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Abstract—In the recent decade, High Voltage Direct
Current (HVDC) technology has become the preferred
option for bulk power transmission due to its numerous
advantages such as lower losses and less space requirements
compared to High Voltage Alternating Current (HVAC)
transmission. However, in order to accelerate the widespread
adoption of HVDC systems, some of their technical
challenges such as commutation failure need to be resolved.
In this study, a Fully Controllable Solid-State Fault Current
Limiter (FCSSFCL) is proposed, which is designed based on
both fault severity (fault resistance) and fault initiation time.
It inserts an adequate number of resistors in the fault current
path so that the commutation failure is prevented. The salient
feature of the proposed FCSSFCL is that it is fully
controllable, and hence it prevents additional power losses in
the inverter AC system. The importance of the proposed
FCSSFCL becomes more evident in a power system, wherein
the inverter supplies more than one AC system. In such a
network, insertion of a large resistance by the FCL during a
non-severe fault at one of the inverter AC systems leads to
the unnecessary reduction of power flow in other non-faulted
AC systems. In order to validate the efficacy of the proposed
FCSSFCL, several simulations have been performed under
different fault types. The simulation results indicate that the
proposed approach can effectively reduce the commutation
failure frequency.

Keywords—HVDC transmission, line-commutated
converters, commutation failure, solid-state fault current
limiters.

I. INTRODUCTION

Nowadays, HVDC technology is considered as a
suitable alternative for bulk power transmission over long
distances. It offers several advantages in comparison with
traditional HVAC system such as asynchronous
interconnection, reduction in line losses, and improvement
of network stability [1]. Line-Commutated Converters
(LCC) and Voltage Source Converters (VSC) are two
dominant types of HVDC converters [2]. Even though the
VSC is a more modern technology and is used for more
diverse applications, the efficiency and transmission
capability of LCCs are still higher than VSCs. In VSCs,
Insulated gate bipolar transistor (IGBT) switches are used
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which have superior controllability, while the switching of
LCCs is performed by thyristors with only turn-off
capability. Therefore, LCCs are vulnerable to commutation
failure which is mainly caused by the voltage drop at the
inverter AC system [3].

Commutation failure is an adverse dynamic event
which may lead to some serious transient phenomena such
as temporary interruption of HVDC transmission power,
increased stress on the network equipment, overheating of
the converter valves, and malfunction of the protection
system. If commutation failure is not inhibited and
continuously repeats, the converter is forcibly blocked
which leads to a large-scale blackout at the inverter AC
system [4]. As a result, to propose a countermeasure for
effective commutation failure prevention is of great
importance. The existing commutation failure strategies
can be categorized into two groups, i.e. improvement of
HVDC control system performance, and addition of extra
devices [5].

For the first group, the main idea is to swiftly detect the
inverter AC fault and decrease the firing angle order
applied to the inverter thyristors so that the commutation
margin becomes larger and the commutation failure is
prevented. In references [6]-[14], various strategies have
been proposed which are different in terms of fault
detection type, accuracy in calculation of the reduced
commutation margin, and the speed of response to
commutation failure. Nevertheless, such strategies are not
appropriate options for dealing with severe commutation
failures. In fact, the main purpose of these approaches is to
reduce the number or impact of commutation failures.

In order to remedy the challenges of strategies based on
improvement of HVDC control system, the methods in the
second group propose installation of extra devices at the
inverter side. In [15], [16], adoption of Superconducting
Fault Current Limiter (SFCL) is suggested as an effective
way for commutation failure prevention. The function of
SFCLs is to inhibit the excessive voltage drop at the
inverter AC bus through inserting a large impedance in the
fault current path. However, the main drawback of the
SFCLs is that they are not able to insert a desired
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impedance, since they function based on a quenching
characteristic, wherein the current level at which the
quench occurs is dependent on the operating temperature,
and the amount and type of superconductor.

In this paper, based on further research and simulation,
a Fully Controllable Superconducting Fault Current
Limiter (FCSSFCL) is proposed which prevents the
commutation failure by inserting a suitable resistance in the
fault current path through a multi-switch circuit. The main
advantage of the presented FCSSFCL is that the number of
inserted resistances can be selected according to the
severity of the fault which prevents the additional power
losses in the inverter AC system.

