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Abstract
The Voltage Source Converter based HVDC (VSC-HVDC) transmission system involving overhead lines lack the inherent 
ability to overcome severe over currents and over voltages during dc line fault conditions. Presently, the fast acting 
commercial HVDC circuit breakers are uneconomical and are in prototype status. Due to this, the VSC-HVDC system 
finds applications in back to back and underground cable transmissions where the occurrence of dc faults is almost zero. 
In this context, the present paper analyses the combined application of Superconducting Fault Current Limiter (SCFCL) 
along with Chopper Controlled Resistors (CCR) to overcome and recover from the effects of dc line faults. The resistive 
SCFCL is modeled in MATLAB and the VSC-HVDC system is analyzed using PSCAD/EMTDC environment. The simulation 
results show that during dc line faults, the SCFCL is effective in limiting the over currents and the CCR overcomes the 
over voltages. The combined simulated protection strategy restores the complete VSC-HVDC system without restarting 
of the dc link

Keywords: Voltage Source Converter based HVDC (VSC-HVDC), Superconducting Fault Current Limiter (SCFCL), Chopper 
Controlled Resistors (CCR)
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1.  Introduction

The VSC-HVDC transmission systems have gained 
enormous importance because of their immunity to 
commutation failure, lower foot prints, operation with-
out telecommunication, and ability to control active 
and reactive powers independently. This opens up vari-
ous application areas such as integration of renewable 
sources, power supply to islands, remote loads, city cen-
tre in-feed, multi-terminal dc (VSC-MTDC), DC grid 
operation, improvement of voltage stability and power 
quality1-4.

The VSC-HVDC transmission system based on over-
head lines is vulnerable to dc line faults and lack the 
inherent ability to overcome severe over currents and 
over voltages. For this reason, presently the VSC-HVDC 

system applications are limited to back to back and/
or underground cable systems where dc line faults are 
almost absent. But even in VSC-HVDC transmission net-
works via dc cables the dc fault transients and the fault 
current contribution occurring, their point of location 
and isolation are also of more serious concern and has a 
major impact on the system operation5–7.

The World’s first VSC-HVDC power transmission in 
19978 was tested on overhead lines and suggested the use 
of over voltage limiter i.e. chopper to discharge the over 
voltages and the use of dc line switches for fast isolation. 
In a major application, the World’s first commercial VSC-
HVDC system based on dc overhead lines9,10 came into 
operation in 2011. Here, the difficulties of dc line fault 
conditions are overcome by using a combination of dc 
switches and ac circuit breakers. It has to be noted here 
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that this necessitates complete shutdown and re-starting 
of the VSC-HVDC transmission link. For the same rea-
sons, the application of this method, in multi-terminal 
VSC-HVDC (VSC-MTDC) system with overhead lines 
may not be possible.

The protection of VSC based point to point and MTDC 
systems is of utmost concern and has attracted many 
researchers to come up with different possible solutions 
to overcome dc line fault conditions. The authors in11–14  
suggested the use of controllers, ac and dc breakers/
switches to overcome dc faults. Franck in15 presented an 
extensive review of the status and developments of HVDC 
circuit breakers. Also, identified the focusing areas of 
research for dc circuit breaking including fault cur-
rent limiters are suggested. In order to overcome dc line 
fault transients the paper16 have outlined the options and 
methods of realizing HVDC breakers, clearing and isolat-
ing dc faults, varying ac and dc system parameters, using 
dc side SCFCL and placing circuit breakers at strategic 
grid locations. To overcome the dc faults in VSC Modular 
Multilevel Converter (MMC-HVDC) with overhead lines 
the configurations, controls, and recovery conditions are 
studied in17–18. For HVDC grid operation19 the concept 
of using current limiting inductors in combination with 
hybrid DC breakers is presented. The study in20 reported 
the use of superconducting fault current limiter to reduce 
the current breaking burden of hybrid HVDC breaker in 
a HVDC grid.

