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Abstract—Hybrid dc circuit breakers (HCBs) are vital equip-
ment in dc grid systems. However, HCBs are usually costly since
massive full-controlled power semiconductors are required to with-
stand high surge voltage and current stresses during current inter-
rupting. Thyristors are good alternatives in realizing HCBs in view
of their low cost and high current carrying capability; however,
turning OFF the thyristor fast and reliably is a challenging task.
In this article, a novel HCB topology is proposed, of which the
solid-state part is realized by hybrid connection of thyristors and
insulated gate bipolar transistor (IGBT) half-bridge submodules.
The use of IGBT half-bridges provides a negative voltage across
the thyristors to turn them OFF; accordingly, thyristors withstand a
major of turn-OFF surge voltage instead of IGBTs. By this means, a
low-cost HCB can be established while maintaining a high breaking
speed. Besides, fast reclose and rebreak function is provided by the
proposed topology. Operation principle and design consideration of
the novel HCB topology are analyzed in detail, and the effectiveness
of the proposed HCB is verified by both software simulation and
downscaled experimental results.

Index Terms—Hybrid dc circuit breaker (HCB), insulated
gate bipolar transistor (IGBT) submodule, reclose and rebreak,
thyristor.

I. INTRODUCTION

IGH-VOLTAGE direct-current (HVdc) transmission sys-
H tems have been developed increasingly in recent years. In
comparison with traditional point-to-point systems, a multiter-
minal HVdc network would win out in the following aspects:
The reduction in the number of converter stations (reduction
in converter cost and loss) and the increase in reliability and
redundancy (power can be transmitted even if one line is lost) [1].
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However, the enabling of HVdc networks would rely on fast and
reliable HVdc circuit breakers (CBs) to handle the short circuit
current and isolate the fault. This makes HVdc CBs one of the
key technologies to facilitate HVdc networks.

Existing mechanical CBs (MCBs) such as vacuum inter-
rupters\offer very low conduction losses; however, they would
have a long breaking time due to the need for arc extinguishing
between the contactors [2]-[5]. Solid-state CBs (SSCBs) such
as series-connected insulated gate bipolar transistors (IGBTs)
can interrupt a fault current within hundreds of microseconds,
but they generate massive conducting losses that may account
for more than 30% of the station losses [6], [7]. To overcome the
drawbacks of pure mechanical or SSCBs, parallel combination
of MCB and SSCB is proposed to develop the hybrid dc circuit
breaker (HCB) [8]-[29]. The hybrid design would combine
the advantages of both MCB and SSCB, preserving negligible
conduction losses and ultra-fast current breaking ability, thus
attracting increasing attention in recent years.

An HVdc HCB is proposed by ABB in [8]. The main body
of the proposed HCB consists of three paralleled branches: a
conduction branch which includes a load commutation switch
(LCS) formed with series-connected IGBTs and an ultra-fast
disconnector (UFD) built with MCB; a main breaker branch
composed of large numbers of IGBTs connected in series; and
an arrester branch realized by metal-oxide varistors (MOVs).
Although deemed as a benchmark, the ABB HCBs still show
some limits. First, although the LCS method proposed by ABB is
simple in structure and control, the additional conduction losses
induced by the series-connected IGBTs lower the transmission
efficiency. Second, in the main breaker, a large number of IGBTs
are connected in series to conduct the short current and with-
stand the surge voltage during breaking; however, IGBTs are
expensive devices and have relatively small short circuit current
carrying capability, thus making the HCB costly in high-power
applications.

In order to overcome the aforementioned drawbacks of an
ABB HCB, alternative methods on both LCS side and main
breaker side are proposed.

A. LCS Side Alternatives

The LCS side alternatives usually focus on reducing the
conduction losses of the HCB. The topology described in [9]
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replaces the LCS with an H-bridge converter and a capacitor, nor-
mal current conducts through both the upper arm IGBT and the
lower arm diode (or the opposite), and so the conduction losses
are reduced in comparison of a single IGBT. Similarly, paralleled
IGBTs are adopted in [10] to suppress the conduction losses.
Parallel connection method is quite simple, but the required
number of full-controlled devices has increased slightly. The
topology proposed in [11] and [12] eliminates active switches
in the LCS and relies on the arc voltage built across the UFD
to commutate the short circuit current. However, this topology
may not be applicable to HVdc CBs since the arc voltage is
usually within the range of several hundred volts, which is not
high enough to conduct all the IGBTs and diodes in the main
breaker. In the method proposed in [13]-[15], LCS is replaced
by a pair of coupled coils. When a fault occurs, the precharged
capacitor connected in series with the primary coil would be
discharged, generating a voltage across the secondary coil and
force the load current to commutate into the main breaker. The
coil has quite small ON-state resistance so its conduction losses
can be minimized. Main breaker built with modular multilevel
converter (MMC) and an inductor is proposed in [16]; MMC
controls the current amplitude in the main breaker, realizing a
zero-current breaking of the UFD, so LCS is not needed. But the
required semiconductors and breaking time are considerable.

