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Abstract
A contribution to the engineering application of a proposed 500 kV fault current limiter
(FCL) is presented. A new type of FCL composed of a highly coupled split reactor (HCSR)
and fast switches is proposed.When the circuit breaker (CB) in serieswith theFCL in the 500
kV power system interrupts the limited fault current, the rate of rise of the recovery voltage
(RRRV) reaches a value much higher than the rated value. Based on a simplified equivalent
single‐phase circuit, the influence of the newFCLon the interruption procedure of theCB is
simulated and discussed. The simulation results show that the high RRRV is caused by high‐
frequency resonant oscillations between the HCSR and its parasite capacitance. Analysis
indicates that when the reactance of the FCL is close to the short circuit reactance of the
system, the RRRV will reach the highest value. To solve this issue, we proposed installing a
shunt capacitorwith theFCL.Simulation results showed that theRRRVunder all faultmodes
could be restrained to below the rated value by introducing a certain shunt capacitor.

1 | INTRODUCTION

Short circuit currents increase with the expansion of power
systems and an increase in capacity. They threaten the reliability
of the systemwhen the short circuit current exceeds the breaking
limitation of CBs. Predication research data indicate that the
short circuit current at the 500 kV bus in the Pearl River delta in
southern China will soon exceed 80 kA if no further current
limiting measures are taken [1]. This short circuit current will
exceed the breaking capacity of the installed 500 kV CBs with a
maximum rated short circuit current of 63 kA. There are several
potential methods for solving the problem, such as partition
running of the power grid, bus splitting, anddevelopingCBswith
larger interruption capacity, but these methods will reduce the
reliability and flexibility of power system or require a large in-
vestment [2]. To solve this issue, a research project on a 500 kV
economic fault current limiter (FCL) was conducted by Chinese
institutes; the project was supported by the National Key R&D
Programme of China.

The emerging superconducting FCL is more expensive than
the current limiting reactor [3]. The solid‐state FCL has good
performance with a fast response but is intended for application

in a distribution network, and the loss of power electronics
should be considered [4, 5]. The single‐phase magnetic FCL
demands toomuch ferromagneticmaterial. The three‐phase one
saves ferromagnetic material but the insulation of the windings
makes it costly in transmission systems [6]. Series or parallel
resonance FCLs composed of LC circuits and power electronics
need further operational validation [7–10]. The performance of
bypassing reactors depend on the reliability of fast switches [11].
It requires the fast switch to interrupt at the first fault current
zero in a few milliseconds. All of these FCLs face common
challenges such as low economic efficiency and low reliability
with respect to high‐voltage applications. In recent years, a dry
air‐core highly coupled split reactor (HCSR) was developed and
used to make current distribute evenly in a parallel‐connected
circuit breaker (CB) for a higher interruption capacity, which
was validated in a 252 kV power system [12–18]. Based on the
HCSR and fast vacuum switches, our project team proposed a
scheme of a new FCL, as shown in Figure 1 [19]. Here, the main
focus is on the influence on the interruption process of the main
CB (Figure 1) by introducing this type of FCL.

The current limitation is fulfilled by the variation in the
impedance of the HCSR. As shown in Figure 1a, fast switch S
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keeps closed to conduct a normal current. The two branches of
HCSR are highly coupled under this condition. Figure 1b is the
equivalent circuit of the coupled HCSR. Here, L is the self‐
inductance of each branch and M is the mutual inductance
of the two branches. Ideally, if M = L, the equivalent induc-
tance of the FCL is zero. In our case,M > 0.97 L so the FCL is
of low leakage inductance.

In Figure 1c, when a short circuit fault occurs, fast switch
S breaks one branch of the HCSR, which leads to decoupling
of the two branches. It is known from Figure 1b that the
equivalent inductance of the FCL becomes L, which is
significantly high and will be in series with CB. The rela-
tively high inductance L can effectively limit the fault
current.

Power loss of the FCL consists of two sources. One source
is the resistive power loss of the HCSR. The other is power
loss of the fast switches, which can be neglected because the
contact resistance of the vacuum interrupter is on the order of
several of microohms. The design of the 500 kV HCSR in-
dicates a resistance of 3.4 mΩ, which consumes 0.006% of
transmitted power if the rated current is 4 kA.