The VSC-HVDC systems are incorporated with Surge 
Arrestors on each dc pole to protect from transient over 
voltages such as lightning and switching surges21. During 
dc line fault conditions, due to dc voltage controller even 
the use of Surge Arrestors will not help to limit the dc pole 
over voltages and during such conditions the possible 
solutions of system recovery are studied in22–24. To isolate 
the HVDC grid from dc faults25 suggested the application 
of semiconductor based protection devices like series 
hybrid dc breaker, half bridge and full bridge dc chop-
pers, and LCL thyristor converter configurations. Here 
the Surge Arrestors are used to limit the over voltages 
and absorb the fault energy after breaker isolation. The 
over voltages are caused in Wind farms connected VSC-
HVDC system due to ac faults on onshore ac grid. The 
paper26 proposed the application of Chopper Controlled 
Resistors (CCR) to overcome such over voltages.

From the above discussion, it is observed here that the 
controllers along with some type of dc protective devices 
are best suited to obtain a satisfactory recovery and tran-

sient performance, and also to isolate the dc line during 
a permanent fault. Also, very limited results are available 
to show the application of CCR in VSC-HVDC system to 
overcome the dc line fault condition.

The present day challenge is to quickly overcome the 
severe over currents and over voltages caused during 
dc faults and to recover the system without necessitat-
ing the complete shutdown which causes long duration 
transmission interruption. The application of fast acting 
HVDC circuit breakers can quickly extinguish the dc 
fault current and isolate the dc link. But, the fast acting 
commercial HVDC circuit breakers are uneconomical 
and still in prototype status27. Hence, there is a strong 
need to study and design alternative HVDC circuit 
breaking protection schemes with available technologies 
and to extend these protection concepts to VSC-HVDC 
grid networks.

In this context, a Superconducting Fault Current 
Limiter (SCFCL) with ultra-fast switching capability can 
be an attractive alternative. The present author’s in28car-
ried out a detailed study of resistive SCFCL covering 
material aspects, dynamic modelling and its application 
in low voltage VSC-HVDC system to mitigate the effects 
of DC line fault conditions. The focus of the study was 
to overcome and limit the large dc currents during dc 
line faults. The results of these studies indicate the use-
fulness of SCFCL in controlling the over currents during 
transients. However, the problem of over voltages during 
the dc line fault was not addressed. These difficulties and 
the methods to overcome the effects of dc line fault were 
addressed in a continued work29. However, imbalance of 
voltages existed in the system due to severe ac line faults 
and the complete recovery of voltages was not addressed. 
The application of SCFCL in upcoming multi-terminal 
UHVDC system in India30 indicated the effectiveness and 
ability to clip the fault currents to lower values within a 
half a cycle in MTDC system.

The present paper has combined the applications of 
resistive SCFCL and CCR devices in a VSC-HVDC sys-
tem involving dc overhead lines to control over currents 
and over voltages during dc line fault conditions. The 
simulation results using PSCAD/EMTDC environment 
in case of dc line faults indicate that the SCFCL efficiently 
limits the fault currents during both ac and dc faults to low 
values and the CCR device controls the over voltages on 
healthy pole in a remarkable manner. The behaviour and 
operation of VSC-HVDC system is affected when these 
devices considered separately and combined. The  result 
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shown helps in contingency conditions when any one 
device goes out of service.

2.  Protection of VSC-HVDC System 
A schematic of VSC-HVDC system with overhead trans-
mission lines is shown in Figure 1. In the present study 
the superconducting fault current limiter and chop-
per controlled resistors are applied to overcome the dc 
line  fault  conditions. The work carried out by present 
author’s in28–30 explains the basics of SCFCL and CCR. The 
operation of VSC converter during dc fault, the details of 
SCFCL and CCR used in the present study are presented 
here for completeness.

