fault occurs, the fault
current /Iy, ¢ rises. Since the duration of this mode is short
and the resistor R, is rather large, the voltage drop of
capacitor C in this mode is negligible.

3) Mode 1lI;—Thyristor Ty turns ON, and RCBg switches
OFF: After the current I, ¢ reaches the preset operation
value Iy, the proposed TCB proceeds (i.e., simultane-
ously turning ON the thyristor Tp,; and switching OFF
the RCBg). When the thyristor Tp; is turned ON, one
counter current /pp_r and one leakage current I, ¢ caused
by R, will be generated. Then, the RCB, switches OFF to
interrupt this leakage current I, ;.

4) Mode 1Vy—Thyristor Ty, undergoes a reverse recovery
process: After the current Ipp_ ¢ increases to be equal to
current [, ¢, the thyristor T,,; will undergo a reverse
recovery process.

5) Mode Vy—Capacitor Charges and MOV is Triggered to
Dissipate System Energy: After mode IVy, the thyristor

Tyn1 has been turned OFF successfully. Then, the capacitor
C will be charged reversely by fault current I, ;. In
addition, the MOV will be triggered to dissipate system
energy when its threshold voltage is reached.

6) Mode VIy—Steady State before Reclosing: After the main
branch current I,,, ¢ reaches zero, the thyristor T},; will
be turned OFF automatically. Ultimately, the polarity of
capacitor C has flipped, and the absolute value of capac-
itor voltage has been equal to or higher than the source
voltage V. Since the RCB, has been OFF, capacitor C
has no discharging path, and the capacitor voltage keeps
stable.

7) Mode VII;—Reclosing Process Begins, and Thyristors
Tm1 and Tpo turn ON Simultaneously: When the reclosing
process begins, turn-ON signals are sent to thyristors Ty,q
and T},» simultaneously. Then, a round of LC resonance
begins.

8) Mode VIII;—Polarity of C flips and Capacitor C Returns
to the Initial State: After half an LC resonance period,
the polarity of capacitor C is flipped again to the initial
state. It should be noted that the reverse recovery duration
of the thyristor T, is also necessary before the proposed
TCB reacts. Since only half of an LC resonance period is
needed, and the internal circuit impendence is small, the
capacitor voltage drop in the flipping duration is miniscule
that it could be neglected.

The highlight of the forward current breaking principle is
how the fast-reclosing protection function is implemented. The
capacitor polarity restores to the initial state through LC resonant
circuit by utilizing the moment when reclosing starts, that is,
when thyristor Ty, is turned ON. Then, the proposed TCB could
break the fault current again after reclosing if permanent fault
exists.

C. Backward Current Breaking Principles

The detailed backward current breaking principles of the
proposed TCB are shown in Fig. 3.

1) Mode I,—Normal Operating Condition: The thyristor
T2 is in a conduction state and conducts operating
current I, ,. Meanwhile, the capacitor C is charged to
dc source voltage V.

2) Mode Il,—Fault Occurs: After fault occurs, fault current
I, 1, rises. Since the duration of this mode lasts only mo-
mentarily, and the resistor R, is rather large, the voltage
drop of capacitor C in this mode is negligible too.

3) Mode 1lI,—Thyristor Ty turns ON, and RCBg switches
OFF: After the current I, 1, reaches the preset operation
value Iy, the proposed TCB proceeds (i.e., simultane-
ously turning ON the thyristor T},; and switching OFF the
RCB,). However, different from the function of mode
I, this mode aims to flip the capacitor polarity in
advance.

