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Abstract—High-voltage direct current voltage source converter
(HVdc-VSC) technology is an important solutions for large-scale
renewable sources. The MMC is one of the most popular topologies
for the HVdc-VSC system. The extreme faults affect the safety and
reliability of the MMC greatly. This article gives comprehensive
analysis and experiment of extreme faults in the MMC based on
an IGCT. Causes and characterization of the extreme faults are
analyzed in detail. A new protection solution based on the CP-IGCT
and fast recovery diode with HS-FRD is proposed. The surge cur-
rent capability of HS-FRD is validated via experiment successfully.
Theoretical calculation shows that the protection solution based
on CP-IGCT, and HS-FRD can help reduce the maximum fault
current below 50% when the anode inductor is 0.8 ©H in the
extreme shoot-through fault. Test results show that the protection
solution can realize the discharge of the dc capacitor below 4.5kV in
the extreme shoot-through fault. The maximum fault current in the
MMC based on the IGCT is only about 600 kA, while the maximum
fault current in the MMC based on the IGBT is over 1100 kA.
Explosion proof of CP-IGCT is validated during the tests, which
is similar to that of the protection thyristor. However, the IGBT
cannot guarantee the stability of the package and may cause severe
safety problem. The failed CP-IGCT has the short-circuit failure
mode and can be used for bypass of the faulty MMC submodule.
Via comparison, the proposed protection solution has lowest cost
and complexity, as well as the highest safety.

Index Terms—Explosion proof, extreme fault, fault current,
integrated gate commutated thyristor (IGCT), modular multilevel
converter (MMC), short-circuit failure mode (SCFM).

NOMENCLATURE
HVdc-VSC High-voltage direct current voltage source con-
verter.
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MMC Modular multilevel converter.

IGBT Insulated gate bipolar transistor.

IGCT Integrated gate commutated thyristor.

PM-IGBT  Plastic module insulated gate bipolar transistor.

PP-IGBT  Press-pack insulated gate bipolar transistor.

FRD Fast recovery diode

HS-FRD Fast recovery diode with high surge current capa-
bility

MMC-SM  Modular multilevel converter sub-module

IGCT-SM  MMC-SM based on IGCT.

IGBT-SM  MMC-SM based on IGBT.

CP-IGCT  IGCT with controlled punch-through design.

SCFM Short-circuit failure mode.

I. INTRODUCTION

HE technology of the HVdc-VSC has developed for many
years, and a MMC is one of the most popular topologies for
the HVdc-VSC [1], [2]. In the early MMC projects, PM-IGBT
are widely applied due to their low costs. However, it is found
that PM-IGBTs do not have explosion proof and SCFM [3], [4].
This will bring great risk for the safe operation of the MMC
system. Not only the explosion will cause further damage in
the surrounding area, the energy of the dc capacitor cannot be
discharged due to the open-circuit state of the destroyed device.
Considering this problem, the protection thyristor is usually
adopted [5], [6], [7] due to its excellent explosion proof and
SCFM. Besides, the protection thyristor is used for sharing the
fault current during the dc pole-to-pole short-circuit fault at the
same time. This is because the FRD part in PM-IGBT usually
has rather a poor surge current capability and cannot withstand
the fault current by itself.

With the development of the MMC system with higher
voltage and larger capacity, PP-IGBT is preferred in recent
years [8], [9], [10]. This is because PP-IGBTs have higher
blocking voltage and larger working current compared with
PM-IGBTs. Meanwhile, the dc capacitor in MMC based on
PM-IGBTs has a larger capacitance and a higher rated voltage.
This means that the dc capacitor stores larger energy and
discharge of such large energy is more important when an
overvoltage fault event happens. Following the old design, the
protection thyristor with higher voltage and larger capacity
can be applied. However, the extra protection thyristor with
such power level will increase the complexity and cost of the