2.1  DC Line Fault Condition

Figure 2 shows the converter of VSC-HVDC system with 
overhead lines under dc line to ground fault condition. 
During the dc side fault, it is observed here that even if 
blocked, the IGBTs lose control and the freewheeling 
anti-parallel diodes act as uncontrolled bridge rectifier 
and feed the fault resulting in large dc line current [24]. 
As a result of this the dc capacitor on the faulted line starts 
discharging into the fault and because of the dc voltage 
controller the voltage of the healthy pole increases to a 
very high value about 2 pu and the voltage of faulted pole 
goes to almost zero. This creates unbalanced conditions 
and imbalance of dc pole voltages. The protection strategy 
has to be such that it limits the over currents and rebal-
ances the dc pole voltages without necessitating blocking 
of the VSC converters.

2.2  Superconducting Fault Current Limiter

A Fault Current Limiter (FCL) fundamentally offers a 
very high impedance to fault current bringing it down to 
a low value in a very short time. SCFCL is one of the tech-
nically and economically attractive alternatives to limit 

the peak value of fault current quickly (within half cycle). 
The SCFCL will be in superconducting state offering zero 
resistance during normal operation and transits to normal 
resistive state and offers high impedance during fault con-
ditions. They have distinct advantages over conventional 
FCLs in high voltage networks. SCFCL provides an ultra-
fast transition from superconducting to normal state and 
is self-operating and repetitive in nature. Further, during 
normal operation the resistance being zero and the losses 
will be negligibly small.

At present, the SCFCL applications are mostly con-
centrated in ac systems. Various prototype ac SCFCLs 
have been designed and successfully field tested, dem-
onstrating their technical feasibility. A number of High 
Temperature Superconducting (HTS) materials working 
at 77 K have been suggested for power system applica-
tions. Of these, Bi2212 is one of the most robust material 
and artifacts with large surface area can be produced. This 
means that for the same critical current the critical cur-
rent density of the FCL can be made higher and hence 
Bi2212 based FCLs can have higher ratings.

Among the various SCFCLs the resistive SCFCL 
has been proposed for power system applications. This 
is because the operation of the resistive type SCFCL is 
simple to understand, can be easily connected in series-

Figure 1.  Schematic of two terminal VSC-HVDC system.
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Figure 2.  VSC converter- dc capacitors and freewheeling 
diodes feeding the dc fault.
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parallel combinations, reduces the time constant of the 
aperiodic component of the fault current and can also 
make the system less inductive. A number of studies con-
cerning material aspects, types of SCFCLs, prototypes 
and testing have been carried out in detail in31–35. Further, 
various researchers in this field, have come up with the 
concepts, studies and field testing of SCFCL devices for 
transmission level voltages. The matrix SCFCL module 
is obtained by connecting the basic SCFCL elements in 
series and parallel. A detailed study of this along with 
field test results is outlined in36–39.

The application of SCFCL in HVDC systems has 
received limited attention but is gaining importance. 
Some of the conceptual details, materials and test results 
of DC-SCFCL are explained in detailed in40–42. In 2014 
the researchers’ in43 designed and constructed a prototype 
matrix type DC resistive SCFCL for real HVDC applica-
tion. The critical current capability of SCFCL module is 5 
kA. The matrix SCFCL consists of basic ten (10) SCFCL 
units each with critical current capability of 500 A. The 
experimental and test results demonstrated the current 
limiting capability of SCFCL in dc system including the 
different values of shunt resistor to limit the heat and tem-
perature across SCFCL.

2.3  Mathematical Model of SCFCL

The E-J characteristic44 exhibited by all HTS materials 
is shown in Figure 3. The behaviour of the HTS-SCFCL 
device is governed by this nonlinear E-J characteristic 
which exhibits very strong dependence on temperature. 
When the current density in the SCFCL exceeds the criti-
cal value, an electric field develops across the FCL. The 
electric field thus developed at any instant depends upon 

the current density in the SCFCL and the temperature of 
the FCL. This E-J characteristic forms the basis for the 
modelling and simulation of SCFCL. The E-J characteris-
tic can be subdivided in to 3 parts:

2.3.1  Superconducting State
In this state, the HTS material is in the superconducting 
state. The current density across SCFCL is below the criti-
cal value and consequently the electric field across it is 
very small. The electric field is given by
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Here Jc(T) is the critical current density, T is temperature 
of the superconductor, Ec corresponding electric field, and 
J is current density of Bi2212 material. The quantity Jc(T) 
is temperature dependent and this dependence obtained 
experimentally is taken to be,
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with temperatures expressed in the units of K. Here Tc is 
the critical temperature of the superconductor.