B. Full-Controlled Device-Based Main Breakers

Aiming at increasing the current breaking capability and
reducing the overall cost, main breaker side alternatives are
also researched. In [9], the main breaker is realized by cascade
connected H-bridge converters. Short circuit current could flow
through both the IGBTs and the anti-paralleled diodes; thus, the
current carrying and breaking capability can be almost doubled.
But larger numbers of required semiconductors increase the
system cost in return. The work proposed in [17] and [18] utilizes
a half-bridge and LC networks to build the main breaker. This
topology needs very few semiconductors and eliminates the LCS
switch, but the resonant process to commutate the fault current
requires a relatively long period. The countercurrent-injected
HCB [19] focuses on increasing the current breaking capability
of integrated gate-commutated thyristors (IGCTs), but the re-
quired auxiliary circuits increase the system complexity greatly.
A mixture SSCB topology combining IGCTs and IGBTS is
proposed in [20]. The mixture structure contributes to reduce the
semiconductor cost while maintaining high performance of the
SSCB; however, the current stresses of the IGBTs and IGCTs are
very high during the current breaking period. A soft breaking
method is proposed in [21]. The IGBTs in the main breaker
are turned OFF sequentially, leading to a reduced short current
peak; thus the required current capacity of the IGBTs can be
reduced. Some multiport HCB topologies have been proposed
in [22]-[24]. Due to the sharing of the main breaker part, overall
construction cost can be reduced.

C. Thyristor-Based Main Breakers

All the above-mentioned HCBs use gate turn-OFF devices as
the main breaker. According to the work presented in [25], IGBT
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and injection enhanced gate transistor (IEGT) could turn OFF
4-5 times of their rated current after conduction of 5 ms. The
IGCT’s turn-OFF ability is even lower (less than 2.5 times of its
rated current) due to the stray inductance in the gate commu-
tation loop. In comparison with full-controlled semiconductors,
thyristors would win out both in current carrying capability and
cost effectiveness. A thyristor could conduct 15 times of rated
current shortly, and the price could be as low as 1/10 of an IGBT
in the same power rating. These features make thyristor attractive
alternative devices in building an HVdc main breaker [26]-[29].
Although the cost and current carrying issues could be dealt with,
forcing the thyristors to turn OFF becomes a big challenge. A pre-
charged capacitor branch as well as an insulated high-voltage
power supply are needed in [26], a pair of auxiliary charging
circuit is required in [27], and several delay branches with large
capacitors need to be included in [28] and [29]. This leads to
the increase of required semiconductors and circuit complexity.
Besides, since the capacitors cannot be discharged timely after
breaking, these methods offer no fast reclose capability, which
is essential in multiterminal dc systems. In HVdc transmission
system with overhead lines, temporary faults occur occasionally.
In this circumstance, the line should be reconnected after the
arc has been distinguished. However, the fault may still remain
during the reclosing process and the HCB needs to break again
as mentioned in [30] and [31].

In order to overcome the drawbacks of the previous IGBT and
thyristor-based main breaker topology, a novel HCB topology is
proposed in this article, of which the main breaker is realized by
hybrid connection of thyristors and IGBT half-bridge submod-
ules (HBs). The major advancements of the proposed method
are summarized as follows.

1) Thyristors withstand a major part of the turn-OFF surge

voltage instead of IGBTs. By this means, a low-cost
HCB can be established since the required number of
full-controlled semiconductors is reduced greatly.

2) The proposed method charges the submodule capacitors
during the UFD breaking time through a sequential charg-
ing method; therefore, no auxiliary power supplies are
required, and the total breaking time is not increased
significantly.

3) The proposed method offers fast reclose and rebreak ca-
pability.

The rest of this article is organized as follows. The circuit
topology and operation principle of the proposed HCB are
described in Section II. In Section III, design guidelines of
the circuit parameters are proposed and verified by simulation
results. In Section IV, a downscaled CB prototype is established
and experimentally verified. Section V shows the conclusion of
this article.

II. NEw HYBRID HVdc CIRCUIT BREAKER

A. Circuit Topology

In Fig. 1, circuit topology of the proposed HCB is illustrated.
Although parallel connection and coupled coils methods [10],
[13]-[15] can be adopted in the LCS side to optimize the
conduction losses, this work will just focus on optimizing the
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Fig. 1. Proposed HCB. (a) Circuit topology. (b) Auxiliary circuits for the
semiconductor devices.

main breaker part. Therefore, the same LCS and UFD from an
ABB HCB [8] are used in the proposed topology due to their
simplicity and effectiveness.

The main breaker has a branch of series-connected thyristors
and IGBT half-bridge submodules; besides, a paralleled branch
of resistor—capacitor diode (RCD) snubber is added. As shown
in Fig. 1(b), each thyristor and diode have a pair of voltage bal-
ancing devices across them, including the static voltage sharing
resistors Ry (Rs1) and the dynamic voltage sharing RC snubbers
R4—Cq (Rq1—Cq1). The design method of the voltage sharing
devices can be found in existing literatures [32] and [33] and
will not be included in this article. Apart from that, RC snubber
R1—C1 and MOV are paralleled with the LCS switch to prevent
potential overvoltage across it.

B. Normal Break Process

Before the fault occurs, normal dc current flows through UFD
and LCS. A normal break process of the proposed HCB includes
eight different stages. The load current paths in different stages
can be found in Fig. 2(a)-(h), and Fig. 3 shows key waveforms
of the HCB during a normal break.