4) Mode 1Vy,—Polarity of C Flips, and the Thyristor Ty is
Turned OFF Automatically: After half of an LC resonance
period, the polarity of the capacitor is flipped. Then, a
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Fig. 2. Forward current breaking principles of the proposed TCB.
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Fig. 3. Backward current breaking principles of the proposed TCB.

short duration is needed for the thyristor T}, to recover C will be charged reversely by the fault current I, .
reversely. Since the LC resonance frequency could be Besides, the MOV will be triggered to dissipate system
chosen to be several kilohertz or even tens of kilohertz, energy when reaching its threshold voltage.
the additional half an LC resonance period is transient. 8) Mode VIII,—Capacitor C Returns to the Initial State, and
In addition, a thyristor with a short reverse recovery TCB is Ready to React: After the main branch current
duration (several tens of ps) could be selected. Therefore, Iy, v, reaches zero, the thyristor Tj,o will be turned OFF
for flipping the capacitor polarity, the extended duration automatically. Ultimately, the polarity of capacitor C has
caused by modes III};, and IV, is necessary and acceptable. returned to the initial state, and the absolute value of
5) Mode Vy—Thyristor Ty Turns ON: After mode IV}, the capacitor voltage has been equal to or higher than the
thyristor Tp,; has been turned OFF. The turn-ON signal source voltage V. Since the RCB has been OFF, capacitor
is then sent to the thyristor Tj,5. Similar to mode IIly, a Chas no discharging path, and the capacitor voltage keeps
counter current /pp 1, is generated. stable.

6) Mode VI,—Thyristor T2 Undergoes a Reverse Recov-
ery Process: After the current Ipp 1, increases to become
equal to the current [y, 1,, the thyristor T, will undergo
a reverse recovery process. According to the aforementioned principles, the flowchart of

7) Mode VII,—Capacitor Charges and MOV is Triggered  the protection sequences is illustrated in Fig. 4, where two sens-
Todissipate System Energy: After mode VIy,, the thyristor  ing and current breaking processes are considered. As illustrated
T2 has been turned OFF successfully. Then, the capacitor  in Sections II-B and II-C, both the currents Iy,  and Iy, 1, are

D. Operation Sequences
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v
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Fig. 4. Flowchart of the operation sequences.

the main branch current, but their directions are the opposite.
Since the operation principles of bidirectional current breaking
processes are totally different, the fault current and its direction
detection process, as marked in Fig. 4, are added.

[ll. PARAMETERS DESIGNING GUIDELINES

The most important issue when designing parameters for the
proposed TCB is to ensure that the thyristors in the main branch
can be turned OFF reliably. The duration when the thyristors
undergo reverse voltage (Ar) should be longer than the recovery
time of thyristor (z.), even in the most severe condition. To
guarantee a reliable breaking ability, there are two situations
needed to be considered. They are the first current breaking
process and the breaking process after reclosing, respectively.

A. Requirements for the First Current Breaking Process

Compared with the forward current breaking process, both an
additional half an LC resonance period and the reverse recovery
process for thyristor Ty, are necessary before turning OFF the
thyristor Tp,o in the backward current breaking process, as
shown in modes I1I}, and IV}, of Fig. 3. The sum of themis 44, as
shown in (1). Hence, when the turn-ON signal is sent to thyristor
Ty in the mode Vy,, the fault current /,,, 1, becomes bigger than
preset value Igy. Therefore, the reliability of this situation is lower
and needs to be considered. Two modes including mode Vi, and
mode VI, are analyzed here to study the requirements for the
reliable first current breaking process. In addition, the effect
of the outer circuit parameter is also considered. A simplified
parameter L, is added in Fig. 5, which equals to zero when a
fault occurs at the output of the proposed TCB. As fault distance

Loy 1, m_b - Vee

I m2

ut ‘m_b IM B_b Lm

VipoVeo
+ —- 4+ -

(a) (b)

Fig. 5. Circuit analysis of the modes Vi, and VI, after thyristor T,z is
turned ON in the backward current breaking process. (a) Mode V;, (t1—t2).
(b) Mode VI, (to—ts).

increases, Loyt increases.

tadd:tr+7T\/LpC. @))