2.3.2  Flux Flow State
The HTS material enters this state when the current den-
sity across it exceeds a value represented by J0. In this 
state, because of higher value of the current density, the 
electric field across the FCL starts picking up and the FCL 
develops resistance. Because of this resistance, the tem-
perature increases. This increase in temperature causes a 
further increase in electric field across the FCL. This is 
self-enhancing process and it continues until the tem-
perature of FCL exceeds a critical value known as critical 
temperature. At this point, the HTS material enters the 
normal resistive state. During this phase the electric field 
is given by,
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2.3.3  Normal Resistive State
In this state the normal conducting properties of the HTS 
material are exhibited. Here, the electric field across FCL 
is linearly proportional to both current density and the 
temperature of the FCL and is given by, Figure 3.  E-J characteristic of HTS material.
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Here, ρ  is the normal resistivity. For bulk Bi2212 mate-
rial, the parameters Jc ( ), , ,77 ρ α β  at 77 K depend upon 
the material processing condition and falls in the fol-
lowing range: 10 107 8″ ″Jc  A/m2, 0 1 100. ″ ″E mV/cm,  
100 200≤ ≤ρ µΩ -cm, 5 15≤ ≤α , and 2 4≤ ≤β  .

These parameters have to be chosen carefully because 
they bring about a marked difference in the behaviour of 
FCL. In all the three states mentioned above, the heat dif-
fusion equation of the HTS material is given by,

c dT
dt

E J T J= ( , ) � (5)
where, c = specific heat of Bi2212 which is again tempera-
ture dependent.

Modelling the behaviour of SCFCL involves the fol-
lowing steps. Knowing the cross sectional area and 
current flowing through the superconductor, calculate 
the current density in the SCFCL at each instant and 
compare the electric field E(J,T) with E0. With E(J,T) ≤ 
E0, FCL is in the superconducting state. When E(J,T) > 
E0, SCFCL enters the flux flow state. SCFCL continues to 
be in flux flow state till R RFCL n″ , where R Ln Sn = ρ( ) /90  
and Ln and S are length and area of cross section of the 
superconducting material. When R RFCL n″ , the FCL 
is in normal state and offers maximum resistance to the 
flow of current. The electric field, voltage drop, tempera-
ture and resistance of the SCFCL are calculated at every 
instant.

For the present study, the SCFCL model described 
above using E-J characteristic is modelled in MATLAB 
and the simulation results are presented in previous 
paper28 by the present authors. This model is tested and 
validated according to the method suggested, data and 
results available in44,45.

2.4	 Chopper Controlled Resistor
The schematic of CCR is shown in Figure 4. The CCR 
consists of an IGBT switch T with anti-parallel diode D 
and a series resistor Rc. In the present study, the CCRs are 
used across the dc capacitors of VSC converter. The aim 
here is to suppress the over voltages during dc faults and 
make the recovery of the VSC-HVDC system smooth.

The operation of CCR is as follows. During dc line 
fault, when the voltage across the dc capacitors increase 
to high value the IGBT switch T is turned ON through 
a triggering pulse Tc and the dc capacitor voltage is dis-
charged through resistor Rc. When the dc voltage reaches 
an acceptable value the switch T is turned OFF. Thus, 
by using CCR across each dc pole capacitor, the dc line 
voltages can be brought to normal values in a controlled 
manner. The value of resistor Rc decides the discharging 
current and the rate at which the voltage is discharged.

3.  Selection of System Parameters
For the present study, this section discusses the selection 
of different parameters for VSC-HVDC system, SCFCL 
and CCR devices.  