https://orcid.org/0000-0003-3053-2916
https://orcid.org/0000-0001-9956-724X
https://orcid.org/0000-0002-9909-8380
https://orcid.org/0000-0003-1329-6667
https://orcid.org/0000-0002-0487-5037
https://orcid.org/0000-0002-2705-6595
https://orcid.org/0000-0002-4514-605X
mailto:18511829845@163.com
mailto:zhaobiao112904829@126.com
mailto:bairuihang@qq.com
mailto:18811362403@163.com
mailto:18811362403@163.com
mailto:wujinpengcn@gmail.com
mailto:yzq@tsinghua.edu.cn
mailto:zengrong@tsinghua.edu.cn
mailto:zengrong@tsinghua.edu.cn
mailto:louyt@xdps.com.cn
mailto:289817457@qq.com
mailto:qliucn@live.cn
mailto:chenzhen14@tsinghua.org.cn
mailto:chenzhen14@tsinghua.org.cn
https://doi.org/10.1109/TPEL.2023.3238374

ZHOU et al.: COMPREHENSIVE ANALY SIS AND EXPERIMENT OF EXTREME FAULTS IN MMC

MMC system greatly. As a result, there is urgent need for the
alternative protection solutions for the protection thyristor.

With the development of FRD’s manufacture technology,
a kind of HS-FRD can withstand the fault current in the dc
pole-to-pole short-circuit fault by itself [11]. As a result, the
protection thyristor can be saved in the MMC system. However,
there still needs a way for limiting the overvoltage of the dc
capacitor and dealing with the extreme shoot-through fault. The
only possible way is to let the main switch get destroyed under
a certain overvoltage and let the capacitor’s energy discharged,
which is just like the protection thyristor.

The IGCT is another kind of press-pack high power device.
It has lower voltage drop, smaller manufacture cost, and lower
failure rate than PP-IGBT [12], [13], [14], [15]. Besides, a new
developed CP-IGCT has been developed [16]. And it can be used
for limiting the overvoltage of dc capacitor and discharge the
stored energy. Though the operation characteristics of the MMC
based on the IGCT has been discussed alot [17], [18], [19], [20],
there is no relative discuss on the analysis and experiment of
extreme faults in MMC based on the IGCT.

This article gives comprehensive analysis and experiment of
extreme faults in MMC based on the IGCT. Section II analyzes
the causes and characterization of extreme faults in the MMC
system. Section III proposes the new protection solution for the
extreme faults in MMC based on the IGCT. Section IV analyzes
the characterization of the extreme shoot-through fault current in
the MMC based on the IGCT. Section V gives the system-level
experiment validation of the proposed protection solution for the
extreme faults in the MMC based on the IGCT. Section VI gives
comprehensive comparison of different protection solutions in
MMC system on the safety, cost, and complexity. Finally, Sec-
tion VII concludes this article.

II. CAUSES AND CHARACTERIZATION OF EXTREME FAULTS IN
THE MMC SYSTEM

A. Extreme Shoot-Through Fault in the MMC system.

The shoot-through fault is one of the common severe faults in
the MMC system [21]. For the typical MMC based on 4.5-kV
high power devices, the dc capacitor in the MMC system is
usually above 10 mF with the rated voltage of more than 2 kV.
As a result, the dc capacitor stores much energy. When the dc
capacitor discharges through the small inductance in the MMC-
SM due to unexpected device failure or system fault, the devices
in the MMC-SM will suffer a huge surge current. And stable
explosion-proof and SCFM of the failed devices can guarantee
the safe operation of the MMC system.

However, the shoot-through fault of MMC-SM does not al-
ways happen under the rated voltage and an extreme one under
the overvoltage condition may occur. Fig. 1 illustrates this kind
of extreme shoot-through fault. Fig. 1(a) gives the topology of
the MMC system, and Fig. 1(b) shows the shoot-through path
in the MMC-SM.