The main contribution of this work is an analysis of the
influence on the engineering application of the proposed
HCSR‐based FCL. The method of varying impedance of the
proposed FCL to limit current is different from other types of
FCL. The work especially focuses on the impact of the type of
FCL on the interrupting procedure of CB. Based on the ana-
lysed results, a method to eliminate the negative influence is
proposed. In general, inductive FCL and series reactors can
influence the interrupting procedure of the CB in series with
them [20–22]. The impact of the series reactors on relative
projects in China have been studied by other researchers [23–
25], but the severity of the interruption in the literature is very
different from the work presented here. This research uses a
model including an equivalent resistance of the transmission
lines to analyse the problem and explain the reason for the
differences. The model is further used in asymmetrical three‐
phase short‐circuit faults and short‐line faults (SLFs), which
have not been investigated before.

2 | INTERRUPTION PROCESS
ANALYSIS WITH THE NEW FAULT
CURRENT LIMITER

The current limitation procedure of the FCL is presented and
the mathematical analysis depending on a single‐phase equiv-
alent circuit is conducted in this chapter to find its impact on
the interruption process of the CB. Previously, the structure
and principle of the 500 kV FCL were introduced, but only
briefly.

2.1 | Topology of 500 kV FCL

The topology of the proposed 500 kV FCL based on HCSR and
fast switches is shown in Figure 2. There are two identical
modules, each of which is 4.1 mH in the current limiting mode.
The reason for using two series modules instead of one 8.2‐mH
FCL is the manufacturing limitation of a single HCSR module.
By using two modules, the dimension of the HCSR can be
reduced and the insulation design of each module will be easier.

2.1.1 | Fast switches

As shown in Figure 2, four vacuum interrupters are used in
each FCL module. S1 and S2 make up a fast breaker with
double breaks. The fast breaker is driven by an electromagnetic
repulsion mechanism. The interrupters can open to 10 mm in
3 ms to commutate the fault current quickly to the lower
branch. Once the fast breakers isolate the upper branch, the
FCL switches from the current‐conducting mode to the cur-
rent limiting mode.

The rated voltage of each vacuum interrupter is 40.5 kV.
There are four interrupters in each FCL module to ensure
transient interruption voltage (TRV). The interruption process
of the vacuum interrupters will not be discussed here. Gradient
capacitors are used to distribute voltage evenly among the eight
interrupters.

F I GURE 1 Scheme of the proposed fault current limiter (FCL). i, unlimited current; i0 : limited current. (a) Coupled state with very low impedance;
(b) Equivalent circuit of FCL; (c) Decoupled state with large impedance. CB, circuit breaker of the power system, HCSR, highly coupled split reactor

F I GURE 2 Detailed scheme of 500 kV fault current limiter in a single‐phase circuit. Cvd, gradient capacitors
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2.1.2 | Highly coupled split reactor

There are two different methods for connecting the HCSR
with the fast switches, as shown in Figure 3 [26]. In Figure 3a,
the upper branch is disconnected by S1 and S2. The limited
current flows through the lower branch and voltage drop U is
across the lower branch. Because of mutual inductance M ≈ L,
voltage drop U is also induced across the upper branch, but in
an opposite direction. This results in potential difference U
between the two branches. By changing the connection
method to Figure 3b, voltage between the branches is reduced
to zero under ideal circumstances. It benefits insulation be-
tween the two branches, especially when they are close to each
other to be highly coupled.

The coefficient of mutual induction of the HCSR is
designed to be larger than 0.97. In the severest fault condition,
the FCL is anticipated to limit a prospective 90 kA short circuit
current to 54 kA so that a 500 kV CB with a rated short circuit
current of 63 kA can interrupt this limited fault current.

2.2 | Fault current limitation and
interruption process

The response of the FCL is presented in Figure 4. In a normal
conducting mode, all fast switches keep closed and current
flows through both branches of the HCSR. The FCL is in its
low inductance state. Provided the fault current starts at t1, a
fast detection system will recognise the fault in at most 3 ms
and then it gives orders to the fast breakers. At moment t2, the
contacts start to separate. At current zero t3, once the arc of
the fast breakers is quenched all of the fault current will be
transferred to the other branch. This results in a decrease of
the fault current, which helps the 500 kV CB interrupt the
limited fault current.