1) Fault begins (#,—#2): Attime #1, a short circuit fault occurs at
the load side, and the breaker starts to carry the fault current. Due
to the existence of the current-limiting inductor L, load current
starts to rise linearly as

dig,
At
where Uy, is the dc side voltage and i, is the current flows
through the HCB. Load current path in this stage is shown in
Fig. 2(a).

2) Commutation from LCS to thyristors (fo—f3): At time
15, controller detects the fault and sends a break command to
the HCB. First, turn-ON drive signal will be sent to thyristors
(T1—T ) and the lower arm IGBTs (Q1,1—01, ) in half-bridges.
Then, the IGBT in LCS will be turned OFF, resulting in a voltage
increase across the main breaker, which makes conduction of

Ude = L ey
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the main breaker semiconductors. Afterwards, the load current
starts to transfer from MCB to the thyristor branch, as shown in
Fig. 2(b). The interval between #; and 73 (namely At;) is defined
as

A1’;1 — (LLCS + Ltr) ]tr/UMOVI.res (2)

where Ly cg is the stray inductances in the LCS branch, Ly, is
the stray inductances in the thyristor branch, and Uniovi ves
is the clamping voltage of the used MOV;. The transfer time
Aty usually ranges from several hundreds of nanoseconds to
several microseconds depending on the values of Lj,cs and Ly, ;
accordingly, it has almost no impact on the interruption speed
of the HCB.

3) UFD starts to break (f3—t4): At t3, LCS turns OFF
completely and all the short circuit current flows through the
main breaker, as shown in Fig. 2(c). As no current exists in
the UFD at 3, it can be broken without an arc. But due to
the low-speed feature of a mechanical switch-based UFD, the
required dielectric strength across it will be built slowly in the
subsequent several milliseconds.

4) Submodule capacitors charging (¢4—t5): At 4, the dielec-
tric strength across the UFD is partially built up but still not
high enough to withstand the whole dc voltage. So, the main
breaker cannot break yet. The half-bridge submodules will take
the advantage of this period to charge their module capacitors
(C1—Cyy). First, lower IGBT Qy, ), is turned OFF, while Qr,; and
Ov,(m-1) remain conducting, as shown in Fig. 2(d). The voltage
across Cjps and C will rise simultaneously. Then after a short
period, as C)y is charged to the expected value, Qr, ;/ is turned
OFF and Qr,( -1 is turned ON to charge C(az.1). Subsequently,
the same charging process will be gone through by the rest of the
submodule capacitors. After the charge process is completed, all
submodule capacitors are charged to a same value, namely U.,,.
As only one module capacitor is connected into the circuit to
be charged each time, the voltage across snubber capacitor C
(namely u ) will meet

uc < Up (t4 <t <ts). (3)

Although it is possible to charge the module capacitors all at
once, sequentially charging them would be a better solution
since this way, it will maintain a relatively low dielectric strength
between contactors of the UFD. In high-voltage application
where the number of submodules is high, the submodules can
be divided into three groups, and each time, one group can be
charged together.

5) Commutation from thyristors to RCD (t5—t¢): At 5, UFD is
separated completely and the main breaker is ready to interrupt
the fault current. All lower IGBTs in half-bridges will be turned
OFF, and then all upper IGBTs will be turned ON after a short dead
time. As shown in Fig. 2(e), a reverse voltage will be applied
across the thyristors to force them to turn OFF. The applied
reverse voltage needs to last long enough to fully turn OFF the
thyristors. At fg, thyristors are completely turned OFF and ready
to block a forward voltage. During the second commutation
process, L, as well as the stray inductance in the D1—Dy_¢
path (namely L) will affect the commutation speed. Similar to
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Fig. 2. Current path of the proposed HCB during normal break process.
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Fig. 3. Key waveforms of the proposed HCB during normal break process.

Aty, the second commutation time At can be calculated with
Aty = (Lyy + Lc) It /MU, 4)
where MU, is the total voltage of the submodule capacitors and

I is the load current amplitude during the second commutation
process.
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6) Snubber capacitor charging (fg—t7): As the thyristors are
forced OFF at 75, IGBTs in half-bridges are turned OFF, and the
fault current will be carried by the RCD branch. The voltage
across C then rises rapidly under the charging effect of short
current, as shown in Fig. 2(f).

7) Commutation for RCD to MOV (#;—tg): At t7, the voltage
across the main breaker reaches the break voltage of the MOV
(Umov.1 shown in Fig. 3). The load current shifts again from
the RCD branch to the MOV branch [refer to Fig. 2(g)].

8) Load current decreasing (fg—tg): At tg, all current flows
through MOV, and MOV voltage reaches a peak at Uniov.2. A
counter voltage is built across L and force the load current to
decrease. Finally, the load current reaches zero at #9 [refer to
Fig. 2(h)]. After the normal break process, thyristors and half-
bridge submodules support the dc voltage together.