1) Mode V, (t,-t;): The mode Vj, shown in Fig. 5(a) is
analyzed first. Assuming the timepoint when the turn-ON signal
is sent to the thyristor T2 in the mode Vy, is 11, the current /,,, 3,
could be calculated as

Iy = Io + (taga +t—t1). (2)

Vs
Lout + Lm
After thyristor T2 is turned ON, the current Ipg_}, is

¢ —V; sin t—t
Ly ,/LPC

Then, the current Iy , flowing through thyristor T,,5 could
be expressed as follows:

3

Ipg p =

Iy b = Im b — Ipp b- 4)
Hence, the timepoint 75 could be calculated by
ty = tlp, o o)
Then, current I,,, 1, and voltage V¢ }, can be obtained as
Inb (t2) = Inbliey, = A (6)
Ve s (ts) = Vi cos ~—1 = B. (7)

VLp,C s

Since the duration (t2—t;) is short, (4) could be simplified by
Taylor expansion

Vistaaa

1 = ]
MB_b fo + Tow+ Lo

Vs Vs
+<Lout+Lm Lp)(t t1) .
(®)
For ensuring reliable current commutation from the main
branch to the parallel branch, current Iy 1, needs at least one
zero current crossing point. The corresponding function image
of (8) is a direct line, and the function value at time #; is
positive. Thus, the slope needs to be negative. Then, the fol-
lowing can be obtained:

Ly < (Lo + L) - ©)

2) Mode VI, (t;—t5): The mode VI, shown in Fig. 5(b) is
analyzed here. After the mode Vy, the current /\ip 1, flowing
through the thyristor Ty, is zero. Then, as shown in Fig. 5(b),
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the thyristor Ty,2 undergoes the reverse voltage V. in the mode
VIy,. Vi1, is the voltage across the inductor Ly, and V¢ _y, is the
residual voltage of capacitor C. The sum of Vi, 1, and Vg 3, is
the reverse voltage V., undertook by the thyristor Ty,5.

The voltage V1, 1, at timepoint 75 could be calculated by

~L,

LP+Lm+Lout (‘/b—’—B)

The function of inductor Ly, is to generate one massive current,
and that of inductor L, is to limit the fault current rising rate.
Generally, L, is in the order of H, and L,,, is in the order of mH.
Hence, (9) and (11) are always satisfied, and the V1,;, 1, shown in
(10) is always miniscule, which can be neglected. Consequently,
the reverse voltage V,. undertook by the thyristor Ty, is mainly
generated by the residual energy of capacitor C.

L > Ly,

Vipp = (10)

an

Since the reverse recovery process of thyristor Ty,5 is mo-
mentary, for the sake of the simplicity of analysis, it is assumed
that the fault current /,,, 1, remains A, as shown in (6). Thus, the
reverse recovery duration Az undertook by the thyristor T,z is
as follows:

12)
13)

The duration Az should be longer than ¢, to ensure that the
thyristor T,y,2 is turned OFF reliably, as shown in (13). Yet there
remains one question that both A in (6) and B in (7) are related
to timepoint fo, which means the At in (12) is changeable
when inductance L, changes. According to (5), the larger the
inductance L,y is, the smaller the timepoint 5. Then, A in (6)
gets smaller, which means the main branch current after mode
Vi, is smaller. Meanwhile, B in (7) gets bigger, which means
the residual capacitor energy is bigger. As a result, the duration
of the reverse voltage Az in (12) could be longer. Therefore,
the fault at the output of the proposed TCB is the most severe
one. Finally, the shortest Az is provided for the thyristor T2 to
recover by setting L; to zero, and the reliability is then ensured
no matter where the fault occurs.

— CB/A
At > t,.

B. Requirements for the Current Breaking Process After
Reclosing

According to modes VIl and VIII¢ in Fig. 2, after reclosing
in the forward current breaking process, both an additional half
an LC resonance period and the reverse recovery process for
the thyristor Ty, are needed before the fault current reaches
Isp again. Then, (14) could be obtained, where L,,; remains
representing the outer circuit parameter.