3.1  VSC-HVDC Parameters

A schematic of VSC-HVDC system with overhead trans-
mission lines is shown in Figure 1. For the present study, 
the system with ratings ± 110 kV, 2.8 kA, 600 MW is 
developed, modelled and the results of dynamic analysis 
for ac and dc fault conditions are presented using PSCAD/
EMTDC environment. Table 1 gives system parameters. 
The focus of the study is to overcome DC fault conditions 
using SCFCL and CCR devices. The AC system impedance 
is considered as The venin’s equivalent circuit. The two con-
verters VSC1 and VSC2 are of 2 level, 6 pulse, symmetrical 
monopole, and point to point configuration with centre 
point of the dc capacitors across each converter grounded. 
Each VSC can transmit power in either direction, but in 
this study the power transmission is from VSC1 to VSC2.

Generally, the rating of each VSC-HVDC converter 
is twice the rated value of the transmission system. Any 
value above the maximum rating the VSC’s have to be 
tripped otherwise it will break. In this study the param-
eters of the system are considered such that the maximum 
total fault current with protective devices in the dc line 
not to exceed 2 times the rated value 2.8 kA. This is done 
by considering values of transformer reactance, converter Figure 4.  Chopper controlled resistor.
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phase reactor is taken for the purpose of electrical mea-
surements also helps to reduce rate of rise of fault current 
and a series dc reactor at each VSC to reduce the ripple, 
dc fault current derivatives and control charge across dc 
capacitor. The dc line model is considered as equivalent T 
model. The dc link capacitor at each VSC helps to main-
tain the steady dc bus voltage and avoids voltage collapse. 
Here, the value is considered based on the method sug-
gested and data given in46.

Table 1. VSC-HVDC system parameters

Parameter Value

VSC-HVDC:

Total Rated Power 600  MW

DC Voltage ± 110 kV

DC Current 2.8 kA

Converter Phase Reactor (Lp) 0.004 H

AC filter capacitor (Cf) 18 µF

DC link capacitor (C) 500 µF

DC reactor (Ldc) 0.002 H

Switching frequency (p) 27 times

AC System VSC1 VSC2

AC Voltage (L-L, RMS) 330 kV 230 kV

Frequency 50 Hz 50 Hz

Impedance (ZTh) 9.075 Ohm 5.8 Ohm

Impedance Angle 80 deg. 80 deg.

X/R ratio 5.7 5.7

Transformer ratings
550 MVA, 

330/ 115 kV,
Xt = 0.06 pu

550 MVA, 
230/ 115 kV,
Xt = 0.06 pu

DC Line (equivalent T model)

Length 50 km

Resistance Rdc 1.76 Ohm

Capacitance Cdc(Line) 24 µF

The converter controllers dramatically influence the 
dynamic behaviour of the dc link. The different control-
lers used with each converter of VSC-HVDC are outlined 
in47. The controllers are decided based on the function of 
the VSC-HVDC system. Here in the present study the dc 
link is transmitting 600 MW of power to inverter (VSC2) 

side ac system. After obtaining satisfactory steady state 
and transient behaviour with different combination of 
controllers, the controllers used here are dc voltage and ac 
voltage controls for VSC1 and active power and ac voltage 
controls for VSC2.

3.2  SCFCL and CCR Parameters
The SCFCL model is developed in MATLAB and interfaced 
with the VSC-HVDC system in PSCAD/EMTDC environ-
ment and the various transient conditions are studied to 
understand the effectiveness of the SCFCL on the perfor-
mance of the system. In the present work, the required 
rating of SCFCL module is 110 kV, 2.8 kA, 300 MW and 
for this rating a matrix SCFCL module is used. A number 
of lower rated SCFCLs are connected in series-parallel to 
make up the required rating. Each individual SCFCL com-
ponent is rated for 10.5 kV and 2.0 kA (both rms). Ten such 
components in series result in 110 kV and 2.8 kA (peak). 
This SCFCL model is tested and validated. The parameters 
of SCFCL used for the present work are given in Table 2. 