C. Reclose and Rebreak Process

A fast reclose process starts not long after the HCB is opened.
Under this condition, the submodule capacitors are already
charged. Therefore, a rebreak process does not need to charge
the submodule capacitors again. Generally, a reclose and rebreak
process of the proposed HCB includes five stages; corresponding
load current paths and key waveforms are shown in Figs. 4 and
5, respectively.

1) Snubber capacitor discharge (#19—#11): The reclose process
of the proposed HCB starts with discharging the snubber ca-
pacitor. First, thyristors and lower arm IGBTs in half-bridges
are turned ON simultaneously, forming a discharge loop through
C—R—-T-Tn_gr1i—-QLM — C, as shown in Fig. 4(a). Then
after 1-2 ps, capacitor voltage reaches almost zero, and the load
current flows through the thyristor branch.
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Fig. 4. Current path of the proposed HCB during reclose and rebreak process.

A

I~1x
Ou
Oua
Ouu
O
Oz
O3

\ 2 4

Yy VY VYyy

Umvova
Udc

>

ho I/

fiiha ti3tha

Fig. 5.
process.

Key waveforms of the proposed HCB during reclose and rebreak

2) Rebreak begins (t11—t12): If the fault is temporary, it will be
cleared before the reclose process and the load current will not
rise too much after the reclose process. Accordingly, a rebreak
process is no longer required and the HCB is expected to conduct
current. In this condition, the LCS and UFD are closed after the
reclose process, and then all IGBTs in half-bridge submodules
are blocked. Finally, the load current flows through the LCS and
UFD branch.

However, if the fault is not temporary, the load current will
rise continuously until a threshold current 7, is reached, which
will trigger the rebreak function. As the submodule capacitors
are fully charged already during the last break process, they are
ready to be used to turn OFF the thyristors by the time #,;. Lower
IGBTs will be turned OFF first, and upper IGBTs will be turned
ON subsequently. This will reversely bias the thyristors as shown
in Fig. 4(b).
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Fig. 6. Bidirectional configuration of the proposed HCB.

3) Snubber capacitor charging (t;2—%13): It can be obtained
from Fig. 4(c) that all load currents are carried by the RCD
snubber at the time #;5; thus, the capacitor voltage rises rapidly
after that. The load current amplitude, as well as the capacitor
voltage rising slope, during a rebreak process is lower than
those of a normal break; this is because the short circuit current
amplitude is lower in a rebreak process than that in a normal
break.

4) Commutation from RCD to MOV (t;3—114): Like the
process between ts and t7, after the breaker voltage exceeds
Uniov.1, MOV starts to conduct current, so the load current
shifts from RCD branch to MOV, as shown in Fig. 4(d), resulting
in a reverse voltage across the load inductor.

5) Load current decreasing (f14—115): At f14, all current flows
through the MOV, a counter voltage is built across the HCB
and force the load current to decrease. Finally, the load current
reaches zero at t15. The current path in this stage is the same as
that shown in Fig. 2(h).

D. Bidirectional Configuration of the Proposed HCB

Bidirectional flow and interruption configuration of the pro-
posed method is sketched in Fig. 6. The LCS is realized by two
reversely series-connected IGBTs Q7 and Q. Besides, in order
to obtain bidirectional current capability of the main breaker,
a diode H-bridge consisting of four diode stacks (Dg1—D g,



ZHANG et al.: NOVEL HCB BASED ON SERIES CONNECTION OF THYRISTORS AND IGBT HALF-BRIDGE SUBMODULES

Dy1-Dyy, Dc1—Dep, and Dg1-Dg,) is added to regulate the
current flow.

A forward nominal current will flow through UFD-
Qs (freewheeling diode)-Q;. When the current needs to be
broken, it will flow through D,;-D,,-main breaker-D ;;—
D gy,. Similarly, a reverse nominal current will flow through
QO (freewheeling diode)-Q--UFD. During the interruption of the
reverse current, the current path is Dy1—Dy,,-main breaker-D .1 —
D, instead.

III. DESIGN OF THE PROPOSED HCB

A. Design of RCD Snubber

The maximum voltage rising rate of thyristors can be obtained
from the device datasheet as (dur/df),ax; accordingly, the snub-
ber capacitor value should be high enough to limit the critical
voltage rising rate as

Ik
> ——F—— 5
N (duT/dt)max ©)
where Ipk is the maximum current flowing through thyristors
during HCB breaking.

After C is obtained, the snubber resistor value R needs to
be designed. R is responsible to limit the current stress of the
thyristors and the IGBT valves during reclose process. The
maximum allowed current amplitude is determined by the device
surge current capability

Ud c

S min {ISI'—IGBT7 Isr—thyristor} (6)

where I, 1gpT 1s the maximum surge current value of the used
IGBTs, and /Ig;_¢hyristor 1S Maximum surge current value of the
used thyristors.

Also, R needs to be small enough to discharge the snubber
capacitors quickly. Assume that the discharge time is 75, and
the time constant of the 7 = RC circuit should meet

37’ S Tdis~ (7)
Then, combining (6) and (7) yields
c T is
| Ua <r< s g
min {Isr—IGBTa Isr—thyristor} C

R can be obtained through (8), while an optimized C value
should be selected together with other parameters of the HCB.

It should be noted that although an RC snubber can be used
instead of RCD for the sake of simplicity, the calculated R
would be too small to limit the surge current amplitude during
the reclose process. Therefore, RCD is a better choice in the
proposed topology.