The remainder of this paper is organized as follows: In
Section I, the mechanism of commutation failure is
introduced; in Section III, the proposed commutation
failure prevention approach is presented; Section IV
discusses the obtained simulation results; and finally,
Section V concludes the paper.

Il. MECHANISM OF COMMUTATION FAILURE

The most frequenctly used structure for line-
commutated converters is shown in Fig. 1 which is referred
to as Graetz bridge. As can be seen from the figure, it
includes six thyristor valves which are numbered based on
their firing sequence. Since each valve conducts for 120
degrees, such structure is termed as 6-pulse converter. Line
commutated converters can be used for transmission of
power from AC to DC side (rectification) or from DC to
AC side (inversion) by applying different firing angles to
the valves. As mentioned before, thyristor switches have no
turn-off capability. As a result, for successful turn-off of
these valves, a negative anode-cathode voltage needs to be
applied across the valves which is provided by the inverter
AC voltage. When a fault happens at the inverter AC side,
a voltage drop appears at the inverter bus and the switching
valves cannot be turned off. Such a phenomenon is termed
as commutation failure which is a frequent event in line-
commutated HVDC systems.

6-pulse converter bridge

| Equivalent X

| inductance of Equivalent

| AC system AC system
e

Lo
Ty 0 L)
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Fig. 1. Structure of a 6-pulse line-commutated converter.

Fig. 2 illustrates the commutation process between
valves T; and T; of the converter shown in Fig.1. As can
be seen from the figure, the conduction of the valve T;
cannot be transferred to valve T, instantaneously due to
the equivalent inductance of the inverter AC system L.
and takes for a certain time which corresponds to the
overlap area A, . The voltage equation for the loop
including valves T; and T; can be written as:

Vba iT1

inwt=L.c 2Tz _ |, a-irs)
V2V, sin wt=L.w Tt L.w e 1)

where V,, is the voltage across valves T; and T; which
is termed as commutation voltage. In this equation, since
the DC current is constant, dl;/dwt = 0. Integrating from
both sides of (1) results in:

Api Iq
I3 V2V, sinwt = 20L, Jy digs )

From this equation, it can be concluded that:
Ay < Iy (3)

In case a fault occurs at the inverter AC side, the
commutating voltage of the affected phases will decrease
in magnitude. For example, in case a symmetrical three-
phase fault takes place, the magnitude of all phase voltages
decreases, and hence a voltage drop happens on
commutation voltage V,,. Such an AC voltage reduction
leads to the decrease of the DC voltage. However, since the
transmitted power in an HVDC system is controlled to be
constant, the DC voltage drop leads to the sudden increase
of the DC current which is proportional to A,; according
to (3). Therefore, according to Fig. 2, both decrease of V,,
and increase of A,; will result in a severe reduction of
commutation margin(4,,;). Consequently, valve T; will
not be able to receive adequate negative anode-cathode
voltage, and hence cannot be turned off. In the next
switching sequence, T, also turns on. This means that
both valves T, and T, which belong to one converter
valve conduct at the same time and a short circuit occurs on
the HVDC line. If such a phenomenon repeats several
times, the converter is shut down after about 500 ms which
results in a large blackout at the inverter AC system.

It should be stressed that since the commutation margin
in the inverter side is much smaller than the rectifier side,
the risk of commutation failure for the inverter is much
higher. As a result, the majority of commutation failure
strategies are designed for the inverter side.

In addition to AC faults, an internal malfunction of the
converter firing control system or an action of the
protection function may lead to commutation failure. In
such circumstances, no firing pulses are applied to the
valves, and hence no power is transmitted from DC to AC
side. However, in this research, only commutation failures
caused by AC faults are investigated.