For CCR device, the value of resistor Rc is chosen as 
Rchopper = 240 Ohm, and CCR is triggered when the 
threshold value of dc pole voltage reaches 30 % more 
(1.3 pu).

Table 2. SCFCL parameters

Parameter Value

Rated voltage UN 10.5 kV

Rated current IN
2 kA,

2.8 kA (peak)
MVA SN 21

Initial operating temperature (T) 77 K

Critical operating temperature (TC) 90 K

Critical current density at 77 K (JC77) 1.5e7 A/m2

Electric field at transition from 
Superconducting to Flux-flow state (E0)

1 V/m

Critical Electric field (EC) 1.0e-4 V/m

Length of superconductor (lSC) 20 m
Superconducting region exponent at 
77 K (α) 4

Flux-flow region exponent (β) 2.5

Cross section of Superconductor (S) 0.34e-4 m2

Normal conducting state resistivity (ρ) 7e-6 Ω-m

Self inductance (LSC) 0.4e-6 H

Shunt resistance  (RSh) 2 Ω
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4. Analysis of VSC-HVDC System 
This section analyses the performance and usefulness of 
SCFCL and CCR devices integrated with VSC-HVDC 
system involving dc overhead lines in PSCAD/EMTDC 
environment. The SCFCL can be placed in series with dc 
line, either on the rectifier side or on the inverter side. 
Figure 5 shows the schematic diagram of a 110 kV, 2.8 kA, 
600 MW, VSC-HVDC system, with SCFCL and CCR 
devices. The SCFCL is connected on the inverter side in 
series with the dc line. 

The aim of this study is to investigate and evaluate the 
performance of the VSC-HVDC system with SCFCL and 
CCR devices for various dynamic ac and dc fault con-
ditions. Of specific interest is the dc line fault. The time 
step chosen for the simulations is =∆t 50 sµ . This is 
sufficient to notice the behavior of SCFCL which pro-
vides ultra-fast transition from superconducting state to 
normal state. After establishing satisfactory steady state 
behavior different transient conditions such as three 
phase to ground fault on inverter ac bus and dc line 
to ground fault at dc side of VSC2 are created to study 
and assess the behavior of SCFCL and CCR devices for 
smooth recovery of the system In all the cases presented 
here, the faults are created at 1.2 sec lasting for duration 
of 3 cycles.

The behavior and operation of VSC-HVDC sys-
tem affected has been discussed when SCFCL and CCR 
devices considered separately and combined which will 
help in contingency conditions when any one device goes 
out of service.

In the present study, the protection using mainly 
SCFCL and CCR are considered without including 
impact of HVDC breakers. The aim is to reduce over volt-
ages and over currents without considering the operation 
of the HVDC breakers. The operation including circuit 
breakers will be dealt in a separate publication.

5.  Results and Discussions 

5.1  Three Phase AC bus Fault
In order to investigate the behaviour of resistive SCFCL 
and CCR devices in VSC-HVDC system, a three phase 
to ground fault at inverter ac bus is created at 1.2 sec last-
ing for duration of 3 cycles. The variation of dc voltages 
and dc currents measured at dc side of VSC1 converter 
are compared for the cases with and without SCFCL and 
CCR devices along with the behaviour of the devices. 
These plots are shown in Figure 6(a) to 6(f) and Figure 7.

5.1.1  Without SCFCL and Without CCR
During the fault period without SCFCL and without 
CCR the dc voltage of positive pole reached the maxi-
mum value of about 165 kV from steady state value of 
110 kV and this value for negative pole is about -170 kV, 
as in Figure 6 (a) and (b). For the same case, the dc cur-
rent at the positive pole increased rapidly and reached the 
maximum values of 5 kA, -2.8 kA and then reached up 
to 10 kA, from a steady state value of 2.8 kA. This also 
resulted in the variation of dc current of the negative 
pole. The peak current reached a value of -5 kA, 2.8 kA 
and then -10 kA. 