IfO (Lm + Lout)
—Vs .
Obviously, the larger the L., is, the easier (14) is to be

satisfied. By substituting (1) into (14) and setting L, to zero,
another requirement of inductance L;, is obtained by

(It Lun — Vit,)?
L, <--—___>°7
b= T2 V2C

ladd < (14)

s)

C. Requirements for Protecting Thyristors

Since the thyristors in the main branch need to carry the sum
of main branch current and counter current in some cases, they
need to be protected from the perspective of the surge current
withstanding capability of the thyristor. After comparing all
cases, the most severe condition is the mode III},, where the
thyristor T,» will carry the sum of 7,,, }, and the counter current
Ipp ;. In addition, since capacitor voltage will be bigger after
reclosing, the case after reclosing is considered here.

Supposing that the action timepoint of mode III;, is zero,
the sum current I,y is (16), where Vjamp is the clamping
voltage of MOV and is also the final maximum capacitor voltage
before reclosing. Vjamp is normally 1.2-2 times of the source
voltage.

‘/clamp\/a + Ifo V sy

N 1076
o)

By deriving (16), (17) is obtained. Since the maximum value
of Isum is in the first half-cycle of the sine wave, the range of
time ¢ is added in the following:

Isum - IPB_f + Im_b -

‘/Cldmp V
v Lp C

Then, the timepoint #,,,x When the derivative of Iy, equals
to 0 can be obtained according to

Ly = € (0,m/L,C). (17

tmax =1 I{m=0" (18)

The maximum value of Iy (Zsum_max) should be smaller
than the surge current of thyristor (/gyrge), as shown in the
following:

Isum_max < Isurge N ( 1 9)

D. Resistance R, and Capacitance C

Resistance R, should be selected for the proposed TCB. The
only function of resistor Ry is to charge capacitor C. Yet there
remain the following three issues worth considering.

1) According to modes II; and IIy, the capacitor C will
discharge from resistor R after a fault.

2) RCBg needs to break the leakage current caused by Rg.

3) Before the first current breaking process, the capacitor C
needs to be charged through the resistor from the source.

Based on the above three issues, resistance R, should be
large enough, but not exceedingly large; otherwise, it will
cause the capacitor charging time to be extensive. As a result,
R, is recommended to be selected in the order of 10*~10° Q
according to different dc microgrids. Since the capacitance
value is generally tens of pF in the LC resonance method, the
maximum charging time is tens of seconds if R, is in this order,
which is reasonable from the view of long normal operating
mode. The second issue is also solved because as stated in [6],
RCB could interrupt the leakage current up to 10 A.

After determining the resistor Ry, the capacitance C can be
selected according to (20), where 7 is the capacitor charging
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Fig. 6.

Scaled-down experimental prototype.

time constant, ranging from several seconds to several minutes.

C=—.

R, (20)

E. Design Guidelines

In summary, the proposed TCB could be designed according
to the following guidelines.

1) Select thyristors and RCB; according to the parameters
of dc microgrids, such as dc voltage and normal rated
current.

2) Determine the preset value Iyy and acquire the inductance
of inductor L,,,, which is placed about SSCB.

3) Determine the resistance R, according to different dc
microgrids, and it is generally in the order of 10*~10°¢).

4) Choose a capacitance C according to (20).

5) Select an inductor Ly, based on (13), (15), and (19).

According to the above guidelines, it is obvious that the
choosing principles are all dependent on the known parameters
rather than the unknown outer circuit parameters. Thus, the
reliability of the proposed TCB will not be threatened regardless
of the location of the fault. Finally, the security of dc microgrids
is ensured.