When S; and K totally lose control (the MMC-SM becomes
“black”) due to the controller or communication faults, the ca-
pacitor’s energy cannot be discharged through S; . To reduce the
effects of this fault event on power transmission reliability and
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Fig. 1. Illustration of the extreme shoot-through fault in the MMC system.
(a) Topology of the MMC system. (b) Shoot-through path in the MMC-SM.
(c) Iustration of the arm current and the output voltage waveform of the faulty
MMC-SM.

maintenance cost, the whole MMC system should try to avoid
stopping. Then, in this situation, the capacitor’s voltage will be
charged to a much higher value than the rated voltage via D by
the arm current /,,,, as shown in Fig. 1(c). During the charging
period, So and D both suffer the capacitor’s overvoltage until
one of them is destroyed under the overvoltage, which is higher
than the breakdown voltage (for example, the breakdown voltage
of 4.5-kV devices is usually higher than 4.5 kV). After that,
the dc voltage will transfer to the upper devices gradually. And
this means that D; will get into the reverse recovery period.
This reverse recovery process under such high overvoltage is
far beyond D;’s safe operation area and it will get destroyed,
too. Because both the upper and lower devices cannot withstand
the capacitor’s dc voltage, a discharging loop of the capacitor’s
energy will be formed by them and the extreme shoot-through
fault happens.

However, the breakdown voltage of power devices are not
constant and the device damage may happen under a much
higher overvoltage than its rated blocking voltage. As a result,
there may be much electrical and thermal stress on the capacitor.
This will bring large challenge for the safe operation of the MMC
system due to the risk of capacitor’s destruction and explosion.
As aresult, there needs a way to discharge the capacitor’s energy
and limit the continuous increase of the capacitor’s voltage.

B. DC Pole-to-Pole Short-Circuit Fault in the MMC System

Another extreme fault in the MMC system is the dc pole-
to-pole short-circuit fault. When this fault happens, the MMC
system works in the uncontrolled rectification state due to the
blocking of all the main switches. This means that the lower
diode D2 in every MMC-SM needs to withstand the short current
before the ac circuit breaker S works, as shown in Fig. 2. The
delay time of the ac circuit breaker’s action is usually about
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Fig. 2. Tllustration of the DC pole-to-pole short-circuit fault in the MMC
system. (a) Topology of the MMC system. (b) Short-circuit current path in
MMC-SM. (c¢) Illustration of the short-circuit current waveform in the MMC
system.

100 ms after the fault happens. As a result, the lower diode Do
needs to suffer a continuous surge current for about 100 ms. If
the surge current capability of the lower diode is poor, all the
lower diodes may get destroyed during this fault. As a result,
there needs a way to help the lower diodes get through the surge
current during this fault.

III. PROPOSED SOLUTION FOR OVERCOMING EXTREME
FAULTS IN MMC BASED ON IGCT

A. Protection Solutions in MMC Based on the IGBT

In MMC based on the IGBT, the integrated diodes in IGBTs
usually cannot withstand the fault current in the dc pole-to-pole
short-circuit fault. As a result, the protection thyristor is applied
for sharing the fault current and protecting the diodes, as shown
in Fig. 3(a). In addition, the breakdown voltage of the protection
thyristor (reverse voltage) is designed for a constant value. As a
result, the protection thyristor can also limit the overvoltage of
the dc capacitor and let the capacitor’s energy run through the
destroyed thyristor.

With the development of diode’s manufacture technology,
HS-FRD can withstand the fault current in the dc pole-to-pole
short-circuit fault by itself. As a result, the protection thyristor
can be saved in the MMC system. However, there still needs a
way for limiting the overvoltage of the dc capacitor and dealing
with the extreme shoot-through fault. Here, the active-clamp
circuit of the IGBT can be used.

The active-clamp circuit in the IGBT is usually used for
limiting the overvoltage during IGBT’s turn-OFF process [22],
[23], [24], [25]. In addition, it is also applied for overvoltage
protection of the IGBT [26], [27]. The basic principle of the
active-clamp circuit in the IGBT is illustrated in Fig. 3(b). When
the overvoltage of the IGBT is higher than the designed value, the
transient-voltage suppression (TVS) diode D3 breaks down and
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the capacitor between the gate and emitter of the IGBT is charged
up with the avalanche current of Ds. The quasi-equilibrium
voltage applied to the gate of the IGBT is affected by the applied
reverse voltage Vg2 and gate resistance Ryo. If the gate—emitter
of the IGBT is forward biased, the collector voltage will fall with
the rising of the collector current.