5.1.2  With SCFCL and Without CCR
For the case with SCFCL and without CCR, with the 
increase in the current, the temperature of SCFCL 
increases and it loses superconductivity and transits to 
normal state. This introduces a resistance in the circuit 
which clips the first peak of the fault current. The peak 
value of line current, at positive pole, is reduced from 5 
kA to 4 kA. Subsequent peaks are also clipped as in Fig. 
6(d). A similar variation can be seen for the negative pole 
current and is indicated in Fig. 6(e). The dc voltages of 

Figure 5.  VSC-HVDC system with SCFCL and CCR devices.
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both the poles reached the magnitudes of 140 kV (posi-
tive pole) instead of 165 kV and -160 kV (negative pole) 
instead of -170 kV respectively. While the currents at both 
poles reached the steady state value, the voltage of posi-
tive pole stays at 120 kV instead of 110 kV and negative 
pole voltage remained at -100 kV.

5.1.3  Without SCFCL and With CCR
In this case without SCFCL and with CCR, when the 
voltage across each pole increased to about 30 % (cho-

sen value in the present case), the CCR device is triggered 
ON through a pulse. This resulted in discharging of over 
voltage across each pole to ground through a resistor Rc. 
Gradually the over voltages across each pole decreases 
and within a short duration, the system is recovered 
reaching the rated steady state values of voltages. At this 
point, the CCR is triggered OFF. The voltages across CCR 
and discharge currents are shown in Figure 6(c) and 6(f). 
Thus, use of chopper controlled resistor resulted in con-
trol of over voltages quickly in few milliseconds. The dc 

Figure 6.  System performance for three phases to ground fault with and without SCFCL and CCR devices. (a) DC voltage at 
positive pole. (b) DC voltage at negative pole. (c) DC voltages across CCR. (d) DC current at positive pole. (e) DC current at negative 
pole. (f) Discharge Currents of CCR.
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voltages of both the poles reached the magnitudes of 140 
kV (positive pole) instead of 165 kV and -160 kV (nega-
tive pole) instead of -170 kV respectively. This in turn 
helps in reducing the current peaks at both positive and 
negative poles as indicated by the plots. The positive pole 
current reached a maximum of 5.6 kA instead of 10 kA 
and the same for negative pole reached -5.6 kA instead of 
-10 kA. Thus CCR device controls over voltages and also 
limits over currents.

5.1.4  With SCFCL and With CCR
For the case with both SCFCL and CCR devices in the sys-
tem, the SCFCL within half a cycle reduces the first peak 
value of dc currents of positive and negative poles to 4 kA and 
-5 kA respectively. The dc voltages of both the poles reached 
the magnitudes of 140 kV (positive pole) and -150 kV (nega-
tive pole) instead of experiencing over voltages. 

Thus, when both SCFCL and CCR devices included in 
the circuit, the dc currents and dc voltages reached steady 
state values within the first few milliseconds in a short 
duration and system recovered smoothly without shut-
down of the system.

The behaviour of SCFCL device i.e. the temperature 
and resistance curves are shown in Figure 7. During the 
fault, the SCFCL enters the normal state and HTS mate-
rial develops heat across it and this must cool down, in 
order to regain superconductivity. 

The time taken by SCFCL device to return it to super-
conducting state is known as recovery period and it varies 
from few milliseconds to seconds. The recovery charac-
teristics of SCFCL are not considered here and will be 
discussed in a future study.

5.2  DC Line Fault 

5.2.1  Control of DC Over Voltages using CCR 
To study the behaviour of Chopper Controlled Resistor 
(CCR) a dc line to ground fault is created at dc side of 
VSC2 at 1.2 sec lasting for 3 cycles. The variation of dc 
voltages and dc currents measured at dc side of VSC1 
converter, CCR voltage and current are studied during 
recovery. Figure 8, shows the comparison of different dc 
voltages and currents for the cases without and with CCR 
device during dc fault condition.