[V. EXPERIMENT RESULTS

To verify the effectiveness of the proposed bidirectional TCB,
ascaled-down experimental prototype is established. The overall
test platform is shown in Fig. 6, and the zoomed-in prototype
picture is in the lower left part of Fig. 6. As shown in Fig. 6,
models of the oscilloscope, current measuring device, current
probe, and voltage probe are, respectively, DSOX2024A, LA
55-P, ETA-5301A, and ETA-5005. In addition to the measuring
devices, the microcontroller TMS320F28335 is selected for
sending fault signals and controlling the proposed TCB. As
shown in the prototype picture, RCB, is substituted with the
antiseries MOSFETs, the types of which are both 65N80KS. In
addition, the model of thyristors is S6065K, and that of MOV
is 20D241K. Numerous functions are verified, including the

TABLE |
PARAMETERS OF THE PROPOSED TCB

Name Symbol Value
Recovery time of thyristor t 70 us
Preset operation value Iy 20 A
Resistance R, 20 kQ
Capacitance C 15 uF
Inductance L, 500 uH
Reclosing time treclose 120 ms

RCB + Vesr - 40mH
TCB | Load
200\:: ¢ C Fault
=T3 20Q=
v, |[33mF 2505 T

(a)

Fig. 7. Experimental circuit for proving forward current breaking func-
tions. (a) DC test system. (b) Connection method.

Voltages:[200V/div]; Currents:[20A/div]; Time:[500us/div
237us % [
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\/\H—'

|
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i

/ £
'\lL’ 1

\Trlgger on Tpi, and switch off RCB,

Fig. 8. Waveforms of forward operating current breaking process.

forward and backward current breaking ability, the operating
and fault current breaking ability, and the reclosing protection
ability. The dc voltage, dc current, and limiting reactor are 200 V,
10 A, and 40 mH, respectively. Parameters of the circuit breaker
are presented in Table [. The reclosing time #;eclose 1S 120 ms,
which refers to the duration from the timepoint when the fault
is successfully detected to the reclosing beginning.

A. Forward Current Breaking Results

The dc test system and its connection method could be found
in Fig. 7. Four signals in the forward current condition, including
Ves s, ImB_t, Ve 1, and Ipp g, are marked. Vep ¢ is the circuit
breaker voltage and the voltage over the thyristor Ty,;. Ivp ¢
is the current through thyristor Ty, . V¢ ¢ is the voltage of
capacitor C. Ipp ¢ is the parallel branch current. The operating
current breaking results are shown in Fig. 8, and the fault current
breaking results are shown in Fig. 9.

1) Operating Current Breaking Results: As shown in
Fig. 8, the current Iip_¢ is 10 A in the normal operating condi-
tion. After turning ON the thyristor T},q, the current Iyp_¢ will
decrease to 0 A immediately. Then, the reverse recovery process
of thyristor Ty, lasts 237 us, which is longer than ¢, (70 us) and
ensures turning OFF the thyristor T, reliably.
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z Polajlrltylﬂlps ~ J.' 11 Fig. 11.  Waveforms of backward operating current breaking process.
1l Vet ] 100ps/div]
T l[ I — # \‘\ e — <
_@j Ve ¢ \f\/ [24psy B. Backward Current Breaking Results
| : ; ; The dc test system and its connection method can be found
— Ipp ¢ in Fig. 10. Four signals in the backward current condition,
o h}“ﬂr— including Vep b, ImB_bs Vo b, and Ipp j,, are marked. Their
on : physical meanings are similar to those of the symbols in Fig. 7,
Trigger on T, . . .
Ip2 and Ty i | (c) but the direction is opposite. The backward operating current
breaking results are shown in Fig. |1, and the backward fault
Fig. 9. Waveforms of forward fault current breaking process. (a) Over-  current breaking results are shown in Fig. 12.

all experimental results. (b) First current breaking process. (c) Second
current breaking process.