When the MMC-SM gets blocked, the IGBT will suffer from
the overvoltage and the collector current for a rather long time
under the effect of the active-clamp circuit. The accumulated
heat in the device will get it destroyed thermally. Then, the
capacitor’s energy will run through the destroyed IGBT. As a
result, the overvoltage of the dc capacitor can be limited.

B. Proposed Solution in MMC Based on the IGCT

The proposed solution in the MMC based on the IGCT
is illustrated in Fig. 3(c). Similar to the protection solution
based on the IGBT with the active-clamp circuit, HS-FRDs are
also applied for dealing with the dc pole-to-pole short-circuit
fault. To limit the overvoltage of the dc capacitor and deal
with the extreme shoot-through fault, the CP-IGCT can be
applied [16].

The principle of the CP-IGCT is to arrange a weak voltage
point in the center of the chip through controllable punch-
through design, which is similar to the design in the protec-
tion thyristor [5], [6]. However, the principle of CP-IGCT’s
breakdown is not based on avalanche multiplication. So, the
breakdown voltage is slightly dependent on temperature and the
voltage discrepancy is small under different operation tempera-
tures.

In Fig. 3, it can be seen that the proposed solution based on
CP-IGCT and HS-FRD in MMC based on the IGCT does not
need the extra protection thyristor or the active-clamp circuit in
gate drive. As a result, this solution can reduce the complexity
and cost greatly [16].

IV. CHARACTERIZATION OF THE EXTREME SHOOT-THROUGH
FAULT CURRENT IN THE MMC BASED ON THE IGCT

A. Stray Inductance Analysis in Different MM C-SMs

The equivalent circuits of IGCT-SM and IGBT-SM are com-
pared in Figs. 4 and 5. Due to the differences of turn-ON charac-
teristics between IGBT and IGCT, a di/df limiting inductor (L4 )
is needed in IGCT-SM. Besides, a clamp circuit is also needed
to limit IGCT’s turn-OFF overvoltage caused by Ly, including
the diode D¢y, the resistor Rcy,, and the capacitor Ccr..

When the extreme shoot-through fault happens, the energy of
the dc capacitor runs through the main switches, as well as the
heat sinks and the copper bars for connection. The total induc-
tance along the discharging loop affects the peak fault current
significantly. The stray inductance distribution in IGCT-SM and
IGBT-SM are shown in Figs. 4 and 5 respectively. Compared
with IGBT-SM, the stray inductance in IGCT-SM has been
designed carefully to avoid severe current oscillation during the
operation [11].

Then, the stray inductances in IGCT-SM and IGBT-SM are
extracted in Ansys Q3d based on the 3-D structures of different
MMC-SMs. The extracted results of IGCT-SM show that the
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(a) Protection solution using the protection thyristor in the MMC based on the IGBT. (b) Protection solution using the IGBT with the active-clamp circuit and

HS-FRD. (c) Protection solution using CP-IGCT and HS-FRD.
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Fig.4. Equivalent circuit of IGCT-SM based on the practical structure. (a) Equivalent circuit including the stray inductances. (b) Positions of Lgtray1 and Lstray4.

(c) Positions of Lstray2 and Lstrays. (d) Positions of Lstray3.

Fig.5. Equivalent circuit of IGBT-SM based on the practical structure. (a) Equivalent circuit including the stray inductances. (b) Positions of Lgtray2 and Lstrays.

(c) Positions of Lstray3 and Lstraye. (d) Positions of Lstray1 and Lstray4.

total inductance of the discharging loop is near 1 pH including
L, Lstray2, Lstrays, and Lggraya. While the extracted results of
IGBT-SM show that the total inductance of the discharging loop
in IGBT-SM is below 0.2 p:H including Lgtray1, Lstray3» Lstray4.
and Lggays- This indicates that a larger fault current will appear
in IGBT-SM under the same circuit condition.