Without CCR in the circuit, the dc voltage of positive 
pole immediately decreased to almost zero volts from a 
steady state value of 110 kV, whereas the dc voltage of un-
faulted negative pole as explained earlier reached twice 
the rated pole voltage -220 kV from a steady state value of 
-110 kV. For the same case, the dc current of the faulted 
positive pole is increased sharply; reaching the positive 
peak of about 8.4 kA, and this value for negative un-
faulted pole is about -6.2 kA. Thus, even after the fault 
period, there exists imbalance of dc voltages in the system 
which needs rebalancing of voltages through complete 
shutdown of the system.

With CCR included in the system, when the voltage of 
the un-faulted negative pole increased to about 30% more 
(chosen value in the present case), the CCR device is trig-
gered ON through a pulse. This resulted in discharging of 
over voltage of negative pole to ground through a resistor 
Rc. Gradually the over voltage of negative pole decreased 
and the positive pole voltage gradually started increasing 
from zero voltage. Within a few milliseconds of duration, 
the system recovered with rated steady state values for the 
voltages. At this point the CCR is triggered OFF. Thus, 
use of chopper controlled resistor resulted in control of 
dc over voltages and rebalancing of dc voltages without 
shutdown.

5.2.2  DC Line Fault Control With SCFCL and 
With CCR
For the dc line to ground fault created at dc side of VSC2 
at 1.2 sec lasting for 3 cycles, the variation of dc voltages 
and dc currents measured at dc side of VSC1 converter, 
CCR voltage and current are shown in Figure 9 (a) to (f), 
for three cases, without SCFCL and without CCR, with 
SCFCL and without CCR, and with SCFCL and with CCR 
devices.

Figure 7.  Behaviour of SCFCL for three phase fault.
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Figure 8.  Performance of the system for dc line to ground fault with CCR. (a) DC voltage at positive pole. (b) DC voltage at 
negative pole. (c) DC voltages across CCR during recovery (d) DC current at positive pole. (e) DC current at negative pole. (f) 
Discharge Currents of CCR during recovery.
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Figure 9.  System behaviour for dc line to ground fault with SCFCL and with CCR. (a) DC voltage at positive pole. (b) DC 
voltage at negative pole. (c) DC voltage across CCR during recovery. (d) DC current at positive pole. (e) DC current at negative 
pole. (f) Discharge current of CCR during recovery.
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With SCFCL and CCR devices included in the system, 
the SCFCL within half a cycle reduces the dc currents of 
positive and negative poles to 4 kA from 8.4 kA and -3 kA 
from -6 kA respectively. The dc voltage of positive pole 
reached 65 kV instead of zero volts and this value for neg-
ative un-faulted pole is -150 kV instead of -220 kV.

The impact of CCR device is as follows, when the volt-
age of the un-faulted negative pole increased to about 
30% more (chosen value in the present case), the CCR 
device is triggered ON through a pulse. This resulted in 
discharging of over voltage (-150 kV) of negative pole 
to ground. Gradually, the over voltage of negative pole 
decreased and the positive pole voltage gradually started 
increasing gradually from 65 kV, both reaching steady 
state values. Within a few milliseconds of duration, the 
complete VSC-HVDC system recovered with rated steady 
state values for the dc voltages. At this point the CCR is 
triggered OFF. The voltage across CCR and discharge cur-
rent of CCR during recovery are shown in Figure 9(c) and 
9(f). As discussed earlier, the recovery characteristics of 
SCFCL are not considered here and will be discussed in 
a future study.

6.  Conclusions
This paper has successfully integrated and evaluated the 
performance of 600 MW VSC-HVDC systems with resis-
tive SCFCL and chopper controlled resistors. The results 
of transient analysis clearly indicate the reduction of peak 
value of dc fault current to lower value. The dc voltages 
are maintained at lower values and are balanced. The 
chopper controlled resistor is very efficient in limiting the 
over voltages rapidly within first few milliseconds. The 
entire system recovered quickly without re-starting of the 
link. Thus, commercially available SCFCL device can act 
as an efficient protective device to overcome the effects 
of dc line faults within half a cycle in VSC based HVDC 
systems with overhead lines. Further, studies are needed 
to validate and compare these simulation results with the 
field test results.
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