After interruption of the fault current by CB, the TRV with
a high rate of rise of recovery voltage (RRRV) appears as
depicted by the solid line in Figure 5. The TRV curve with the
FCL installed apparently exceeds the T100 envelope of 500 kV
CBs specified in IEC 62,271‐100 [27]. The TRV curve in
Figure 5, which excludes the FCL, neglects the reflected wave
owing to the discontinuity of the transmission lines. However,
the curves are effective to illustrate the differences in the
RRRV caused by the FCL. As for the influence on the peak
value of the TRV, Figure 5 shows that after moment t2, the
oscillation component (which will be discussed with a single‐
phase equivalent circuit) decays to nearly zero and does not
increase the peak value of the inherent TRV.

2.3 | Analysis of TRV on CB

Naef used equivalent circuits composed of resistance, induc-
tance and capacitor (RLC) circuit to study the characteristics of
RRRVunder a short circuit fault, SLF, and other typical faults in
both single‐phase and three‐phase circuits [28]. The resistance
Zt in Naef's models represents the surge impedance of the
parallel transmission lines on the bus. The same method was
adopted by other researchers [29]. The calculation formula of
TRV derived from the RLC circuit is valid before the reflection
wave arrives at the bus and is of considerable accuracy. This
period lasts about 1000∼2000 μs, which covers the most
important first cycle of the high‐frequency component of the
TRV. A parallel LC circuit is used as a simplified autotrans-
former model to calculate the TRV of the CB when a short
circuit fault happens at the bus on the low‐voltage side [30]. The

F I GURE 3 Optimization of connection method. (a) Inlet terminals on
the same side; (b) Inlet terminals on opposite sides

F I GURE 4 Current waveforms under different circumstances. i,
current before fast switches interrupt; i’, current after fast switches
interrupt, t1, short circuit fault occurs, t2, fast switches responds, t3, fault
current limiter turns into high impedance

F I GURE 5 TRV under different conditions compared with
standardized envelope. TRV, Transient interruption voltage
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calculation is verified by a simulation based on detailed power
grid models. We adopt the method of deriving the RLC equiv-
alent circuit mentioned before to analyse the influence on RRRV
caused by the 500 kV FCL. Compared with a detailed power grid
model, a simplified RLC circuit can explain the phenomenon
clearly and is convenient for theoretical analysis.

Suppose the 500 kV FCL is installed in a three‐phase
symmetrical circuit, in which a three‐phase line to ground
short circuit fault happens. The prospective symmetrical short
circuit current before the FCL works is 90 kA. The time
constant of the short circuit loop is 75 ms, as specified in the
standard [27]. Considering the symmetry in the three‐phase
circuit, a single‐phase equivalent circuit, as shown in
Figure 6, is used to establish equations.
Lf in Figure 6 represents the total inductance of the FCL after

fast switches interrupt current i1 successfully. Cf is the parasite
capacitance of the FCL if there is no extra capacitor. The value of
Cf varies from several to tens of nF [20–22]. CB is the 500 kVCB
in series with the FCL in the main circuit. A and B represent the
two terminals of CB. The 500 kV power system is an effectively
earthed neutral system so that the first‐pole‐to‐clear factor is 1.3.
In other words, the voltage source is Us = 375 kV. Other pa-
rameters of the circuit components are listed in Table 1, in which
Rs andLs are calculated according to the prospective short circuit
current and the time constant. The distribution parameters on
the system side are replaced by theCs and Zeq. Zeq is a resistance
equal to the equivalent surge impedance of the transmission lines
connected to the bus. This resistance attenuates the high‐
frequency oscillating component of the TRV, as does the trans-
mission line. The 500 kV FCL will be installed at one substation
ofChina Southern PowerGridCompany. Five transmission lines
are parallel connected to the bus at this station and the short
circuit current of a terminal fault at this station is 40 kA. In the
future, the short circuit current can reach90 kA.Assuming that at
that time the number of parallel transmission lines connected to
the bus increases proportionally to the increased short circuit
current, the equivalent resistance is:

Zeq ¼ Zt
�
n¼ 40Ω ð1Þ

where Zt = 450 Ω is the surge impedance of a 500 kV
transmission line and n is the number of transmission lines

connected to the bus. Cs is the equivalent capacitance on the
bus side of CB. It is the sum of concentrated capacitors
installed at the station and the capacitance of transmission lines
to ground. In total, it is 3.69 μF.

When CB is closed, the voltage drop on Rs and current
flowing through Cs and Cf are relatively low, so they can be
neglected. Then, the circuit is regarded as an inductive circuit
of Lf and Ls in series. Voltage US should reach peak value at the
moment that current crosses zero. At this moment, the voltage
of terminal A and B, uA and uB are:

uAjt¼0¼ uBjt¼0 ¼ uf ð0Þ ¼
ffiffiffi
2
p
UsLf

Lf þ Ls
ð2Þ

where uf(0) represents the voltage drop on the FCL at the
current zero moment.