I1l. PROPOSED COMMUTATION FAILURE PREVENTION
APPROACH

A. Design of the Proposed FCSSFCL

Fig. 3 depicts the flow chart for the design of the
proposed FCSSFCL. As mentioned before, fault current
limiters can effectively inhibit commutation failure through
inserting suitable impedance in the fault current path. When
a fault occurs at the inverter AC system, the inverter AC
voltage is reduced depending on the fault severity and the
fault initiation time. Also, since the fault leads to the
enlargement of A,;, the DC current increases. Therefore,
commutation failure phenomenon can be recognized
through changes of both AC voltage and DC current.
However, since the speed of response is one of the most
important factors in the commutation failure elimination
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Fig. 2. Commutation process between valves T, and T; of the converter shown in Fig.1

Design Ry, Raz,
and Rgs, and range
of Aly

FCSSFCL can be
used to prevent
commutation failure

Record Alg and Ry
for CF prevention

| Make a plot for Alg
and Ryin

A

At is much
shorter than Aty

Record change of DC Choose DC current Alg in rangel | Add Rg, to the

current and AC voltage, as criteria circuit
Design Of Alg in range2
FCSSFCL Detect Al AddRpand Ry to| |
the circuit
Ccontrol system
Alg in range3 Add R, Rz, and ||

Rgs to the circuit

Commutation
failure is prevented
in most cases

Fig. 3. Flow chart for the design of the proposed FCSSFCL.

TABLE I. DIFFERENCE BETWEEN CHANGE RATE OF THE DC CURRENT AND AC VOLTAGE DURING A TYPICAL INVERTER AC FAULT FOR FIVE
VARIOUS FAULT INITIATION TIMES
R Q] Fault Initiation Time [s]
1.000 1.002 1.004 1.006 1.008
75 AV, =10.72 kV
Aty =0.032s
Al; =0.38kA
At; =0.009s
65 AV, =9.24kV AV, =14.43kV
Aty =0.034s Aty =0.034s
Al; =0.34 KA Al; =0.50 kA
At; =0.011s At; =0.010s
55 AV, =1045kV AV, =1290kV AV, =1852kV  AV,. =10.62 kV
Aty =0.036s Aty =0.034s Aty =0.031s Aty =0.030s
Al; =0.35kA Al; =046 KA Al; =1.90 kA Al; =0.37KA
At; =0.015s At; =0.009s At; =0.010s At; =0.008s
45 AV, =13.63kV AV, =19.00kV AV, =19.36kV AV, =13.33kV
Aty =0.036s Aty =0.029s Aty =0.031s Aty =0.030s
Al; =0.46 KA Al; =1.88KA Al; =1.90 kA Al; =045KA
At; =0.014s At; =0.009s At; =0.010s At; =0.008s
35 AV =19.70kV AV, =2046kV AV, =20.26 kV AV, =22.70kV AV, =13.02kV
At, =0.030s Aty =0.029s Aty =0.031s Aty =0.030s Aty =0.039s
Al; =193 kA Al; =1.92 kA Al; =1.98 kA Al; =1.94 kA Al; =044 kA
At; =0.014s At; =0.011s At; =0.011s At; =0.010s At; =0.0155s




strategies, in this study only DC current is used which has
a higher change rate compared to the AC voltage.

The difference between change rate of the DC current
and AC voltage during a typical inverter AC fault for five
various fault initiation times is shown in Table I. In this
table, AI; is the difference between the maximum value of
I, after a commutation failure and the value of I; in the
normal conditions, and At, is the corresponding time to
reach this maximum value. Similarly, AV,. and At, are
used to show the rate of AC voltage changes. In order to
design a controllable resistance for the FCSSFCL, the first
step is to find the relationship between DC current changes
and the minimum resistance required for prevention of
commutation failure. Fig. 4 indicates the simulation results
for the determination of minimum FCSSFCL resistance
R,.in Which prevents the commutation failure under
different fault resistances and fault initiation times. The
obtained data from Fig. 4 can be classified into three
ranges, as shown in Table II.
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Fig. 4. Simulation results for the determination of minimum FCSSFCL
resistance which prevents the commutation failure under different fault
resistances and fault initiation times.