B. Fault Current Calculation in Different MM C-SMs

Take the conducting path formed by failed D; and S5 in the
MMC-SM, for example, the fault current i during the extreme
shoot-through fault flows through the MCC submodule and can
be analytically expressed as follows (by solving the differential
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TABLE I

COMPARISON OF BASIC CIRCUIT PARAMETERS OF IGBT-SM AND IGCT-SM
DURING THE EXTREME SHOOT-THROUGH FAULT

MMC-SM IGBT-SM IGCT-SM
Cpe 12-18 mF 12-18 mF

Ve 4.5kV 45kV

La No need Needed

L, 0.14 pH 0.13 pH

Ry, diode 0.30 mQ 0.30 mQ
R 16emicer 0.41 mQ 0.28 mQ

equation in the second-order R-L-C system under the under-
damped process):

it(t) = Vo /(Lw,) - exp(—t/7) - sin(wyt) ()

where V¢ is the voltage of the dc capacitor. w,, L, R, and T
are given from (2) to (5) as follows. Ls and Ry represent the
stray inductance and resistance along the conducting path. ESR
represents the resistance in the dc capacitor. Ry represents the
resistance of the devices. Because Ry and ESR are usually much
smaller than Ry, R can be approximately estimated as R.

wo = \/1/LC — R2/4L? 2)

L =LA+ L 3)
R = Ry+ESR+R, ~ Ry (4)
7 =2L/R. )

Then, the peak value if, ax Of the fault current and the time
instant #r, ax can be calculated as follows:

i, max = Vo /Lw, - exp[—arctan(w,T) /w,T] - sinfarctan(w, )]

(6)

tf,max = arctan(woT) /wo. @)

Table I gives the basic circuit parameters of IGCT-SM and
IGBT-SM. The capacitance is 12—18 mF and the voltage dur-
ing the extreme shoot-through fault is set 4.5 kV. The total
stray inductances along the discharging loop are extracted in
Section IV-A. Resistances of the devices are obtained from the
datasheets [28], [29], [30], which ignore temperature dependen-
cies, resistances of the packaging, and the knee voltage during
1-V curves [31].

To illustrate anode inductor’s limitation on the fault current
in IGCT-SM, it max—La curves in IGCT-SM and IGBT-SM are
plotted in Fig. 6. Three kinds of capacitance conditions are
compared. Take the fault current in IGBT-SM as the reference
(points where the assumed Lp is 0.01 pH in Fig. 6, normalized
fault currents in IGCT-SM are listed in Table II. According to
the results, the fault current in IGCT-SM is about 55%, 43%,
and 36% that in IGBT-SM when L, is 0.4, 0.8, and 1.2 pH,
respectively. And the results are almost the same under different
capacitance conditions.
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Fig. 6. it max—La curves in IGCT-SM and IGBT-SM under different DC
capacitances during the extreme shoot-through fault.

TABLE II
QUANTITATIVE COMPARISON OF FAULT CURRENTS IN IGBT-SM AND
IGCT-SM DURING THE EXTREME SHOOT-THROUGH FAULT

IGBT-SM IGCT-SM
MMC-SM
0.01 uH 04pH 08 puH 1.2 uH
12 mF 100% 55% 43% 36%
15 mF 100% 56% 43% 36%
18 mF 100% 56% 43% 37%

3 s
- -

g,

B MMC sub

Fig. 7. Picture of the built the experiment platform including two MMC
bridges with 12 MMC-SMs for validating the extreme shoot-through fault and
DC pole-to-pole short-circuit fault.

V. EXPERIMENT VALIDATION OF THE PROPOSED PROTECTION
SOLUTION IN MMC BASED ON IGCT

A. System-Level Experimental Platform

To validate the proposed protection solution for extreme faults
in the MMC based on IGCT, an experiment platform based on
two MMC bridges is built. The single MMC bridge is shown in
Fig. 7. The MMC bridge consists of six MMC-SMs, as well as
the cooling system and control parts.