After CB breaks, the circuit is split into two circuits. On the
source side of CB, because 0.5√(Ls/Cs) < Zeq, there is an
underdamped oscillation. The oscillation decays rapidly owing
to the large resistance of Zeq. On the FCL side of CB, resis-
tance Rf is an equivalent parameter derived from the frequency
response of the FCL. It differs very much from the inherent
resistance Rloss of the FCL, which is of several microohms,
whereas Rf is of tens of ohms. Rloss leads to power losses when
the FCL conducts current, whereas Rf leads to reduced
amplitude of TRV on the FCL side of CB.

Regarding the source side circuit, second‐order differential
Equation (3) can be derived assuming the source voltage to be
a constant in a short duration. Relatively small resistance Rs is
neglected:

ffiffiffi
2
p
Us ¼ LsCs

d2uA
dt2
þ
Ls
Zeq

duA
dt
þ uA ð3Þ

The solution of Equation (3) with time t as the indepen-
dent variable is:

uAðα1Þ ¼
ffiffiffi
2
p
Us

"

1 − ke−dpα1

 
dp
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − d2p
q sin

ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − d2p
q

α1

þ cos
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − d2p
q

α1

!#
ð4Þ

F I GURE 6 Single‐phase equivalent circuit for rate of rise of recovery
voltage formula deduction when (a) circuit breaker (CB) closes, (b) CB opens

TABLE 1 Parameters of equivalent circuit

Circuit Parameters Value

Rs 0.136 Ω

Ls 10.2 mH

Zeq 40 Ω

Cs 3.69 μF

Lf 8.2 mH

Rf 89 Ω

Cf 0.6 nF (inherent value)

1000 - TANG ET AL.
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where α1 = t/√(LsCs), k = Ls/(Ls + Lf) and dp = 0.5√(Ls/
Cs)/Zeq.

Regarding the FCL side circuit, the differential equation
is (5):

d2uB
dt2
þ
Rf
Lf
duB
dt
þ

1
Lf Cf

uB ¼ 0 ð5Þ

Combined with the initial condition given by Equation (2),
the solution to Equation (5) is simplified as Equation (6):

uB
0

B
@α2

1

C
A¼

ffiffiffi
2
p
Us
0

B
@1 − k

1

C
Ae−dsα2

0

B
@

ds
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − d2s
q sin

ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − d2s
q

α2

þ cos
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − d2s
q

α2

�

ð6Þ

where ds = Rf/(2√[Lf/Cf]) and α2 = t/√(LfCf).
The TRV of CB, uAB, is attained by subtracting uB from uA:

uAB ¼ uA − uB

¼
ffiffiffi
2
p
Us
2

6
41 − ke−dpα1

0

B
@

dp
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − d2p
q sin

ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − d2p
q

α1

þ cos
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − d2p
q

α1

�

−
�

1 − k
�

e−dsα2

�

0

B
@

ds
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − d2s
q sin

ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − d2s
q

α2 þ cos
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − d2s
q

α2

1

C
A

3

7
5

ð7Þ

The waveforms of uAB and its two components are
shown in Figure 7. At first, a capacitance of 0.6–600 nF is
given to Cf. The value 0.6 nF is considered to be the
inherent parasite capacitance of HCSR. Larger values include
an extra shunt capacitor introduced on purpose to suppress
the RRRV on the FCL side. It can be seen in Figure 7a that
the frequency of the oscillation on the FCL side of CB is
much higher than the oscillation on the source side of CB.
Before source side voltage uA reaches its peak value, dam-
ped voltage uB has gone through several cycles. Under this
circumstance, the RRRV depends on the rising rate of the
first half cycle of uB. When the total shunt capacitance in-
creases more, for example, Cf = 600 nF, the frequency of
voltage uB decreases and the negative peak value of uB also
reduces owing to larger ds in Equation (6), which is
important to maintain the composited TRV not to exceed
the T100 envelope. Figure 7b shows the TRV with
Cf = 600 nF and the T100 envelope. The RRRV is reduced

excessively by a delay in the first negative peak of uB, but
the first peak value of uAB may still exceed the T100 en-
velope because of an increase in uA. The shunt capacitor
should be chosen carefully to avoid both high RRRV and
high voltage. In addition, Figure 7 proves that uA has almost
no influence on RRRV whereas uB has a dominant effect. It
also reveals that the heavily damped uB will not influence
the peak value of TRV after t2. The adopted circuit model is
effective for analysing the RRRV.