TABLE . CLASSIFICATION OF THE OBTAINED DATA FROM FIG. 4
Ranges Range of Range of Number
Al; [KA] Rpin (9] of cases
Rangel 0.32-0.9 1-80 33
Range2 1.88-2.01 18-50 22
Range3 2.02-2.21 60-805 11

B. Structure of the Proposed FCSSFCL

As discussed in Section I, the main demerit of SFCLs
is that they are not able to insert a desired impedance, since
they function based on a quenching characteristic, wherein
the current level at which the quench occurs is dependent
on the operating temperature, and the amount and type of
superconductor. To obviate this challenge, in this study, a
Fully Controllable Solid-State Fault Current Limiter
(FCSSFCL) is proposed which the process of its design was
explained in Section IllLA. Fig. 5 demonstrates the
schematic diagram of the proposed FCSSFCL in a hybrid
AC/DC grid which includes two receiving AC systems.
The five main parts of the proposed FCSSFCL are as
follows:

1) A three-phase transformer with the turns ratio of «
in series with the receiving AC system. The main purpose

of using this transformer is to isolate the FCSSFCL from
the main network and reduce the current at a suitable level
for the power electronic devices.

2) A three-phase diode bridge rectifier.

3) Three series modules, each of which contains a Self
Turn-off Switch (STS) in parallel with a resistor, Ry.
These modules are used for limiting the fault current under
different ranges.

4) FCSSFCL control system, which is the most
important part of the strategy. It determines the number of
resistors required to be included in the circuit by applying
suitable firing pulses to the STSs.

5) A small reactor (Lg) which is required to prevent
severe di/dt onthe STS. Since the value of L, issmall,
it is usually equipped with air core to prevent its saturation.
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Fig. 5. Schematic diagram of the proposed FCSSFCL.

Table 111 shows the suitable ranges of Al; and the value
of resistors R4y, R4z, and Rys; for the design of the
FCSSFCL which are determined according to the obtained
data in Table II.

TABLE III. SUITABLE RANGES OF Al; AND RESISTANCES FOR THE
DESIGN OF FCSSFCL.
Ry Range of AI; [KA] Resistance [Q]
R41 0.3-0.9 80
Ry 1.88-2.01 420
Rz more than 2.02 305

During the normal operation of the FCSSFCL, all STSs
areon, and hence R4y, Rgy,and Ry areall bypassed. As
a result, the small reactor L, is fully charged and acts as
a short-circuit. If the small voltage drop on the
semiconductor device is ignored, then the total voltage
across the diode bridge is approximately zero. Therefore,
the impact of existence of the proposed FCSSFCL can be
neglected under normal conditions.



Td_normal

CCCCCC

Check whether
Alg in rangel

Check whether initial | e L
HVDC fluctuations
B.)Compar-
have passed | 0.25 ator
= d_norma

Check whether
Alg in range2

STS_synchronizer

Check whether initial | TIE A 1
HVDC fluctuations gﬁT
B8.)Compar-
have passed | 0.25 aor |

Check whether
Alg in range3

STS_synchronzer

Check whether initial | A
HVDC fluctuations s CI%F
have passed |_ 025 7 st

=
4

Fig. 6. Structure of the FCSSFCL control system.

PP ™ S

d
X B.|Compar-
20 Id_normal atdr

Mol

a

stable

]
STS_synchronizer

[ L -
o2 By

Fig. 7. Structure of STS synchronizer.

When a fault occurs at point F, FCSSFCL control
system detects it through measuring the difference
between pre-fault and fault currents, Al;. Subsequently, it
inserts the adequate number of resistors according to the
measured value of Al,, so that the commutation failure is
inhibited.

The structure of the FCSSFCL control system is shown
in Fig. 6. As can be seen from the figure, if Al is between
0.3 and 0.9 kA, a pulse will be delivered to the gate of
STS, and only R, is inserted into the circuit. However,
if Al; is in the range of 1.8 to 2.01 kA, the gates of both

STS; and STS, receive a pulse signal and both R;; and
Ry, areinserted. In case Al,; is greater than 2.02 kA, then
all switches are triggered, and hence all of the three
resistors are put in the FCSSFCL circuit. Also, in order to
prevent the malfunction of the FCSSFCL during the initial
HVDC fluctuations, a minimum activation time is
considered. The FCSSFCL control system also includes an
STS synchronizer which is used for the cases, in which
more than one resistor is required. Fig. 7 shows the
structure of the STS synchronizer. The function of STS
synchronizer is to coordinate the firing pulses applied to the
switches so that they are triggered at the same time. It shall
be noted that for the design of the control system, a
monostable multivibrator is also required which its task is
to create a pulse with a desirable duration once it receives
a trigger signal.