B. Design of the MOV

Rated voltage, clamping voltage, and energy absorption ca-
pability are three key parameters when choosing the MOV for
an HCB. The rated voltage of the MOV is selected as the same
as that of the nominal dc voltage Ug.. The clamping voltage
Uniov .2 is commonly 1.2-2 times of Uy according to the MOV
characteristics. Although it is possible to choose a low value of
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Fig. 7. Detailed waveforms during the thyristor turn-OFF.

Uniov 2 to suppress the voltage stress on power semiconductor
devices during circuit breaking, in real application, that would
be challenging since MOV with low clamping voltage value will
require more columns to be paralleled. Besides, lower Uniov .2
prolongs the breaking process unwantedly according to Fig. 3.
Therefore, Uniov.2 = 1.5 Ugqc is chosen in this article to provide
a relatively low breaking time and a moderate device voltage
stress according to [8] and [29]. The required energy absorption
capability can be obtained by integrating the power across the
MOV as

tg
Evov = / uptoviLdt ~ 1.5, 2 L. )
ts

C. Correlation Between M, N, C, and C,,,

It is clear that a different M can lead to different thyristor
number N, different snubber capacitor C, and different sub-
module capacitor C; = Cy = - -- = C)y = Cyy,. Therefore, the
correlation of these parameters should be expressed in detail, and
through which an optimum set of parameters can be obtained.

Assume that each module capacitor voltage is Uy, after being
charged. Zooming in the time period between 5 and ¢4 yields
Fig. 7. The thyristor current at t5 is /7o according to Fig. 3.
During a short period of time within #5—fg, the load current can
be approximated as constant at ITo. According to Fig. 7, the
turn-OFF period of the thyristors can be divided into three stages:
T,—the time period for the lower IGBT (Qy, in Fig. 1) to turn
OFF; T1,—the dead time required to prevent the half-bridges from
short circuit; 7.—the time period when the thyristor is reversely
biased.

As can be observed from Fig. 7, the lower arm IGBTs start
to turn OFF at 75, so their currents (equal to i) start to drop,
and the snubber branch current i starts to rise accordingly. T,
is determined by the IGBT turn-OFF speed. The IGBT current
turn-OFF rate can be approximated as constant during its turn-OFF
transient. Accordingly, the capacitor voltage increase within 7',
can be obtained as

AU, = 0.5I15T,/C. (10)
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During T3, both upper and lower arm IGBTs are blocked.
Therefore, all the load current flows through C, and the increase
in uc within T, can be calculated as

AU, = I19T,/C. (11)

Atthe initial instant of 7, the upper arm IGBTs in half-bridges
are turned ON. A reverse voltage is applied across the thyristors;
so the reverse recovery process is initiated. The equivalent circuit
during the reverse recovery process is shown in Fig. 8. During
T., the snubber capacitor is charged by both the reverse recovery
current and the load current. Assuming the thyristor has a reverse
recovery charge of Q,,, the snubber capacitor voltage increase
within T, is

AU, = (ItyT. + NQy,) /C. (12)

By the end of T, the snubber capacitor voltage u - exceeds
the total voltage of the submodule capacitors, and the thyristors
are ready to withstand a forward voltage afterwards.

The reverse recovery charge NQ,, during T, are fed by the
module capacitors C1—C'y;. To maintain a relatively stable volt-
age across C1—C)yy, the voltage drop of C1—C'y during the re-
verse recovery period should be limited within 3%. Accordingly

0.03MC,,U,,, = NQ\.. (13)
The total voltage rise of u¢ through 75 to t; meets
0.9TMU,, = AU, + AU, + AU, (14)

where M represents the total number of half-bridges.

In order to successfully turn OFF the thyristors, the reverse
voltage period must exceed the thyristors’ turn-OFF storage time
tq. Leaving a margin, we have

T, =2, (15)

With combination of (11)—(15), the reverse voltage provided
by the half-bridge submodules can be calculated as

0512 Ty + IroTy + 2112ty + NQrr
N 0.97C ’

During short current interrupting, the thyristor and the module
capacitors will support the maximum break voltage (Uniov .2
in Fig. 3) together. As the module number is M and module
voltage is 0.97U,y, assume the used thyristor has a peak voltage
of Ur during break, the required thyristors number N can be

MU, (16)
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TABLE I
PARAMETERS OF A 10-kV/9-kA HCB

Name Value Name Value

Uge 100 kV L 9 kA

L 43 mH Turp 2.5ms

T4 0.5 ms It 5 kA

I 8.5kA Un 3.3kV

Ur 33kV T, 2us

Ty 2 us Unmov 2 150 kV

A 50 ps O, 600 uC
derived as

Uniov.e = 0.97TMU,, + NUT. (17)

According to (13), (16), and (17), correlation of M, N, C, and
C,, can be obtained. It can be seen from these equations that M,
N, C, and Cy, interact with each other. Therefore, an optimized
parameter selection method should be proposed.