It takes uB half a cycle to reach its first peak value. At this
instant of tp, the TRV reaches a local maximum:

tp ¼ π
ffiffiffiffiffiffiffiffiffiffiffi
Lf Cf

q � ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − d2s
q

ð8Þ

Replace variable t in Equation (7) with Equation (8), the
RRRV after simplification is:

RRRV ¼
1
tp

"

uA
�

tp
ffiffiffiffiffiffiffiffiffi
LsCs
p

�

− uB

 
tp
ffiffiffiffiffiffiffiffiffiffiffi
Lf Cf

p

!#

ð9Þ

Take the parameters of the circuit on the source side of CB
as constants, only Lf and Cf affect the RRRV. The specific
influence of these two parameters is discussed next.

F I GURE 7 Waveforms of transient interruption voltage (TRV) and its
components when Cf varies. (a) uB (coloured lines) and uA, (b) TRV curves
with Cf = 2.5 μF

TANG ET AL. - 1001
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2.4 | RRRV suppression by shunt
capacitance

The self‐inductance of each branch of the HCSR in the 500 kV
FCL module is 4.1 mH. When they are in the current limiting
mode, the two lower branches are in series so that inductance
Lf in Figure 6 is 8.2 mH in total. Substitute variables in
Equation (9) with known values and the relation between
RRRV and Cf can be described by the curve in Figure 8. The
RRRV decreases more slowly with an increase in Cf. When Cf
is larger than 502 nF, the calculated RRRV is less than 2 kV/μs.
However, as mentioned, some parts of the TRV curve may
exceed the T100 envelope. The TRV curves with Cf varying
from 400 to 650 nF are plotted in Figure 9. When Cf is 600 nF,
the T100 envelope curve is almost tangential to the TRV curve.
TRV curves with a shunt capacitor larger than 600 nF are al-
ways below the T100 envelope. This infers that the shunt
capacitor should be at least 600 nF to ensure that the RRRV
does not exceed 2 kV/μs, as shown in Table 2.

2.5 | Non‐linear influence of inductance of
fault current limiter on rate of rise of recovery
voltage

A capacitor larger than 600 nF is needed to suppress the
excessive RRRV in the 500 kV FCL project in terms of cal-
culations based on the equivalent circuit. However, in other
500 kV series reactance projects in China, much smaller ca-
pacitors, 35∼60 nF, are needed [23–25]. The big difference
between the impedance of the FCL and series reactance sug-
gests that impedance is why different shunt capacitors should
be chosen. The impedance of the 500 kV FCL and the series
reactance are compared in Table 3. The limited fault current
and the rated RRRV related to breaking current are listed for
comparison.

To find the influence of the inductance of the FCL on
RRRV with Equation (9), Cf is fixed to 60 nF, which is the
shunt capacitance chosen in a series reactance project [25]. The
Lf‐RRRV curve is plotted in Figure 10. The curve indicates that
if inductance Lf is close to the equivalent inductance on the
source side, RRRV will be around the peak value. The induc-
tance of the 500 kV FCL in series with the circuit is 8.2 mH,
whereas the equivalent inductance of the voltage source is
10.2 mH. When Lf is 8.2 mH, the RRRV is 5.9 kV/μs, around
the peak of the Lf‐RRRV curve. When Lf is 10 times larger
than 8.2 mH, which is the inductance of the series reactance in
the literature [23–25], the RRRV decreases to 4.2 kV/μs. As a
result, the 500 kV FCL requires a larger shunt capacitor.

On the other hand, for a 500 kV breaker with a rated
breaking current of 63 kA, the high impedance series reactance
limits the fault current to less than 60% of the rated breaking
current. The upper limitation of RRRV under this circum-
stance is 5 kV/μs. However, in the situation of the 500 kV
FCL, a short circuit current is limited to 54 kA, still larger
than 85% of the rated breaking current of the CB. The
applicable RRRV value should be 2 kV/μs. This lower RRRV
requires a larger shunt capacitor.