IV. SIMULATION RESULTS

In order to validate the effectiveness of the proposed
FCSSFCL, several simulations have been conducted using
PSCAD/EMTDC software. The single-line of the test
network is shown in Fig. 8. As can be seen, it includes a
mono-polar 500 kV and 1000 MW HVDC link with 12-
pulse converters on both rectifier and inverter sides. The
test network also includes shunt capacitors, smoothing
reactors, low-pass and high-pass filters in both sides of the
HVDC line. The detailed parameters of the test network are
listed in Table IV.

TABLE IV. PARAMETERS OF THE TEST NETWORK
Parameter [Unit] Rectifier Inverter
AC system frequency [Hz] 50 50
Bus line-to-line voltage [kV] 345 230
Nominal firing angle [deg] 5 -
Nominal extinction angle [deg] - 15
Turn-off time of thyristor [js] 30 30

Because of the fact that the AC voltage is sinusoidal,
the performance of the proposed FCSSFCL does not only
depend on the fault type and fault resistance, but also on the
fault initiation time. The results obtained from the
simulation of various types of faults are indicated in Tables
V to VIII. In each of the tables, the effectiveness of the
proposed FCSSFCL for ten fault initiation times ranged
from 1t0 1.018 sis evaluated. The results are reported from
the highest fault impedance which leads to the
commutation failure. In Tables V to VIII, white cells
denote the cases, in which no failed commutation is
observed even without applying the FCSSFCL. Also, the
gray cells show the cases, in which the inverter is faced
with commutation failure, but the FCSSFCL can
effectively prevent it. However, the cells which are
specified with black color denote the cases, wherein
commutation failure occurs but the proposed FCSSFCL is
not able to prevent it even by inserting all of the resistors in
the circuit. With regard to the obtained results, it can be
concluded that the proposed strategy is highly effective in
most of the simulation cases.

V. CONCLUSION

In this paper, a fully controllable solid-state fault
current limiter for the prevention of commutation failure in
LCC-HVDC system is proposed. The proposed FCSSFCL
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TABLE V. IMPROVEMENT OF COMMUTATION FAILURE PREVENTION DURING SINGLE-LINE-TO-GROUND FAULT
R [Q] Fault Initiation Time [s]
f 1.000 1.002 1.004 1.006 1.008 1.010 1.012 1.014 1.016 1.018
95
85
75
65
55
45
35
25
Ri< 15

TABLE V1. IMPROVEMENT OF COMMUTATION FAILURE PREVENTION DURING DOUBLE-LINE FAULT

R Q] Fault Initiation Time [s]
f 1.000 1.002 1.004 1.006 1.008 1.010 1.012 1.014 1.016 1.018

365
315
265
215
165
115
Rf< 65

TABLE VII. IMPROVEMENT OF COMMUTATION FAILURE PREVENTION DURING DOUBLE-LINE-TO-GROUND FAULT

Rr [Q] Fault Initiation Time [s]
! 1.000 1.002 1.004 1.006 1.008 1.010 1.012 1.014 1.016 1.018

130
115
100
85
70
55
40
25
Ri< 10




TABLE VIII.

IMPROVEMENT OF COMMUTATION FAILURE PREVENTION DURING THREE-PHASE FAULT

Rs [Q]

Fault Initiation Time [s]

1.000 1.002 1.004 1.006

1.008

1.010 1.012 1.014 1.016 1.018

135

120

105

90

75

detects the inverter AC fault occurrence through measuring
the difference between pre-fault and fault currents, and
adds an adequate number of resistors to the circuit to
prevent commutation failure. Compared to other
commutation failure inhibition techniques, the proposed
FCSSFCL is fully controllable, and hence it prevents
additional power losses in the inverter AC system. To
verify the effectiveness of the proposed approach, several
simulations have been undertaken using PSCAD/EMTDC
software. The obtained results indicate that the proposed
FCSSFCL is able to effectively prevent commutation
failure and increase the reliability of the inverter AC
system.
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