D. Parameters Optimization

Aiming at establishing a 100 kV/9 kA (rated voltage/peak
current) HCB, the design guideline is given as follows. For a
9-kA peak current interruption, 4.5 kV/2 kA IGBT modules
with rated current are generally used [8]. According to (16), a
smaller 7, may reduce the required half-bridge modules, and thus
decrease the number of expensive IGBTs and module capacitors.
Therefore, pulse-power thyristors (PPTs) are preferred over
phase control thyristors in the proposed CB. Finally, 4.5 kV/2 kA
PPTs with ¢, = 50 s are selected. Table I lists some parameters
which can be determined independently from M, N, C, and C,,.

As Oy, tg, and Upiov.2 can be read from Table I, the rest of
the unknown parameters are M, N, C, and C,,.

In our design, three major concerns are total cost, breaking
time, and system volume of the HCB. According to Fig. 3, Tcg
is the charging time for the snubber capacitor. A small T, is
preferred since it will reduce the total breaking time of the HCB

Teg = Unmov.2C/It2 (18)

Besides, as T, is in direct proportion with the snubber
capacitance value C, shortening T, also implies suppressing
the snubber capacitor volume. Therefore, reducing cost and
shortening T, are two targets of the parameter optimization
process. Fig. 9 shows the parameter optimization flowchart of
the proposed method.

While M changes from 3 to 21 with a step of 3, Fig. 10
shows the varying tendency of N, C, Cy,, Cost, and T¢,. It is
clearly seen from Fig. 10 that N, C, and C,, decreases as M
rises. From the cost point of view, the optimized M is 9 since the
total cost touches a bottom at this point. Besides, the induced
T, is around 450 ps, and the snubber capacitor C is 30 uF,
preserving a relatively short breaking time and low capacitor
volume. Accordingly, M = 9 is finally chosen as the optimized
value. As M increases further, the induced 7 is smaller, but the
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cost increases unwantedly since a larger number of expensive
IGBT modules are required in the HCB. For a unidirectional
100-kV HCB, the required IGBT of the proposed topology is 9
x 2 =18, while for an ABB HCB, the actual required number of
IGBTs can be calculated as 1.5U4./U,,, = 150 kV/3.3 kV = 46.
Clearly, the required number of full-controlled semiconductors
can be suppressed greatly with the proposed topology.

E. Simulation Verification

In order to verify the parameter selection method, a
100 kV/9 kA HCB is established in Matlab/Simulink software
based on the parameters obtained from Table I and Fig. 10.

Fig. 11 shows the simulation waveforms during the circuit
breaking. At the initial state, the load current iy, is 2 kA. A
short circuit fault begins at t = 10 ms, and the load current rises
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Fig. 11.  Simulated waveforms of a 100-kV/9-kA HCB.

linearly to about 9 kA in the following 3 ms. At = 13 ms, the
current interruption is initiated. Voltage across the HCB rises
fast to the clamping level of MOV. After that, the load current
decreases very fast. After the short circuit current reaches zero,
the snubber capacitor C still has a higher voltage than Ug..
Accordingly, C will discharge to U, resulting in a resonance
in the path of C — R — L — Uy.(Ugc — L — D1-Dy — C') as
shown in Fig. 1. The load current drops down below zero and
then bounces back. Since R acts as a damping resistor in the
resonant path, the load current decays very fast in the following
several milliseconds. In the figure, ur is negative when the
current interruption starts at + = 13 ms, this negative voltage
helps turning OFF the thyristors completely. Soon after that,
the thyristors are forward blocked and withstand up to 4/5 of
the transient overvoltage during the current interruption. The
induced charging time T, is measured as 430 us from Fig. 11,
which is in good match with the calculated value from Fig. 10.

IV. EXPERIMENTAL VERIFICATION

A. Experimental Setup

More solid verification of the proposed method is done in this
section by means of downscaled experimental results. Fig. 12
shows the circuit configuration of the experimental setup. The
dc power source consists of a power supply Uq. and a capacitor
bank Cq., and an inductor L serves as the current-limiting device.
In the CB part, a downscaled and simplified CB is established.
Since the effectiveness of the LCS and UFD has already been
studied extensively and verified thoroughly in existing work, this
article will focus on the solid-state part of the proposed HCB.
In the main branch, eight thyristors 77—Tg and three half-bridge
submodules HB{—HBj3 are connected in series. The diode in the
RCD snubber part is formed by two series-connected diodes D,
and Ds.

In the load part, a load resistor Ry, and a high-voltage IGBT
Sy, are connected in parallel. During normal operation, Sy, is
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turned OFF and the load current flows through the CB and Ry,.
St, is turned ON to simulate a short circuit fault on the load.
Then the current breaking capability of the proposed CB can be
tested. The voltage balancing circuits and snubber devices for
the semiconductors are omitted in Fig. 12 for simplicity.

Fig. 13 shows the photograph of the established experimental
setup, and Table II lists key parameters of the experimental
setup.

B. Control Algorithms

In the prototype, the protection flowcharts during a normal
break and reclose process are drawn in Fig. 14(a) and (b),
respectively.