3 | SIMULATIONS OF FAULTS IN A
THREE‐PHASE CIRCUIT

This analysis is based on the interruption of a symmetrical
limited short‐circuit current accompanied by the peak voltage
of the power source. In practice, however, the FCL is active to
limit the fault current to no more than 20 ms. A three‐phase
fault (TPF) will induce asymmetrical fault current at the
beginning. Before the DC component of the fault current
decays to negligible (20 ms is less than the assuming time
constant 75 ms of the 500 kV system), the insertion of the FCL
by sequence in the three phases will induce a second transient

F I GURE 8 Relation between and shunt capacitance. RRRV, rate of rise
of recovery voltage F I GURE 9 Suppressed TRV with different Cf. TRV, transient

interruption voltage
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of current and the increased total inductance will make the
time constant increase. The 500 kV CB is assumed to break in
50 ms after the fault exists. In such a condition, the voltage of
the source at the instant of current zero can deviate from the
peak value. In such a case, initial voltage drop uf(0) on the FCL
will be lower than Equation (2). A lower uf(0) in Equation (7)
indicates lower TRV. An analysis of a TPF is helpful to see the
influence of an asymmetrical fault current.

This section takes the terminal fault and SLF as examples,
setting up a three‐phase circuit simulation model in PSCAD/
EMTDC. The simulation model in Figure 11 includes the
equivalent circuit of the power system, in which resistance Zeq

represents the effect of transmission lines. The FCL model is

switched to Figure 6b after it is activated. A resistor is added as
the load.

To suppress the RRRV, the shunt capacitor can be
configured either between the FCL and the earth, like Ce, or
across the FCL, like Cp in Figure 11. As for a low‐rated voltage
system, both shunt capacitors Ce and Cp are used. However, in
a 500 kV and above system, Ce should meet the tough
requirement of insulation to the earth, whereas Cp only needs
to endure the voltage drop on the FCL, and this voltage drop is
low under normal conditions. The simulation chooses to use
only Cp in the 500 kV system.

The conditions set for the simulation are:

(1) The rated current of the FCL is 4000 A;
(2) The rated short circuit current of a fault at the load side of

the FCL is 90 kA;
(3) The time constant of the DC component of the short

circuit current is 75 ms according to the literature [27].

The values of the circuit components are calculated with
these conditions. A list of the entire parameters adopted in the
simulation is in Table 4; they are calculated on the condition of
a rated short circuit current fault. The equivalent circuits of the
source side related to T10∼T60 are derived by the method
introduced in Peelo [32].

The proposed FCL will keep being activated because it is
triggered by the control and protection system. In such a case,
the 500 kV CB will reclose and rebreak with the FCL as an
inductive load. A simulation is carried out to investigate the
TRV and the current interruption process when considering
the reclosing operation of a CB. This simulation is assumed to
interrupt a 90 kA prospective short circuit current with the

TABLE 2 Rated TRV for 550 kV current breakers

Test type

First‐pole‐to‐clear factor 1.3 (1.5 for T10)

DC component ≤20%

Short circuit current level Amplitude factor Peak value (kV) Rate of rise of recovery voltage (kV· μs−1)

T100 100% 1.3 817 2

T60 60% 1.5 876 3

T30 30% 1.53 899 5

T10 10% 0.9 � 1.7 1031 7

Abbreviations: RRRV, rate of rise of the recovery voltage; TRV, transient interruption voltage.

TABLE 3 Comparison of 500 kV FCL project and series reactance projects [23, 24, 25]

Projects Impedance (Ω) Breaking current after limitation (kA) Shunt capacitance (nF) RRRV (kV· μs−1)

1. Jiangsu Shipai 28 13.35 ≥35 <5

2. Shanghai Sijing 14 15.6 60

3. Guangdong Pengshen 28 11 60

4. 500 kV FCL 2.5 54 1400 <2

Abbreviations: FCL, fault current limiter; RRRV, rate of rise of the recovery voltage.

F I GURE 1 0 Relation between rate of rise of recovery voltage and
inductance of fault current limiter
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FCL. The circuit configuration is the same as the T100 ter-
minal fault.

The SLF is of special concern because of the high initial
RRRV. The influence of the FCL in an SLF should be inves-
tigated. A simulation is carried out for SLF after the FCL is
installed at the line side of the 500 kV CB. The circuit model
for simulation is shown in Figure 12. The transmission lines in
the module are quadruple‐split, steel‐reinforced aluminium
conductors. The spaces between the lines and the geometrical
parameters of the transmission lines are set up according to
actual 500 kV transmission lines [33]. The length of lines is
952 m for L90 and 1785 m for L75, according to Appendix A in
Iec 62271‐100 [27]. L90 shows that the SLF current is 90% of
the rated breaking current of a breaker. The meaning of L75 is
similar. Standard TRV parameters under an SLF of 550 kV
breakers are shown in Table 5.