Fig. 8 gives the topologies for validating the extreme faults
in the MMC system. The transformer 7 supplies the voltage of
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@) Bridge 2

TITIL

Bridge 1

Bridge 2
(®)

Fig. 8. Topologies for validating the extreme faults in the MMC system.
(a) Topology for validating the extreme shoot-through fault. (b) Topology for
validating the DC pole-to-pole short-circuit fault.

two MMC bridges through the diode rectifier bridge. Lipaq 1S
connected between two MMC bridges to help control the load
current. The circuit breaker K is used to cut off the fault current
when the overcurrent fault occurs.

When the extreme shoot-through fault is tested, the system
is first put into operation for certain time until the devices go
into thermal stability. Then, one of the MMC-SMs is forced into
blocking state and the load current charges the dc capacitor in
the blocked MMC-SM to increase the dc capacitor’s voltage, as
shown in Fig. 8(a). When the voltage achieves the breakdown
voltage of the lower main switch or the protection thyristor in
the MMC-SM, the extreme shoot-through fault happens. Then,
the destroyed device will bypass the faulty MMC-SM.

When the dc pole-to-pole short-circuit fault is tested, the
system is also put into operation for certain time until the
devices go into thermal stability firstly. Then, the two bridges
are disconnected by cutting off K and a short-circuit branch
is connected to the bridge under test by S to generate the dc
pole-to-pole short-circuit current, as shown in Fig. 8(b).

B. Experiment Validation of DC Pole-to-Pole Short-Circuit
Fault

The test result of the dc pole-to-pole short-circuit fault in
the MMC system is shown in Fig. 9. The tested bridge is
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Fig. 9.  Test results of the surge current and bridge output voltage test result

during the DC pole-to-pole short-circuit fault in the MMC system.

disconnected with the other bridge at #; and the short-circuit
branch is connected with the tested bridge at 7, to start the dc
pole-to-pole short-circuit fault. Then, the fault is stopped at 73
after about 100 ms, which simulates the action delay of the ac
circuit breaker in the real MMC system.

The tested surge current lasts for about 100 ms with five
working cycles. The peak current of the surge current is about
34 kA. When using the protection thyristor, the function of its
current sharing can help all the diodes get through this fault
current. While when using HS-FRDs, the junction temperature
of HS-FRD can be controlled in the safe range due to its larger
chip area and lower thermal resistance. And the characteristics
of all HS-FRDs keeps well after the test and this verifies the
excellent surge current capability of HS-FRDs.

C. Experiment Validation of the Extreme Shoot-Through Fault

The test result of the extreme shoot-through fault in the MMC
system is shown in Fig. 10. The output voltage of the MMC-SM
durng the normal operation is about 2.2 kV. When the tested
submodule is blocked at 74, the capacitor voltage in the blocked
submodule is charged to about 4.5 kV after about 150 ms. Then,
the output voltage of the blocked submodule suddenly falls at
t5, which means that the extreme shoot-through fault happens at
this time.

Figs. 11-13 give the tested results of the fault current and
the output voltage of MMC-SMs based on different protection
solutions. For the protection solution based on CP-IGCT and
HS-FRD, the peak value of the fault current is about 600 kA.
And the output voltage decreases quickly within 1 us when it
achieves the breakdown voltage of CP-IGCT, which is about
4.5kV.

For the protection solution based on the protection thyristor,
the extreme shoot-through fault happens at about 4.2 kV and the
output voltage of MMC-SM also decreases quickly in several
microseconds. However, due to the low total stray inductance
along the discharging loop in the submodule, the peak value of
the fault current is about 1000 kA.
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Fig. 11.  Testresults of the blocked IGCT-SM’s fault current and output voltage

during the extreme shoot-through fault in the MMC system.

While for the protection solution based on the IGBT with the
active-clamp circuit and HS-FRD, the extreme shoot- through
fault happens at around 4.5 kV. The output voltage of the MMC-
SM decreases to alow value after about 85 ps. Similarly, the peak
value of fault current is over 1100 kA due to the low total stray
inductance along the discharging loop.