2) Fault Current Breaking Results: As shown in Fig. 9,
two current breaking processes are done to present the fault
current breaking function and the reclosing protection function.
After the first current breaking process, the absolute value of
capacitor voltage V¢ ¢isbigger than the source voltage Vs, which
would ensure sufficient energy to guarantee a reliable current
breaking function after reclosing.

In the first current breaking process, the current Iyig_r keeps
rising after a fault. When Iyig_¢ reaches Iy, the thyristor T,
is turned ON. Then, after current Iyip_ decreases to zero, the
thyristor T,,,; undertakes the reverse voltage for 100 us, and the
thyristor Ty,1 is turned OFF successfully.

When the reclosing process starts, turn-ON signals are simul-
taneously sent to the thyristors T,,,; and Tpo. After half an LC
resonance period, the polarity of capacitor C flips. When /g _¢
reaches Ifg, the thyristor Tp; is turned ON again. Similar to the
first current breaking process, current Iyip_¢ decreases to zero,
and then the thyristor Ty, undertakes the reverse voltage. The
difference is that the reverse recovery process of the thyristor
Tp1 lasts 124 ps because the capacitor voltage V¢ _¢in the second
breaking process is larger than that in the first one.

1) Operating Current Breaking Results: As shown in
Fig. 11, the current Iyjg p, iS 10A in the normal operating
condition. When deciding to break the operating current, the
thyristor Ty, is turned ON. Then, the polarity of capacitor C
flips after half an LC resonance period, and a short recovery
duration for the thyristor T, is needed. The sum of half an
LC resonance period and this short duration is #,q4, as marked
in Fig. 11. After t,4q, the thyristor Ty, is turned ON. Then the
current /i 1, gradually decreases to O A. Finally, the thyristor
Tyn2 undertakes the reverse voltage for 235 s and is turned OFF
successfully.

2) Fault Current Breaking Results: As shown in Fig. 12,
there are also two current breaking processes. The polarity of
capacitor C has automatically resorted to the initial state after
the first current breaking process to prepare for the second one.
In addition, the capacitor voltage V¢ }, is also bigger than the
source voltage V.

In the first current breaking process, the current Iig_p, keeps
rising after fault. When Iy _1, reaches Iy, the thyristor Ty is
turned ON. Similar to the operating current breaking process, a
duration #,4q is needed for flipping the capacitor polarity and
turning OFF the thyristor Ty,;. Then, the thyristor T}, is turned
ON. Finally, the thyristor T,,5 recovers to an insulation state in
80 ps. Compared with the forward current condition, the reverse
voltage duration reduces by 20 us. Fortunately, the proposed
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Fig. 12.  Waveforms of backward fault current breaking process.
(a) Overall experimental results. (b) First current breaking process. (c)
Second current breaking process.

TCB also guarantees reliable current breaking function in this
condition.

The action sequences of the second current breaking process
are like those of the first one, and the thyristor Ty, is also
successfully turned OFF in 113 ps.

C. Efficiency Testing Results of the Proposed TCB

The efficiency of the proposed TCB is tested here. By setting
the dc source voltage to V, the output power P, can change as
a dc load changes. In this testing experiment, the output power
ranges from 1200 to 2000 W. In normal operating condition,
the power loss of the thyristor Py, is the conduction loss. The
thyristor type is S6065KTP. Py, at different output power level
could be calculated after testing its conducting voltage. Then,
the system efficiency could be obtained, as shown in Fig. 13. It
could be seen that the system efficiency remains over 99.47%
when output power ranges from 1200 to 2000 W.

V. COMPARISON STUDY

To highlight the advantages of the proposed TCB, the com-
parison studies are presented in this section.

99.57
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thy

99.53

99.51
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Y N
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1400 1600

Ouput power Pou
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Fig. 13.  Curves of power loss of thyristor and system efficiency.