4 | DISCUSSION ON SIMULATION
RESULTS

4.1 | Terminal fault

The simulation considers a TPF and a single‐phase fault (SPF).
In general, the interruption condition in a TPF is more severe
than a two‐phase fault, but sometimes an SPF can be more
severe than a TPF. Therefore, the shunt capacitance needed in
a TPF is investigated first. Then, the capacitance value is
verified in an SPF. The 90 kA fault current is limited to 54 kA
by the FCL and the 500 kV CB has a rated short‐circuit current

of 63 kA. In such a case, the TRV envelope of T100 is chosen
for comparison.

The TRV curves with 600 nF in Figure 13 have RRRVs
lower than 2 kV/μs, which is also applicable for T10∼T60.
The TRV given by Equation (7) has two independent com-
ponents. The TRV parameters of T10 to T60 require only

F I GURE 1 1 Single‐phase diagram of the three‐phase circuit simulation model. CB, circuit breaker; HCSR, highly coupled split reactor

TABLE 4 Values of components in a
rated short circuit current fault simulation
model

Component Value

1. Equivalent circuit of power system L0 10.2 mH

R0 0.136 Ω

2. Line to ground branch Cs 3.69 μF

Zeq 40 Ω

3. Single module of 500 kV FCL Lf 4.1 mH

Coefficient of mutual inductance 0.97

Cvd 800 pF

4. 500 kV circuit breaker Cm 1000 pF [31]

Abbreviation: FCL, fault current limiter.

F I GURE 1 2 Simulation module for short‐line fault

TABLE 5 Standard transient interruption voltage parameters under
short‐line fault

Test Parameter Test type Value

First peak value of TRV L90 81.6 kV

L75 128.5 kV

RRRV of line side L90 11.3 kV·μs−1

L75 9.4 kV·μs−1

RRRV of source side L90 1.8 kV·μs−1

L75 1.5 kV·μs−1

Abbreviations: RRV, Rate of rise of recovery voltage; TRV, transient interruption
voltage.
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modifications of the equivalent circuit of the source side, but the
FCL model will remain unchanged. Owing to the lower short‐
circuit current, the equivalent inductance of the source in-
creases, whichmeans a lower uf(0) and lower RRRV. As shown in
Figures 14, 15 and 16, the TRV curves are derived when the
prospective short circuit current is 54, 27 and 9 kA, respectively.
Each of these TRV is well below the regulated envelope.

4.2 | Reclosing and rebreaking

The fault current interruption process of the 500 kV CB is
extended to include the reclosing and rebreaking operation.
The current and TRV waveforms of the first‐phase‐to‐clear are
given in Figure 17 and analysed next.

In the lower graph of the currentwaveform, the dashed black
line is the prospective fault current with a steady‐state value of
90 kA (r.m.s). The solid red current curve is the result of acti-
vating the FCL.During the first half cycle of the fault current, the
fast switches open but cannot extinguish the arc until the
following current zero comes. The fault current is therefore not
limited in the first half cycle. Once the fast switches interrupt
successfully at the beginning of the second half cycle, the fault
current is limited. The limited fault current is 54 kA (r.m.s), which
is 86% of the rated short‐circuit current of the 500 kV CB. The
simulation assumes the CB isolates the fault in 50 ms. At the

instant of the first opening operation, the TRV rises in the upper
TRVgraph. In the left zoomed viewof the time range from0.125
to 0.127 s, the TRV is well below the T100 envelope.

The reclosing operation is triggered 300 ms after the first
opening operation. Until now, the FCL is activated. In this
case, after CB recloses, the current will be a limited fault
current. The uncleared fault triggers the second opening
operation immediately. Again, it takes the CB 50 ms to rebreak.
At the second interruption instant, the TRV rises with a steeper
rate, as shown in the zoomed view. However, the TRV curve is
still under the T100 envelope.