The tested fault currents in different protection solutions
prove the accuracy of the current estimation in Section IV. The
limitation of the anode inductor on the fault current in the MMC
based on the IGCT is validated.
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Fig.12.  Testresults of the blocked IGBT-SM’s fault current and output voltage

using the protection thyristor during the extreme shoot-through fault in the MMC
system.

VI. COMPREHENSIVE COMPARISON OF DIFFERENT
PROTECTION SOLUTIONS ON SAFETY, COST, AND COMPLEXITY

A. Safety Comparison of Different Protection Solutions

Fig. 14 gives the comparison of the housing packages and
inner chips after the extreme shoot-through faults using different
protection solutions. Fig. 14(a) gives the picture of destroyed
CP-IGCT, while Fig. 14(b) and (c) give pictures of the destroyed
thyristor and IGBT, respectively.

It can be seen that housing packages of destroyed CP-IGCT
and the protection thyristor maintain well without any crack.
This validates excellent explosion proof of the IGCT and the
protection thyristor. Comparing the inner chips, it can be seen
that the central areas are destroyed severely. This means that
the capacitor’s energy is mainly focused in the chip center, as
shown in Fig. 15(a). As aresult, the produced heat can be evenly
transmitted inside the housing package and the thermal stress of
the ceramic shell is reduced greatly [32].

While the housing package of destroyed IGBT gets cracked
severely. This can be explained as follow. The high-power IGBT
is formed with tens of paralleled IGBT chips, as shown in
Fig. 15(b). The characteristic differences among these chips
make the destroyed positions under such a large fault current also
random. When the active-clamp circuit works, the chip located
at the package edge may get destroyed first, and then, the huge
energy may focus here and cause the package to suffer great
thermal stress.

Besides, it can be found that the failed IGBT cannot get into
the low-resistance state quickly. According to the magnified
output voltage waveform in Fig. 13, the destroyed IGBT
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Fig. 13.  Testresults of the blocked IGBT-SM’s fault current and output voltage

using the IGBT with the active-clamp circuit during the extreme shoot-through
fault in the MMC system.

IGBT with the active
clamp circuit

(c)

Fig. 14. Comparison of the housing packages and inner chips after the extreme
shoot-through faults. (a) Housing package and the inner chip of CP-IGCT.
(b) Housing package and the inner chip of the protection thyristor. (¢) Housing
package and inner chips of IGBT with the active-clamp circuit.
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Fig. 15. Comparison of the destruction positions of CP-IGCT and IGBT with

the active-clamp circuit. (a) Central destruction of CP-IGCT, which is similar to
that of the protection thyristor. (b) Random destruction positions of IGBT with
the active-clamp circuit.

experiences a thermal period of about 85 us with both high
current and high voltage. And there is no such phenomenon
in destroyed CP-IGCT or protection thyristor. As a result, the
destroyed IGBT suffers much higher heat than CP-IGCT and
protection thyristor during this period. This will increase the
transient temperature inside the packaging and cause great
thermal stress of the ceramic shell. As a result, the explosion
proof of the failed IGBT with the active-clamp circuit cannot be
guaranteed.

Fig. 16 gives SCFM comparison of the destroyed IGCT,
protection thyristor, and IGBT with the active-clamp circuit.
All devices are tested under the 3000-A dc current for more
than 12 h continously. The monitored voltage drops show that
all the destroyed devices are suitable for bypassing the faulty
MMC-SMs. The destroyed IGCT has a quite low voltage drop
with an average short resistance below 0.15 m2. The destroyed
protection thyristor and IGBT have average short resistances
of about 0.33 and 0.27 m{2, respectively. The formed silicon-
aluminum alloy area in the failed devices contributes to the stable
SCFM [33]. Safety comparison of different protection solutions
for handling with extreme faults is given in Table III.