During a normal break process as shown in Fig. 14(a), the
controller will sample the load current in real time. As soon as
the load current exceeds the preset threshold value I;,, the HCB
starts to break. First, LCS is turned OFF, and UFD is triggered
to open. Then after a short delay of 1.3 ms, UFD is expected to
withstand a small portion of voltage; so the half-bridge module
capacitors start to be sequentially charged. When the delay time
reaches 2.5 ms, UFD is fully opened and the thyristors can be
forced to turn OFF. After that the voltage across the HCB rises and
the load current decays gradually to zero, which concludes the
normal break process. During the submodule capacitor charging
process, the submodules are divides into three groups, and each
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TABLE II
PARAMETERS OF THE EXPERIMENTAL SETUP

Name Parameters

Power supply (Uq) 0-1.2kV

Bus capacitor (Cyc) film capacitor (2 mF/5 kV)
Load inductor (Ljoaa) air cored inductor (20 mH)
Thyristors (7,~Ts)

IGBT (Qui~us; Oui~is)

Capacitor (C,~Cs)

S4040xQ3 (400 V/40 A)
FGH40N60SMDF (600V/40 A)
A759SZ826M2EAAE150%2 (500 V/41 uF)
Capacitor (C) C4AQUBW5200A3MJ*2 (2600 V/10uF)
Resistor (R) 18 /50 W
Diode (D1, D) DHH55-36N1F (1.8 kV/60 A)

Load Resistor (Ry) 200 Q/500 W

IGBT (Sv) FZ1500R33HE3 (3.3 kV/ 1.5kA)
MOV 20D152K % 6 (1.8 kV@1 mA)
w =T reclose signal received’
Y Y
[ Turn off LCS & trip UFD to open | Turn on thyristors and HBs &
delay 1.5ms
[Delay 13ms | [ Delay 2.5ms | w
: Y N
Sequentially || Force to tum off Force to turn off || Turnon LCS &
charge C~Cy| the thyristors the thyristors || trip UFD to close
(@ (]
Fig. 14.  Control flowcharts of the proposed HCB. (a) Normal break process.

(b) Reclose process.

time, one group is charged. The required charging time for each
group can be expressed as

1 MUuCu
3 iL (t)|t:Ty

where At,, is the charging time required for the yth submodules
group and T, is the starting time instant when the yth group
is being charged. As the load current is sampled in real time by
the controller, the submodules’ charging time can be determined
by (19) without the need of sampling each submodule capacitor
voltage. It should be noted that 1.3 and 2.5 ms shown in Fig. 14(a)
are fixed values to simulate the breaking characteristics of an
UFD. These values would guarantee a sufficient margin for a
UFD [4]. Whereas in a real HCB, where the status of the UFD
can be sampled by position sensors or other means, these two
delay times may change depending on the actual opening speed
of the UFD.

During a reclose process shown in Fig. 14(b), the thyristors
and half-bridge submodules are turned ON to discharge the
snubber capacitor C whilst the reclose command is received.
After delay of 1.5 ms, C is completely discharged. The delay

Aty (y =1,2,3) 19
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time needs to be selected at least three times larger than the RC
time constant of the snubber circuit, and thus ensures a zero
voltage across C before the rebreak process is initiated. The
controller samples the load current amplitude to determine the
next step. If the load current /1, > I, which means the load
is still shorted, the thyristors will be forced to turn OFF again.
Otherwise, the controller will turn ON LCS and UFD to conduct
the normal load current.

C. Verification of Normal Break Function

Fig. 15 shows the breaking waveforms of the proposed CB.
At the initial state, Sy, is turned OFF, and the main breaker is in
the ON-state. As the Ugq. is 1.2 kV and Ry, is 200 2, the load
current i, is 6 A. At t = 1 ms, S, is turned ON, and the load
current starts to rise. The controller detected the fault at around
t = 1.5 ms; accordingly, at = 1.5 ms, the CB starts to break. In
real applications, the LCS and UFD will be triggered to break
at t = 1.5 ms as described in Fig. 3, while in the simplified
structure, no action is made since the load current is already
flowing through the thyristor branch. At r = 2.8 ms, although
UFD is not fully opened, it is able to withstand a certain value of
voltage. Therefore, the half-bridge submodules start to charge
their capacitors sequentially. The maximum voltage during the
capacitor charging period is just 200 V, which is far lower than
the peak value of upcp during the circuit breaking; therefore,
charging the module capacitors will not cause arcing of the UFD.
Att=4ms, the UFDs are opened completely and the HCB starts
to break current. Itis clearly seen that a reverse voltage is applied
across the thyristors and turns them OFF, so the thyristor branch
current i1 drops, and RCD branch current rises simultaneously.
The breaker voltage upcp increases afterwards until a peak
voltage of 2.5 kV is reached. The peak load current reaches
135 A during the break, which is two times higher than the rated
current of the used IGBTs and Thyristors.

There is some time needed to charge the snubber capacitor C
during circuit breaking. Therefore, the breaking time of the pro-
posed HCB is higher than an ABB HCB with series-connected
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Fig. 16.  Detailed turn-OFF waveforms of the thyristors.

IGBTs. However, the increased breaking delay is quite minimum
(around 100 ps in Fig. 15).