The current waveform around the first interruption and
the second one are compared with the source voltage of phase
A in Figure 18. Isc1 refers to the short‐circuit current before
the first interruption and Isc2 refers to the second one. To
make the phase difference between the voltage and the current
obvious, the source voltage in cosine expression is shifted 90
degrees to be a sine waveform. At the instant of interruption,
Isc2 is closer to the peak voltage, which brings about the
steeper TRV at the rebreaking instant.

4.3 | Short‐line fault

The TRV waveform of an L90 SLF is given in Figure 19. The
600 nF shunt capacitor is considered. The triangular waveform

F I GURE 1 3 TRV in TPF and SPF. TPF, three‐phase fault; TRV,
transient interruption voltage; SPF, single‐phase fault

F I GURE 1 4 TRV curves under T60. TRV, ransient interruption
voltage: TPF, three‐phase fault

F I GURE 1 5 TRV curves under T30. TPF, three‐phase fault; TRV,
ransient interruption voltage

F I GURE 1 6 TRV curves under T10. TRV, transient interruption
voltage; TPF, three‐phase fault
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tagged with uL is the voltage across the transmission line.
Curve uFCL is the voltage across the FCL. Lowest curve uB is
the voltage of terminal B of CB, which is the sum of uFCL and
uL. The last curve TRV is the voltage across the CB. At the
instant of current breaking, uFCL is much greater than uL. This
is because the inductance of the FCL is much larger than the
short transmission line. If there is no FCL, the source voltage
is distributed proportionally to Ls/LL. Ls and LL represent the
inductance of the power source and the transmission line,
respectively. After insertion of the FCL, the source voltage is
distributed by Ls/(Ls + LL + LFCL), LFCL/(Ls + LL + LFCL)
and LL/(Ls + LL + LFCL). Consequently, uL is smaller and the
first peak value of the TRV will be reduced. The first peak
value of TRV in Figure 19 is 21.6 kV, far less than the regulated
value, 81.6 kV. The regulated value is calculated based on a
symmetrical current. Again, the simulation results are under
the condition of an asymmetrical current. This deviation in

F I GURE 1 7 Interruption process of reclosing and rebreaking. FCL, fault current limiter; TRV, transient interruption voltage

F I GURE 1 8 Phase difference between the short‐circuit current and
the source voltage
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symmetry also contributes to the reduced first peak value of
the TRV. The result of L75 is similar. The TRV parameters in
L90 and L75 SLF are shown in Table 6. Compared with the
regulated values in Table 5, the interruption condition with the
FCL shunt by a capacitor is within the competence of the CB.
This suggests that the influence of the FCL on TRV under an
SLF is positive.

4.4 | Insulation coordination of shunt
capacitor

The shunt capacitor is installed across the FCL as capacitor Cp,
illustrated in Figure 11. The overvoltages that the shunt
capacitor should endure under TPF, SPF and SLF are pre-
sented in Table 7. The overvoltage under a TPF is the highest.
The shunt capacitor can be regarded as short‐circuited by the
FCL during normal conditions. Hence the overvoltage occurs
only when the fault is cleared after the FCL is activated. The
peak voltage in Table 7 is the transient voltage after the FCL is
activated. In the steady state of a 54 kA fault current, the r.m.s
voltage drop will be 54 kA � 2.5 Ω = 135 kV. According to
the simulation results and the guide in Iec 60871‐1 [34], the

rated voltage of 252 kV is chosen for the insulation between
shunt capacitor terminals. The terminal to earth insulation level
should be 550 kV.

5 | CONCLUSION

The proposed FCL based on HCSR and fast switches can limit
the fault current effectively. These studies show that the RRRV
of the CB increases much higher because of the series induc-
tance and inherent capacitance of the FCL. There is a
nonlinear relation between the inductance of the FCL and the
RRRV. When the inductance of the FCL is close to the
equivalent inductance of the power system, the RRRV is
around its peak value.

The analytical RRRV assuming interrupting a symmetrical
limited short‐circuit current is more severe than in practice. In
practice, the voltage of source at current zero may deviate from
the peak value, which reduces the RRRV. Simulation results
indicate that the RRRV of the 500 kV CB can reach 5.1 kV/μs
under the three phase‐to‐phase earth fault.

The RRRV could be effectively suppressed by introducing a
600 nF shunt capacitor Cp across the FCL terminals, as shown
in Figure 11. According to the simulation results, the TRVs
under all fault modes are below the rated values if a 600 nF
capacitor is used. The rated voltage of the capacitor is recom-
mended at 252 V for insulation between terminals and 550 kV
for insulation between the terminal and earth.
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