B. Cost and Complexity Comparison of Different Protection
Solutions

Cost comparison of different protection solutions is illustrated
in Table IV. There is no need for the extra gate drive circuits
and protection thyristor in [IGCT-SM, compared with IGBT-SM.
However, the clamp circuit is necessary and the power supply
module is more expensive for larger power requirements. In
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protection thyristor in IGBT-SM. (c¢) Monitored voltage drop and the temperature of the destroyed IGBT in IGBT-SM.

TABLE III
SAFETY COMPARISON OF DIFFERENT PROTECTION SOLUTIONS BASED ON
CP-IGCT, IGBT WITH ACTIVE-CLAMP CIRCUIT, AND PROTECTION THYRISTOR

TABLE V
COMPLEXITY COMPARISON OF DIFFERENT PROTECTION SOLUTIONS BASED ON
CP-IGCT, IGBT WITH ACTIVE-CLAMP CIRCUIT, AND PROTECTION THYRISTOR

Scheme cpager  (OR wIR e T Scheme cpager O e

Fault current 1000 kA 1100 kA 600 kA Extra device No No Yes

Destroyed areas Near center Random Near center Extra gate drive parts No Yes Yes

Explosion proof Yes No Yes Extra mechanical parts No No Yes

SCFM Yes Yes Yes Total complexity Lowest Medium Highest
TABLE IV

CoST COMPARISON OF DIFFERENT PROTECTION SOLUTIONS BASED ON
CP-IGCT, IGBT WITH ACTIVE-CLAMP CIRCUIT, AND PROTECTION THYRISTOR

criger R e
Main switches 34pu 4.8 p.u. 6.0 p.u.
Discrete diodes 0.4 p.u. 04 pu /
Protection thyrsitor / / 0.8 p.u.
Gate drive unit / 0.8 p.u. 0.6 p.u.
Power supply module 0.6 p.u. 0.2 pu. 0.2 p.u.
Clamp circuit 02p.u. / /
Total cost 4.6 p.u. 6.2 p.u. 7.6 p.u.

general, the total cost of IGCT-SM is lowest due to the main
switches with lower cost.

Complexity comparison of different protection solutions is
illustrated in Table V. In the protection solution based on CP-
IGCT and HS-FRD, CP-IGCT is compatible with the traditional
mechanical and controlling parts. As a result, there is almost no
change when using the protection solution. In the protection
solution based on the IGBT with the active-clamp circuit, extra
gate drive parts need to be arranged in the controlling board.
And this will increase the complexity of the system. As for the
protection solution based on the protection thyristor, it needs
extra mechanical parts and gate drive besides the thyristor itself.

Consequently, this protection solution is most complex com-
pared with other two protection solutions.

VII. CONCLUSION

This article gives comprehensive analysis and experiment of
extreme faults in the MMC based on the IGCT. A new protec-
tion solution based on CP-IGCT and HS-FRD is proposed for
overcoming the extreme faults in the MMC system, which can
replace the protection thyristor totally. Theoretical calculation
shows that the proposed protection solution can help reduce the
maximum fault current below 50% when the anode inductor
is 0.8 pH in the extreme shoot-through fault. System-level
experiment validation of the protection solution is carried out
in an MMC system composed with 12 MMC-SMs. The surge
current capability of HS-FRD is validated successfully in the
dc pole-to-pole short-circuit fault test. And test results of the
extreme shoot-through fault show that the proposed protection
solution can realize discharge of the dc capacitor below 4.5 kV.

The maximum fault current in the MMC based on the IGCT
is only about 600 kA. While the maximum fault current in the
MMC based on the IGBT is over 1100 kA. Besides, the explosion
proof of CP-IGCT is validated during the fault test, which is
similar to that of the protection thyristor. However, IGBT cannot
guarantee the package stability and may cause severe safety
problem. SCFM of the failed CP-IGCT has also been validated
and it can be used for bypass of the faulty MMC-SMs. Detailed
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comparison among different protection solutions shows that the
protection solution based on CP-IGCT and HS-FRD has lowest
cost and complexity, as well as the highest safety.
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