A. Compared With SSCBs Based on Thyristors

Ten TCBs in [15], [16], [19], [20], [21], [22], [23], [24], [25],
and [26] are chosen to compare with the proposed TCB shown
in Fig. 1, and the results are given in Table II. It is simple to find
that the number of components used in the proposed TCB is
relatively small, which indicates that the proposed TCB has the
advantages including simple circuit design and low construction
cost. In addition, compared with the existing TCBs, the proposed
TCB exhibits better performance in three aspects.

1) Conducting Devices (corresponding to conduction loss):
Because there is only one set of parallel thyristors used
in the main branch, the conduction loss of the proposed
bidirectional TCB is extremely low. Thus, high efficiency
is ensured. The conduction losses of inductors are not con-
sidered here because they partly take the role of limiting
reactors.

2) Full Controllability and High Reliability: The proposed
TCB uses auxiliary thyristors to actively turn OFF the
thyristors in the main branch, and the proposed TCB
could interrupt the operating current and fault current
with the same procedures. Thus, the proposed TCB has
full controllability. In addition, as the proposed TCB can
break the fault current in the most severe condition, the
proposed TCB always guarantees reliability no matter
where the fault is.

3) Reliable Fast-Reclosing Protection Function: For im-
proving the practicality, circuit breakers need fast-
reclosing protection ability. The proposed TCB always
has such an ability after the first current breaking process.
The TCBsin [22], [23], and [26] are considered to have an
unreliable fast-reclosing protection function. The reason
is that the auxiliary thyristors may not be turned OFF
reliably before reclosing due to the existence of leakage
current flowing through the resistors connecting to the
ground. In addition, the capacitor in the TCB in [21] needs
long time to discharge after the first current breaking pro-
cess because it discharges through an enormous resistor.
Thus, it has the reclosing protection function but not a
fast one.

B. Compared With SSCBs Based on Full-Controllable
Devices

To present a more comprehensive comparison, the proposed
TCB is compared with the SSCBs based on IGBT, GTO, and
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TABLE Il
COMPARISON OF DIFFERENT BIDIRECTIONAL THYRISTOR-BASED SSCBS

[15] [16] [19] [20] [21] [22] [23] [24] [25] [26] Proposed
Number of thyristors 2 2 3 5 4 3 3 6 4 6 4
Number of diodes 2 3 2 2 5 3 0 2 0
Number of capacitors 5 1 2 1 2 1 1 1 2 1 1
Number of inductors (1) 2 1 2 1 0 1 1 0 0 1 1
Number of resistors 2 2 2 0 3 2 2 2 2 2 1
Number of MOV 0 2 1 0 2 1 1 1 1 0 1
Number of mechanical switches 1 0 1 0 0 0 0 1 0 0 1
Conducting devices @ 1T+1D 1T+1D 1T+1D 1T+1D 1T 1T+1D 1T+1D 2T 1T 1T 1T
Full controllability No No Yes Yes Yes Yes Yes Yes Yes Yes Yes
High reliability No No No No No Yes Yes Yes Yes Yes Yes
Reliable f ast—reclqsmg No No No No No No No Yes No No Yes
protection function
(1) Inductors include discrete inductors and coupled inductors. (2) T represents thyristor and D represents diode.
TABLE Il .
FEATURES OF DIFFERENT POWER ELECTRONICS DEVICES USED IN SSCBs v Conduction loss
0.8 Main cost
Diode Thyristor IGBT GTO IGCT 0.6
VS-SD11 FZ1500R  5SGA40L 5SHY35L
Model = g9c30c  C783CP 33pEs 4501 4520 0.4
Structure Three in Two in Two in Three in Two in 0.2
parallel parallel @ parallel parallel parallel :
Onstate 13y 1eov ZPVD Huv o 1esv
voltage 3.10 V(D) IGBT-SSCB GTO-SSCB IGCT-SSCB  Proposed TCB
Cost $290.37 $1245.78 $4690.14 $7631.70  $6384.70
(1.0pu) (@3pu) (6lpu) (263pu) (22.0pu) Fig. 14. Relative conduction loss and main cost of four SSCBs.