During the voltage rising period of the ucp, unps rises first
since the equivalent output capacitances of the HBs are much
smaller than the dynamic balancing capacitors of the thyristors.
As soon as upps reach the module capacitor voltage, upp is
clamped at around 600 V. Afterwards, the thyristors’ voltage
ut rises until a peak voltage of upcp is reached. Since the
dynamic balancing capacitor value is much smaller than the
module capacitor C1—Cs, upgps remains almost constant during
u rising. Similarly, upps drops first while upcp is decreasing.
Then upps is clamped at zero and ut begins to drop. In con-
clusion, the voltage distribution between ut and ups does not
obey a fixed portion during the voltage transients. However, the
peak voltages of ur and upps are predictable with the above
analysis. Quantitatively, the peak upps is MUy, and the peak
ut is defined by Uniov.o — MUy, where Unov 2 1s defined by
the residual voltage of MOV. In the waveforms shown in Fig. 15,
the maximum ugps is 650 V, which is just around a quarter of
the peak breaker voltage (2.5 kV).

Fig. 16 shows detailed voltage and current waveforms of the
thyristor stack during the turn-OFF transient. At # = 50 us, the
thyristor current drops to zero due to the turn-OFF of the lower
arm IGBTs Q1,1—01.3. No reverse recovery is observed at this
time since no reverse voltage is applied across the thyristors yet.
Then after a short dead time of 2 us, the upper arm IGBTs Qy 11—
Qus are turned ON at r = 52 us; therefore, a reverse voltage is
applied across the thyristors. The peak reverse voltage amplitude
is around 600 V, which equals the sum of three module capacitor
voltages. Besides, the reverse recovery process is observed in i
waveform. The reverse recovery time is quite short, thanks to the
use of fast-switching thyristors. After the reverse current drops
to zero, reverse voltage of ur lasts for around 37 us to fully
turn OFF the thyristors. After this, the thyristors will be ready to
withstand a positive voltage.

Fig. 17 shows the current decreasing period of the thyristors
during the forced turn-OFF period. As can be observed, the
current decreasing period is Ata = 160 ns. As MU, = 600 V,
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and Io = 130 A, the calculated L, + L. is 740 nH according to
(4). This implies that a moderate stray inductance in the current
commutation loop will have no significant impact on the current
transfer speed.

Detailed waveforms during the charging process of the half-
bridge submodules are shown in Fig. 18. As can be observed,
the module capacitor voltages u1—u 3 rise sequentially from
zero to the expected value. The final steady-state value of each
capacitor is 200 V; therefore, a total voltage of 600 V can
be reversely applied to the thyristors. Although electrolytic
capacitors with very low equivalent series resistance are adopted
in HBs, voltage overshoots on uc1—uc3 are still noticeable,
leading to a derating of the IGBTs. To further suppress these
overshoots, film capacitors are preferable in real applications.
During the capacitor charging, the RCD branch is paralleled
with the half-bridges; therefore, the snubber capacitor voltage
uc envelops the module capacitor voltages, as shown in Fig. 18.
After ucy1—u s are fully charged, u ¢ drops gradually to zero.

D. Verification of Reclose and Rebreak Function

Generally, the time interval between the first breaking and re-
closing ranges from tens to hundreds of milliseconds according
to [30] and [31]. In our test, the time interval is set as 40 ms,
which is more severe than the actual working condition.

There are two conditions after a reclose process of the HCB:
Reclose without fault and reclose with short circuit fault. In the
first condition, HCB does not need to rebreak as the load is
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already normal. Fig. 19 shows the waveforms during a reclose
process without fault. At + = 3 ms, thyristors and lower arm
IGBTs are turned ON simultaneously; so the voltage across the
HCB drops rapidly to zero. Then, snubber capacitor C discharges
through the snubber resistor R and the semiconductors’ branch.
It takes about 1.5 ms until uc drops to zero. After that, the
LCS and UFD can be closed to conduct the load current. In
the second condition, the load remains shorted after the reclose
process; so the HCB needs to break again. Fig. 20 shows detailed
waveforms of a reclose and rebreak process. Similar to Fig. 19,
u ¢ discharges fast after the thyristors and IGBTs are turned ON.
Since the load is still shorted, if, rises linearly. The HCB can
break as soon as u¢ drops to zero since it does not need to
wait until the UFD is opened. In this case, HCB starts to break
1.5 ms after the reclose function. As the submodule capacitors
are already charged during last break process, the HCB can break
directly. Since the delay time of UFD (Tyrp in Fig. 3) is no
longer required in a rebreak process, the load current does not
rise too high, yielding a peak value of 80 A.
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V. CONCLUSION

In this article, a novel HCB topology is proposed. The pro-
posed HCB is characterized by hybrid connecting PPTs and
IGBT half-bridge submodules in its main breaker part. Since
thyristors can withstand a major part of the surge voltage
during circuit breaking, the required number full-controlled
power semiconductors are reduced significantly. This has led
to a significant decrease in the total cost of the HCB. The
proposed method has not increased the total breaking time by
a considerable value (less than 0.5 ms) in comparison with a
full-controlled semiconductor-based HCB. Besides, fast reclose
and rebreak function is provided by the proposed method.

The operation principle and parameter selection method have
been verified by both circuit simulation of a 100-kV/9-kA HCB
and experimental results of a downscaled prototype under 1.2-
kV/135-A condition.
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