(1) IGBT here has an internal diode. I represents IGBT, and D represents diode.

IGCT in the 1.5 kV/4.5 MW system. Such a voltage level is
the same as that of some city subway systems [9], and nearly
two times voltage margin is needed for equipment safety. The
features of these fully controlled devices used in the SSCBs
are given in Table III. According to the data given in Table III,
the conduction loss and the power electronics devices’ cost of
the different SSCBs can be calculated.
1) Conduction Loss Calculation: For the SSCBs based on
full-controllable devices, the operating current normally
flows through the one diode and one main switch (i.e.,
IGBT, GTO, or IGCT) [9]. Different from these SSCBs,
the operating current only flows through one thyristor
in the main branch. According to Table III, the con-
duction loss is 4.80 kW for the proposed TCB. The
overall efficiency of one single proposed topology is
99.89%. In addition, the conduction loss and efficiency
of the other three SSCBs could also be calculated. The
conduction losses are 16.95 (IGBT-SSCB), 11.37 (GTO-
SSCB), and 8.91 kW (IGCT-SSCB), and the efficiencies
are 99.62% (IGBT-SSCB), 99.75% (GTO-SSCB), and
99.80% (IGCT-SSCB). Compared with the other three
SSCBs, the proposed TCB is the most effective one. With
the establishment of large-scale dc microgrids, the need
of breakers is paramount because breakers are generally
needed to be installed in two sides of every dc line. The
power losses of the whole dc microgrids could be limited
to a low level with the use of the proposed TCB.
2) Power Electronics Devices Cost (main cost): For the
LC resonance method, small capacitance capacitors can
excite large currents through small inductance reactors.

Thus, the commutating branch using the LC resonance
method will normally not increase the construction cost
noticeably, which is one reason why the LC resonance
method is widely used. Therefore, power electronics cost
is the main cost of SSCBs, and they are calculated here
according to Table [11. They are 32.2 per unit (p.u.) IGBT-
SSCB), 54.6 p.u. (GTO-SSCB), 46.0 p.u. (GCT-SSCB),
and 17.2 p.u. (proposed TCB).

Furthermore, the relative conduction loss and main cost are
shown in Fig. 14. It is easily found that the proposed method has
the lowest conduction loss and main cost in four SSCBs, which
demonstrates the proposed TCB as effective and economical.
Thus, the proposed TCB is much more suitable to protect the dc
microgrids.

VI. CONCLUSION

A novel thyristor-based SSCB was proposed in this article
to protect dc microgrids. It was a bidirectional topology with
low conduction loss. By masterly using an LC resonant circuit
and proper control orders, the proposed TCB could break both
operating and fault currents actively and reliably. As shown in
the experiments, even in the most severe backward fault current
breaking case, the proposed TCB could ensure enough duration
(80 ps > t,) for turning OFF the thyristor Tp2. Hence, the
proposed TCB had full controllability and high reliability. In
addition, in both the forward and backward current breaking
experiment results, the absolute value of capacitor voltage was
higher than the source voltage V; after the first current breaking
process. Then, through appropriate control orders, the reclosing
protection ability was also ensured. As a result, the proposed
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TCB was one superior candidate for protecting dc microgrids.
Using an LC resonant circuit to realize the fast-reclosing protec-
tion function was one major contribution of the proposed TCB.
Detailed operation principles and parameters guidelines were
presented. Finally, the superior performance of the proposed
TCB was further illustrated by the comparison analyses. Com-
pared with the three SSCBs based on full-controllable devices
(i.e., IGBT,IGCT, and GTO), the proposed TCB could guarantee
the advantages of both lower conduction loss and construction
cost. The conduction loss of the proposed TCB was only 28.3%
of that of the IGBT-SSCB, and the main cost was about 53.4%.
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